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The aim of this biophysical study is to characterize reconstructed membrane vesicles obtained from microalgae in
terms of their morphology, properties, composition, and ability to transport a model drug. The reconstructed
vesicles were either emptied or non-emptied and exhibited a non-uniform distribution of spherical surface

Microalgae structures that could be associated with surface coat proteins, while in between there were pore-like structures of
Nanomechanics . s . o,
Permeability up to 10 nm that could contribute to permeability. The reconstructed vesicles were very soft and hydrophilic,

which could be attributed to their composition. The vesicles were rich in proteins and were mostly derived from
the cytoplasm and chloroplasts. We demonstrated that all lipid classes of D. tertiolecta are involved in the for-
mation of the reconstructed membrane vesicles, where they play fundamental role to maintain the vesicle
structure. The vesicles appeared to be permeable to calcein, impermeable to FITC-ovalbumin, and semiperme-
able to FITC-concanavalin A, which may be due to a specific surface interaction with glucose/mannose units that
could serve as a basis for the development of drug carriers. Finally, the reconstructed membrane vesicles could
pave a new way as sustainable and environmentally friendly marine bioinspired carriers and serve for studies on
microtransport of materials and membrane-related processes contributing to advances in life sciences and
biotechnology.

1. Introduction

The development of drug delivery systems has been extensively
researched [1-4]. Traditionally, lipid-based drug delivery systems have
been the most prominent, followed by inorganic and polymer-based
drug delivery systems [5-8]. Since none of these delivery systems
mimic the complexity of natural biological membranes, interest in
cellular or cell-derived counterparts using human (red blood cells, stem
cells, immune cells), animal, and plant cells has increased dramatically
over the past decade [4,9-14]. Although these cells have great advan-
tages as drug carriers, mainly because of the recognition of the cells by
the target tissue, there are some disadvantages related to the survival,
migration and function of the carrier cells that limit the exposure to the
drug [15,16]. In addition, there is a risk of tumorigenicity, especially in
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stem cells [10]. Because of these problems, cell-derived drug delivery
systems such as extracellular vesicles and cell membrane- coated parti-
cles are now being investigated. Extracellular vesicles are typically
released physiologically or when most types of eukaryotic and some
prokaryotic cells are exposed to stress [17,18]. Although there are
several types of extracellular vesicles (apoptotic bodies, microvesicles,
and exosomes), the focus here is on exosomes-vesicles with a diameter of
100-200 nm that can be isolated from the cell type to be treated with a
drug. Because of their good biocompatibility with target tissues, many
human-derived exosomal therapies are currently under investigation
[4], but the cost of obtaining highly concentrated fractions is high [19].
In the last decade, the development of drug delivery systems based on
microalgae has attracted considerable interest [19-22]. For example,
diatoms and their biosilicified envelope can be engineered to carry
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genes, and nucleic acids [20,23] and can also be functionalized to
deliver drugs to cancer cells [9]. In addition, various types of green
microalgae have been used as a source of algal exosomes (nano-
algosomes) which are also a promising type of carrier, but the disad-
vantage at present is also the low yield of this type of vesicle [21,22]. In
particular, the green microalga Dunaliella tertiolecta, known as a naked
cell surrounded by a thin elastic plasma membrane and a glycocalyx
surface layer [40], has the potential to be used for the preparation of
reconstructed membrane vesicles. Recently, a new type of auto-
fluorescent reconstructed vesicles has been reported, which are not
extracellular vesicles and have a different formation mechanism [24].
Due to the hypoosmotic shock of soft cells, cells burst, intracellular
material is released, and the remaining membrane fragments self-
assemble due to various non-covalent interactions, spontaneously
forming reconstructed membrane vesicles. The aim of this study is to
characterize the reconstructed membrane vesicles in terms of their
morphology, properties, and composition as well as their ability to
transport selected fluorescent dyes. Such reconstructed membrane ves-
icles could serve as a basis for the development of marine bioinspired
carriers for advanced biotechnological applications.

2. Materials and methods
2.1. Cell suspensions

The unicellular marine alga Dunaliella tertiolecta Butcher (Chlor-
ophyceae, CCMP 1320, Culture Collection Bigelow Laboratory for Ocean
Sciences, Bigelow, MN, USA, length: 6-12 um) was grown in natural
seawater. Natural seawater was collected from a depth of 25 m (Stoncica
Bay, Vis Island, the Adriatic Sea) during fieldwork on November 21,
2019 and used for cell culture. The seawater was stored in the dark in a
cold room at +4 °C. Before use, the seawater was filtered through a
Milipore filter with a pore size of 0.2 um to remove living and non-living
particles. The salinity of the seawater was determined with a hand
refractometer and was 38, which means 38 g of salts per liter of water.
Nowadays, the salinity is given without a unit, because it is expressed as
the ratio of the electrical conductivity of the seawater sample to the
electrical conductivity of the potassium chloride standard solution at
15 °C and a pressure of 1 atmosphere. In addition, the seawater was
enriched with components of the F-2 medium [25]. After adding
appropriate aliquots of NaNOs and trace metals, the solution was ster-
ilized in a microwave oven (medium high) for 3 min and held under a
UV lamp for 7 min. After the medium cooled to room temperature in a
sterile chamber, aliquots of NaH;PO4 and vitamins were previously
filtered through an acrodisc with a pore diameter of 0.20 pm. Under
sterile conditions, an aliquot of cells is added so that the initial number
of monoculture corresponds to approximately 4 x 10* cells mL™!. The
flasks were sealed with sterile cotton plugs to prevent contamination.
Cells were cultured under ambient conditions (25 °C, 12 h light:12 h
dark, shaking (20 rpm)). The average cell number in triplicate samples
was determined using a Fuchs-Rosenthal haemocytometer (Fein-Optik
Jena, Germany, depth 0.2 mm) and a light microscope (Olympus BX51,
Olympus Corporation, Japan) at 400 x magnification. The cell density
was 6 x 10° cells/mL after 10 days of growth. Cells were separated from
the growth medium by gentle centrifugation (1500 x g, 5 min). The
loose pellet was washed several times with filtered seawater by centri-
fugation and used to prepare vesicles.

