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A B S T R A C T

The development of liposomes for the delivery of chemically labile natural extracts is often limited by extract 
instability and poorly controlled biological responses. In this study, zwitterionic 1,2-dioleoyl-sn-glycero-3- 
phosphocholine (DOPC) liposomes were engineered as platforms for the encapsulation of aqueous extracts from 
Opuntia stricta var. stricta (OpS) and var. dillenii (OpD), and the role of the formulation medium as a key design 
parameter was systematically investigated. Liposomes were prepared at pH 5.0 in water, phosphate solution, or 
acetate buffer and characterised in terms of size, surface charge, morphology, encapsulation efficiency, and 
loading capacity. While all formulations displayed nanometric dimensions, the ionic composition of the prepa
ration medium markedly influenced liposome organisation and extract retention. Acetate-based formulations 
showed enhanced encapsulation efficiency (up to 61%) and loading capacity (up to 23%), together with 
improved size homogeneity compared to phosphate-based systems. Release studies under physiological condi
tions revealed a sustained and biphasic release profile for both extract varieties. The biological performance of 
liposomes was evaluated in vitro using human HaCaT keratinocytes and SH-SY5Y neuroblastoma cells. All for
mulations were cytocompatible towards HaCaT cells, whereas acetate-formulated OpS-Lip and OpD-Lip induced 
a moderate, formulation-dependent reduction in SH-SY5Y cell viability, highlighting the influence of physico
chemical design parameters on cellular response. Overall, these results demonstrate that formulation conditions 
critically govern the colloidal and biological performance of DOPC-based liposomes, providing design guidelines 
for the development of lipid carriers for unstable plant-derived bioactives.

1. Introduction

Lipid-based biomaterials are widely investigated as platforms for the 
delivery of bioactive compounds, owing to their biocompatibility, 
structural versatility, and ability to modulate cellular interactions [1]. 
Among these systems, liposomes represent a well-established class of 
soft biomaterials capable of encapsulating chemically labile payloads, 
including complex plant-derived extracts [2]. Natural plant-derived 
extracts have been traditionally employed as colouring agents in food 
products [3], cosmetics [4], and textile applications [5]. Beyond their 
traditional use, increasing attention has been devoted to their functional 
and health-promoting properties [6]. In this context, Opuntia stricta 

(O. stricta) is recognised as an important source of water-soluble phy
tochemicals. Among these components, betalains, which are responsible 
for the characteristic colouration of Opuntia fruits, have been widely 
investigated for their antioxidant and anti-inflammatory properties [7]. 
By scavenging free radicals and inhibiting lipid peroxidation, they 
reduce inflammation and protect against cellular damage induced by 
reactive oxygen species (ROS) [8]. These antioxidant properties are 
relevant in the prevention and management of various health condi
tions, including cardiovascular disease and cancer [9]. A major limita
tion for the practical exploitation of plant-derived extracts is their 
chemical instability, which is strongly influenced by environmental 
factors including pH, temperature, light exposure, oxygen, and solvent 
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composition [10–12]. For instance, the stability of betalain chromo
phores has been shown to depend on the nature of the buffer system, 
with maximum stability typically observed around pH 5.0 [13]. To 
overcome these limitations, several strategies have been explored, 
including complex formation [14], copigmentation [15,16], and 
encapsulation [17,18], which have been proposed as effective ap
proaches to improve the stability and functional performance of extracts 
under adverse conditions [19]. These stability limitations motivate the 
design of carrier systems in which formulation parameters actively 
contribute to the functional performance of the material.

Liposomes are versatile nanocarriers capable of encapsulating both 
hydrophilic and hydrophobic bioactive compounds, owing to their 
amphiphilic structure and the biocompatible, low immunogenic nature 
of their lipid components, such as phosphatidylcholine and cholesterol 
[20]. Their ability to protect labile molecules and modulate release 
profiles makes them particularly attractive for the delivery of 
plant-derived extracts. Liposome formulation of plant extracts is inher
ently more challenging than that of single purified compounds because 
they contain chemically diverse constituents that differ in polarity, 
ionisation state, molecular size and affinity for the aqueous core and 
lipid bilayer. As a consequence, formulation must simultaneously ensure 
efficient encapsulation of a chemically heterogeneous mixture while 
preserving the stability of labile compounds and maintaining suitable 
vesicle physicochemical properties. Nevertheless, successful formula
tion offers important advantages, including protection of chemically 
unstable constituents, modulation of their release and improved control 
over their biological availability. For betalain-rich O. stricta extracts, the 
formulation medium therefore plays a critical role in preserving the 
labile chromophoric fraction while maintaining efficient encapsulation, 
vesicle stability and controlled release [21]. However, the physico
chemical properties and performance of liposomal formulations strongly 
depend on the preparation environment and on the interactions between 
the lipid bilayer and the encapsulated active ingredient [22]. In addition 
to their role as delivery vehicles, liposomes can be regarded as 
lipid-based biomaterials whose physicochemical organisation and bio
logical behaviour are strongly governed by formulation-dependent pa
rameters. In particular, the ionic composition of the medium plays a 
central role in modulating bilayer organisation. Buffer composition and 
electrolyte content modulate lipid headgroup hydration, electrostatic 
screening, and bilayer packing, resulting in changes in vesicle size, 
surface charge, and cargo retention [23]. These effects are governed by a 
complex interplay of osmotic and hydration forces, which influence 
liposome size and stability even in the absence of a net lipid charge [24,
25]. Furthermore, ion-specific interactions can induce structural dis
continuities and local rearrangements in phosphatidylcholine bilayers, 
highlighting the sensitivity of zwitterionic lipid assemblies to the sur
rounding ionic environment [26]. More broadly, buffer specific effects 
have been widely documented across soft matter [27], hard matter [28,
29], and biomolecular systems [30], where differences in counterion 
identity modulate interfacial interactions. These observations support 
the view that the ionic environment acts as an active determinant of 
phosphatidylcholine bilayer organisation, even in zwitterionic lipid as
semblies [27]. However, formulation parameters are often treated as 
secondary variables rather than as intrinsic design elements governing 
biological performance. In fact, within lipid-based biomaterials, ion and 
buffer specific effects represent underexplored but powerful design 
variables capable of modulating bilayer organisation, cargo retention, 
and cellular response. Although numerous studies have focused on 
improving the encapsulation efficiency of plant-derived extracts [17,
31], a systematic understanding of how formulation conditions influ
ence the physico-chemical properties of liposomal carriers, extract 
loading, and the resulting biological response remains limited [32–34]. 
In particular, the role of electrolyte composition as a formulation vari
able capable of modulating the performance of extract loaded liposomes 
has received little attention.

