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A B S T R A C T

Marine microalgae are sustainable sources of bioactive compounds and drug delivery platforms that can utilize 
whole cells, cell fragments, or vesicles. Although extracellular vesicles secreted by microalgae have shown po
tential, broader application is limited by low yields, instability, complex isolation, and poor standardization. To 
address these challenges, we previously proposed an alternative strategy in which hypoosmotic stress induces 
cell disruption, followed by self-assembly of membrane fragments into reconstructed microalgae-derived vesi
cles. Here, a comprehensive biophysical approach combining top-down and bottom-up strategies provides insight 
into vesicle structural features relevant to their function as drug delivery platforms. They form a heterogeneous 
population but can be reduced to the nanometer range. Their pigmented membranes contain chlorophyll 
degradation products and carotenoids, and provide significant antioxidant activity. The protein-to-lipid ratio of 
cells and vesicles is maintained mainly during self-assembly, indicating an effective reconstruction process. 
Vesicles have a balanced fatty acid profile, hydrophilicity, pronounced softness, and structure-dependent 
permeability. In vitro cytotoxicity studies indicated that vesicles do not exhibit acute cellular toxicity and 
show only mild, cell line-dependent effects at high concentrations. An in vivo immunogenicity study also 
demonstrated mild adjuvant activity. Confocal imaging shows that a glycopeptide antibiotic and an oligonu
cleotide bind via non-covalent interactions with the membrane surface. A lyophilization and rehydration pro
tocol was developed to extend material stability, highlighting the importance of the self-assembly process during 
which vesicle morphology is preserved. These findings provide proof of concept that reconstructed microalgae- 
derived vesicles can be used to develop next-generation sustainable and safe drug delivery platforms.

1. Introduction

Sustainable, environmentally friendly materials such as marine 
microalgae are in high demand in biotechnology for their antioxidant, 
antibacterial, antiviral, and neuroprotective properties. Marine 

microalgae produce a wide range of biorefinery products, including 
biofuels, food supplements, and natural dyes, which have applications in 
healthcare (anti-aging therapies, cancer treatment), agriculture (bio
fertilizers), and environmental management (wastewater treatment) 
[1–7]. Despite the many established applications, microalgae-based 
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materials have attracted increasing interest as delivery systems over the 
past decade. Several approaches have been developed for microalgae- 
based delivery systems, including intact algal cells, cell fragments, 
extracellular vesicles (EVs), and reconstructed membrane vesicles. For 
example, antibiotics have been transported by chemically modified 
green microalgae [8], and ibuprofen has been delivered using hollow 
microspheres produced from microalgae by spray pyrolysis [9]. Diatom 
shells coated with biosilicate have shown promise for drug and gene 
delivery in cancer treatment [10,11]. The pronounced motility of 
microalgae, combined with magnetic fields, has enabled precise drug 
delivery [12]. In addition to intact cells, cell wall constituents have been 
incorporated into microgels for antigen delivery [13]. Furthermore, 
microalgae-derived vesicles can be generated in two ways. First, EVs 
released by microalgal cells in healthy or pathological states have been 
shown to be biocompatible, exhibit low heterogeneity, and can serve as 
nanocarriers for bioactive substances. However, low yield, lack of 
standardization, and limitations in stability, loading, and targeted de
livery, as well as the need for costly and complex isolation methods, still 
need to be addressed [14,15].

Second, reconstructed microalgae-derived vesicles are formed by 
self-assembly of fragmented cell membranes through non-covalent in
teractions [16–18]. The microalga Dunaliella tertiolecta is common in 
aquatic ecosystems and shows significant adaptability to fluctuating 
salinity levels, making it a suitable candidate for this application. This 
species is known as a naked cell, as its soft, semi-permeable plasma 
membrane with a glycocalyx surface coating supports its use in osmo
regulation studies [7]. The reconstructed microalgae-derived vesicles 
constitute a complex, multicomponent physicochemical system, and 
current understanding of these vesicles remains limited. To address this, 
we used a comprehensive biophysical approach combining top-down 
and bottom-up strategies to provide insight into vesicle structural fea
tures relevant to potential drug-delivery applications. A variety of im
aging techniques, such as Atomic Force Microscopy (AFM), 
Transmission Electron Microscopy (TEM), Confocal Laser Scanning Mi
croscopy (CLSM), and fluorescence microscopy were used to charac
terize the size, shape, and thickness of the vesicles as well as their 
mechanical and chemical properties and drug transportability. In addi
tion, bulk techniques such as Spectrophotometry to assess biocompati
bility, Electron Paramagnetic Resonance (EPR) for membrane function, 
and advanced analytical methods (Gas Chromatography Flame Ioniza
tion Detector (GC-FID), High Performance Liquid Chromatography 
(HPLC), Fourier Transform Infrared Spectroscopy (FTIR) were used to 
characterize the composition of cells and vesicles. This study could 
support the development of sustainable microalgae-derived vesicles for 
next-generation delivery technology.

2. Materials and methods

2.1. Cell culture

The unicellular marine microalga Dunaliella tertiolecta Butcher (DT, 
Chlorophyceae, CCMP 1320, Culture Collection Bigelow Laboratory for 
Ocean Sciences, Bigelow, MN, USA, with a length of 6–12 μm) was 
cultured in natural seawater in Erlenmeyer flasks. In brief, the F-2 me
dium was prepared using natural seawater from the Adriatic Sea [19]. 
After preparing the growth medium, a cell aliquot was added to achieve 
an initial monoculture density of approximately 4 × 104 cells mL− 1. 
Flasks were sealed with sterile cotton plugs to prevent contamination, 
and cells were cultured under ambient conditions (18 ◦C, constant 
shaking at 20 rpm, 12 h light:12 h dark cycle with an irradiance of 31 
μmol photons m− 2 s− 1). The average cell number was determined from 
triplicate samples using a Fuchs-Rosenthal haemocytometer (Fein-Optik 
Jena, Germany, with a depth of 0.2 mm) and a light microscope 
(Olympus BX51, Olympus Corporation, Japan) at 40 × magnification. 
After 12 days of growth, the cells reached the early stationary growth 
phase, and the cell density was between 2 and 6 × 106 cells mL− 1. The 

cells were isolated from the growth medium by gentle centrifugation 
(1500 ×g, 5 min, HICEN21, Herolab GmbH, Wiesloch, Germany), fol
lowed by repeated rinsing with filtered seawater.

2.2. Preparation of reconstructed microalgae-derived vesicles from the cell 
suspension

The hypoosmotic shock of photosynthetic marine microalgae DT 
resulted in the formation of reconstructed microalgae-derived vesicles 
(known as ghost vesicles, GVs), as previously described [17,18]. In brief, 
microalgae were isolated from the growth medium at early stationary 
phase by centrifugation, and 4 mL of the loose cell pellet was diluted 40- 
fold with ultrapure water (Milli-Q, Merck Millipore, Billerica, MA, USA), 
vortexed vigorously, and left at room temperature for 30 min to allow 
osmotic shock. Within 1 min, a dramatic change in cell shape occurs, 
with some cells becoming deformed and showing an initial loss of 
intracellular content. After 10 min, there are no cells left. The resulting 
mixture contains partially or completely empty vesicles as well as 
clumps of free-flowing debris. To obtain the purest possible suspension 
of empty GVs, the following purification procedures were performed. 
The sample was centrifuged (HICEN21, Herolab GmbH, Wiesloch, 
Germany) at 2000 ×g for 5 min at 18 ◦C. The pellet and supernatant 
were then examined under a light microscope. The pellet contained a 
large amount of released intracellular material, both non-empty and 
empty vesicles. The supernatant was centrifuged at 7500 ×g for 12 min 
at 18 ◦C to remove residual material and free-floating debris. After 
centrifugation, the pellet contained mainly debris and some vesicles, but 
the supernatant contained mainly reconstructed empty vesicles and 
vesicles with residual material concentrated in a thin, viscous layer 
adjacent to the pellet. The concentration of reconstructed microalgae- 
derived vesicles in the aqueous suspension (pH 6.68) was between 104 

and 106 vesicles mL− 1, with diameters of up to 30 μm. For the cyto
toxicity study, the vesicle suspension was briefly sonicated with an ul
trasonic probe (diameter 1 mm, amplitude 50% of nominal power, 
duration 30 s, Labsonic M, B. Braun Biotech International/Sartorius 
Group, Göttingen, Germany). The primary GV suspension was used for 
chemical profiling (FTIR), mechanical and chemical measurements 
(AFM force spectroscopy), antioxidant activity (EPR), cytotoxicity, 
immunogenicity assays, and cargo–membrane association experiments.