2.2. Preparation of the reconstructed membrane vesicles

The reconstructed membrane vesicles, called ghost vesicles, were
produced by osmotic shock of the photosynthetic marine microalga
Dunaliella tertiolecta in early stationary phase. The diagram with the
protocol for vesicle preparation can be found in the supplementary
material as Fig. S1. The loose algal cell pellet was isolated from 500 mL
of cell growth medium by gentle centrifugation (1500 x g for 5 min) and
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rinsed three times with filtered seawater (0.22 um) to remove metabo-
lites, other extracellular material, and particles. The final supernatant
was completely removed and 4 mL of the loose algal cell pellet was
diluted 40 times with ultrapure water, shaken vigorously, and then
allowed to stand at room temperature for 30 min. During this time,
osmotic shock of the cells was allowed to occur. The cells disintegrated
and formed a mixture of spontaneously assembled vesicles with and
without attached cellular material and clumps of free-flowing debris.
Further purification steps were performed to obtain the cleanest possible
suspension of empty ghost vesicles.

In the next step, samples were centrifuged at 1500 x g for 4 min. The
resulting pellets and supernatants were examined under a light micro-
scope. Pellet 1 contained a large amount of released intracellular ma-
terial, nonempty vesicles, and empty vesicles. Supernatant 1, which
contained empty vesicles, vesicles with some adherent material, and a
small amount of free debris, was centrifuged at 10 000 x g for 10 min at
10 °C. The resulting pellet 3 contains mainly debris and some vesicles,
while supernatant 3 contains mainly empty reconstituted vesicles and
vesicles with some adherent material concentrated in a thin viscous
layer near the pellet 3. The fraction of concentrated vesicles from su-
pernatant 3 is stabilized with Tris-HCI buffer and MgCl, (both final
concentrations were 10 mM, pH 8.0). The concentration of recon-
structed membrane vesicles in the suspension generally ranges from 10*
to 10 vesicles/mL and is up to 30 um in size.

2.3. Epifluorescence and confocal laser scanning microscopy

An Olympus BX 51 fluorescence microscope was used for preparation
of reconstructed vesicles and determination of cell and vesicle density.
Confocal measurements were performed with a Leica TCS SP8 laser
scanning confocal microscope equipped with a white light laser and a
63x (N.A. = 1.4) oil immersion objective. The excitation and emission
spectra generated by the microscope were used to optimize the emission
windows.

Lipophilic membrane stain Dil (Sigma, excitation maximum 552 nm,
detection range 570-600 nm) was used to improve visualization of the
vesicles. A stock solution of Dil at a concentration of 200 uM was pre-
pared in anhydrous DMSO. Calcein, FITC-concanavalin A, and FITC-
ovalbumin were used to test transportability of the vesicles. Calcein
(Sigma, excitation maximum 488 nm, detection range 500-540 nm) was
prepared as a stock solution (20 mM in ultrapure water). FITC-
concanavalin A (Sigma) and FITC-ovalbumin (Invitrogen, Life technol-
ogies, USA; excitation maximum 488 nm, detection range 500-540 nm)
were prepared in ultrapure water at a concentration of 1 mg/mL. FITC-
dextrans with different molecular weights (Sigma, 3-5 kDa, 10 kDa, 20
kDa, and 70 kDa) were used for permeability assay. All FITC-dextrans
were prepared in ultrapure water at 1 mg/mL.

SPY555-tubulin (Tebu-bio SAS, excitation maximum 555 nm,
detection range 570-620 nm) was used as a probe for imaging of mi-
crotubules. The content of the SPY probe tube was prepared in 50 pL
DMSO solution and diluted 100-fold before imaging. Autofluorescence
of the reconstructed membrane vesicles was also recorded (excitation
555 nm, detection range 660-720 nm).

2.4. Sample preparation for confocal imaging

Before use, the slides were washed with ethanol and rinsed several
times with water. After drying with a stream of nitrogen, 50 pL of pol-
yethylenimine (PEL 0.2% w/v) was added to the slide for 30 min. The
PEI droplet was then removed and rinsed three times with ultrapure
water. Finally, 20 pL of an aliquot of the vesicles was added to the
modified slide and allowed to stand for 30 min. Prior to imaging, the
fluorescent dye Dil was added at a final concentration of 2 uM, followed
by the addition of FITC-dextran or selected fluorescent dyes. Calcein was
added at a final concentration of 5 pM. FITC-concanavalin A, FITC-
ovalalbumin and FITC-dextran were added to the sample in aliquots
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between 1 and 4 L, to achieve final concentrations between 50 and 200
ug/mL.

2.4.1. Analysis of vesicle permeability with image J software

Fluorescence intensity analysis for vesicle permeability study was
performed using Image J (software version 1.53 k, National Institute of
Healh, USA). The measured fluorescence intensities inside the vesicles
were compared with the fluorescence intensity outside the vesicles on
the confocal images. For each dextran molecular weight, at least 50
vesicles were analyzed on an 8 x 8 um image and, in parallel, the vesicle
population was analyzed on 25 x 25 ym images. Measurements were
always performed on clear background segments and at a distance of at
least 20% from the membrane to exclude possible interference with
membrane luminescence. The relative fluorescence intensity within the
vesicles was expressed as a percentage of the fluorescence intensity of
the background.