To address this gap, the present work aims to systematically 

investigate how formulation conditions influence the physicochemical 
properties and biological behaviour of liposomes composed of 1,2-dio
leoyl-sn-glycero-3-phosphocholine (DOPC) loaded with aqueous ex
tracts derived from O. stricta fruit juice. DOPC was selected as a 
zwitterionic phospholipid that forms stable liposomes with fluid bilayers 
under physiological conditions and is often used as a model single 
component liposomal system [26,35,36]. Specifically, we examined 
how the preparation medium, comparing acetate and phosphate based 
systems, modulates vesicle size, morphology, and colloidal stability at 
pH 5.0, corresponding to conditions relevant for the stability of betalain 
extracts [13,19,37]. We further assess the release behaviour at physio
logical pH (7.4) and evaluate how formulation-dependent modifications 
translate into cytocompatibility outcomes in human keratinocytes 
(HaCaT) and neuroblastoma cells (SH-SY5Y). By correlating 
formulation-dependent physicochemical properties with in vitro cellular 
response, this study aims to provide design guidelines for DOPC-based 
liposomes intended for the delivery of chemically labile plant-derived 
bioactives.

2. Experimental section

2.1. Materials

The plant material used in this study consists of the fruit of two va
rieties of O. stricta (var. stricta and var. dillenii), harvested in February 
2025 in the Falaise region of Monastir, Tunisia. 1,2-Dioleoyl-sn-glycero- 
3-phosphocholine (DOPC ≥ 99%) was provided by Avanti Polar Lipids 
(Alabaster, Alabama, USA). Chloroform (CHCl3 > 99%), sodium acetate 
(99%), acetic acid (99%), Na2HPO4 (≥99%), NaH2PO4 (≥99%), NaCl 
(≥99%) were all purchased from Sigma-Aldrich (Italy). Water was pu
rified through a Millipore type 2 purification system. Phosphate buffer 
saline (PBS) 10 mM NaCl 150 mM at pH 7.5 was used for dialysis. PBS at 
pH 7.4, employed for release studies, was prepared as follows: NaCl 
137 mM, KCl 2.7 mM, Na2HPO4 10 mM, KH2PO4 1.8 mM. Chemicals for 
cell culture, including penicillin, streptomycin, fetal bovine serum 
(FBS), Dulbecco's Modified Eagle's Medium (DMEM), and Trypsin 
0.25%-EDTA were acquired from EuroClone (Pero, MI, Italy). Dimethyl 
sulfoxide (DMSO) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte
trazolium bromide (MTT) were purchased from Merck Life Science 
(Milan, Italy).

2.2. Preparation of Opuntia extracts

Extracts were obtained from lyophilized O. stricta juice by macera
tion [38]. Briefly, 1 g of powdered juice was suspended in 40 mL of 
distilled water at 45 ◦C for 150 min, using an orbital shaking incubator 
(150 rpm). Then, the mixture was centrifuged at 10.000 × g for 10 min 
at 4 ◦C. The supernatants were collected and freeze-dried. The resulting 
red-violet dye powder was stored at − 20 ◦C until further analysis.

2.3. UV-Vis analysis

UV–Vis spectra of O. stricta var. stricta and var. dillenii extracts were 
recorded at different concentrations (0.25, 0.5, 0.75, 1, 1.5, and 2 mg/ 
mL) in three media: water adjusted to pH 5, 50 mM phosphate solution 
(pH 5.0), and 50 mM acetate buffer (pH 5.0). The spectra showed a 
characteristic absorption band at λ = 538 nm, associated with betalain 
chromophoric components responsible for the red–purple colouration of 
the extracts. The chromophoric species concentration was expressed as 
betacyanin equivalents (Bc, mg/L) with the following equations [39] 

[Bc] =
A × DF × MM × 1000

ε × L
(1) 

where A is the absorbance measured at λ = 538 nm, DF is the dilution 
factor, MM is the molar mass (550 g mol− 1), ε is the molar extinction 
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coefficient in water (εbetacyanins = 60000 M− 1 cm− 1) [39], and L is the 
optical path length of the cuvette (1 cm).

