
Delivery of Ulva rigida extract by bicontinuous cubic lipid nanoplatforms for 
potential photodynamic therapy against pancreatic cancer

Karolina Krautforst a,b,c , Julita Kulbacka d,e, Marco Fornasier c,f , Rita Mocci a,  
Debora Dessì g , Andrea Porcheddu a, Davide Moccia g , Antonio Pusceddu g, Giorgia Sarais g,  
Sergio Murgia c,g,* , Urszula Bazylińska b,**
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A B S T R A C T

Ulva rigida is a widely available marine algae representing a valuable biomass from which natural photosensi
tizers (chlorophylls) can be obtained in an environmentally friendly manner using a green microwave-assisted 
extraction technique. If properly loaded in biocompatible nanoformulations, such highly hydrophobic chloro
phylls with photosensitizing activity may constitute effective drugs useful in photodynamic therapy (PDT) 
against extremely resistant pancreatic cancer cells. To permit adequate solubilization in water, prevent immune 
system activation, and improve pharmacokinetic properties, an extract from Ulva rigida biomass was encapsu
lated in two monoolein-based cubosome formulations differing for the dispersants used for their stabilization in 
water: Pluronic F108 (CUB) or a mixture of sorbitan monooleate and sodium taurocholate (TS-CUB). In both 
cases, high encapsulation efficiency was achieved. The formulations were investigated from a physicochemical 
point of view (SAXS, cryo-TEM, DLS, ELS), and the production of reactive oxygen species was evaluated. In 
addition, an extensive evaluation of biocompatibility and bioactivity was conducted on the human pancreatic 
cancer cell line BxPC-3. This assessment included an MTT cytotoxicity assay, cellular uptake analysis via flow 
cytometry, and cytoskeleton imaging both under dark conditions and post-irradiation to evaluate the effects of 
PDT. Unloaded nanoparticles were characterized by an inner bicontinuous cubic phase (Pn3m). However, after 
encapsulation of the Ulva rigida extract the presence of a sponge phase (L3) in the TS-CUB formulation was 
observed. Compared with CUB, TS-CUB loaded with the extract demonstrated enhanced photoactivity, superior 
biocompatibility, and more potent in vitro anticancer activity against pancreatic cancer through photodynamic 
therapy (PDT).

1. Introduction

Marine algae contain a wide spectrum of different bioactive mole
cules, due to metabolic activity adapted to different and often harsh 
environmental conditions [1]. Among all components of the green algae 

biomass, an interesting group is represented by the pigments known as 
chlorophylls [2,3]. Due to their porphyrin ring structure, these hydro
phobic molecules are recognized as potent natural photosensitizers 
(PSs). In addition, chlorophylls are highly efficient at generating reac
tive oxygen species (ROS) when exposed to red light [4]. This property 
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makes them exceptionally well-suited for use in Photodynamic Therapy 
(PDT), a technology that requires the activation by light of a photo
sensitizing agent to produce ROS [5]. Since these ROS can selectively 
target and damage cancerous tissues, PDT is considered as a powerful 
and effective treatment option for cancer.

In this study, Ulva rigida C. Agardh, 1823 (hereafter U. rigida), a 
green marine alga widely distributed in many oceans and seas, also 
present in the Mediterranean Sea [6], is highlighted as a valuable nat
ural source of chlorophylls. Belonging to the phylum of Chlorophyta 
(green algae), and known as “sea lettuce”, the genus Ulva includes more 
than 400 species worldwide, which often show large biomasses, espe
cially in eutrophic and N-rich shallow coastal environments [7]. In those 
environments, especially in summer Ulva spp can grow exponentially 
and can suffocate the benthos, thus influencing negatively local fisheries 
and aquaculture. The Ulva spp. widespread presence, easy accessibility 
and the need to remove their large biomass to avoid any impact on the 
local economies make them an excellent resource for extracting photo
active compounds, ideal for use in PDT [8]. Because of their rapid 
growth and easiness of culturing, such algae have also been used for the 
production of food amendments and biofuel [9,10].

Various techniques have been developed for extracting natural 
compounds from biomass. However, these methods pose several chal
lenges, being time-consuming, costly, and lacking in environmental 
sustainability. Consequently, there is a pressing need for more afford
able, efficient, and eco-friendly extraction methods. Such advancements 
would enhance the practical application of these processes and add 
value to raw materials that are currently underutilized in significant 
quantities. In this context, Microwave-Assisted Extraction (MAE) is 
appreciated due to high extraction efficiency, short processing time, and 
low costs compared to traditional methods [11].

Natural photosensitizers derived from algae are gaining attention in 
medical and environmental applications due to their biocompatibility 
and potential therapeutic properties. These photosensitizers, such as 
chlorophylls, carotenoids, and phycobiliproteins, are naturally occur
ring pigments found in various algae species. They can be used in 
photodynamic therapy (PDT) for cancer treatment, where they generate 
reactive oxygen species upon light activation to target and destroy 
cancer cells. Algal photosensitizers offer an eco-friendly and renewable 
alternative to synthetic compounds, with the added benefit of being non- 
toxic and easily biodegradable [12,13]. Still, several factors limit the 
clinical use of photosensitizers (PSs). Notably, these compounds are 
often hydrophobic, leading to aggregation in biological biofluids, and 
they can degrade when exposed to biological environments. However, 
these challenges can be addressed by encapsulating PSs within 
biocompatible nanocarriers. Therefore, the special novelty of our study 
is focused on exploring the special potential of lipid-based liquid crys
talline nanocarriers, known as cubosomes, for the encapsulation, de
livery, and release of a newly obtained Ulva rigida extract rich in 
photoactive chlorophylls. Indeed, cubosomes offer a promising solution 
to enhance the stability and effectiveness of the chlorophyll extract for 
photodynamic therapy (PDT).