2.5. Sample preparation for AFM measurements

For AFM imaging in air, a volume of 5 uL of the suspension con-
taining the reconstructed membrane vesicles was pipetted directly onto
freshly cleaved mica and dried in a closed Petri dish for 1 h before im-
aging. AFM imaging of the vesicles was performed using a MultiMode
Scanning Probe Microscope with Nanoscope IIla controller (Bruker,
Billerica USA) and a 125 pm Vertical Engagement (JV) scanner. Images
were acquired in contact mode using a standard silicon nitride tip (DNP-
10, Bruker, nominal frequency 18 kHz, nominal spring constant of 0.06
N/m) with a scan resolution of 512 samples per line. Sampling rates
were typically optimized to 1-2 Hz. Images were processed and
analyzed using NanoScopeTM software (Digital Instruments, version
V614rl). The force was kept at the lowest possible value to minimize
interaction forces between the tip and the surface. Measurements were
performed in air, at room temperature and 50-60 % relative humidity,
so that the samples have a small hydration layer that helps to preserve
the structure [26]. All images are presented as raw data, except for the
two-dimensional first-order flattening.

For AFM imaging in liquid, vesicles were first immobilized on glass
slides coated with PEI For this purpose, freshly activated slides were
coated with a 0.2% PEI solution in deionized water and incubated
overnight. The slides were then rinsed with deionized water and dried
with nitrogen. A total of 1 mL of the vesicle suspension was then applied
to the PEI-coated slide, allowed to stand for 30 min, and rinsed with Tris-
HCI buffer and MgCl, (both final concentrations were 10 mM, pH 8.0) to
remove nonsticky vesicles. Height images of the reconstructed mem-
brane vesicles were acquired with the quantitative imaging (QI) mode of
Nanowizard III AFM (Bruker, USA) using MSCT cantilevers (Bruker,
nominal spring constant of 0.01 N/m), in 10 mM Tris-HCL with addition
of 10 mM MgCl, buffer. Images were acquired at a resolution of 150 x
150 pixels, applying a force of <1 nN. In all cases, the spring constants of
the cantilevers were determined using the thermal noise method prior to
imaging [27]. The obtained height images were then analyzed using
Data Processing Software (Bruker, USA).

2.6. AFM force spectroscopy

AFM in force spectroscopy mode was used to measure the nano-
mechanical properties of vesicles. A maximum force of 0.5 nN was
applied using MSCT cantilevers (Bruker, nominal spring constant of 0.1
N/m). In each case, 18 reconstructed vesicles immobilized on PEI-coated
glass slides were analyzed from 2 independent series (400 force curves
were recorded for each algal vesicle). Young’s moduli were then
calculated from the 300-nm indentation curves using the Hertz model
[28], in which the force F, indentation (8), and Young’s modulus (Ym)
follow equation (1), where a is the tip aperture angle (17.5°) and v is the
Poisson’s ratio (arbitrarily assumed to be 0.5). The spring constants of
the cantilevers were determined before each experiment using the
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thermal noise method [27].

2 X Ym x tana
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For the hydrophobicity experiments, AFM was used in combination
with FluidFM as described in [29]. Briefly, an air bubble was generated
using a Nanowizard III AFM (Bruker, USA) equipped with FluidFM
technology (Cytosurge AG, Switzerland). Experiments were performed
in PBS at pH 7.4 using microfluidic micropipette probes with an aperture
of 8 um (spring constant of 0.3 N/m, Cytosurge AG, Switzerland). The
probes were calibrated using the thermal noise method [27] before the
measurements. Then, the interactions between the bubbles formed at
the aperture of the microfluidic micropipette probes and 7 algal vesicles
were measured in force spectroscopy mode with a constant applied force
of 0.5 nN. Force curves (400 force curves for each vesicle) were recorded
with a retraction z-length of up to 2 ym and a constant retraction speed
of 1.0-2.0 um/s. The adhesion force between the bubble and the algal
vesicle was calculated by measuring the height of the adhesion peak
using Bruker data processing software (Bruker, USA).

2.7. Lipid extraction and analysis

Lipid extractions were performed from 50 mL of an algal cell
monoculture in the early stationary growth phase and 15 mL of an algal-
derived vesicle suspension. Samples were filtered through a pre-
combusted (450 °C/5h) 0.7 pm Whatman GF/F filters. Extraction was
performed using a modified one-phase solvent mixture of dichloro-
methane-methanol-water [30]: 10 mL of one-phase solvent mixture
dichloromethane/methanol/deionized water (1:2:0.8 v/v/v) and 5 pg of
standard methyl stearate (to estimate recoveries in subsequent steps of
sample analysis) were added to the cut filters. They were then ultra-
sonicated for 3 min, stored overnight in the refrigerator, filtered through
a sinter funnel into a separatory funnel, washed again with 10 mL of the
one-phase solvent mixture and then washed once with 10 mL of
dichloromethane/0.73% NaCl solution (1:1 v/v) and finally with 10 mL
of dichloromethane. Lipid extracts collected in dichloromethane were
evaporated to dryness under nitrogen flow and dissolved in 34-54 pL
dichloromethane before analysis. All solvents were purchased from
Merck Corporation (USA).

Lipid classes were determined by thin-layer chromatography with
flame ionization detection (TLC-FID; Iatroscan MK-VI, Iatron, Japan).
Lipids were separated on Chromarods SIII. Quantification was deter-
mined by external calibration of lipid classes. Analysis was performed
using a hydrogen flow of 160 mL/min and an airflow of 2000 mL/min.
We determined representative membrane lipid classes: three glycolipids
(monogalactosyldiacylglycerols (MGDG), digalactosyldiacylglycerols
(DGDG), and sulfoquinovosyldiacylglycerols (SQDG)), three phospho-
lipids (phosphatidylglycerols (PG), phosphatidylethanolamines (PE),
and phosphatidylcholines (PC)) and sterols (ST), and lipid degradation
indices (DI) which include free fatty acids, fatty alcohols, 1,3-diacylgly-
cerols, 1,2-diacylglycerols and monoacylglycerols. The total lipid con-
centration is the sum of the individual lipid classes. The standard
deviation determined from duplicate runs was 0-15%. The detailed
procedure is described in [31,32].