2.3. Preparation of reconstructed microalgae-derived vesicles from 
lyophilized material

An additional protocol was developed for the reconstruction of 
vesicle samples by hydration of lyophilized material (post-processed 
vesicle samples). The suspension of reconstructed vesicles (as described 
in section 2.2) was stored overnight at − 20 ◦C and then lyophilized for 
24 h (− 50 ◦C, 10 Pa, Freezone 2,5; Labconco, Kansas City, MO, USA). 
The lyophilized material was hydrated to achieve a concentration of 1 
mg mL− 1. The suspension was homogenized by repeated vigorous vortex 
mixing and gentle intermittent sonication in a bath (K5LE, Kraintek, 
Czech Republic) and then stored at 4 ◦C. During the 48-h storage period, 
the sample was vortexed 6 times for 20–30 s each. The vesicle suspen
sion was then extruded in 21 passes through a polycarbonate filter with 
a pore size of 200 nm (Whatman, Nucleopore, Cytiva, Marlborough, MA, 
USA) using a Liposofast Basic extruder (Avestin, Ottawa, Canada) with 
two gas-tight syringes (Hamilton, Reno, NV, USA) at room temperature 
(MacDonald et al. 1991). An odd number of passes was performed to 
avoid contamination by vesicles that might not have passed through the 
filter. These post-processed vesicle samples were subjected to AFM im
aging in air and liquid.

2.4. Model drugs

Table 1 summarizes the physicochemical properties and applications 
of the selected model drugs.
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The vancomycin-FITC was purchased from Sigma-Aldrich (St. Louis, 
Missouri, United States). The model DNA used in this study (purchased 
from an IDT Technologies® certified supplier, Coralville, Iowa, United 
States) was a 12-mer GC-duplex homopolymer labeled with fluorescein 
(FAM) at the 5′ end. The fluorophore is connected to the oligonucleotide 
sequence via a six-methylene long linker, which prevents intramolecular 
fluorescence quenching and ensures an optimal spectroscopic response. 
The stock solution for vancomycin-FITC in aqueous form was 5 × 10− 5 

M, while the stock solution for oligo-DNA-FAM in Tris buffer was 1 ×
10− 3 M. Both fluorophores (FITC and FAM) were selected so that their 
emission wavelengths did not overlap with the autofluorescence of the 
vesicles and were complementary to the lipophilic dye DiI, which was 
used to stain the membranes.

2.5. Optical and fluorescence imaging and sample preparation

An Olympus BX51 fluorescence microscope (Olympus, Tokyo, 
Japan) was used to determine cell and vesicle densities. Confocal mea
surements were performed using a Leica TCS SP8 confocal laser scan
ning microscope (CLSM, Leica, Wetzlar, Germany) with a white-light 
laser and a 63× (N.A. = 1.4) oil-immersion objective to investigate drug 
transportability. The slides were cleaned with ethanol, rinsed several 
times with water, and dried with a stream of nitrogen.

Subsequently, 50 μL of polyethylenimine (PEI; Sigma-Aldrich Cor
poration, St. Louis, MO, USA) was added to the slide and incubated for 
30 min; the PEI drops were then removed. 20 μL of an aliquot of the 
vesicles was added to the modified slide and incubated for 30 min.

A final concentration of 2 μM of DiI fluorescent dye (Sigma-Aldrich 
Corporation, St. Louis, MO, USA) was added prior to imaging. Then 1 μL 
of 1 × 10− 5 M DNA-FAM and 5 × 10− 5 M vancomycin-FITC were added. 
The spectral settings for the two selected model drugs were the same: 
excitation line 495 nm and emission range 505–550 nm. To better 
visualize the vesicles, the lipophilic membrane dye DiI (excitation 
maximum 552 nm, emission range 570–600 nm) was used. The con
centration of the stock solution of the dye DiI prepared in DMSO was 2 ×
10− 4 M.

2.6. Composition of reconstructed microalgae-derived vesicles and 
microalgal cells

The macromolecular compositions of the vesicle and cell suspensions 
were determined by FTIR spectroscopy in transmission mode, as 
described in a previous study [20] and briefly in the supplementary 
material.

2.7. Lipids, fatty acids, and pigments: extraction and analysis

Lipids were extracted with dichloromethane, methanol and water as 
described in previous study [21]. Separation of lipid classes was per
formed using thin-layer chromatography. Quantitative and qualitative 
analysis of fatty acids was performed using gas chromatography after 
direct esterification of the isolated vesicles. The method for sample 

preparation and analysis is described in [22] and the supplementary 
material. The pigments were extracted with water: methyl tert-butyl 
ether (MTBE) (1:1 v/v) by sonication and disruption with 0.1 mm zir
conia beads. After crushing and extraction, samples were centrifuged at 
7500 ×g for 10 min to achieve phase separation. The upper phase was 
transferred to a fresh vial. An aliquot of 500 μL MTBE was added, and the 
material was re-extracted until the interphase layer was white. The 
extracted pigments were evaporated in a SpeedVac (Thermo Scientific, 
Waltham, MA, USA) and diluted to 100 μL in MeOH. The pigments were 
analyzed by HPLC (Agilent 1260 series with equipped DAD and FL 
modules; Agilent, Santa Clara, CA, USA) and separated on a reversed- 
phase column (Zorbax Eclipse plus C18, 3.5 μm particle size, 4.6 ×
100 mm; Agilent, Santa Clara, CA, USA). The extract was loaded with 
35% methanol and 15% acetonitrile in 0.25 M pyridine (solvent A), and 
the pigments were eluted with a linear gradient of solvent B (20% 
methanol, 20% acetone in acetonitrile; 60–100% gradient over 25 min), 
followed by 100% solvent B (flow rate 0.8 mL min− 1, 40 ◦C).

2.8. Sample preparation for TEM imaging

For visualization by TEM, GVs were first incubated on a Formvar®/ 
carbon/copper grid for 3 min and washed in ultrapure water (Milli-Q, 
Merck Millipore, Billerica, MA, USA). The sample was then incubated 
with a UranyLess™ contrast staining solution (Em-Grade, Mauressac, 
France) for 3 min and washed three times in ultrapure water after 
staining. After drying the sample, the vesicles were visualized using a 
Morgagni 268D transmission electron microscope (FEI, Eindhoven, 
Netherlands) at 70 kV. The choice of the operating voltage was made in 
particular to improve the mass-thickness contrast, which is very 
convenient for imaging fragile biological structures such as vesicles. It 
should be noted that negative staining under these conditions tends to 
emphasize the periphery (the “halo” effect) rather than the internal ul
trastructure of the vesicle.