2.4. ESI-MS

Positive ESI-MS spectra were recorded with a high-resolution LTQ 
Orbitrap Elite mass spectrometer (Thermo Fisher Scientific, Waltham, 
MA, USA). The solutions were injected at a flow rate of 5.00 μL/min into 
the ESI source. Spectra were recorded in the range of m/z 300–600 with 
a resolution of 240,000 (FWHM). The extracts were dissolved in Milli-Q 
water at 10 mg/mL, kept at 4 ◦C in dark, and analysed without further 
purification.

2.5. 1H NMR spectroscopy

1H NMR spectra of aqueous solutions of Opuntia extracts (10 mg/mL 
in 100% D2O) were recorded on a Varian Unity INOVA 500 spectrometer 
at 300 K. One-dimensional NOESY presat experiments were performed 
using an acquisition time of 1.8 s, a relaxation delay of 2 s, and 10000 
transients. An external reference was prepared in a capillary tube by 
adding 5 μL of a 20 mM aqueous solution of 3-(trimethylsilyl) propionic- 
2,2,3,3-d4 acid sodium salt (100% D2O). Peak assignment was done by 
using The Food Database (FOODB, https://foodb.ca).

2.6. DOPC liposome preparation

Liposomes were prepared by the thin film hydration method. This 
approach was selected because it enables direct hydration of a pre
formed DOPC lipid film with the aqueous OpS and OpD extracts, 
providing a simple and reproducible preparation procedure for all 
formulation media [40]. An aliquot of 80 μl of DOPC solution 
(25 mg/mL in CHCl3) was added into a glass vial. The organic solvent 
was removed under a gentle N2 stream to form a thin layer at the vial 
bottom. The thin lipid film was then rehydrated using 4 mL of the 
selected formulation medium (water, acetate buffer or phosphate solu
tion) at pH 5.0 either in the absence (Lip) or in the presence of O. stricta 
or O. dillenii extracts (25 mg/mL) dispersed in the appropriate medium. 
The resulting dispersions were homogenised under continuous stirring 
for 30 min at room temperature. Then, they were left to equilibrate at 
4 ◦C for 1 h before further characterisation. After the equilibration, the 
liposomal dispersions were sonicated using a Titanium Exponential 
Microprobe with a 3 mm tip diameter, operating at 23 kHz for 20 min in 
pulse/pause mode setting (1-s on/1-s off). To avoid sample heating due 
to the ultrasonic probe, the liposome dispersions were kept in an ice bath 
throughout the process. Empty DOPC liposomes (Lip) and extract-loaded 
liposomes (OpS-Lip and OpD-Lip) were dialysed using cellulose mem
brane (MWCO 14,000 Da) against PBS buffer for 24 h. The suspension 
inside the membrane was then collected, suspended in the correspond
ing formulation medium, and characterised by DLS and ELS after 
dialysis.

2.7. Dynamic light scattering (DLS) and electrophoretic light scattering 
(ELS)

The hydrodynamic size, polydispersity index (PDI), and zeta poten
tial of the encapsulated extracts were determined by dynamic light 
scattering (DLS) and electrophoretic light scattering (ELS). Analyses 
were performed at room temperature using a particle analyser (Malvern 
Zetasizer Nano ZSP) equipped with a 633 nm laser and a 173◦ detection 
angle. Each sample was analysed in triplicate, and the results are 
expressed as mean ± standard deviation. The hydrodynamic diameter 
and PDI were used to assess the size distribution and physical stability of 
the particles, while the zeta potential was used to estimate their elec
trostatic stability in suspension. These measurements helped confirm the 
formation and stability of the encapsulation structures obtained. Data 
are reported as mean of 3 independent samples ± SD.

2.8. Encapsulation efficiency of betanin and loading capacity of liposomes

Encapsulation efficiency (EE) and loading capacity (LC) were 
determined by separating encapsulated from unencapsulated extracts 
using static diffusion across a dialysis membrane. Since the aqueous 
extracts consist of complex mixtures of water-soluble metabolites, 
encapsulation was quantified through the chromophoric fraction of the 
extracts, monitored at 538 nm and expressed as betacyanin equivalents. 
A known volume of the encapsulated sample was placed in a dialysis bag 
(cellulose membrane, MWCO 14,000 Da) and then immersed in 100 mL 
of phosphate-buffered saline (PBS, pH 7.5) maintained at room tem
perature under continuous stirring for 24 h. After dialysis, the absor
bances of extract retained inside the membrane (encapsulated fraction) 
and that diffused into the external medium (non-encapsulated fraction) 
were measured by spectrophotometry at 538 nm, as described previ
ously. All measurements were performed in triplicate, and results are 
reported as mean ± standard deviation (SD). Then, the encapsulation 
efficiency (EE %) and loading capacity (LC %) were determined ac
cording to Fadeel et al. [41] using the following equations: 

EE%=
[Bc]f
[Bc]i

× 100 (2) 

where [Bc]i and [Bc]f are the betacyanin concentration (mg/L) before 
and after encapsulation in liposomes, respectively. 

LC%=
m Bc
m Lip

× 100 (3) 

Where m Bc is the betacyanin amount (mg) calculated within the 
liposome formulation and m Lip is the liposome mass (mg).