2.8. Protein analysis

The concentration of total proteins was determined by the Bradford
method [33] in duplicate samples. For protein analysis, 200 pL of the
vesicle sample was mixed with 20 pL 10% SDS (pH = 7.2) and boiled ina
water bath for 1 min; 5 volumes of ice-cold acetone were added to the
sample, and the proteins were precipitated overnight at —20 °C. The
precipitated proteins were pelleted by centrifugation (10 000 x g, 4 °C,
10 min). The pellet was dissolved in 25 pL 25 mM ammonium bicar-
bonate buffer (pH = 7.8). Digestion was performed with trypsin
(Promega, SAD) overnight at 37 °C. The peptides obtained after
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digestion were separated according to the method described in [34].
NanoLC system Dionex Ultimate 3000 RSLCnano (Thermo Fisher Sci-
entific, Germany) coupled to Proteineer fcII (Bruker, Germany) was used
for separation and peptide collection. Mass spectrometry (MS) was
performed using an Autoflex speed MALDI-TOF /TOF analyzer (Bruker,
Germany). Mass spectra were obtained according to the method
described in [34]. Protein identification was performed using Protein-
Scape software version 3.0 (Bruker, Germany) with the search engine
MASCOT. An in-house database of protein sequence data of D. tertiolecta
was used. Protein sequence data were downloaded from the UniProt
database (accessed March 19, 2022, no. of entry 12 786). Search pa-
rameters were set as follows: a missing trypsin cleavage, oxidation on
methionine as a variable modification, precursor ion mass tolerance 50
ppm, and fragment ion mass tolerance 0.6 Da. The protein—protein
interaction network (PPI) of the identified proteins was generated using
STRING version 11.0 with a minimum confidence level of 0.4. A mul-
tiple sequence search was used.

2.9. Carbohydrate analysis

The standard stock solution of glucose (1 mg/mL) was diluted to a
concentration of 0-0.1 mg/mL and used to construct the calibration
curve. The anthrone reagent was prepared as follows: 200 mg of
anthrone (ACS reagents, Sigma-Aldrich) was added to a 100 mL volu-
metric flask, and the volume was adjusted to 100 mL with 96% sulfuric
acid (Biochem). The vesicle suspension sample was diluted 1:10 with
deionized water. 1 mL of the diluted glucose standards or sample was
added to the tube along with 4 mL of anthrone reagent, vortexed, and
incubated at 80 °C in a water bath (Lauda, Alpha RA8) for 10 min. After
cooling on ice to room temperature, absorbance was determined at 630
nm in duplicate samples (UV/VIS spectrophotometer, Cary 100, Agilent
Technologies). Total carbohydrate content is expressed as glucose
equivalent in mg per mL of sample.

3. Results

3.1. Nanomorphological characterization of the reconstructed membrane
vesicles

Fig. 1 shows reconstructed membrane vesicles deposited on mica and
imaged by AFM in air.

The topographic image shows densely packed vesicles, many of
which overlapped on the outside (Fig. 1a). The vesicles were nearly
round, although some elongation may have been due to the drying step
and less than optimal adhesion to the mica surface. Cross-sectional
analysis of 21 vesicles shows that the diameter and height of the vesi-
cles were 13.5 £ 2.1 ym and 87.9 + 6.8 nm, respectively. Thus, the
vesicles were not deflated but contained a thick membrane and some
embedded intracellular material. Topographic and 3-D views show
round reconstructed membrane vesicles (Fig. 1d, 1f). Cross-sectional
analysis shows that the diameter and height of the vesicle were 10.2
um and 62.8 nm, respectively, indicating embedded intracellular ma-
terial and particles adhering to the membrane surface (Fig. 1e). Topo-
graphic and 3-D views show individual reconstructed membrane vesicle
that can be considered nearly depleted (Fig. 1g, 1i). Cross-sectional
analysis shows that the diameter and height of the vesicle were 3.0
um and 20.2 nm, respectively, while the internal height of the vesicle
was between 2 and 4 nm. Insights into the surface structure of the
reconstructed membrane obtained from the AFM deflection image and
3D view are provided in Fig. S2. The heterogeneously distributed
spherical surface structures were predominantly about 100 nm in
diameter and 5-10 nm in height, with pits in between. The roughness of
the vesicles in air was determined on the areas of 8 x 8 um on the surface
of 21 vesicles and corresponded to 11.5 + 1.4 nm. The reconstructed
membrane vesicles were also imaged by AFM in liquid. The height image
and the corresponding 3D view of a vesicle are shown in Fig. 2a and 2b,
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respectively.

The cross-section (Fig. 2c), taken along the white line in Fig. 2b,
shows the morphology of the surface. The reconstructed membrane
vesicle had a round shape with a height of more than 2 um. The average
maximum height of the vesicles measured on 6 different vesicles was
2.92 + 0.50 pm, which was much higher than under near-dry condi-
tions. This difference is probably due to the hydration of the vesicles,
which increases their size. Finally, the roughness of the vesicles was also
measured under liquid conditions. For this purpose, high-resolution
images were taken on areas of 1.5 x 1.5 um on the surface of six vesi-
cles. An example of such an image is shown in Fig. 2d and 2e along with
the cross-section. The average roughness found was 9.29 + 5.36 nm. The
large standard deviation in this case illustrates the heterogeneity of the
vesicle surfaces.