2.9. Atomic force microscopy imaging and sample preparation

Imaging of GVs in air was performed using a Multimode Scanning 
Probe Microscope with Nanoscope IIIa controller (Bruker, Billerica, MA, 
USA) equipped with a 125 μm vertical engagement (JV) scanner. To 
prepare the sample for imaging in air, 5 μL of the post-processed vesicle 
sample was deposited on freshly cleaved mica. The samples were placed 
in closed Petri dishes for 45 min to dry, then imaged. The contact mode 
was performed with silicon nitride cantilevers (DNP, Bruker, nominal 
frequency of 18 kHz, nominal spring constant of 0.06 N m− 1, and the 
nominal tip radius of 20 nm). The linear scan rate was between 1.5 and 
2 Hz with a scan resolution of 512 samples per line. To minimize the 
interaction forces between the tip and the surface, the setpoint was kept 
at the lowest possible value. The images were processed and analyzed 
using NanoScope Analysis Software (version 2.0, Bruker, Billerica, MA, 
USA) [23].

Imaging of the post-processed vesicle sample in liquid (ultrapure 
water) was performed using a JPK NanoWizard 4 XP coupled to an 
Olympus IX73 (Bruker, Billerica, MA, USA). A glass slide was coated 
with 0.1% polyethylenimine (PEI; Sigma-Aldrich, St. Louis, MO, USA) 
and ultrapure water served as the imaging buffer. An aliquot of 100 μL of 
the post-processed vesicle sample was pipetted onto the PEI-modified 
slide and incubated for 1 h to allow the vesicles to settle and adhere 
to the surface. The sample was rinsed three times with 100 μL ultrapure 
water to remove non-adherent vesicles. After the last rinse, 150 μL ul
trapure water was added. Imaging was performed in quantitative im
aging (QI) mode with silicon nitride probes (MLCT, Bruker, nominal 
frequency 7 kHz, spring constant 0.01 N m− 1) using the following set
tings: setpoint 0.5 nN, z-length 600 nm, z-speed 50 μm s− 1 and 128-pix 
resolution. The data were processed with JPKSPM Data Processing 
Software 7.0.165 (Bruker, Berlin, Germany), [24].

Table 1 
Physicochemical properties and application of selected model drugs: 
vancomycin-FITC, and oligo-DNA-FAM.

Properties and application Model drugs

vancomycin-FITC oligo-DNA-FAM

Chemical formula C87H88Cl2N10O29S –
Molecular mass 1840 g mol− 1 7834.2 g mol− 1

λ ex./nm 498 495
λ em./nm 517 520
Solubility – 1 mg mL− 1

Log Po/w − 0.71a –
Application Antibiotic Gene therapy

a Spectrophotometrically determined in this study.
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2.10. Atomic force microscopy - based force spectroscopy

The mechanical and hydrophobic properties of the GVs were 
measured using an AFM (NanoWizard 4 XP, Bruker, Billerica, MA, USA) 
in force spectroscopy mode. The AFM was combined with an inverted 
optical microscope (IX73, Olympus, Japan), allowing real-time obser
vation of the sample. The vesicles were probed with a soft (nominal 
spring constant of 0.01 N m− 1) triangular silicon nitride MLCT-C 
cantilever (Bruker, Germany) with a four-sided pyramidal tip. The 
probes were calibrated using the thermal noise method [25]. To deter
mine the hydrophobic properties of the vesicles, force spectroscopy 
measurements were performed with hydrophilic (bare) and hydro
phobically modified trichlorooctadecylsilane (OTS; Sigma-Aldrich Cor
poration, St. Louis, MO, USA) probes using chemical vapor deposition. 
The chemical modification of the probes followed the protocol from our 
previous work [26]. Twenty vesicles were analyzed with unmodified (no 
OTS) and modified (OTS) probes. Data were analyzed with JPK Data 
Processing Software version 8.0.103 (Bruker-JPK, Berlin, Germany) 
[27].

2.11. Determination of the apparent Young's modulus and hydrophobic 
properties of reconstructed microalgae-derived vesicles

The mechanical properties of reconstructed micrometer-sized algae- 
derived vesicles were evaluated by determining the apparent Young's 
modulus (Eapp), which served as a comparative metric between empty 
and non-empty populations. Eapp was extracted from the approach part 
of the force-distance curves fitted with the Hertz-Sneddon model [28]. 
Given the use of four-sided pyramid probe, the relationship between the 
loading force (F) and the indentation depth (δ) is: 

F =
E

1 − μ2
tanα

̅̅̅
2

√ δ2 

where α is the face-angle of the probe, and μ is the Poisson's ratio, here 
0.5 because we assume that the vesicles are an incompressible material. 
Curves were fitted up to an indentation depth of 2 μm. For micrometer- 
sized GVs in this study (average diameter ~ 12 μm), this indentation 
represents approximately 16% of the total height, ensuring the analysis 
remains outside the “bottom-effect” regime. We utilized this framework 
to provide a robust, comparative indicator of stiffness while avoiding 
systematic errors associated with estimating shell thickness or internal 
pressure in heterogeneous populations - a practice well-supported by 
recent literature [29].

The hydrophobic properties were extracted from the retraction part 
of the force-distance curve using the method described previously [26]. 
Briefly, we use the difference in maximum work of adhesion (ΔWadh) 
between the hydrophilic (no OTS) and hydrophobic (OTS) probe and 
vesicles, Wadh (no OTS) and Wadh (OTS), respectively. The negative 
value of ΔWadh indicates the hydrophobic properties of the vesicles. The 
Wadh data are given as mean ± SD.

2.12. EPR spectroscopy sample preparation and measurements

Spin label 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) (Sigma- 
Aldrich Corporation (St. Louis, MO, USA) was dissolved in ultrapure 
water (Synergy® Water Purification Systems, Merck Millipore KGaA, 
Darmstadt, Germany) to prepare a stock solution (1 × 10− 2 M). L- 
ascorbic acid and hydrogen-peroxide were purchased from Merck, 
Budapest, Hungary.

Algae suspension (4 × 106 algal cells per tube for each sample) and 
rehydrated lyophilized ghost vesicles (1 × 106 GVs per tube for each 
sample) were evenly distributed into Eppendorf tubes. After centrifu
gation at 23180 ×g (Hettich EBA 12 R, Tuttlingen, Germany) for 30 min 
at 4 ◦C, the supernatant was discarded. The pellet was resuspended in 
100 μL of water, incubated at 40 ◦C for 10 min and shaken three times. 

After incubation, 4 μL of TEMPO (1 × 10− 2 M) was added and the sample 
was incubated at 40 ◦C for 10 min, shaken three times, then transferred 
to a capillary tube and centrifuged at 1500 ×g for 5 min at room tem
perature before the supernatant was removed. For the three types of 
control experiments, 4 μL of TEMPO (1 × 10− 2 M) was added to 100 μL 
of water, 1 × 10− 3 M ascorbic acid, and 1 × 10− 3 M H2O2 solution. Four 
microliters of each control were transferred into the capillary tube for 
measurements. It should be noted that the above procedures unavoid
ably led to different lag times from the onset of the reaction to recording 
the signal decay: typically 2–3 min for the aqueous solutions and 20–25 
min for the suspensions.

Continuous wave EPR measurements were conducted using a Bruker 
ELEXSYS-II E580 X-band spectrometer (Bruker BioSpin GmbH, Rhein
stetten, Germany) at room temperature with the following instrument 
settings: scan range, 3300–3400 G; microwave frequency, approxi
mately 9.42 GHz; microwave power, 9.464 mW; modulation frequency, 
100 kHz; modulation amplitude, 0.5 G; field axis resolution, 1024; 
number of scans, 4; sweep time, 40.96 s. Temperature was controlled 
using a Bruker variable-temperature device (Bruker BioSpin GmbH, 
Rheinstetten, Germany) with a liquid/gas nitrogen flow. Data analysis, 
fitting, and visualization were conducted using Igor Pro, version 8.02 
(Metrics, Lake Oswego, Oregon 97,035, USA), [30].