2.9. Storage stability assay of OpS-Lip and OpD-Lip

Free and encapsulated extracts were stored at 4 ◦C (refrigerated 
conditions) for 21 days. Samples were collected at 1, 7, 14, and 21 days. 
The physical stability of liposomal formulations was evaluated by dy
namic light scattering (DLS) and electrophoretic light scattering (ELS), 
monitoring changes in hydrodynamic diameter (DH), polydispersity 
index (PDI), and zeta potential (ζ) over time. The stability of free and 
encapsulated extract was assessed by a spectrophotometric assay. At 
each time point, the absorbance at 538 nm was measured and expressed 
as betacyanin equivalents (Bc, mg/L) by Eq. (1). Accordingly, the 
retention (%) was calculated using the formula [38] 

Retention(%)=
[Bc]t
[Bc]0

× 100 (4) 

where [Bc]t is the betacyanin content measured after the selected days of 
storage (mg/L) and [Bc]0 is the betacyanin content (mg/L) measured 
just after encapsulation. All measurements were performed in triplicate, 
and results are reported as mean ± standard deviation (SD).

2.10. Release kinetics from OpS-Lip and OpD-Lip

The release kinetics of the encapsulated extract were investigated 
using a dialysis-based diffusion method (MWCO 14,000 Da). For the OpS 
and OpD liposomes 4 mL of liposomal formulation was introduced into a 
semi-permeable membrane and immersed in 50 mL of PBS at pH 7.4. 
During incubation, a 3.5 mL aliquot of the external solution was taken 
for analysis at predetermined time intervals and immediately replaced 
with the same volume of fresh PBS to maintain constant diffusion con
ditions. The release (diffusion) behaviour of the corresponding free ex
tracts was also evaluated using the dialysis method. All release 
experiments were performed at 37 ◦C under gentle stirring (100 rpm) for 
26 h. The concentration of the released chromophoric fraction at each 
time point was determined spectrophotometrically at 538 nm and 
expressed as betacyanin equivalents. Calibration curves were prepared 
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independently from serial dilutions of OpS and OpD extracts and used to 
convert absorbance values into chromophoric concentrations.

The cumulative amount released, corrected for the successive with
drawals, was calculated as: 

Mt =CtVR + Vs

∑n− 1

i=1
Ci (5) 

where Ct is the concentration measured in the receiver medium at time 
(t), VR is the total receiver volume, Vs is the volume withdrawn at each 
preceding sampling point, and Ci represents the concentrations 
measured in the previously collected aliquots.

The cumulative release expressed as a percentage of the initially 
encapsulated amount was fitted using the following equation [42]: 

Mt

M0
% = Amax

(
1 − e− kt) (6) 

where Mt (mg) is the amount of the released chromophoric fraction at 
time t, M0 (mg) is the amount of chromophoric fraction present in the 
liposomal sample introduced into the dialysis membrane at t = 0, Amax is 
the maximum release and k (h− 1) is the release rate constant.

2.11. Cell cultures

Human keratinocyte cell line (HaCaT cells) was obtained by CLS-Cell 
Line Services (Eppelheim, Germany). Human neuroblastoma SH-SY5Y 
cell line (code# HTL95013) was supplied by the Cell Bank Interlab 
Cell Line Collection, IRCCS San Martino Policlinico Hospital, Genova, 
Italy. Cells were grown at 37 ◦C in DMEM with high glucose, enriched 
with 2 mM L-glutamine, penicillin (100 units/mL), streptomycin 
(100 μg/mL), and 10% v/v FBS, in a humidified atmosphere at 5% CO2. 
The cells were split once a week before they reached confluency using a 
Trypsin 0.25%-EDTA solution.

2.12. Cytotoxic activity (MTT assay)

The cytotoxic effects of OpS and OpD extracts and liposomes in 
HaCaT and SH-SY5Y cells were assessed by the MTT colourimetric assay 
as previously reported [43,44]. Cells were plated in a 96-well plate at 
105 cells/mL density in 100 μl of complete culture medium and cultured 
for 72 h. After medium removal, cells (at 70-80% cell confluence) were 
treated for 24 h with different concentrations (from 0.05 to 5 mg/mL) of 
OpS and OpD water extracts and DOPC liposomes (100 μl, correspond
ing to 50 μg/ml) in fresh medium (treated cells). Control (untreated) 
cells were incubated for 24 h in fresh medium. After incubation, cells 
were subjected to the MTT viability test as previously reported, and 
results were expressed as a percentage of cell viability with respect to 
control cell viability (100% of viability). Cell morphology after 24 h of 
incubation with S and D extracts and various types of liposomes was 
evaluated by microscopic analysis with a ZOE™ Fluorescent Cell Imager 
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).

2.13. Statistical analysis

All data are reported as mean ± standard deviation (SD). Statistical 
analyses of physicochemical data were carried out using SPSS 20 soft
ware (Statistical Package for Social Sciences). Differences among groups 
were evaluated by applying the one-way analysis of variance test 
(ANOVA) followed by the Duncan's post hoc test. Biological assay data 
were analysed using GraphPad INSTAT software (GraphPad Software, 
San Diego, CA). Comparisons between two groups were performed using 
an unpaired Student's t-test with Welch's correction, while multiple 
group comparisons were assessed by one–way ANOVA followed by the 
Bonferroni post hoc test. In all cases, differences were considered sta
tistically significant at p < 0.05.