3.2. Determination of pore size on reconstructed membrane vesicles

Fig. 3 shows representative confocal images of Dil-stained recon-
structed membrane vesicles after addition of FITC-dextran with selected
molecular weights of 3-5 kDa, 10 kDa, 20 kDa, and 70 kDa.

The fluorescence intensity inside and outside the vesicle was
completely balanced, i.e., the relative fluorescence intensity inside the
vesicle is 95% of the fluorescence intensity outside the vesicle. There-
fore, the vesicles were assumed to be fully permeable to 3-5 kDa dextran
(Fig. 3a). After addition of 10 kDa FITC-dextran, the fluorescence in-
tensity inside the vesicles was 84% of the background fluorescence in-
tensity, so the reconstructed membrane vesicles were also
predominantly permeable to 10 kDa dextran (Fig. 3b). Fig. 3c shows
reconstructed membrane vesicles in contact with 20 kDa FITC-dextran.
Quantitative analysis shows that the fluorescence intensity inside the
vesicles decreased to 37% of the background fluorescence intensity.
Thus, the reconstructed membrane vesicles were predominantly
impermeable to dextran of this size. Finally, after the addition of 70 kDa
dextran, the highest fluorescence intensity was outside the vesicles,
indicating that the majority of the reconstructed membrane vesicles
were predominantly impermeable to dextran of this molecular weight
(Fig. 3d). The fluorescence intensity within the vesicles in contact with
70 kDa dextran was 17% of the background fluorescence intensity.
Overall, the permeability of reconstructed membrane vesicles decreased
with an increase in the molecular weight of dextran from 3 to 70 kDa
(Fig. 4). Between 10 and 20 kDa, a significant decrease in the accumu-
lation of dextran in the vesicles was observed. A large standard deviation
illustrates the heterogeneity of the pores on the membrane surface.
Therefore, 20 kDa can be considered as a threshold value.

3.3. Nanomechanical and chemical characterization of the reconstructed
membrane vesicles

Nanoindentation experiments were performed to obtain quantitative
information on the nanomechanical properties of the reconstructed
vesicles in terms of Young’s modulus (Ym) (Fig. 5a and 5b).

In these experiments, a cantilever with known mechanical properties
was pressed against the vesicle surface with a certain force. In this way,
the Ym value of the sample can be determined, a parameter that reflects
its resistance to compression. Thus, Ym is a value related to the rigidity;
the higher the Ym value, the more rigid the sample. In this study,
nanoindentation measurements were performed on areas of 1.5 x 1.5
um on the surface of 17 reconstructed membrane vesicles obtained from
two independent batches of samples. Nanoindentation measurements
provide access to force-displacement curves. From these curves, Ym
values were determined by converting the force curves into force versus
indentation curves (black line in the inset of Fig. 5a) and then fitting
with the Hertz model [28] (orange line in Fig. 5a). Quantitative analysis
of all Ym values extracted from the force curves yielded an average Ym
value of 0.37 £ 0.31 kPa (n = 5959 force curves).

The hydrophobic properties of the reconstructed membrane vesicles
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25 um

1.0 um

Fig. 1. AFM images of densely packed reconstructed membrane vesicles (a), individual vesicle with embedded material (d), and individual reconstructed nearly
empty membrane vesicle (g) with corresponding cross-sections along the indicated lines (b, e, h) and 3D views (¢, f, i), respectively. Scan sizes are 100 x 100 pm (a),
11 x 11 pm (d), 4 x 4 um (g).
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Fig. 2. AFM height image of a reconstructed membrane vesicle recorded in liquid (a) and the corresponding 3D view (b). Cross-sectional data (c) acquired along the
white line in (b). High-resolution height image (d) taken in the area indicated by the red square in (a), and cross-sectional data (e) taken along the white line in (d).

Fig. 3. Representative confocal images of DiL stained reconstructed membrane vesicles after addition of FITC-dextrans with different molecular weights: 3-5 kDa,
10 kDa (a), 20 kDa (b), and 70 kDa (c). Panel a shows vesicles where the fluorescence inside and outside the vesicle was the same, indicating that the corresponding
vesicles are permeable to dextran FITC 3-5 kDa. Panel b shows vesicles that were mainly permeable to dextran FITC 10 kDa. Panel ¢ shows the larger population of
vesicles with little or no fluorescence within the vesicle, which would correspond to the semipermeable and impermeable vesicle fractions, whereas the fraction of
permeable vesicles was smaller. Panel d shows the population of vesicles that were predominantly impermeable to dextran FITC 70 kDa.

were also determined. For this purpose, we used a recently developed
method consisting in studying the interactions between samples and air
bubbles prepared with FluidFM technology [29], which combines AFM
with microfluidics [35]. Air bubbles in water behave like hydrophobic
surfaces. Therefore, if interactions between bubbles and vesicles are
recorded, it means that the vesicles have hydrophobic properties. This
method has been used to measure the hydrophobic properties of com-
plex surfaces such as cells [29] or microplastic particles [36] and is a
more accurate method for measuring hydrophobicity than measuring
water contact angle, which can be difficult for biological samples.
Moreover, compared to classical measurements using hydrophobic AFM
tips, this method has the advantage of providing access to the global
hydrophobic properties of the samples, since the radius of the bubble in
contact with the sample was about 1.2 ym [29], which was 60 times
larger than that a regular AFM tip (20 nm) [37,38]. The results of these
experiments are shown in Fig. 5b. The force curves obtained in this case
show no adhesion peaks on the retraction force curves (inset in Fig. 5b),
which means that the reconstructed membrane vesicles do not interact

with the bubbles. These results suggest that the vesicle surface is mainly
hydrophilic, whereas the hydrophobic moieties are probably hidden in
the vesicle membrane.