2.13. Cell lines and cytotoxicity assay

Human cancer cell lines (Detroit 562 (pharyngeal carcinoma), 
SW480 (primary colon carcinoma), SW620 (metastatic colon carci
noma), HCT116 (colon carcinoma), HEK293T (human embryonal kid
ney cells)) were maintained in Dulbecco's modified Eagle medium 
(Sigma-Aldrich, Schnelldorf, Germany) supplemented with 2 × 10− 3 M 
glutamine, 10% fetal calf serum, 100 U mL− 1 penicillin, and 100 μg 
mL− 1 streptomycin in a humidified chamber at 37 ◦C and 5% CO2. All 
cell lines were obtained from ATCC. Cell abundance and viability were 
determined using the Neubauer counting chamber and Trypan Blue 
exclusion.

The protein concentration of the vesicles was determined using the 
Bradford assay. The vesicles were diluted in the cell medium according 
to the results of the Bradford assay before the cells were treated. Cell 
proliferation was measured using the MTT Cell Proliferation Assay 
(Sigma-Aldrich, Schnelldorf, Germany). Absorbance was measured at 
570 nm using a microplate reader, Multiskan RS-232C (Thermo Fisher 
Scientific Inc., Austria). Cells were plated at 5 × 103 cells per well in 96- 
well microplates (TPP, Trasadingen, Switzerland) and treated with 0.1, 
0.5, and 2 μg mL− 1 vesicles (protein content) for 72 h. Each test point 
was performed in triplicate in four individual experiments.

2.14. Immunogenicity analysis: reagents and materials

Bovine serum albumin, Tween 20, monoclonal anti-chicken egg al
bumin (clone OVA-14 mouse IgG1 isotype), o-phenylenediamine dihy
drochloride were provided by Sigma-Aldrich, Schnelldorf, Germany. 
Horseradish peroxidase-conjugated goat anti-mouse IgG (HRP-anti
mouse IgG) was from Bio-Rad Laboratories (USA). Biotin-conjugated rat 
antimouse IgG1 and antimouse IgG2a monoclonal antibodies and 
streptavidin− peroxidase were from PharMingen, Becton Dickinson 
(USA). Chemicals for buffers and solutions were purchased from Kemika 
d.d. (Zagreb, Croatia). Ovalbumin was purchased from Serva Electro
phoresis GmbH, Heidelberg, Germany. Details can be found in the 
supplementary material.

3. Results

3.1. Chemical characterization of microalgae-derived vesicles and cells

FTIR spectroscopy was used for qualitative and semi-quantitative 
analysis of the GVs and DTs (Fig. 1a). Comparison between DTs and 
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GVs showed that proteins were retained in the GVs, as indicated by the 
amide-II/amide-I ratio and a similar lipid/protein ratio. The vesicles 
contained significantly less carbohydrate compared to DT cells (Fig. 1b). 
The major fatty acid components in GVs were palmitic acid (C16:0) 
(38.9 ± 1.2)%, stearic acid (C18:0) (13.1 ± 3.2)%, and α-linolenic acid 
(C18:3n3) (30.1 ± 1.6)% of TFA. Other fatty acids, such as oleic acid 
(C18:1n9), cis-vaccenic acid (C18:1n7), and linoleic acid (C18:2n6), 
were maintained at or below 10% of TFA (Fig. 1c).

We detected four lipid classes of thylakoid origin - monogalacto
syldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), sulfo
quinovosyldiacylglycerol (SQDG), and phosphatidylglycerol (PG) - in 
the lipid extract of the isolated vesicles (Fig. S1). Polar lipids accounted 
for the majority of lipids in DTs and GVs, at (76.7 ± 0.5)% and (80.8 ±
0.7)% of total lipids, respectively. MGDG and PG were the major polar 
lipids in DTs and GVs, at (30.50 ± 0.06)% and (26.76 ± 0.85)%, 
respectively. PG contributed (16.8 ± 1.7)% and (21.46 ± 0.11)%, 
respectively. The ratios of lipid classes remained largely constant during 
membrane reconstruction, despite slight changes. Non-polar lipids were 
present but accounted for a lower percentage of the total lipid content, 
and lipid content differed between cellular and vesicular forms.

The pigment extracts of DTs and GVs differed both qualitatively and 
quantitatively. In GVs, the chlorophylls (Chl) were degraded to pheo
phorbides, as indicated by the absorption band at ~535 nm and the blue 
shift of the Soret band (350–425 nm) (Fig. S2a). Cells contained rela
tively high amounts of Chla and Chlb, (6.6 ± 1.5) and (5.6 ± 1.6) μg 
mg− 1 DW, respectively (Fig. 1d). The GVs did not contain chlorophylls, 
but only their degradation products: pheophorbide a (Phea) (2.9 ± 1.1) 
μg mg− 1 and even less pheophorbide b (Pheb) (0.36 ± 0.51) μg mg− 1. 
Carotenoids were present in higher amounts in the GVs fraction, 

reaching five times higher amounts of (1.70 ± 0.34) μg mg− 1, compared 
to DTs (0.34 ± 0.09) μg mg− 1. The total pigment content was about 2.5 
times higher in DTs than in GVs, at (12.5 ± 3.0) and (5.0 ± 1.3) μg 
mg− 1, respectively. HPLC-DAD-FL analysis confirmed the presence of 
chlorophylls in DTs (vertical dotted lines 6 and 7, Fig. S2c) and the 
presence of chlorophyll degradation products in GVs (vertical dotted 
line 3, Fig. S2c). A total of five carotenoids were detected (Fig. S2b and 
S2c). HPLC confirmed the enrichment of GVs with carotenoids.

3.2. Morphological and optical features of microalgae-derived vesicles

Micrometer-sized GVs (prepared as described in Section 2.2) were 
sonicated to generate nanometer-sized vesicles. The morphology of the 
GVs was visualized using complementary imaging techniques: TEM, 
CLSM, and AFM. While AFM was used to characterize detailed 
morphological features, TEM was used as a high-throughput technique 
to rapidly assess the overall state of the vesicles after sonication. Fig. 2
presents representative high-contrast TEM images of a dense, hetero
geneous population of reconstructed microalgae-derived vesicles, visu
ally confirming successful size reduction and consistent sample quality 
before further experiments. Samples were negatively stained with Ura
nyLess, which provides strong membrane contrast and supports the 
presence of closed vesicles rather than membrane debris.

This TEM image shows a field of spherical vesicles of varying sizes 
distributed throughout the grid. Analysis of 100 vesicles yielded an 
average diameter of (290 ± 19) nm. The left side exhibits the broadest 
area, with multiple vesicles of varying sizes. The central panel provides 
an enhanced perspective of bigger vesicles, and the right panel provides 
an enhanced view of tiny vesicles both showing the vesicles with clear 

Fig. 1. Chemical characterization: FTIR spectra of DTs (gray line) and GVs (black line). The dotted vertical lines indicate the vibrational bands originating from the 
major macromolecules: cis double bond of fatty acids (~3006 cm− 1), asymmetric and symmetric vibrations of CH₃ and CH₂ of fatty acids (~3000–2800 cm− 1), lipids 
(1745 cm− 1), proteins (1655 cm− 1, 1546 cm− 1), nucleic acid/phosphate (1080 cm− 1), and carbohydrate (1152 cm− 1). Spectra have been shifted for better readability 
(a). Main organic compounds are expressed as ratios of macromolecules to Amide I for GVs and DTs (b), fatty acids for DTs and GVs (c), and chlorophyll and 
carotenoid content for DTs and GVs (d). Results are shown as the mean ± standard deviation (SD) of three independent isolations.
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membrane boundaries regardless of the vesicle size.
To provide insight into micrometer-sized GVs and fluorophore dis

tributions, confocal imaging was performed on nearly empty GVs of 
different sizes, revealing their natural autofluorescence (excitation: 450 
nm, emission: 680 nm; Figs. S2, S3a). To understand the origin of this 
autofluorescence, we compared the fluorescence measurements of GVs 
and DTs. The results showed that the maximum fluorescence at both 
temperatures (77 K and room temperature) occurs at lower wavelengths, 
indicating that the pigments are free in GVs, in contrast to cells where 
the pigments are bound to the antenna complexes (Figs. S3b, S3c).