Cubosomes have honeycomb-like nanostructure consisting of a lipid 
bilayer folded in space and separating two continuous, but not- 
interconnected water channels [14]. Cubosome-loaded compounds are 
protected against degradation in solution, and their bioavailability and 
cellular uptake are largely improved than their free form [15]. These 
lipid liquid crystalline nanocarriers, moreover, are ideal candidates due 
to their high colloidal stability, entrapment efficiency, and ability to 
encapsulate hydrophobic compounds [16]. Commonly, they are stabi
lized by block copolymers such as Pluronics but other options have been 
reported to increase their biodegradability [17] and biocompatibility 
[18,19]. Recently, we have developed and optimized monoolein-based 
cubosomes and hexosome formulations stabilized by Span 80 and so
dium taurocholate [20]. Such formulations, mostly with cubic phases, 
coloaded with a second-generation PS and an adjuvant, showed good 
results in PDT applications against skin melanoma cells with minimal 

cytotoxicity against healthy cells. Herein, the photoactive U. rigida 
extract was encapsulated within standard Pluronic-stabilized cubosomes 
(CUB) and the new type, less cytotoxic, Pluronic-free cubosomes stabi
lized by the combination of bile salt and a surfactant (TS-CUB), to tests 
its delivery, release and phototoxic activity into pancreatic tumor cells 
BxPC-3. Indeed, pancreatic cancer is one of the leading causes of 
cancer-related deaths in developed countries [21], primarily due to its 
complex and challenging treatment. The prognosis is often poor, with 
only about 9 % of patients surviving beyond five years after diagnosis 
[22]. Furthermore, pancreatic cancer is considered extremally resistant 
due to its complex and obstructive tumor microenvironment [23]. 
Consequently, due to the unique stability and permeability properties 
induced by the presence of bile salt molecules, encapsulation into the 
novel cubosomes may be useful as third-generation [24], combining the 
most promising photosensitizers with modern drug carriers, of effective 
photosensitizers in PDT.

2. Experimental

2.1. Materials

The molecular building block used for cubosomes preparation was 
glycerol monooleate (1-monooleoylglycerol, MO, RYLO MG 19 
PHARMA, 98.1 wt%), kindly provided by Danisco A/S (Denmark). Other 
components of the cubosomes were Pluronic F108 (PF108, block co- 
polymer, the stabilizer used in CUB), Span 80 (Sp80, sorbitan mono
oleate, steric stabilizer in TS-CUB), and taurocholic acid sodium salt 
hydrate (TC, Taurocholate, bile salt used in TS-CUB). 9,10-anthracene
diyl-bis(methylene)dimalonic acid (ABMDMA) for the evaluation of 
the ROS and 1O2 generation efficiency were purchased from Sigma- 
Aldrich (Germany; New Zealand). The solvents used in the extraction 
process (ethanol ≥99.8 %, hexane ≥97.0 %,) were purchased from 
Honeywell (Germany). Anhydrous sodium sulfate as a drying agent, was 
purchased from Sigma-Aldrich (Italy).

Acetonitrile and methanol were of HPLC grade and were purchased 
from Sigma-Aldrich (Italy). Orthophosphoric acid (ACS ISO, for analysis, 
85 %) was purchased from Carlo Erba Reagents S.r.l. (Italy).

Water was freshly distilled and filtered through a Milli-Q apparatus 
(Millipore, Italy) and is referred to as water (W). For the preparation of 
the cubosomes, the water was filtered (before preparation) with a 
0.22 μm pore size hydrophilic filter (Milli-Q system by Millipore, Ger
many). The analytical standards of lutein, chlorophyll a, and chlorophyll 
b were purchased from Sigma-Aldrich (Italy).

2.2. Biomass collection and preparation

Fresh U. rigida marine algae were collected from the Mediterranean 
Sea in Sardinia (Italy). The algae were washed with water to remove 
sand, salt, and epiphytes, deep-frozen at -80 ◦C, and freeze-dried 
(Benchtop, VirTis, US) for 48 h. The dry weight of the algae was 
12.89 % of the fresh biomass. Then, the freeze-dried algae were milled 
into powder using a ball-milling technique to increase the extraction 
surface. For this purpose, the freeze-dried Ulva rigida (1.5 g) was loaded 
into a zirconium oxide grinding jar (35 mL) equipped with two balls (ϕ =
8 mm). The jar was sealed and shaken for 15 min at a frequency of 20 Hz 
using a VWR® Beater Mixer Mill apparatus. The powdered biomass was 
then stored in the fridge and used in the following steps.

2.3. Extraction

The bioactive pigments (chlorophylls) were extracted from the 
powdered biomass as follows (Fig. 1). The extraction was performed in a 
two-steps process including solid-liquid microwave-assisted extraction 
and liquid-liquid extraction with pigments fractionation in a separatory 
funnel.
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2.3.1. Microwave-assisted extraction
To release bioactive compounds from the cell wall into the solvent 

solution, a solid-liquid extraction was performed using MAE technique 
(Discover SP, CEM). Ethanol was chosen as a solvent (in a solid-liquid 
ratio of 0.01 g of dry algae/mL of solvent) since it is a green solvent 
and gives high efficiency in pigments extraction from U. rigida [8]. The 
biomass was subjected to extraction at 35 ◦C for 1 min with a power of 
300 W and a pressure of 300 PSI. After that, the solution was cen
trifugated (4000 rpm/10 min) (REMI R-9M, Remi Elektrotechnik Ltd., 
Indie) and the supernatant was fractionated by liquid-liquid extraction 
in a separatory funnel for the system composed of 50 % ethanolic 
extract, 30 % of hexane and 20 % of water, based on the high pigments 
extraction efficiency obtained in this way by Martins et al. in 2021 [8]. 
The organic hexane phase, rich in hydrophobic pigments of interest, i.e., 
chlorophylls, was collected, dried with anhydrous sodium sulfate (re
sidual water remove), evaporated, and concentrated under reduced 
pressure in rotavapor (BÜCHI R-200, BÜCHI Labortechnik AG, 
Switzerland) giving the final crude U. rigida extract used in the next 
steps.