3.4. Composition of the reconstructed membrane vesicles

3.4.1. Lipids

The concentrations of total lipids in the cells of D. tertiolecta and the
reconstructed membrane vesicles were 9265 + 2229 pg/L and 8957 +
563 ug/L, respectively. The difference between D. tertiolecta and the
reconstructed membrane vesicles was that there were approximately 1.5
times more lipids in the D. tertiolecta mother cell than in the recon-
structed membrane vesicles. The concentration of total lipids per cell of
D. tertiolecta was 4.03 & 0.98 pg/cell, whereas the concentration of total
lipids per vesicle was 2.63 + 0.17 pg/vesicle. The composition of lipid
classes in the cells of D. tertiolecta and the reconstructed membrane
vesicles is shown in Fig. 6a and 6b, respectively. All lipid classes
detected in the cells of D. tertiolecta were also embedded in vesicles.
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During the process of membrane reconstruction, there were no major
changes in the ratios of lipid classes. Polar lipids dominated in both cells
and reconstructed membrane vesicles (76.7 4 0.5% and 80.8 4 0.7%,
respectively), with the glycolipids MGDG and the phospholipids PG
being the dominant classes. MGDG contributed 30.50 + 0.06% and
26.76 + 0.85%, while PG contributed 16.76 + 1.70% and 21.46 +
0.11% in the cells of D. tertiolecta and reconstructed membrane vesicles,
respectively.

3.4.2. Proteins

The determined concentration of total proteins in the reconstructed
membrane vesicle suspension corresponded to 0.1 mg/mL. Further
protein analysis was performed to identify the proteins incorporated
into the vesicles. In addition, STRING analysis was used to investigate
the PPI network between the identified proteins. The results are shown
in Fig. 7 and Table S1. The results indicate that the proteins incorporated
into the vesicles were biologically connected as a group (the calculated
PPI enrichment P value was <1.0 x 107'%, indicating that the nodes
were not random and that the observed number of edges was signifi-
cant). According to the gene ontology (GO), most of the identified
proteins were involved in the carbohydrate metabolic process
(G0:0005975), cellular amino acid biosynthetic process (GO:0008652),
photosynthesis (GO:0015979), oxidoreductase activity (GO:0016491)
and microtubule-based process (G0:0007017). Judging from the
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Fig. 5. The histogram shows the distribution of Young’s modulus values obtained from nanoindentation measurements on areas of 1.5 x 1.5 pm on the surface of 17
cells from 2 independent batch cultures (a). The inset shows an indentation curve (black line) fitted with the Hertz model (orange line) over 300 nm indentation
depth. The histogram shows the distribution of adhesion force values obtained from force spectroscopy experiments between bubbles formed with FluidFM and 7

vesicles from a batch culture (b).
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Fig. 7. Interactome shows protein—protein interactions between identified proteins in the reconstructed membrane vesicle. Colored nodes represent the proteins
interrogated (Table S1), and color saturation of edges indicates the confidence of functional association.

subcellular location, most proteins originate from the cytoplasm and
chloroplasts.

3.4.3. Carbohydrate content

The determined total carbohydrate concentration in the recon-
structed membrane vesicle suspension corresponded to 0.087 mg/mL
based on UV/VIS spectrophotometric analysis. By the HPLC-RID anal-
ysis of glucose in the sample, the glucose concentration was below the
detection limit (<0.15 mg/mL).

3.5. Reconstructed membrane vesicle ability to transport model dyes

Fig. 8b shows that the fluorescence of calcein was evenly distributed
inside and outside the reconstructed membrane vesicles, i.e., the vesicles
behaved permeably to calcein. On the other hand, the fluorescence in-
tensity of FITC-ovalbumin was highest outside the vesicles, whereas no
fluorescence occured inside the vesicles, i.e., the vesicles were imper-
meable to the corresponding dye, as shown in Fig. 8e. Fig. 8h shows that
the fluorescence intensity in the case of FITC-concanavalin was higher at
the membrane edge than in the surrounding medium. Since the fluo-
rescence intensity inside the vesicles was close to zero, the vesicles could
either be semipermeable or a small part of the luminescence is due to the
out-of-focus membrane luminescence.

4. Discussion

The major limitations in drug carrier manufacturing are protocol
inefficiency, bioincompatibility and high cost. There is a great need to
overcome these limitations and meet the requirements of sustainability
and environmental friendliness. This can be achieved by using the
microalgae presented here, which can be easily cultivated. They are

widely used as a food source, dietary supplement, pharmacological
agent, and energy source. On the other hand, the potential of microalgae
to produce reconstructed membrane vesicles for drug transport has not
been adequately explored. To address this gap, this study focuses on a
comprehensive screening of reconstructed membrane vesicles by
investigating the relationship between morphology, properties, and
composition and testing their ability to transport a model drug to serve
as an alternative carrier for advanced biotechnological applications.

We are interested in marine microalgae, in particular the widely
distributed species D. tertiolecta, as a natural biomaterial for the prepa-
ration of reconstructed membrane vesicles based on a recently published
protocol [24]. The main feature for the use of the microalga D. tertiolecta
is that it has no cell wall, but only a glycocylyx-type cell envelope, which
makes it very soft. Another advantage is its semipermeable membrane,
which is why Dunaliella is used for osmoregulation studies. When the
algae are subjected to hypoosmotic shock, the volume of the cells in-
creases, pores form, the cells burst, intracellular material is released, and
the remaining membrane fragments fuse to form reconstructed algal
vesicles with high yield.