3.3. Mechanical and hydrophobic properties of microalgae-derived 
vesicles

To quantify the mechanical and hydrophobic properties of vesicles, 
AFM force spectroscopy was used. The elastic properties of the 
microalgae-derived vesicles were quantified using the apparent Young's 
modulus (Eapp) at a 2 μm indentation depth. The apparent Young's 
modulus values likely indicate whether a micrometer-sized vesicle is 
empty or full: soft structures exhibited an elasticity modulus of (0.38 ±
0.18) kPa, while non-empty vesicles showed (1.51 ± 0.73) kPa. Such a 
low Eapp value occurs because these vesicles are empty and large, so 
when a load is applied, the vesicle membrane is easily deformed. A 
similar trend in Eapp for empty and loaded dipalmitoylphosphati
dylcholine liposomes was observed [31]. Our data show no correlation 
between vesicle size and mechanical properties, which aligns with ob
servations for extracellular vesicles from eukaryotic cells [32,33].

The hydrophobicity of GVs was previously determined using Flu
idFM with an air bubble, providing qualitative data [18,34]. Here, hy
drophobicity measurements were conducted as previously reported for 

DT cells, using a chemically modified probe (Fig. S4) [35]. The 
maximum work of adhesion of vesicles on hydrophilic and hydrophobic 
probes is shown in Fig. 3.

The maximum work of adhesion measured in deionized water with a 
hydrophilic probe was (0.00357 ± 0.00051) fJ, compared to (0.000103 
± 0.000008) fJ for a hydrophobic probe (Fig. 3a). The adhesion prob
ability between vesicles and the probe (the ratio of curves with adhesion 
events to the total number of curves) was 28% for hydrophilic probes 
and 22% for hydrophobic probes, consistent with a predominantly hy
drophilic vesicle surface. The vesicles therefore showed a positive ΔWadh 
of (0.00347 ± 0.00051) fJ, indicating hydrophilic nature (Fig. 3c).

In contrast to initial observations, independent hydrophobicity 
measurements in seawater revealed hydrophobic vesicle behaviour 
(Fig. 3b). The maximum work of adhesion with a hydrophilic probe was 
(0.110 ± 0.037) fJ, while with a hydrophobic probe it was (0.247 ±
0.040) fJ. The adhesion probability for vesicle binding to the hydro
philic probe was 46%. Adhesion to the hydrophobic surface occurred in 
100% of curves. Along with the negative ΔWadh value of (− 0.133 ±
0.077) fJ, these results show that, under these conditions, the vesicles 
are hydrophobic (Fig. 3c). This highlights the role of cation-mediated 
charge modification.

3.4. Redox activity of microalgae-derived vesicles

In the initial spin labeling experiments, we observed a gradual loss of 
EPR signal intensity in both the DT samples and the GVs, regardless of 
the preparation method. However, signal decay was influenced by 
conditions such as isolation batch and storage time. The results of a 
systematic measurement of signal decay are shown in Fig. 4 for control 
samples, DT cells, and GVs, with the corresponding rate constants listed 

Fig. 2. TEM images of the GVs after sonication of the suspension. The vesicle suspension was contrasted with UranyLess™ contrast medium solution and washed in 
ultrapure water before visualization in TEM.

Fig. 3. AFM force spectroscopy: Maximum work of adhesion (Wadh) quantifying vesicle interaction with a hydrophilic (no OTS) and a hydrophobically functionalized 
(OTS) tip in deionized water (a) and seawater (b). Data are presented as box plots (25%–75%). Outliers standard deviations of the mean (black solid square), and the 
median is indicated by a horizontal line. Statistical difference was tested by Kruskal-Wallis ANOVA at the 0.05 level. Notation *** corresponds to p < 0.001. (c) The 
ratio of hydrophilic to hydrophobic properties of algae-derived vesicles in deionized water and seawater. Data are shown as maximum ΔWadh ± maximum error.
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in Table S1.
In principle, the loss of EPR signal from the spin label could result 

from either reduction or oxidation of its doxyl group. To determine 
whether the signal decay was caused by reduction or oxidation of the 
spin labels, we treated the samples with H2O2 (an oxidizing agent) and 
ascorbic acid (a reducing agent). A marginal decay of TEMPO in water 
was observed both in the absence and presence of H2O2, indicating that 
the oxidizing agent cannot effectively oxidize TEMPO. In contrast, 
ascorbic acid rapidly reduced the spin label, resulting in a much faster 
decay of the TEMPO signal in water, with a rate constant approximately 
two orders of magnitude higher. TEMPO in the suspension of DT cells (4 
× 106 cells per sample) showed somewhat faster decay than the 

corresponding control samples. Most interestingly, TEMPO in the GVs 
suspension (1 × 106 GVs per sample) showed a faster decay than the DT 
cells. Considering that we had four times fewer GVs per sample than DT 
cells the data in Table S1 show that the GVs have significantly (p < 0.05) 
higher antioxidant capacity than the isolated and purified DT cells 
(SEdiff = 8.16 × 10− 6, t = 3.25).

3.5. Cytotoxicity and immunogenicity assessment

The GVs did not cause substantial cytotoxicity in the selected cell 
lines and at the concentrations tested (Fig. 5a).

Detroit 562 cells were the most sensitive, as even the lowest 

Fig. 4. Linearized EPR signal decays of TEMPO spin label in the presence of redox agents, DT cells, and GVs. (A) Control samples: 4 × 10− 4 M TEMPO in ultrapure 
water (○), in 1 × 10− 3 M H₂O₂ (□), and in 1 × 10− 3 M ascorbic acid (△). (B) TEMPO in DT cell suspension (4 × 106 cells per sample) (●) and in GV suspension (10− 6 

GVs per sample, ). Lines represent linear fits to the ln-linear data (the rate constants are presented in Table S1).

Fig. 5. Cytotoxicity assay on selected cell lines (a): pharynx carcinoma (Detroit 562), colon carcinoma (SW480, SW620, HCT116), and human embryonal kidney 
carcinoma (HEK293T) (Student's t-test, * p < 0.05, ** p < 0.01, *** p < 0.005). Immunogenicity (b): The amount of total anti-OVA IgGs in the sera of NIH/OlaHsd 
female mice (n = 5). The experimental groups were: OVA in saline, OVA in liposomes, and OVA in GVs. Anti-OVA antibodies were determined using ELISA. The one- 
way ANOVA test revealed a statistical significance of the mean values between OVA+lip and OVA (control) at the 0.05 level (* p < 0.05).
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concentration used caused a 30% reduction in proliferation, although 
this was not statistically significant. For SW480 and SW620, only the 
highest concentration (2 μg mL-1) caused cytotoxicity, but even at this 
concentration, 60% of cells survived. HCT116 was the most resistant cell 
line, with no concentration causing a statistically significant decrease in 
cell numbers. The decrease in HEK293T cell numbers reached statistical 
significance, but the small magnitude of change indicates no substantial 
cytotoxic effect, especially as it was not concentration-dependent. The 
percentage of surviving cells was (68 ± 10.4) %, (72 ± 1.94) %, and (67 
± 13.27) % when treated with 0.1, 0.5, and 2.0 μg mL− 1 vesicles, 
respectively. These results suggest that factors other than GVs exerted a 
primary influence on cell survival, possibly residual bioactive remnants.