3. Results and discussion

3.1. Characterisation of Opuntia extracts (UV–Vis, NMR and ESI-MS)

UV-Vis spectroscopy was used to compare the visible absorption 
characteristics of the Opuntia extracts and to monitor the pigment sta
bility during liposome formulation. The spectra of both OpS and OpD 
exhibited a prominent absorption band at 538 nm, attributed to beta
cyanins responsible for the characteristic red/purple colouration of 
Opuntia (Fig. S1) [31]. A significant difference (p < 0.001) in chromo
phoric content between the two varieties was observed with higher 
yields in var. dillenii (1700 ± 12 mg/100 g) compared to var. stricta 
(992 ± 10 mg/100 g) [45]. UV–Vis spectra were recorded before and 
after ultrasonic treatment to evaluate whether sonication affected the 
extract chromophoric profile. After 30 min of sonication, a small 
decrease in absorbance was detected, while peak position and spectral 
shape remained unchanged, indicating preservation of the chromo
phoric properties (Fig. S2). These results suggested that sonication does 
not significantly affect the optical features of the extract, supporting its 
use for encapsulation into DOPC liposomes. The use of water as 
extraction medium in the present study was consistent with previous 
reports indicating enhanced recovery of polar compounds, including 
betalain components from Opuntia fruits [45,46]. This behaviour has 
been attributed to the ability of water to disrupt hydrogen-bonding in
teractions between betalains and other components of the plant matrix, 
facilitating their release. Aqueous extraction represents a simple and 
effective approach to recover water-soluble phytochemicals from the 
fruit matrix [37,47]. As confirmed by NMR analysis of OpD and OpS 
extracts, this extraction strategy yielded complex mixtures of 
water-soluble compounds. The 1H NMR spectra displayed dominant 
signals arising from sugars (glucose, fructose, sucrose) together with 
several low-molecular-weight metabolites, including organic acids and 
amino acids (Fig. 1). Notable differences were observed in the carbo
hydrate region, with sucrose signals present in OpS but absent in OpD. 
Furthermore, in the downfield region, weak resonances were detected at 
approximately 8.2, 7.0 and 6.2 ppm, compatible with proton resonances 
reported for betacyanin pigments [48–50]. The same signals appeared 
less intense in the OpS spectrum than in OpD, suggesting a lower relative 
contribution of betacyanin-related components in OpS. OpS and OpD 
extracts were also characterised with ESI -MS. ESI-MS analysis revealed 
intense ions in the m/z 590–600 region, particularly in OpD extracts 
(Fig. S3). The dominant ion detected at m/z 593.16 is consistent with 
betalain-derived compounds previously reported in cactus fruits, 
including decarboxylated phyllocactin or isophyllocactin derivatives.

Both extracts show signals in the typical mass range of betacyanin 
compounds in agreement with previous ESI-MS/MS studies reporting 
the identification of betacyanin pigments in cactus fruit extracts [51]. In 
OpD, the main ions are observed at m/z 589.23 and 593.16, while OpS is 
dominated by the ion at m/z 593.16, with a minor contribution at m/z 
589.14 [51]. The higher abundance of different ions in OpD is in 
agreement with the UV–Vis, NMR and spectrophotometric results, sup
porting a greater relative abundance of betalain-related compounds in 
this variety [52].

3.2. Characterisation of empty and extract loaded liposomes

Among the encapsulation strategies explored to improve stability of 
plant extracts under physiological conditions and to enable controlled 
release [53–56], nanoscale liposomes (<200 nm) are particularly 
attractive, as their size favours cellular interaction and uptake [57–62].

To compare the liposomes physicochemical properties under condi
tions relevant for the encapsulation of the extracts [13], empty DOPC 
liposomes (Lip) and liposomes loaded with extracts from var. stricta 
(OpS-Lip) and var. dillenii (OpD-Lip) were prepared in three different 
media: Milli-Q water, 50 mM phosphate solution, and 50 mM acetate 
buffer. The formulation was carried out at pH 5.0, selected as a 
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compromise between maintaining the stability of the extract during 
preparation and ensuring suitable conditions for liposome formation 
[19,37]. Mildly acidic conditions are indeed known to favour the pres
ervation of betalains, while also supporting stable bilayer organisation. 
It is worth noting that phosphate exhibits negligible buffering capacity 
at pH 5.0, as this value lies outside its effective buffering range 
(pKa2 ≈ 7.2). For clarity and to maintain consistent terminology across 
formulations, we refer to this medium as “phosphate solution” 
throughout the manuscript.

The physicochemical properties of the liposomes were found to 

depend on both formulation type and electrolyte composition (Table S1
and Fig. 2). Lip showed clear size differences depending on the buffer, 
indicating that the medium composition affects liposome formation. In 
particular, formulations prepared in water showed smaller hydrody
namic diameters (31 ± 3 nm) compared to those in phosphate 
(61 ± 7 nm) and acetate buffer (48 ± 5 nm). These size differences were 
accompanied by high PDI values (0.58) and nearly neutral zeta potential 
in phosphate solution (+0.2 ± 0.1 mV). In the case of OpS-Lip, DH values 
were relatively consistent across the different media (55–60 nm), with 
slightly lower PDI values observed in acetate buffer (0.39), indicating 

Fig. 1. 1H NMR spectra of aqueous extract obtained from O. stricta fruit juice: var. stricta (OpS, A) and var. dillenii (OpD, B). Asterisks indicate weak resonances 
assigned to betacyanin-related structures based on literature data [48]. Abbreviations: ac, acetate; asp, aspartate; cit, citrate; for, formate; fru, fructose; glc, glucose; 
lac, lactate; met, methionine; phen, phenylalanine; pro, proline; suc, sucrose; tyr, tyrosine.