2.3.2. High-performance liquid chromatography – mass spectrometry – 
extract qualitative assessment

A qualitative investigation of U. rigida extract was performed by an 
ion mobility QTOF LC-MS system using a 1290 Infinity II UPLC equipped 
with an autosampler (G7167B), a quat pump (G7120A), a column comp 
(G7116B) and 6560 IM-QTOF (Agilent Technologies Inc., Palo Alto, CA, 
US). Before analysis, the instrument performances were tested using an 
Agilent tuning solution mix (G1969–85000). During the analysis, two 
reference masses at m/z 112.9855 and m/z 966.0007 were continuously 
infused into the system for constant mass correction. Positive electro
spray ionization (ESI) ion mode was used to perform all the experiments 
with the following optimized source parameters: drying gas at 300 ◦C 
with a flow of 5 L/min, sheath gas at 350 ◦C at a flow rate of 12 L/min, 
nebulizer at 35 psi, capillary voltage set to 3500 V with a nozzle voltage 
of 500 V. The mass spectra were acquired by full range acquisition 
covering the m/z range of 100–1050.

Chromatographic separation was performed on a Kinetex EVO C18 
column (150 × 2.1 mm, 1.7 µm 100 Å, Phenomenex, Castel Maggiore, 
Bologna, Italy) maintained at 30 ± 1 ◦C. Isocratic elution of the mobile 
phase, with a combination of solvent A (0.1 % formic acid) 10 % and 
solvent B (acetonitrile + 0.1 % formic acid) 90 %, was kept for 30 min at 
a flow rate of 0.3 mL/min. The injection volume was 4 µL.

Data acquisition and processing were done using MassHunter 
Workstation Acquisition software v. B.09.00 and MassHunter Worksta
tion Qualitative Analysis software v. 10.0 (Agilent Technologies, Santa 
Clara, CA, US).

2.3.3. High-performance liquid chromatography – UV-Vis spectroscopy – 
extract quantitative assessment

The content of pigments in U. rigida extract was quantified by high- 
performance liquid chromatography coupled with an UV-Vis detector 
(HPLC-UV-Vis).

The HPLC determination was performed according to a previously 
reported method [25]. Briefly, the analysis was performed by using an 
Agilent HPLC 1100 liquid chromatograph coupled with a Thermo Fin
nigan DAD Chromquest UV 6000 diode array detector. The chromato
graphic analyses were performed by injecting 10 μL of extract 
solubilized in methanol into a Kinetex column (5 u, C18, 100 A; Phe
nomenex, Torrance, CA, USA), and eluting with a mobile phase con
sisting of 0.22 M H3PO4 and acetonitrile mixed on a gradient mode. 
Three wavelengths were used: 430 nm, 470, and 660 nm for chlorophyll 
b, lutein, and chlorophyll a determination, respectively. Peak identifi
cation was carried out by comparing each compound’s retention time 
and UV spectrum with the reference standard. Individual compounds 
were quantified using an external standard calibration method. Corre
lation values ranged between 0.9990 and 0.9999. The calibration curve 
(1–10 mg/L) was prepared in methanol from suitable dilution of stan
dard stock solution (1000 mg/L in methanol). All analyses were con
ducted in triplicate and the data are reported as average value 
± standard deviation (SD).

Fig. 1. General scheme of the pigments extraction process from U. rigida marine algae biomass.
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2.4. Cubosome formulations preparation and encapsulation

Cubosome formulations were prepared by following our previously 
reported methodology [20]. Firstly, MO was melted at 40 ◦C, then the 
U. rigida extract was added and mixed with the lipid phase, until ho
mogeneous mixing. After that, a water (W) solution of PF108 (CUB) or 
TC and Sp80 (TS-CUB) was added to the lipid phase and immediately 
sonicated by an ultrasonic processor (UP100H, Hielscher Ultrasonics, 
Germany) in 2 cycles (2 and 3 min) with amplitude 90 % with the pulse 
ON for 1 s followed by 1 s of break. The empty cubosomes were pre
pared in the same way without the addition of the extract. The 
composition (wt%) of empty and loaded formulations was 
MO/PF108/W= 3.3/0.3/96.4 and MO/TC/Sp80/W= 3.5/0.2/0.1/96.2 
for CUB and TS-CUB, respectively.

2.5. Dialysis and encapsulation efficiency of the formulations

After encapsulation of the extract of U. rigida, the formulations were 
dialyzed to remove the excess extract into a tubing cellulose membrane 
(14 kDa of cutoff; Sigma Aldrich), in 2 L of water at room temperature 
for 2 h, changing the water after 1 h.

The values of encapsulation efficiency (EE) were evaluated via UV- 
Vis spectroscopy. Absorption spectra were acquired using a UV-Vis 
spectrophotometer (Cary Series UV-Vis-NIR Spectrophotometer, Agi
lent Technologies, UK) using quartz cuvette (optical path: 1 cm). In 
order to calculate the weight of the encapsulated extract before and after 
dialysis, the standard calibration curve of the extract was prepared, and 
the data fitted to a linear regression (R² = 0.9993). Absorption spectra of 
the cubosome formulations before and after dialysis were measured 
after dissolving in ethanol (dilution 1:15 v/v) and the EE was obtained 
through the following equation: 

EE[%] =
weight of the extract after dialysis

weight of the extract before dialysis
× 100 

2.6. Small-angle X-ray scattering (SAXS)

The structure of the loaded and unloaded formulations was evalu
ated by means of small angle X-ray scattering (SAXS). The SAXS char
acterization was performed following our previously published protocol 
[18,26]. Briefly, the samples were placed in quartz capillaries and 
measured at a sample to detector distance of 360 mm for around 2 h per 
sample at a given temperature. The inter-crystalline spacing, d, was 
calculated after evaluating the q positions of each peak in SAXS pattern 
using the following equation: 

d =
2π

qpeak
(1) 

Then, the lattice parameter, a, describing the crystalline unit of the 
inverse bicontinuous cubic phases was extrapolated from equation 2: 

a = d •
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√
(2) 

Where h, k and l are the Miller’s indexes. Finally, the water channel 
radius of the cubosomes and sponge nanoparticles was evaluated by 
applying equation 3 and 4, respectively: 

rw = (a − l) •

̅̅̅̅̅̅̅̅̅̅̅̅
A0

− 2πχ

√

(3) 

rw− L3 =
dL3

dcubic
rw− cubic (4) 

where χ and A0 are, respectively, the Euler characteristic and the 
surface area of the specific geometry (Pn3m, χ = − 2, A0 = 1.919), and l 
is the MO hydrophobic chain length at 25 ◦C (17 Å) [27].