Nanomorphological characterization revealed a mixed population of
micrometer-sized, nearly round, deflated and nondeflated membrane
vesicles with embedded intracellular material and some adherent par-
ticles. When the vesicles are nearly deflated, the membrane thickness
corresponds to 20 nm, indicating that each membrane bilayer has a
thickness of 10 nm (Fig. 1h). This is consistent with the cell envelope
thickness of 9 nm determined by electron microscopy [39]. This rela-
tively high membrane thickness is likely due to the presence of water
residues, other cellular components entrapped in the vesicle membrane,
and the high glycoprotein content in the cell envelope. The “envelope”
of Dunaliella cells appears to be composed of glycoproteins of 150 kDa
present in the outer layer surrounding the cells [40]. AFM images (in air
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Fig. 8. Representative confocal images of reconstructed membrane vesicles stained with Dil (a,d,g), after addition of calcein (b), overlapping image (c), after
addition of FITC-ovalbumin (e) and overlapping image (f), after addition of FITC-concanavalin A (h) and overlapping image (i).

and in liquid) also showed that the vesicle surface is uneven and con-
tains irregularly distributed spherical surface structures and pits (Figs. 1,
2, S2). Based on their height, these could be surface coat proteins with
different functions [41,42]. A similar surface roughness was imaged by
AFM in ghosts of red blood cells [43-45]. This revealed the structure of
the cytoskeleton, which consists of spectrin dimers connected by actin
filaments and proteins to form a two-dimensional network [43]. Actin
filaments were also observed in our system of reconstructed membrane
vesicles, but only within the membrane [24]. The spherical surface
structures on the reconstructed membrane vesicles are assembled in a
specific way to form pore-like structures, which could be responsible for
the permeability of the vesicles to hydrophilic molecules. A permeability
assay with labeled dextrans of different molecular weights showed that
the reconstructed membrane vesicles were predominantly impermeable
to FITC-dextran of 20 kDa and above (Figs. 3, 4). The variations in
permeability are related to a small fraction of vesicles with larger pores
that did not close after osmotic shock and to dextran molecules, which
are known to be deformable and therefore have non-uniform molecular
size [46]. The hydrodynamic radius of the dextran 20 kDa corresponds
to 5.2 + 0.5 nm [47]. The pore sizes of the reconstructed membrane
vesicles should be predominantly smaller than dextran of this size.
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Therefore, the diameter of pores in reconstructed membrane vesicles
could be as small as 10 nm. In addition, pore properties (lipophilicity/
hydrophilicity) may also affect membrane permeability and leakage of
encapsulated molecules of different sizes [48]. Membrane permeability
and pores formed in the reconstructed membrane vesicle are a major
advantage in the potential application of such vesicles for drug delivery,
as there is considerable effort to develop self-assembling nanovesicles
and artificial cells containing membranes that can be easily manipulated
to transport cargo into and out of internal compartments [49]. Skinkle
et al. (2020) investigated the distribution of pore size in a population of
giant plasma membrane vesicles derived from rat basophilic leukemia
cells [50]. They also found heterogeneity in pore size, likely due to the
shear stress that occurs during vesicle formation. In particular, the
vesicles were impermeable to dextrans with a molecular weight of 40
kDa and above.

The results showed that the surface properties of the reconstructed
vesicles were similar to those of the mother cells in terms of rigidity and
hydrophilicity (Fig. 5). The average rigidity of D. tertiolecta grown at a
salinity of 38 corresponds to 3.5 kPa [51], while the rigidity of the
reconstructed vesicles is about ten times lower due to the lack of cyto-
skeletal network within the vesicle. In addition, cells and vesicles
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behave hydrophilically [51], which is consistent with the identified lipid
classes and their ratio. The most important observed feature is that the
ratio of lipid classes of the mother cell and the reconstructed membrane
vesicles is not significantly perturbed (Fig. 6). All lipid classes of
D. tertiolecta are involved in the formation of the reconstituted mem-
brane, where they play a fundamental role in maintaining membrane
structure, suggesting high utilization. Moreover, the ratio of proteins:
lipids: carbohydrates per reconstructed membrane vesicle corresponds
to 29.76 pg: 2.63 pg: 25.8 pg, so that the protein content predominates,
which is consistent with the first study by Jokela [39]. For the first time,
47 proteins were identified and determined to be derived from the
cytoplasm and chloroplasts (Fig. 7, Table S1). Although, the recon-
structed membrane vesicles show weak autofluorescence (Fig. S3b) at
the wavelength of chlorophyll [24], the presence of a corresponding
chlorophyll a-b binding protein as found in the mother cells (unpub-
lished data) was not identified here, probably due to signal suppression
by other protein classes. Therefore, we will perform further protein
profiling studies. On the other hand, protein analyzes have been per-
formed for mammalian cell-derived extracellular vesicles to predict
therapeutic responses of these drug carriers [52,53]. However, little is
known about the protein profiles in extracellular vesicles from plants
and algae under different culture conditions and how much protein is
integrated into the vesicles. Indeed, extracellular vesicles from plants
invaded by pathogens show enrichment of proteins involved in signal
transduction in response to biotic and abiotic stresses, proteins respon-
sible for immunity, and enzymes that remodel the cell wall [54]. In
addition, cytosolic proteins, metabolic enzymes, chaperones, hydro-
lases, and membrane channels/transporters have been identified in
various plant vesicles. Aquaporins have been reported to play an
important role in vesicle stability in plasma membrane vesicles purified
from broccoli plants [55]. In the reconstructed membrane vesicles of
D. tertiolecta, we identified proteins involved in the carbohydrate
metabolic process, cellular amino acid biosynthetic process, photosyn-
thesis, oxidoreductase activity, and microtubule-based process.
Although further studies are needed, we can assume that proteins
involved in microtubule-based processes (tubulin alpha and beta chains)
may be responsible for the stability of the reconstructed vesicles [56].
The microtubule networks were only associated with the membrane of
the vesicle, as shown in Fig. S3a. Microtubulins have also been reported
to be a target for anticancer drugs [57].