Fig. 2. (A) Hydrodynamic diameter (DH) and (B) zeta potential (ζ) of empty DOPC liposomes (Lip) and DOPC liposomes loaded with the aqueous extracts of O. stricta 
var. stricta (OpS-Lip) and var. dillenii (OpD-Lip). Measurements were performed in water, 50 mM phosphate solution (pH 5.0), and 50 mM acetate buffer (pH 5.0).
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improved size homogeneity. Zeta potential values remained moderately 
negative (− 14 ± 1 to − 16 ± 1 mV), supporting a reasonable degree of 
colloidal stability. Overall, the presence of the extract reduced the dif
ferences in size observed between preparation solution media. 
Conversely, OpD-Lip exhibited a more pronounced dependence on the 
formulation medium. While comparable sizes were observed in water 
and phosphate solution (65 ± 8 nm and 69 ± 6 nm respectively), a 
marked increase in hydrodynamic diameter was detected in acetate 
buffer (76 ± 3 nm), as reported in Table S1, accompanied by a slightly 
more negative ζ potential (− 22 ± 2 mV). This behaviour may reflect ion- 
specific effects at the DOPC/water interface with H2PO4

− modulating 
lipid headgroup hydration and bilayer packing differently from acetate 
[63].

The DH data of liposomes prepared in acetate buffer were further 
supported by TEM analysis performed through negative stain technique 
(Fig. 3) [64]. TEM images revealed spherical structures for both empty 
Lip and OpD-Lip and OpS-Lip formulations, with particle sizes ranging 

from 70 to 120 nm. These dimensions are in good agreement with DLS 
measurements. No major morphological differences were observed be
tween unloaded and loaded liposomes. Samples prepared in phosphate 
solution (Fig. S4) showed similar features when compared to those in 
acetate buffer, except for OpS-Lip, which does not exhibit clearly 
defined nanostructures (Fig. S4C). The predominantly water soluble 
extract molecules are expected to reside mainly in the aqueous liposome 
core without substantially perturbing the DOPC bilayer. Therefore, the 
moderate loading-dependent changes detected by DLS did not translate 
into clearly distinguishable alterations of the overall spherical 
morphology [21,64].

3.3. Encapsulation efficiency and loading capacity of liposomes

Encapsulation efficiency (EE%) and loading capacity (LC%) were 
evaluated to assess the performance of the liposomal formulations in 
different media [65,66]. EE% represents the percentage of the 

Fig. 3. TEM images of Lip (A-B), OpD-Lip (C-D) and OpS-Lip (E-F) samples stained with phosphotungstic acid (PTA) 2% prepared in acetate buffer 50 mM pH 5.0.
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chromophoric fraction retained within the liposomal formulation rela
tive to the initial amount used (Eq. (2)), whereas LC% expresses the 
amount of encapsulated chromophoric fraction with respect to the total 
liposome mass (Eq. (3)). Since the aqueous extracts consist of complex 
mixtures of water-soluble metabolites, encapsulation, stability, and 
release studies were monitored through the chromophoric fraction of 
the extracts, quantified spectrophotometrically at 538 nm and expressed 
as betacyanin equivalents (Fig. S5). Both EE and LC parameters were 
affected by the formulation medium (Table S2). In particular, liposomes 
prepared in acetate buffer showed the highest encapsulation efficiencies 
(up to 61.3%) and markedly higher loading capacities (up to 22.6%) 
compared to the formulation obtained in phosphate solution. Acetate 
buffer also favoured the highest loading capacity, confirming its strong 
effect on encapsulation. The higher EE and LC values observed in acetate 
buffer may reflect the more homogeneous vesicle organisation shown 
above, which could promote retention of the extract chromophoric 
fraction within DOPC liposomes. Conversely, the profile observed in 
liposomes formulated in phosphate solution may reduce the ability of 
the formulation to retain the chromophoric fraction. The different 
encapsulation efficiencies obtained for OpS and OpD indicate that the 
performance of liposomal formulations is influenced not only by the 
properties of the lipid carrier, but also by the chemical composition of 
the encapsulated plant extract [23]. Taken together, these results 
demonstrate that the physicochemical properties of DOPC liposomes 
depend on both the formulation medium and extract composition. In the 
absence of the extracts, phosphate produced larger and more poly
disperse empty liposomes than water used as formulation medium, 
whereas acetate showed an intermediate behaviour. These differences 
are consistent with specific effects on phosphocholine headgroup and 
bilayer packing. Extract loading further partially modified these 
medium-dependent effects: OpS-Lip maintained similar sizes across the 
investigated media, while OpD-Lip showed larger vesicles and a more 
negative ζ potential in acetate, suggesting extract interactions at the 
bilayer interface. Notably, the improved size homogeneity and 
well-defined morphology of acetate formulations were accompanied by 
the highest encapsulation efficiency and loading capacity. Therefore, 
these findings indicate that the formulation medium acts as an active 
parameter controlling vesicle organization, interfacial properties and 
cargo encapsulation.