2.7. Dynamic and electrophoretic light scattering

Dynamic light scattering (DLS) measurements were performed on 
the diluted (1:50 v/v) samples at 25 ◦C and 37 ◦C using a ZetaSizer Nano 
ZS by Malvern Instruments (Malvern, UK) (backscattering angle 173◦, 
with a 4 mW He-Ne laser at 632.8 nm). All measurements were con
ducted in triplicate and the data are reported as average value 
± standard deviation (SD). The apparent hydrodynamic radius (Dh) and 
polydispersity index (PdI) were extracted by a second-order cumulant 
analysis. The ζ-potential was evaluated using electrophoretic light 
scattering (ELS) by applying the Smoluchowski equation to the elec
trophoretic mobility.

2.8. Cryogenic transmission electron microscopy (cryo-TEM)

The morphology of the formulations under investigation was studied 
using cryogenic transmission electron microscopy following the usual 
protocol for liquid crystalline nanoparticles employed by our group 
[18]. The sample (4 μL) was blotted on the grid at 25 ◦C with a relative 
humidity of 90 %, within 24 h from preparations and imaged using a 
Jeol JEM-2200FS transmission electron microscope (JEOL, Tokyo, 
Japan).

2.9. Reactive oxygen assay

Experiments are based on the reaction 1O2 with the scavenger 
molecule 9,10-anthracenediyl-bis(methylene)dimalonic acid 
(ABMDMA). Singlet oxygen causes ABMDMA photooxidation, resulting 
in a decrease of the absorbance. Spectrophotometric measurements of 
each sample using a UV-1650PC UV-Vis Spectrophotometer (Shimadzu, 
Japan) were performed for 1 h by evaluating the ABMDMA (0.15 mM) 
absorbance at 401 nm every 0, 1, 3, 6, 9, 12, 16, 20, 25, 30, 35, 40, 45, 
50, 55, 60 min. The ABMDMA absorbance % was calculated for each 
sample.

2.10. Biological activity

2.10.1. Cell lines
The BxPC-3 cells (human pancreatic cancer cell lines, CRL-1687), 

purchased in ATCC®, were derived from a 61-year-old female in 
1986. The cells were maintained in culture flasks with a surface area 
equal to 75 cm2 (Falcon® Cell Culture Flasks) in DMEM (IITD, Wroclaw, 
Poland) supplemented with 10 % fetal bovine serum (FBS) and 50 μg/ 
mL penicillin and streptomycin (Sigma-Aldrich, Poznan, Poland). The 
cultures were incubated in a humidified atmosphere with 5 % CO2 at 
37 ◦C. The cells used for all experiments were detached by trypsinization 
(Trypsin-EDTA solution) and neutralized with Dulbecco’s Phosphate 
Buffered Saline (DPBS), which was purchased from Sigma-Adrich 
(Poznan, Poland).

2.10.2. Cytotoxicity studies
The cytotoxicity MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide) cell proliferation assay (Sigma-Aldrich, Poznan, 
Poland) was performed at different extract concentrations (0.17, 0.34, 
0.88, 1.3, 1.7, 2.6, 5.2 μg/mL) on the BxPC-3 cell line, after 24 h of in
cubation in dark conditions with CUB and TS-CUB loaded with the 
extract, as well as empty CUB and TS-CUB, and free extract. The loaded 
formulations were diluted to obtain a given extract concentration for the 
MTT test. During this process, along with the dilution of the extract 
inside the nanocarriers, the samples CUB/TS-CUB were also diluted, 
hence also the main component of each formulation, MO namely. 
Therefore, to compare empty and loaded nanocarriers with the same MO 
concentration for a given extract concentration (indicated on the x-axis 
in Fig. 4), all formulations were diluted in the same manner. Therefore, 
the extract concentrations used in the study correspond to 15.4, 30.8, 
77.0, 116, 154, 231, 462 μg/mL of the MO concentration in CUB, and 
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16.2, 32.4, 81.0, 122, 162, 243, 486 μg/mL in TS-CUB. Generally, 
200 µL of cells (approximately 2 × 105 cells) were placed into 96-well 
plates (Sarstedt, Equimed, Wroclaw, Poland). Cell viability in each test 
group was expressed as percentages of the control cells (untreated with 
studied samples). Then, the absorbance was measured at 560 nm using a 
GloMax® Discover Microplate Reader (Promega) allowed us to evaluate 
the cell viability in each group. All experiments in this study were 
conducted in triplicate and the data are reported as average value 
± standard deviation (SD).

2.10.3. Cellular uptake and internalization (flow cytometry)
Flow cytometric analysis was performed for the assessment of the 

ability of BxPC-3 cells to uptake both the formulations loaded with the 
extract (CUB + extract and TS-CUB + extract).

This technique was applied, due to the well-known fluorescence of 
the chlorophylls present in the extract, measured by flow cytometer. For 
this purpose, the cells (density of 4 ×105) were seeded on 24-well plates 
and left to adhere overnight. Each formulation was added to a final 
concentration of extract corresponding to 1.3 µg/mL and the cells were 
incubated for 24 h at 37 ◦C. Empty nanocarriers (CUB and TS-CUB) were 
tested as negative controls, due to the lack of fluorescence ability of 
these samples. After incubation, followed by washing in PBS (not con
taining calcium and magnesium ions, IITD, Poland), cells were trypsi
nized and resuspended in 0.5 mL of PBS (BioShop, EPRO, Poland). The 
flow cytometric measurements were performed on a CyFlow Cube 6 flow 
cytometer (Sysmex, Poland). The fluorescence of the extract was 
measured with a FL-5-H detector. 10 000 events were included from 
each sample. Data were collected and analyzed by CyView software 
(Sysmex, Poland).