An immunogenicity study was performed in a mouse model to 
determine whether the GVs affect the immune system (Fig. 5b). In 
particular, the GVs were examined for the induction of systematic im
mune responses against the model antigen ovalbumin. NIH/OlaHsd 
mice were immunized with ovalbumin-containing GVs.

To understand the nature of these induced immune responses with 
respect to Th1/Th2 polarization, the levels of Th1-associated IgG2a and 
Th2-associated IgG1 antibody isotypes were also measured as shown in 
Fig. S5, [36]. However, there were no significant differences in the in
crease in IgG production. Liposomes trigger a predominantly Th2- 
oriented reaction with a significant increase in IgG1 production and 
only a marginal increase in IgG2a compared to the control antigen in 

saline solution. The formulation of the antigen in GVs slightly increased 
the humoral immune response and the production of anti-OVA anti
bodies (Fig. 5b).

3.6. Cargo–membrane association of reconstructed microalgae-derived 
vesicles

For better visualization and possible colocalization, the GVs were 
stained with the lipophilic dye DiI, which selectively stains lipid moi
eties and emits a strong red fluorescence (with maximum absorption at 
549 nm and emission at 565 nm). Fig. 6 shows representative recon
structed microalgae-derived vesicles stained with DiI before and after 
the addition of model drugs.

Before the drug addition, the DiI-stained GVs showed a uniform lipid 
arrangement within the reconstructed membrane. Two drugs, 
vancomycin-FITC and oligo-DNA-FAM (which mimics DNA-based 
aptamers), labeled with green fluorescein dyes, have different physico
chemical properties and versatile applications (Table 1).

Accumulation of the drug within the membrane rim was visualized 
by green fluorescence, which effectively colocalized with the red fluo
rescence of DiI, while the vesicle interior and background did not fluo
resce. Vancomycin-FITC rapidly accumulates on the membranes of the 
GVs, and retains a high and persistent fluorescence intensity even after 
2 h and subsequent rinsing of the samples. In contrast, although oligo- 

Fig. 6. Cargo-membrane association: GVs stained with DiI (red) after the addition of vancomycin-FITC and oligo-DNA-FAM (green). The merged images show the co- 
localization of the fluorescently labeled drugs with the vesicle membrane. The scale bar represents 5 μm. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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DNA-FAM accumulates similarly on the membrane, a significant in
crease in fluorescence was observed after sample rinsing alone. We also 
observed that debris surrounding the GVs showed fluorescence, 
although its intensity varied with both drugs.

3.7. Additional evaluation of structural recovery and stability

To assess the material's long-term storage viability, an additional 
characterization was performed on the post-processed vesicle sample 
(protocol described in Section 2.3). AFM imaging was used to determine 
whether the dried membrane fragments retain their ability to success
fully and reversibly self-assemble into well-defined vesicular structures. 
Representative AFM topography images of this formulation, recorded in 
both air and liquid environments, are shown in Fig. S6, highlighting the 
recovered spherical morphology. Quantitative analysis showed that the 
average diameter and height of the vesicles imaged in air were (160 ±
22) nm and (30 ± 7) nm, respectively. In a liquid medium, their average 
diameter and height were measured at (172 ± 26) nm and (33 ± 7) nm, 
respectively. Although characterized in detail elsewhere [40], current 
results indicate the structural recovery and shelf-life potential of this 
matrix.

4. Discussion

4.1. Self-assembly of reconstructed microalgae-derived vesicles

To create a model membrane system that closely mimics natural 
biological membranes, a promising approach involves emptying the cell 
interior [37]. This principle, originally utilized to produce ghost vesicles 
(GVs) from osmotically unstable erythrocytes, is highly applicable to 
specific microalgal species due to their similarly low cellular stiffness, 
which is a prerequisite for effective vesicle formation [38,39]. When 
these highly deformable cells are exposed to hypoosmotic stress, rapid 
swelling and increased membrane tension lead to pore formation and 
subsequent cell rupture. Upon the release of intracellular contents, the 
remaining membrane fragments spontaneously fuse through non
covalent interactions to form multicomponent GVs, a self-assembly 
process that remains poorly understood due to the scarcity of litera
ture on microalgae-derived systems.

In our previous work, we successfully established an osmotic-shock 
protocol to isolate these algal plasma membrane vesicles, validating 
their inherent autofluorescence and providing initial structural and 
permeability insights via atomic force microscopy (AFM) and confocal 
laser scanning microscopy (CLSM) in comparison to model DOPC giant 
unilamellar vesicles (GUVs) [17]. We subsequently extended this 
concept through a detailed biophysical characterization of their 
morphology, lipid and protein composition, nanomechanics, and 
permeability to fluorescent probes, demonstrating that these recon
structed vesicles are soft, hydrophilic, and capable of size-selective cargo 
transport [18].

The present study significantly advances these earlier reports by 
employing an integrated framework that combines biological bottom-up 
(“bio-manufacturing”) and biophysical top-down (hypoosmotic cell 
disruption) strategies. Given the complexity of this lipid-protein matrix, 
we use a comprehensive set of techniques (TEM, AFM in air and liquid, 
CLSM, FTIR, GC-FID, and HPLC) to simultaneously resolve vesicle 
morphology, biochemical composition, and nanomechanical properties. 
Utilizing AFM-based force spectroscopy with modified and unmodified 
probes [35], the surface hydrophilicity of the GVs was directly corre
lated with their parental cells, while also revealing a distinct stiffness 
differentiation between nearly empty and nonempty vesicles for the first 
time. Furthermore, this work provides the first preliminary evaluation of 
the in vitro cytotoxicity, in vivo immunogenic profile, and surface- 
mediated noncovalent cargo-loading capacity for a glycopeptide anti
biotic and an oligonucleotide. Enhanced antioxidant activity was like
wise observed in GVs compared to parental cells, correlating with a 

distinct carotenoid enrichment. Finally, to achieve a stable and practi
cally applicable format, the role of lyophilization was evaluated as a 
crucial stability test. Although dry storage may limit the detection of 
unstable RNA and slightly decrease antioxidant activity [40], it dem
onstrates that the complex matrix can successfully reassemble upon 
reconstitution. The following section explores how these vesicles 
remodel and mimic parental cell properties.

4.2. Reconstructed microalgae-derived vesicles mimic microalgae 
properties

Reconstructed microalgae-derived vesicles constitute a diverse pop
ulation characterized by morphological and stiffness variations ranging 
from nearly empty to non-empty vesicles, a feature intrinsic to sponta
neous membrane self-assembly from complex marine biomass. This 
structural heterogeneity may be attributed to suboptimal synchroniza
tion of cell age within the population, protein fluctuations in different 
cell regions (apical versus basal body [7]), and an uneven salinity 
gradient. Vesicles that are mostly empty exhibit significant softness and 
have membrane heights of (15–20) nm, which could correspond to a 
surface globular structure, mainly membrane-associated proteins with 
diverse functions. Previously identified proteins in GVs originate mainly 
from the cytoplasm and chloroplasts and are involved in carbohydrate 
metabolism, amino acid biosynthesis, photosynthesis, oxidoreductase 
activity, and microtubule-based processes, which may contribute to 
vesicle stability [18,41]. In contrast, non-empty vesicles can reach 
heights of up to 60 nm due to residual intracellular material. Beside 
intact vesicles, a fraction of cellular debris is inherently present in the 
sample. In this study, our separation protocol was specifically optimized 
to remove the majority of heavy cellular fragments and dense debris 
without compromising the fragile vesicle structure. Further isolation by 
density-gradient centrifugation (e.g., sucrose gradients) was intention
ally avoided in this workflow to prevent unwanted membrane modifi
cations. Because these multi-component, reconstructed vesicles are 
highly osmotically sensitive and structurally fragile, exposing them to 
hyperosmotic sugar matrices or excessive high-speed shear stress would 
induce structural deformation and drastically reduce vesicle yield, 
altering the very membrane properties we aim to study. Crucially, the 
successful evacuation of internal cellular content during this workflow is 
verified by the drastic depletion of soluble carbohydrates (glucose, 
galactose, and rhamnose) and intracellular starch in the GV samples 
[42]. This biochemical change confirms the reduction of parental 
cytosol. This ensures that downstream functional traits such as cyto
toxicity, redox and cargo-membrane association assays mainly reflect 
the intrinsic properties of the reconstructed vesicle matrix, rather than 
the effect of minor cytosolic remnants.