The reconstructed membrane vesicles differ in the transport ability of
calcein, FITC-ovalbumin, and FITC-concanavalin A due to the different
physicochemical properties of the dye and the structural features of the
membrane (Fig. 8). Calcein is a small hydrophilic molecule (Mw = 0.6
kDa) with a hydrodynamic radius of 0.74 nm [58], which is much
smaller than the determined pore size of the membrane. Therefore,
calcein spontaneously permeates the vesicle membrane. FITC-
ovalbumin, a globular protein (Mw = 43 kDa), does not penetrate or
interact with the vesicle membrane and therefore cannot be considered a
drug cargo (Fig. 8e). FITC-concanavalin A is a carbohydrate-binding
protein that consists of 4 subunits and has a molecular weight of 104
kDa. When the dye was added to the immobilized vesicles, a different
behavior was observed compared with calcein and ovalbumin (Fig. 8h).
As the figure shows, the high fluorescence intensity of FITC-
concanavalin A on the membrane itself is probably due to specific in-
teractions with glucose and mannose units and glycoconjugates on the
membrane [59]. This is confirmed by the fact that the mother cell of
D. tertiolecta contains glycocalyx [40], and glycolipids [51] and carbo-
hydrate content were determined. Moreover, FITC-concanavalin A also
showed specific binding to the cell wall of the algal cells of Evernia
prunastri and Xanthoria parietina thalli [59]. Continuing our studies to
find an effective targeted delivery vehicle, we have previously reported
the study of the interaction of mannosylated liposomes with concanav-
alin A, where the affinity of concanavalin A for mannose molecules on
the surface of the liposome is increased by the presence of a multivalent
ligand [60,61]. The efficiency of drug entrapment depends largely on
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the methods used for drug delivery, which affect the structural and
functional properties of the vesicles [62]. Our previous study shows how
the efficiency of entrapment depends on the nonspecific interactions
between the model protein ovalbumin and phospholipids in the lipo-
somal membrane [63].

We wondered if we could match the surface properties of the
reconstructed membrane vesicles? To answer this question, the surface
properties of the parent cell (alga) used for vesicle preparation must be
known. For example, the surface properties of D. tertiolecta cells in non-
axenic culture depend on the growth phase [64]. Cells of D. tertiolecta in
the exponential growth phase are much stiffer and more hydrophobic
than cells in the stationary growth phase, which are softer and more
hydrophilic. We have not observed, bacterial aggregates in culture or
marine bacteria adhering to the hydrophilic algal surface [65] at the
nanometer scale using AFM, so they may not affect the surface proper-
ties of algal cells. The surface properties of algal cells change when
exposed to abiotic stress conditions by varying temperature, salinity,
and heavy metal presence [51,66,67]. The results showed that Dunaliella
became statistically significantly stiffer at 12 °C and behaved hydro-
philically over a wide range of temperatures, while Dunaliella behaved
almost neutrally under favorable conditions (18 °C, salinity of 38). On
the other hand, Dunaliella became statistically significantly stiffer when
cells were exposed to salinity 9, where they behaved hydrophobically.
Thus, by manipulating the cultivation conditions of the mother cells, the
desired surface properties and thus the chemical composition of the
reconstructed membrane vesicle can be achieved. For example, an in-
crease in the relative content and unsaturation of MGDG, the major class
present in both the mother cell and the reconstructed membrane vesi-
cles, can be achieved by reducing the salinity of the D. tertiolecta growth
medium [68]. Cultivation at temperatures above the optimum and the
lack of nitrogen nutrients lead to an accumulation of lipids in the cell of
Chaetoceros pseudocurvisetus, taking into account that growth and
reproduction are slowed down under unfavorable cultivation conditions
[69]. Increasing irradiance leads to the accumulation of triglycerides in
the cells of Dunaliella viridis [70]. The accumulation of lipids, proteins,
and carbohydrates in cultures of Nannochloropsis sp. and Tetraselmis sp.
at pH 7.5 and 8.5 was reported in contrast to cell growth at pH 7 [71].

5. Conclusions

For the first time, reconstructed membrane vesicles from microalgae
were characterized with respect to their nanomorphology, surface
properties, composition, and transportability of model molecules. The
microalgal cell Dunaliella tertiolecta, which has only a glycocalyx-like
cell envelope, is a good candidate to achieve high yield in the prepa-
ration of micrometer-sized reconstructed membrane vesicles. The vesi-
cles imaged by AFM have a rather round shape and are found in both
depleted and non-depleted states. They exhibit a densely packed
spherical surface structure, which could indicate surface proteins with
different functions. Pits were mapped between the spherical surface
structures, which could indicate pore-like structures, as large as 10 nm,
as determined by permeability tests. In terms of composition, the
reconstructed membrane vesicles contain about 11 times more proteins
than membrane lipids. All lipid classes and their ratios in the mother cell
are involved in the formation of the reconstituted membrane, where
they play a fundamental role in maintaining membrane structure, sug-
gesting high utilization.The results show that the vesicles are very soft
(less than kPa), and hydrophilic, and retain the surface properties of the
mother cell. The permeability of the reconstructed membrane vesicles
depends on the structural features of the membrane and the physico-
chemical properties of the model fluorescent dye. The vesicles are
permeable to calcein, impermeable to FITC-ovalbumin, and semi-
permeable to FITC-concanavalin A, probably because of specific surface
interactions with the glucose and mannose moieties of the membrane,
which could serve as a basis for the development of drug carriers.
Finally, reconstructed membrane vesicles could pave a new way as
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sustainable and environmentally friendly marine bioinspired carriers
that can be efficiently fabricated and could serve for studies on micro-
transport of materials and membrane-related processes that contribute
to advances in life sciences and biotechnology.
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