2.10.4. Photodynamic action and immunofluorescent F-actin staining 
protocol

The photodynamic action of the loaded formulations was evaluated 
by the immunofluorescence method [28] to evaluate the reorganization 
of cellular cytoskeleton organization after laser irradiation, applied for 
red light-activated cubosomes loaded in BxPC-3 cells. Cancer cells were 
seeded directly on 18 mm diameter round microscope coverslips 
(Thermo Fisher Scientific Inc.) in 6-well plates (Sarstedt, Equimed, 
Poland). The cells were left to adhere for 24 h. After this time, the cells 
were treated with cubosomes for 24 h with a final concentration cor
responding to 1.3 µg/mL of the extract. After incubation, samples were 
irradiated for 5 min using a red-light laser diode (12 mW/cm2). After 
washing twice with PBS (BioShop, EPRO, Poland), the cells were fixed 
for 10 min in 4 % v/v paraformaldehyde (Polysciences, Inc., Berg
strasse, Germany), and washed again with PBS.

The integrity of the cytoskeleton was determined by immunofluo
rescent labeling of F-actin cells with Phalloidin-iFluor® 488 (Sigma 
Aldrich, Poznan, Poland). FluorshieldTM with a fluorescent DNA- 
binding dye of cells grown in the culture (4,6-diamidino-2-phenyl
indole, DAPI) was used to visualize the nuclei and mount the cells after 
excitation at 405 nm. Samples were examined on an Olympus BX53 
fluorescence microscope (Evident Europe GmbH, Warsaw, Poland).

2.10.5. Statistical analysis
Results of the in vitro experiments are presented as mean values ± SD 

for minimum n = 3 and compared by two-way ANOVA for multiple 
comparisons and α = 0.05. Comparisons of samples exhibiting p values 
≤ 0.05 and ≤ 0.01 were considered statistically significant and highly 
significant, respectively. Results were analyzed using the commercial 
software GraphPad Prism 7.0.

3. Results and discussion

3.1. Characterization of U. rigida extract and encapsulation in the 
nanocarriers

The extraction of an active component from a biomass is a crucial 
step that should be as efficient and as green as possible. Microwave- 
assisted extraction using ethanol was selected for its high efficiency, 
short processing time, and environmentally friendly approach. This 
method leverages microwave energy to disrupt the cell walls of algae, 
releasing the desired pigments into the solvent. Subsequently, the sol
vent solution is processed to isolate a fraction rich in chlorophylls. The 
final hydrophobic dark-green extract was obtained from U. rigida marine 
algae as described in paragraph 2.3.1. and then characterized in terms of 
pigments composition. The average yield was (3.5 ± 0.3)% of the dry 
algae weight (see section 2.2.). The qualitative HPLC-MS analysis 
confirmed the presence of chlorophyll in the extract (Figure SI1). The 
comparison of UV-Vis spectrum and retention time of the analytical 
standard and sample peaks in HPLC-DAD analysis also highlighted the 
presence in the extract of chlorophyll b and lutein. The content of 
chlorophyll a and chlorophyll b in the extract quantified by HPLC-UV- 
Vis measurements was (28 ± 4)% and (2.6 ± 0.5)%, respectively, cor
responding to (0.98 ± 0.09)% and (0.093 ± 0.008)% of the dry algae 
weight. A small amount of lutein, (0.92 ± 0.01) %, was also detected in 
the extract. The UV-Vis spectra of the quantified pigments are presented 
in Figure SI2.

Cubosome formulations loaded with U. rigida extract in a concen
tration 0.375 mg/mL were obtained with EE equal to (99.2 ± 0.5)% in 
the case of standard CUB and (97.3 ± 0.9)% for TS-CUB. No significant 
differences can be highlighted in this case among the conventional and 
the novel formulations, showing that both nanoparticles can accom
modate similar amount of hydrophobic payload in the lipid palisade, as 
commonly observed in similar formulations [20,29,30]. Verification of 
the encapsulated extract localization in the hydrophobic part of the 
cubosome nanocarriers is shown in Figure SI3.

3.2. Physico-chemical characterization of the carriers encapsulating the 
extracts

SAXS measurements of the formulations containing the extract were 
performed to evaluate the phase and inner structure at 25 ◦C and 37 ◦C 
and then cooling the sample down to 25 ◦C again to observe any 
structural hysteresis. Such temperatures were chosen to study the 
behavior of the formulations in storage and in vivo conditions. These 
results are shown in Fig. 2 and the lattice parameter (a) and water 
channel radius (rw) evaluated from the patterns are presented in Table 1.

In the case of CUB loaded with the extract, only the Pn3m phase 
could be observed, inferring that the extract interacts with the lipid 
bilayer of MO. While the two first peaks may be indexed to Pn3m, the 
subsequent ones are presented at the level of noise, probably related to 
the presence of vesicles, as observed at the cryo-TEM (Fig. 2C). Never
theless, in conjunction with cryo-TEM results, we can state that these 
two peaks are assigned to the Pn3m phase. Indeed, for the standard 
cubosomes formulated with Pluronics, a biphasic system with a Pn3m 
+ Im3m phase is expected [31], where the former is related to the native 
structure of MO at this concentration of use in water and the latter is 
induced due to the interaction of the hydrophobic segment of the block 
copolymer with the lipid bilayer. The lattice parameter and water 
channel radius evaluated are in line with those reported in the literature 
with similar compositions [32,33]. When the temperature is increased to 
37 ◦C, the phase is preserved and only a shift of the peaks at higher q 
values is noted, decreasing slightly the structural parameters. Cooling 
down the sample to 25 ◦C yields the same phase with a small hysteresis 
as the peak position of the Pn3m is not the same after the treatment. 
Such a phenomenon could be related to a longer equilibration time 
(more than 1 h) needed for the Pn3m phase to rearrange in the initial 
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state after the heating and cooling cycle.
In general, the formulation TS-CUB encapsulating the extract shows 

peaks less intense and less defined, with a higher and broader diffusive 
band which has been associated with the presence of polydisperse ves
icles in the sample [26] (as it will be explained in the next section about 
the morphology). As already reported by our group, the empty formu
lation is supposed to be a pure Pn3m. In the case of the formulation 
loaded with the extract, we observe two visible peaks with positions in 
line with a Pn3m. However, a second phase may be present in the sample 
as the second peak is more intense than the first one, and scattering 
peaks normally decrease with the order of scattering as it is a probabi
listic event [34]. Even though this scenario could be related to the 
alignments of the crystalline planes that may present scattering more 
intense than the first-order one, it is still probable that the sample is 
represented by two co-existing phases. Namely, by looking at the phase 
diagram of MO with other additives, such as Sp80 [35], it is possible to 

Fig. 2. SAXS diffractograms obtained at 25 ◦C, 37 ◦C and then after cooling back to 25 ◦C of CUB (A) and TS-CUB (B) loaded with U. rigida extract, along with the 
cryo-TEM images of these samples (C) and (D), respectively. Red arrows in (B) indicate the peak related to the possible presence of an L3 phase, followed by the 
observation of sponge nanoparticles in (D).