This structural remodeling is further evidenced by the fate of intra
cellular pigments during the workflow. In intact cells, chlorophyll 
molecules are stabilized within the large photosynthetic light-harvesting 
complexes (i.e. PSI and PSII antennae), but upon cellular disruption 
these macromolecular assemblies dissociate, and the unprotected chlo
rophyll rapidly degrades as indicated by the detection of its degradation 
products. Rather than a failure of assembly, this transition signifies the 
definitive disassembly of the native photosynthetic machinery, and the 
subsequent bottom-up reorganization into a biomimetic membrane 
matrix. Simultaneously, the strong retention of hydrophobic carotenoids 
within the GVs indicates their selective stabilization and integration 
within the newly formed lipid bilayer architecture.

The vesicle size measured by AFM in liquid was (172 ± 26) nm. In 
contrast, DLS experiments of the identical system yielded a hydrody
namic diameter of (215 ± 6) nm [40]. The reduced AFM values indicate 
partial deformation of soft vesicles on the substrate, whereas DLS also 
accounts for the surrounding hydration and ionic layer. In the non- 
optical AFM surface approach, vesicle size is obtained from cross- 
sectional analysis of the topographic image of individual vesicles 
(Fig. S6). Conversely, the optical bulk DLS technique measures the 
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autocorrelation function of laser light scattered at a fixed angle to 
determine the diffusion coefficient, which is then used to calculate the 
hydrodynamic diameter. The vesicle size determined by DLS may be 
greater as diffusion depends on interfacial characteristics [43]. The di
mensions and interfacial characteristics are critically important for drug 
administration, since vesicles measuring 50–200 nm exhibit advanta
geous barrier penetration, cellular uptake, and circulation times.

Besides structural features and dimensions, the functional activity of 
the reconstructed vesicles was also evaluated through their interaction 
with radical probes. The observed decrease in EPR signal intensity of the 
spin label is in agreement with data previously reported for Dunaliella 
primolecta [44] and shows that both DT cells and GVs are able to reduce 
spin labels through membrane components. EPR measurements in this 
study showed significantly faster reduction kinetics of spin labels in the 
presence of GVs than in the presence of DT cells (Fig. 4, Table S1). To 
interpret this trend accurately, a key methodological aspect must be 
considered. As shown by the chemical characterization (Section 3.1), the 
antioxidant capacity of both DT cells and GVs arises from a complex 
matrix of bioactive compounds, including enriched carotenoids, specific 
polyunsaturated fatty acids (such linolenic acid), and thylakoid-derived 
polar lipids (MGDG, DGDG, PG; Figs. 1, S1, S2), along with membrane- 
associated proteins and other antioxidant constituents. Because these 
diverse components contribute collectively and synergistically to the 
overall redox activity, absolute quantification calibrated against a single 
compound for normalization would be arbitrary and would not capture 
the holistic contribution of the reorganized matrix. Therefore, a robust 
semi-quantitative approach comparing the EPR signal reduction rates on 
a per-particle basis (DT cells vs. GVs) was adopted. We hypothesize that 
this increased reduction rate per particle for GVs is directly driven by 
macromolecular reorganization during vesicle reconstruction. In intact 
DT cells, many antioxidant and redox-active components are buried 
within complex intracellular structures (such as thylakoid membranes 
and chloroplasts), which partially shield them from external molecules. 
Upon cellular disruption and subsequent self-assembly into GVs, these 
components become inverted or directly oriented on the highly curved, 
high-surface-area vesicle membrane, greatly increasing the physical 
accessibility of the active moieties to external radical probes like 
TEMPO. Although EPR is a bulk technique capturing the cumulative 
response of the entire sample, this observed doubling of the reduction 
rate cannot be explained by the mere presence of passive, amorphous 
cellular remnants. Indeed, if the sample consisted solely of non- 
reconstructed debris, random aggregation would limit the active sur
face area, making the reduction kinetics significantly slower. This ki
netic acceleration, therefore, serves as a direct biophysical indicator of 
efficient, membrane self-assembly.

To ensure that downstream biological and functional claims are 
confidently linked to structurally intact systems rather than contami
nating remnants, a multi-scale characterization approach was 
employed. At the single-vesicle level, CLSM, negative staining TEM 
(with UranyLess), and AFM allowed us to explicitly distinguish intact, 
closed vesicular boundaries from amorphous debris, confirming that the 
analyzed populations consist predominantly of well-defined vesicles. 
This microscopic imaging evidence was independently validated by 
small-angle neutron scattering analyses on the identical system, 
providing unambiguous physical proof of intact, closed lamellar struc
tures as a bulk property in the native fluid state [40].

The structural integrity of this closed bilayer barrier is independently 
supported by permeability assays, which demonstrate clear size- 
selective permeability to dextrans [18]. Crucially, because the loading 
of therapeutic cargo or macromolecules is achieved via passive incu
bation, these molecules undergo non-covalent adsorption and specific 
surface binding to the highly organized vesicle interface, rather than 
internal encapsulation within the aqueous core. This capacity for stable 
surface binding and interfacial retention has been explicitly confirmed 
for macrocyclic peptides and oligonucleotides strictly at the vesicle 
boundary, proving that the reconstructed membrane architecture offers 

a functional and predictable platform for surface-associated cargo de
livery. This preserved and fluid membrane organization is further sup
ported by findings [40] that GVs successfully retain the original 
membrane dynamics of DT cells, likely determined by the specific de
gree of lipid chain saturation (Fig. 1). Here, polar lipids dominate the 
total lipid pool, supporting membrane integrity, fusion, fluidity, and 
overall hydrophilicity, which aligns with previous lipid-class in
vestigations indicating that the relative distribution of lipid classes is 
mostly preserved between parental cells and GVs [18].

Fine tuning of GV properties can further be achieved by changing the 
growth conditions of the parent cells. Cells of DT were reported to alter 
its lipid composition with respect to temperature and salinity changes, 
resulting in a change of its stiffness and surface hydrophobicity 
[26,35,45]. Furthermore, cell stiffness and hydrophobicity are highly 
variable between growth phases [46]. The timing of cell harvest is 
critical to minimize batch-to-batch variability and to maintain mem
brane reconstruction efficiency. For example, DT cells collected in the 
stationary phase are softer and more hydrophilic than DT cells collected 
in the exponential growth phase, resulting in increased sensitivity of 
cells to osmotic shock and bottom-up membrane self-assembly.

Besides intrinsic cell properties, the external medium determine the 
vesicle features. GVs are hydrophilic in water and phosphate-buffered 
saline, but exposure to seawater, which has higher ionic strength and 
concentrations of divalent cations, significantly reduces the overall 
surface charge and drives the vesicles toward a more hydrophobic state.