3.4. In-vitro release from OpS-Lip and OpD-Lip

The in-vitro release kinetics of the encapsulated extracts were 
investigated by dialysis in phosphate-buffered saline (PBS 10 mM at pH 
7.4) at 37 ◦C to mimic physiological conditions. The release was moni
tored spectrophotometrically at 538 nm and expressed as betacyanin 
equivalents. As shown in Fig. S6 and summarized in Table 1, both 
acetate-formulated OpS-Lip and OpD-Lip showed an initial rapid release 
followed by a slower, sustained phase, typical of encapsulated systems 
[67–69]. The maximal amount of extract released (Amax) was slightly 
higher for OpS-Lip (28.4 ± 0.5%) compared to OpD-Lip (25.9 ± 0.4%), 
although the difference is modest. Both formulations showed the same 
release rate constant (k = 0.26 h− 1), indicating similar release kinetics of 
the two extracts. For acetate-formulated liposomes, encapsulation 

slowed the diffusion of the extract chromophoric fraction, resulting in a 
more gradual and sustained release over time.

Compared with acetate-formulated liposomes, free OpD and OpS 
extracts exhibited higher rate constants (0.50 and 0.35 h− 1, respec
tively) and higher Amax values (60.0% and 49.1%). Encapsulation in 
acetate-formulated DOPC liposomes reduced both parameters, consis
tent with a more gradual release and greater retention of the chromo
phoric fraction. In contrast, phosphate-formulated liposomes showed 
higher rate constants (0.60 h− 1 for OpS-Lip and 0.79 h− 1 for OpD-Lip) 
but lower Amax values (15.2% and 24.4%, respectively), indicating 
rapid diffusion followed by substantial retention. Overall, the formula
tion medium modulated both the kinetics and extent of extract release 
from DOPC liposomes.

3.5. Storage stability of free and encapsulated extract

The stability of empty and extract liposomes was evaluated by 
monitoring changes in DH, PDI, and ζ potential during storage at 4 ◦C 
(Fig. 4).

All formulations maintained sizes below 100 nm during storage, with 
no signs of aggregation. The stability of both free and encapsulated 
betalains was further assessed by monitoring dye retention over time 
using UV-Vis spectroscopy (Table S3). At 4 ◦C, liposomal encapsulation 
improved the stability of betalain chromophoric fraction compared to 
the corresponding free extracts. In particular, OpS-Lip retained 78.0% of 
the initial betalain concentration after 21 days, whereas the free OpS 
extract retained 58.8%. Differently, for OpD formulations, comparable 
retention values were observed for free and encapsulated extracts 
(68.3% and 70.0%, respectively), indicating a less pronounced protec
tive effect of encapsulation in this system. Stability data confirmed the 
protective role of liposomal encapsulation, particularly under refriger
ated conditions with both free and encapsulated extracts showing higher 
pigment retention at 4 ◦C in agreement with previous reports on fruit 
extracts liposomal systems [38,54]. Within this context, our findings 
identify the preparation medium at pH 5.0 as a key parameter in the 
physicochemical design of DOPC liposomes loaded with Opuntia ex
tracts. Although no trend in liposome size was observed across all for
mulations, clear formulation dependent effects were identified. In 
particular, OpS-Lip prepared in acetate (50 mM, pH 5.0) were associated 
with smaller sizes and lower PDI values than those prepared in phos
phate solution under the same conditions, indicating improved disper
sion homogeneity. These differences were accompanied by higher 
encapsulation efficiency and loading capacity, suggesting a more 
favourable retention of the chromophoric fraction within acetate-based 
formulations, a property that is particularly advantageous for the de
livery of chemically labile plant derived compounds such as Opuntia 
extracts [20,70].

3.6. Cytotoxicity of loaded liposomes on HaCaT and SH-SY5Y cells

Cultured human HaCaT cells, being physiologically similar to normal 
human keratinocytes, represent a cell model widely used to assess the 
biocompatibility (cytotoxicity and proliferative effects) in human 
epidermal cells and skin pathologies, providing a reliable platform for 
evaluating candidate topical agents [44,71]. Undifferentiated SH-SY5Y 
human neuroblastoma cells (neuroblast-like cells), characterised by 
polygonal cell bodies and short processes, are widely used as an in vitro 
neuroblastoma-derived cancer cell model and are suitable for evaluating 
neuroblastoma-targeted therapeutic strategies, including the anticancer 
activity of natural compounds and nanoformulations [43,72]. The bio
logical effects of free and encapsulated extracts prepared in the two 
different media were evaluated by MTT assay, measuring cell metabolic 
activity as an indicator of viability. Fig. 5 shows the viability of HaCaT 
and SH-SY5Y cells after 24 h exposure to increasing concentrations 
(0.05-5 mg/mL) of OpS (Fig. 5A) and OpD (Fig. 5B) extracts. Cell 
viability is expressed as a percentage relative to untreated control cells 

Table 1 
Kinetic parameters obtained by fitting the release profiles of free OpD and OpS 
extracts and of the corresponding DOPC liposomal formulations prepared in 
phosphate or acetate media according to Eq. (6).