Table 1 
Phase, lattice parameter (a), and water channel radius (rw) of the investigated 
CUB and TS-CUB loaded with U. rigida extract measured at 25 ◦C, 37 ◦C, and then 
after cooling back to 25 ◦C. Data are reported as mean ± SD.

Sample Temperature (◦C) Phase a (Å) rw(Å)

CUB þ extract 25 Pn3m 98 ± 1 21.3 ± 0.6
37 Pn3m 93 ± 2 19.2 ± 0.8
back to 25 Pn3m 96 ± 1 20.4 ± 0.4

TS-CUB þ extract 25 Pn3m 90 ± 3 18 ± 1
L3 - 15.5

37 Pn3m 89.9 ± 0.8 18.1 ± 0.3
L3 - 15.0

back to 25 Pn3m 92 ± 3 19 ± 1
L3 - 16.0
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obtain an L3 phase. Since, in this work, we prepared the nanocarriers 
with similar lipid composition and Sp80 as well, an analogous phase 
behaviour can be predicted, namely closer to the border between the 
Pn3m and L3 phases. Therefore, when compared with the cryo-TEM 
images of this formulation (Fig. 2D), the scenario of the occurrence of 
the second phase (L3) is more likely to occur, because structures 
resembling sponge particles are visible, as indicated by the red arrows. 
Moreover, Sp80 may tune the lipid (commonly, MO or glycerol mono
oleate) packing parameter and originate a more disordered cubic phase, 
commonly referred to as L3 or sponge phase [35]. Usually, a sponge 
phase exhibits two diffusive bands [36,37], being the first related to 
cell-cell interaction and the latter to the bilayer thickness. It could be 
speculated that the peak positioned at q = 0.12 Å− 1 may be linked to the 
cell-cell interaction in such structure. The heating to 37 ◦C makes the 
peaks of the Pn3m and the first of the L3 phase more pronounced, and 
the shift towards higher q values means that the lattice parameter and 
water channel radius are decreasing in size. Overall, it can be concluded 
that encapsulation of U. rigida extract influences the nanostructure of 
both types of nanoparticles, by changing the effective packing parameter 
of MO. Given that drug release is directly linked to the internal structure 
of the nanocarrier, it is crucial to consider this aspect, particularly in the 
case of TS-CUB, due to the presence of nanoparticles characterized by an 
L3 phase.

As a final remark, it can be noticed that the formulations are not 
temperature-responsive, proving that body temperature does not affect 
the nanoparticles’ structure.

Cryo-TEM measurements were then performed to assess the 
morphology of the nanoparticles (Fig. 2C and D). Starting with the CUB 
formulation loaded with the U. rigida extract, reported in Fig. 2C, the 
typical honeycomb-like structures of cubosomes are observed [16,38]. 
Small vesicles are also highlighted, very likely due to the presence of 
Pluronic in the sample, which affect the original curvature of the lipid 
interface [39]. The TS-CUB formulation loaded with the U. rigida extract 
shows three kinds of nanoparticles (Fig. 2D): (i) vesicles of different sizes 
in the range 20–200 nm, whose presence can be explained by the 
different curvature of the interface induced by the TC [26], (ii) cubo
somes displaying the same morphology and inner structure as reported 
for the CUB sample, and (iii) sponge nanoparticles (indicated with red 
arrows in the images). The latter case is in line with the data reported in 
the literature for a sponge phase dispersion with similar compositions 
[37] and corroborates the SAXS data analysis of the previous paragraph.

Finally, the apparent hydrodynamic diameter (Dh), polydispersity 
index (PdI) as well as the ζ-potential of the two formulations loaded with 
U. rigida are reported in Table 2 at two different temperatures. Such 
values are similar to those of empty formulations with similar compo
sition [40]. The increase in temperature does not have a significant 
impact on the size, however a drop in the absolute values of the ζ-po
tential is highlighted. This could be due to the higher thermal motion of 
the ions at the interface, yielding a lower-charged double layer sur
rounding the nanoparticles. The size distributions are not affected by the 
temperature increase and are in line with the ones of cubosomes and 
sponge phase nanoparticles [35,41]. Moreover, the stability in time of 
the given formulations was demonstrated by 2 months lasting 

experiment (Figure SI4).

3.3. ROS production

The evaluation of ROS is shown in Fig. 3, where CUB and TS-CUB 
loaded with U. rigida extract as well as the pure extract are compared 
at different concentrations of the extract (0.88, 1.7, 3.4, 5.2 and 8.8 μg/ 
mL). All samples exhibit the ability to generate ROS, as the % of 
remaining ABMDMA decreases with time in all cases, proving their 
photosensitive activity. The strongest ROS production was observed for 
TS-CUB loaded with extract at the highest concentration (8.8 μg/mL), 
since the presence of scavenger decreased from 100 % to (85 ± 2)% 
after 1 h. In contrast, the weakest ROS generation was presented in the 
case of pure extract of the same concentration, showing (98 ± 2) % of 
remaining ABMDMA.

Such counterintuitive behavior could be related to the aggregation or 
degradation of the pigment when not protected by encapsulation in the 
lipid carriers. Inversely, increasing the concentration of the extract, 
either encapsulated in CUB or TS-CUB, induces a stronger photoactive 
effect. Previous studies also reported an increase in ROS generation for 
other lipid nanocarriers loaded with a photosensitizer as its concentra
tion increased [28,42]. In general, it can be stated that the activity of the 
extract within the formulation is higher than the one of the free forms, 
inferring that the encapsulation enhances the photosensitivity following 
the ROS production.