This research presents a laboratory-scale proof of concept that pro
vides a strong foundation for addressing intrinsic system limitations. We 
have confirmed the structural and functional integrity of the vesicles; 
however, a natural degree of heterogeneity remains an expected and 
inherent feature of spontaneous self-assembly from complex natural 
sources. This variation arises not only from biological differences in the 
starting cell culture but also because the vesicles originate from different 
cellular membrane compartments with distinct compositions. Conse
quently, comprehensive quantification of batch purity, along with the 
development of alternative non-destructive purification and encapsu
lation strategies, represents the next step in our research to advance this 
platform toward validated delivery applications.

4.3. Biocompatibility and cargo binding of microalgae-derived vesicles

A comprehensive preliminary assessment of the in vitro cytotoxicity 
and in vivo immunogenicity was carried out to evaluate the potential of 
these reconstructed vesicles as drug delivery platforms. Our in vitro 
screening revealed a very promising safety profile in different human 
cell lines (Fig. 5a), with overall reductions in cell proliferation well 
within the limits accepted for acute cytotoxicity. However, some line- 
specific sensitivities were observed. For example, Detroit 562 pharyn
geal carcinoma cells were the most sensitive, whereas the colorectal 
lines SW480 and SW620 only dropped to about 60% survival at the 
highest concentration (2 μg mL− 1). In contrast, HCT116 cells remained 
highly resistant across all tested doses. Interestingly, while the immor
talized embryonic kidney line HEK293T commonly employed in the 
literature as a standard non-tumor comparator [47–49], showed a sta
tistically significant decrease in cell numbers, the effect size was modest 
(~67–72% viability) and notably independent of vesicle concentration.

These findings are broadly in line with previous reports on algae- 
based systems, such as nanoalgosomes [14], in specific effects of Spir
ulina platensis on epithelial and colorectal carcinoma cell lines [45,46]. 
Importantly, the minor and often non-concentration-dependent effects 
on cell viability indicate that factors other than the vesicle platforms per 
se exerted a primary impact. This is likely due to minor, residual 
bioactive remnants from the D. tertiolecta cell culture (such as pigments 
or fatty acids) that possess intrinsic biological activity [50].

Immunogenicity is a major concern in biotherapeutics and will also 
be critical for drug delivery systems based on natural materials [51]. 
Clinical data on the immunogenicity of carriers remain limited and 
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primarily focus on liposomes, where immune responses are complex and 
multifactorial [52]. Encapsulation of OVA in GVs produced only a 
modest increase in the humoral immune response and anti-OVA anti
body levels, indicating that GVs act as a mild adjuvant rather than a 
strong immunostimulant. These preliminary findings establish a base
line for more comprehensive, long-term immunogenicity evaluations.

Vesicle morphology and interfacial characteristics [53] determine 
drug release kinetics, therapeutic effectiveness, and ability to overcome 
biological barriers to provide effective, safe, and regulated drug delivery 
[54,55]. Extensive studies on various cell-based materials demonstrate 
their significant potential for drug delivery due to their ability to mimic 
natural biological membranes [56–61]. In this laboratory study, we used 
microalgae derived vesicles to test the binding of two distinct model 
drugs: a large, flexible macrocyclic peptide (vancomycin FITC) and a 
short exogenous DNA (oligo DNA FAM), Fig. 6. Because macromolecular 
loading was performed via passive incubation, the cargo specifically 
adsorbs and binds non-covalently to the organized vesicle interface 
rather than being enclosed within the aqueous core, an observation 
consistent with independent studies [18,40]. The first model drug, 
vancomycin, is a clinically important glycopeptide antibiotic used 
against methicillin-resistant Staphylococcus aureus. It binds to the D-Ala- 
D-Ala terminus of the bacterial peptidoglycan precursor, thereby hin
dering cell wall synthesis and causing cell lysis [62]. Under our exper
imental conditions, the labeled vancomycin behaves as a hydrophilic 
molecule (Table 1). Given the measured suspension pH of 6.68, vanco
mycin carries a partial positive charge, suggesting that electrostatic 
attraction, potentially modulated by residual cations from disrupted 
cells, drives its association with the negatively charged vesicle mem
brane. Notably, while previous strategies covalently attached vanco
mycin to whole algal cells via click chemistry and cleavable linkers for 
UVA1-irradiated controlled release [63], our system uniquely relies on 
purely non-covalent membrane binding. The second model drug, oligo- 
DNA-FAM, was selected to mimic therapeutic DNA-based aptamers. 
Although both DNA and the vesicle membrane are negatively charged, 
cytoplasm-derived cations partially screen these surface charges. This 
screening allows electrostatic interactions between the DNA and the 
positively charged choline headgroups, further stabilized by hydrogen 
bonding and hydrophobic interactions. An increase in the external cal
cium concentration did not enhance binding, showing that endogenous 
cation levels were already enough for charge compensation. Despite its 
short length (12 bp), oligo-DNA-FAM mostly bound to the surface of the 
permeable membrane, emphasizing the large potential of these GVs to 
act as nucleic acid carriers.

5. Conclusions

The marine microalga Dunaliella tertiolecta serves as a sustainable, 
environmentally friendly cell template for the spontaneous reconstruc
tion of cell-sized vesicles from native lipid, protein, and pigment 
matrices. Biophysical screening of this complex, multicomponent system 
reveal structural features of vesicles that govern their potential function. 
Vesicles can be readily resized due to their low mechanical stiffness. The 
presence of polar lipids and a balanced ratio of saturated and unsatu
rated fatty acids allows the maintenance of membrane integrity and 
fluidity. The ratio of protein to lipid is essentially preserved in DT cells 
and GVs, indicating an efficient reconstruction process. The interfacial 
properties of vesicles are also strongly influenced by their environment, 
being hydrophilic in water and hydrophobic in seawater. The structural 
integration of chlorophyll breakdown products and carotenoids within 
the membrane dramatically increases the antioxidant potential of the 
vesicle, resulting in efficient radical scavenging action at the membrane 
interface.

The reconstructed vesicles proved to be biocompatible, exhibiting no 
acute cytotoxicity in vitro and only mild adjuvant activity in vivo. 
Functionality assays confirm that both a macrocyclic glycopeptide 
antibiotic and an oligonucleotide can successfully bind to the vesicle 

membrane via non-covalent interactions. To advance the practical 
handling and shelf-life of this system a robust lyophilization and rehy
dration strategy was established, proving that the material preserves its 
morphology and capacity for membrane self-assembly upon 
reconstruction.

The results support the use of reconstructed microalgae-derived 
vesicles as a versatile platform for the development of next-generation 
sustainable and safe delivery systems for human health, food technol
ogy and environmental remediation. Although population heterogeneity 
and polydispersity remain intrinsic limitations of spontaneous bottom- 
up self-assembly from complex marine biomass at this laboratory 
proof-of-concept stage, they provide a basis for further optimization. 
Therefore, the next steps to advance this platform toward validated 
delivery applications include thorough quantification of batch quality 
and the development of alternative, non-destructive purification and 
cargo-loading strategies.
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G. Pocsfalvi, N. Touzet, M. Manno, A. Bongiovanni, Nanoalgosomes: introducing 
extracellular vesicles produced by microalgae, J. Extracell. Vesicles 10 (2021) 
e12081, https://doi.org/10.1002/jev2.12081.

[15] S. Picciotto, M.E. Barone, D. Fierli, A. Aranyos, G. Adamo, D. Božič, D. 
P. Romancino, C. Stanly, R. Parkes, S. Morsbach, S. Raccosta, C. Paganini, 
A. Cusimano, V. Martorana, R. Noto, R. Carrotta, F. Librizzi, U. Capasso Palmiero, 
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