Samples Formulation medium k (h− 1) Amax (%) R [2]

Free OpD - 0.50 60.0 0.97
Free OpS - 0.35 49.1 0.99
OpS-Lip Phosphate 0.60 15.2 0.99
​ Acetate 0.26 28.4 0.99
OpD-Lip Phosphate 0.79 24.4 0.99
​ Acetate 0.26 25.9 0.99
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(set at 100%). As shown, treatment with OpS extract did not induce 
cytotoxic effects in HaCaT cells over the tested concentration range, 
with cell viability remaining comparable to, or slightly higher than, 
control values. In contrast, SH-SY5Y cells exhibited a 
concentration-dependent reduction in viability, reaching a significant 
decrease of approximately 25% at 5 mg/mL. Similarly, treatment with 
OpD extract did not significantly affect HaCaT cell viability at any tested 
concentration (Fig. 5B).

In SH-SY5Y cells, however, OpD extract induced a significant 
reduction in viability at the highest concentrations tested (4 and 5 mg/ 
mL), with decreases of approximately 21% and 36%, respectively 
(Fig. 5B). These results suggest that the biological effects are influenced 
by differences in extract composition between the two varieties, with 
OpD showing a stronger effect on SH-SY5Y cell viability than OpS. This 
behaviour is consistent with compositional differences identified by 
UV–Vis, ESI-MS and 1H NMR analyses, which indicated a higher relative 
abundance of chromophoric components in OpD extracts. Phase- 
contrast microscopy confirmed the absence of morphological alter
ations in HaCaT cells, whereas reduced cell density and cellular debris 
were observed in SH-SY5Y cells treated with the highest extract con
centrations (Fig. S7). The effects of loaded liposomal formulations were 
evaluated at a concentration of 50 μg/mL (Fig. 6). No significant 
reduction in HaCaT cell viability was observed following treatment with 

Lip, OpS-Lip and OpD-Lip, regardless of preparation medium or encap
sulated extract. Consistently, no changes in cell morphology or density 
were detected by phase-contrast microscopy (Fig. S8). In SH-SY5Y cells, 
unloaded liposomes and phosphate formulations did not significantly 
affect cell viability. In contrast, acetate-buffered OpS-Lip and OpD-Lip 
induced a modest but significant reduction in cell viability (approxi
mately 14%), accompanied by a decrease in cell density (Fig. S8), 
highlighting a selective and formulation-dependent cytotoxicity effect 
associated with the buffer used for liposome preparation. Despite their 
greater cargo retention and slower release compared with the free ex
tracts, acetate-formulated liposomes retained a measurable biological 
response in SH-SY5Y cells while remaining cytocompatible towards 
HaCaT cells. Therefore, the added value of encapsulation lies in modu
lating extract availability without abolishing its biological activity, 
rather than in simply increasing cytotoxicity. Overall, the results high
light a combined contribution of formulation characteristics and extract 
composition to the observed cellular responses, underscoring the 
complexity of plant extract-loaded liposomal systems.

4. Conclusions

In this study, DOPC liposomes were investigated for the delivery of 
chemically labile plant-derived compounds, with particular emphasis on 

Fig. 4. A) DH and B) zeta potential of Lip, OpS-Lip and OpD-Lip in acetate buffer (pH 5, 50 mM) stored at 4 ◦C.

Fig. 5. Viability, expressed as % of the control (untreated cells, 0), induced by incubation for 24 h with different concentrations (from 0.05 to 5 mg/mL) of OpS (A) 
and OpD (B) extracts in human HaCaT keratinocytes and SH-SY5Y cells (MTT assay). Data are presented as mean and standard deviation (SD) (n = 9). For each series: 
*** = p < 0.001, ** = p < 0.01, * = p < 0.05 versus control cells (0). For each concentration: ◦◦◦ = p < 0.001, ◦◦ = p < 0.01, ◦ = p < 0.05 for SH-SY5Y cells versus 
HaCaT cells.
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the role of the formulation electrolyte as an active design parameter. A 
systematic comparison of water, phosphate, and acetate-based formu
lations at pH 5.0 demonstrated that the ionic composition of the prep
aration medium strongly influences the physicochemical properties of 
lipid-based biomaterials loaded with O. stricta extracts. Among the 
investigated systems, acetate-based formulations exhibited improved 
structural homogeneity together with enhanced encapsulation effi
ciency and loading capacity, while maintaining nanometric dimensions 
and preventing aggregation under the investigated conditions. These 
formulation dependent behaviours were also reflected in the release 
performance, with acetate-based formulations showing sustained and 
biphasic profiles under physiological conditions. Correlations between 
physicochemical properties and in vitro cellular response revealed that 
biological performance is directly linked to the organization of the 
liposomal biomaterial. While all formulations were cytocompatible to
wards HaCaT keratinocytes, acetate formulated extract loaded lipo
somes induced a moderate and formulation dependent reduction in SH- 
SY5Y neuroblastoma cell viability. Although the molecular basis of these 
effects was not directly investigated, the results highlight the impor
tance of the formulation environment in determining lipid-based bio
materials performance. Overall, these findings demonstrate that 
electrolyte specific formulation conditions should be regarded as 
intrinsic design variables rather than passive preparation parameters in 
lipid-based biomaterials. By establishing clear relationships between 
formulation environment, structural properties, and cellular response, 
this work provides practical guidelines for the rational development of 
DOPC-based carriers for unstable plant derived bioactives.
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