3.4. Biological activity

3.4.1. Cytotoxicity evaluation
The cytotoxicity MTT test on human pancreatic cancer cell line 

(BxPC-3) was performed at different extract concentrations (0.17, 0.34, 
0.88, 1.3, 1.7, 2.6, 5.2 μg/mL), after 24 h of the cells’ incubation in dark 
conditions. According to ISO 10993–5, cell viability under 80 % is 
considered as cytotoxic effect, divided into weak (80 % – 60 %), mod
erate (60 % – 40 %), and strong (below 40 %) cytotoxicity [43]. The 
results presented in Fig. 4 show the viability of BxPC-3 cells treated with 
the studied samples of empty CUB and TS-CUB (prepared in the same 
manner as the loaded nanocarriers, to achieve the given extract con
centration, indicated on the x-axis, as described in the Experimental 
section), the free U. rigida extract, and the CUB and TS-CUB loaded with 
the extract.

In case of the sample with the free extract, the cell viability tends to 
decrease while increasing its concentration. Pure extract shows the most 
significant reduction in cell viability, with a drop to approximately 40 % 
at 5.2 µg/mL. However, when comparing the sample with loaded extract 
and empty cubosomes, it can be observed that the composition of empty 
nanocarriers also plays an important role in cytotoxicity due to the 
possible cytotoxic effect of MO and Pluronic [44,45], especially in case 
of the 2.6 μg/mL. The lowest viability is observed at the highest con
centration (5.2 μg/mL) for all groups. It can be noticed a concentration 
dependence where at lower concentrations (0.17–1.3 µg/mL), all 
treatments show a minimal reduction in cell viability, with values 
remaining close to the control level. However, as the concentration in
creases beyond 1.7 µg/mL, the cytotoxic effect becomes more pro
nounced. Significant cytotoxic effects and differences between the 
various samples become evident at the extract concentration of 2.6 
µg/mL. At this dose, the new cubosomes (TS-CUB) exhibit no notable 
toxicity, in contrast to the standard formulation (CUB), which shows 
moderate cytotoxicity. This observation indicates that cytotoxicity is 
reduced when cubosomes are stabilized with TC and Sp80 instead of 
PF108, supporting the improved biocompatibility of the new formula
tion. Upon loading the cubosomes with the extract, an increased cyto
toxic effect is observed: moderate for CUB + extract and weak for 
TS-CUB + extract. This effect is likely related to the extract itself, as a 
weak cytotoxic response is also observed for the extract in its free form at 
this concentration. Notably, in the case of the standard Pluronic-based 

Table 2 
Apparent hydrodynamic diameter (Dh) of the nanoparticles, Polydisperisty 
Index (PdI) and electrophoretic mobility (ζ-potential) of CUB and TS-CUB for
mulations loaded with U. rigida extract at 25 ◦C and 37 ◦C. Data are reported as 
average value ± SD.

T (◦C) CUB þ extract TS-CUB þ extract

Dh (nm) 25 133 ± 1 114 ± 1
37 131 ± 1 120 ± 1

PdI 25 0.128 ± 0.005 0.189 ± 0.009
37 0.13 ± 0.01 0.19 ± 0.02

ζ-potential (mV) 25 - 26 ± 3 - 41 ± 2
37 - 19.1 ± 0.4 - 32 ± 1
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CUB formulation, the cytotoxicity may also be attributed in part to the 
high monoolein content (231 µg/mL), since both CUB and CUB + extract 
show comparable levels of toxicity. In contrast, for TS-CUB + extract, 
the significantly lower cells viability compared to the free extract and 
the unloaded TS-CUB formulation may reflect the advantages of 
encapsulation in TS-CUB, such as an enhanced cellular delivery of the 
extract. The improved efficacy of this formulation will be further 
explored in the following section on cellular uptake. At 5.2 μg/mL all the 
samples caused the death of 50 % or more cells, showing that this 
concentration is unsuitable for medical purposes, related probably to too 
high concentration of the MO in nanocarriers, as well as too high con
centration of the extract itself.

It is worth noting that the literature generally agrees on a cytotoxic 
threshold for MO-based cubosomes of approximately 100 µg/mL [16,30, 
44]. Of course, such observed cytotoxicity can vary depending on the 
stabilizer used (e.g., we observed a 25 % decrease in toxicity when a 
polyphosphoester analog of PF127 was employed) [18]. Cytotoxicity 
can also differ based on the specific resistance of the cell line to which 
the formulation is administered. Particularly, the pancreatic cancer cells 
utilized in this study are notably resilient, as pancreatic cancer ranks 
among the most lethal cancers, with one of the lowest survival rates [46, 
47], and numerous studies were aimed to investigate the underlying 
mechanisms contributing to this resistance [23,46− 49]. This fact may 
explain why the biocompatibility tests here presented on BxPC-3 cells 

Fig. 3. Photo-oxidation of ABMDMA with the extinction of its absorbance by 1O2 generated by the studied samples: U. rigida extract (A), CUB (B), and TS-CUB loaded 
with U. rigida extract (C) at different concentrations (0.88, 1.7, 3.4, 5.2 and 8.8 μg/mL).

Fig. 4. In vitro cytotoxicity experiments: MTT test on BxPC-3 cells after 24 h of incubation with the investigated samples: CUB and TS-CUB loaded with U. rigida 
extract and free extract at different extract concentrations (0.17, 0.34, 0.88, 1.3, 1.7, 2.6, 5.2 μg/mL) compared to empty cubosomes, diluted in the same way as the 
loaded ones (to the target extract concentration), to achieve comparable MO concentrations in the formulations, indicated below the x-axis for each sample. The 
results are represented as mean values ± SD for minimum n = 3, * statistical ANOVA analysis: p ≤ 0.05 and p ≤ 0.01.
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under dark conditions showed no significant cytotoxic effect up to a MO 
concentration of 154 µg/mL, which corresponds to 1.7 µg/mL of U. rigida 
extract. Given this cytotoxicity threshold, samples containing 1.3 µg/mL 
of U. rigida extract were selected for the subsequent assessment of 
cellular uptake and photodynamic action.

3.4.2. Cellular uptake evaluation
In this study, flow cytometry was used to count cells emitting fluo

rescence due to specific fluorochromes present within (in this case the 
fluorescent extract), with the right shifts presented in Fig. 5 indicating 
higher cellular uptake. Based on these experiments, Fig. 5 evaluates the 
cellular uptake of the algae extract by BxPC-3 cells treated with various 
samples. Control cells were compared with cells treated with the free 
extract (1.3 μg/mL), CUB, and TS-CUB, either loaded with the extract 
(1.3 μg/mL) or as empty carriers (negative controls).

As expected, fluorescence in control cells and cells treated with 
empty cubosomes was low and nearly identical, being related only to the 
autofluorescence emitted by cells [50]. However, a significant increase 
in fluorescence was observed in cells treated with the pure extract and 
CUB + extract. An even greater increase was noted in cells treated with 
TS-CUB + extract. Accordingly, comparison with the controls supports 
the conclusion that the enhanced cellular uptake of the extract resulted 
from its encapsulation in the obtained nanocarriers. The observed dif
ference in cellular uptake between the two extract-loaded cubosome 
formulations, along with their different compositions, suggest that TC 
and Sp80 may play a role in the higher internalization efficiency of the 
algae extract when administering the novel cubosomes. The presence of 
such compounds may further modulate membrane fluidity and perme
ability, thereby facilitating the internalization process [51]. Another 
motivation for increased cellular uptake in the case of TS-CUB + extract, 
can be found in the smaller particle size and more negative ζ-potential of 
the new cubosomes compared to standard ones, which could facilitate 
easier transport through the tumor cellular membrane. Indeed, smaller 
particle size typically enables a more efficient endocytosis process, and a 
negative ζ-potential can promote stronger electrostatic interactions with 

positively charged domains on cellular membranes, potentially 
enhancing internalization [52]. While these suggestions are consistent 
with existing literature, further mechanistic studies are required to 
confirm the precise uptake pathways involved. In conclusion, the 
TS-CUB formulation delivers the photoactive U. rigida extract to the 
pancreatic tumor cells more efficiently.

3.4.3. Bioimaging of the cell morphology
The phototoxic activity was evaluated by cytoskeleton fluorescent 

staining before and after irradiation. In Fig. 6 is reported the bioimaging 
of BxPC-3 pancreatic cancer cells treated with CUB and TS-CUB for
mulations loaded with U. rigida extract (1.3 μg/mL) as well as the free 
extract at the same concentration, performed in dark conditions and 
after irradiation. The cell morphology revealed a significant difference 
in the F-actin appearance in the case of TS-CUB + extract after irradi
ation. In the case of the TC and Sp80-stabilized cubosomes loaded with 
the algae extract the cytoskeleton is destroyed as significant reorgani
zation and destabilization of F-actin fibers was observed compared to 
the other samples, including the empty cubosomes. Comparing the cell 
bioimaging of free extract after PDT with its loaded form, it can be 
observed that encapsulation, particularly in the case of TS-CUB formu
lation, significantly enhances the extract’s efficacy and photosensitivity.

These results are in good agreement with our previous study con
cerning the cytoskeleton observation after PDT [38], demonstrate the 
potency of our formulation in increasing the extract toxicity against 
pancreatic cancer cells when combined with photodynamic treatment.

4. Conclusions

Due to the increasing death rate and the urgent need for an effective 
drug to combat resistant pancreatic cancer, we propose a solution based 
on photoactive algae extracts encapsulated in modern nanocarriers, 
cubosomes, combined with PDT. As demonstrated in this work, this 
approach allows the bioactive cargo to be delivered in a stable and 
bioactive form to targeted cancer cells, even at body temperature 

Fig. 5. Flow cytometry experiments on BxPC-3 cells – purpose of the cellular uptake of the studied samples: CUB and TS-CUB loaded with U. rigida extract (1.3 μg/ 
mL) compared to free extract (1.3 μg/mL) with three negative controls (empty CUB and TS-CUB, as well as untreated control cells).
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(37 ◦C), indicating potential in vivo applications.
The proposed formulations presented a stable structure. However, 

apart from the typical Pn3m cubic phase, TS-CUB exhibited possible 
presence of sponge nanoparticles with an L3 phase. The TS-CUB 
formulation showcased in this work demonstrated greater photo
activity associated with high ROS production and biocompatibility, 
characterized by high cellular uptake and reduced cytotoxicity under 
dark conditions. Nevertheless, upon exposure to irradiation during PDT, 
these formulations exhibited strong photodynamic anticancer activity, 
making them ideal candidates for PDT in the treatment of pancreatic 
cancer.

This work aims to highlight the environmentally friendly develop
ment of widely available marine algae biomass, rich in bioactive natural 
photosensitizers with high photoactivity, enhancing its pharmaceutical 
value. An additional advantage of the proposed algae extract-based 
systems is their protection and efficient delivery via cubosome nano
carriers, which offer high stability and loading efficiency. To the best of 
our knowledge, this is the first work concerning the encapsulation of 
natural bioactive compounds obtained from marine algae in the cubo
somes with increased biocompatibility, thus it may constitute a green 
template nanoplatform for the research on different valuable com
pounds obtained from biomass for applications in pharmacy and nano
medicine. In addition, this type of nanocarriers has not been thoroughly 
studied yet for the potential treatment of highly resistant pancreatic 
cancer cell line (BxPC-3), especially combined with PDT and natural 
photosensitizers encapsulation.
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[19] U. Bazylińska, J. Kulbacka, J. Schmidt, Y. Talmon, S. Murgia, Polymer-free 
cubosomes for simultaneous bioimaging and photodynamic action of 
photosensitizers in melanoma skin cancer cells, J. Colloid Interface Sci. 522 (2018) 
163–173, https://doi.org/10.1016/j.jcis.2018.03.063.

[20] M. Fornasier, K. Krautforst, J. Kulbacka, P. Jönsson, S. Murgia, U. Bazylińska, 
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