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Introduction: Lipid nanovesicles associated with bioactive phytochemicals from spruce needle homogenate (here called nano-sized
hybridosomes or nanohybridosomes, NSHs) were considered.

Methods: We formed NSHs by mixing appropriate amounts of lecithin, glycerol and supernatant of isolation of extracellular vesicles
from spruce needle homogenate. We visualized NSHs by light microscopy and cryogenic transmission electron microscopy and
assessed them by flow cytometry, dynamic light scattering, ultraviolet—visual spectroscopy, interferometric light microscopy and liquid
chromatography—mass spectrometry.

Results: We found that the particles consisted of a bilayer membrane and a fluid-like interior. Flow cytometry and
interferometric light microscopy measurements showed that the majority of the particles were nano-sized. Dynamic light
scattering and interferometric light microscopy measurements agreed well on the average hydrodynamic radius of the
particles Ry, (between 140 and 180 nm), while the concentrations of the particles were in the range between 10'> and
10'*/mL indicating that NSHs present a considerable (more than 25%) of the sample which is much more than the yield of
natural extracellular vesicles (EVs) from spruce needle homogenate (estimated less than 1%). Spruce specific lipids and
proteins were found in hybridosomes.

Discussion: Simple and low-cost preparation method, non-demanding saving process and efficient formation procedure suggest that
large-scale production of NSHs from lipids and spruce needle homogenate is feasible.

Plain Language Summary: Cells shed into their exterior nanoparticles (here referred to as extracellular vesicles — EVs) that
are free to move, reach distant cells and are taken up by them. As they carry bioactive constituents, EVs may have important
impact on the recipient cells. The mechanisms of EV formation and mediation can be employed in designing therapeutic,
prophylactic and diagnostic methods for various medical issues. EVs can be harvested from biological samples; however,

their yield is small,'?

and there are potential side effects. Artificial vesicles — liposomes — have high yield; however, in vivo,
they can be degraded before reaching the target and their reproducibility is yet insufficient. In order to combine advantages of
both types of nanoparticles, we have composed nanohybridosomes (NSHs) from soya lecithin, water and supernatant of
isolation of EVs from spruce needle homogenate, visualized them by cryogenic electron microscopy and characterized them
with respect to their size, concentration and protein/nucleic acid content. We have applied a recently developed interfero-
metric light microscopy to determine the hydrodynamic radius and the concentration of EVs. We found that the majority of

composed particles are nano-sized and that they enclose more than 25% of the incoming volume of liquid, which is
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considerably more than about 1% that can be harvested by isolation of EVs from spruce needle homogenate by (ultra)
centrifugation.

Keywords: hybridosomes, liposomes, nanovesicles, extracellular particles, small cellular particles, drug delivery

Introduction

In cell-to-cell communication, cells constantly exchange matter and information by means of their fragments (extra-
cellular vesicles, EVs) which after detachment from the mother cell become free to move and interact with other cells.
The mechanisms of cell fragmentation, fission of EVs from the mother cell and interaction of EVs with recipient cell may
be non-specific as regards the molecular composition of EVs and therefore form an ancient evolutionary conserved
language that all involved organisms can understand. Acknowledging and learning the natural laws that underlie this
mechanism are prerequisite for the development of effective therapeutic, prophylactic and diagnostic methods in human,
animal and plant nanomedicine.® ¢ Therefore, EVs have recently been considered as potential key players in addressing
different diseases.”'? Advantages of EVs are their ability to deliver to the cells biologically active substances that would
without shielding be degraded by enzymes, unable to traverse the cell membrane or induce immune responses.
Disadvantages of EVs are their considerable complexity and potential high chance of side effects." Moreover,
a noticeable obstacle in this promising area is the fact that the yield of vesicles isolated from natural sources is usually
very small.” While chemical and mechanical treatment were shown to increase the concentration of EVs in isolates'* and
different methods and protocols have been elaborated to harvest EVs from natural sources, in some systems considered,
they have up to now failed to reach large-scale level.'*

In contrast, liposomes are already being used in clinical practice, mainly due to their high yield, but also for their
stability, simplicity of preparation, high drug-loading efficiency, bioavailability and safe use.'> Lecithins from soya or
eggs have previously been investigated for topical use and showed good tolerance and no toxicity to cells.'®!” Such
liposomes were reported to deliver active ingredients across cell membranes, and their effects differed with respect to
different formulations.'®'” In loading into liposomes, hydrophobic cargoes were found to be readily dissolved within the
phospholipid mixture and hydrophilic cargoes were inserted in the aqueous media and then integrated into the liposomes
while being hydrated.'®'? It is considered that the lipid bilayer of the liposome membrane can protect the encapsulated
cargo from degradation by enzymes.?® It was found that in the intestine, liposomes can bind to mucosa®' and transport
bioactive substances into the cells.?” Different natural and artificial nanoparticles are being considered for carriers of anti-

2324 and have already been used in delivery of mRNA in the development of COVID-19 vaccine.”’

cancer drugs
Shortcomings of liposomes are accelerated blood clearance and insufficient reproducibility.

Optimal carriers would integrate advantages of EVs and liposomes to form functional EV mimetics of low complex-
ity and well-characterized components. There is urgent need to better understand the mechanisms of carrier formation as
to improve large-scale technologies for production of delivering particles®® and enrichment of their inner compartment
with biogenic molecules.”” By appropriate engineering and/or selection of the cells that are the source of EVs, various
forms of particles have been considered®’ eg synthetic vesicles, natural extracellular particles and their combinations.?®
Synthetic vesicles mimic natural ones in terms of biological activity but could be synthesized in higher amounts and
filled intentionally with specific and desirable cargo?~° Combination of vesicles of natural origin and synthetic ones

29,31

would circumvent robust cellular manipulation needed for isolation of natural extracellular particles (which is usually

expensive and time-consuming) and enable synthetic nanocarriers to entrap biologically active molecules.>?’
Employment of this nanotechnological strategy could generate efficient and reproducible biocompatible carriers for
downstream applications, which are here referred to as nanohybridosomes.

Plants use extracellular vesicles to pack and secrete their active compounds such as DNA, RNA, miRNA, lipids,

32,33

proteins, and metabolites that exhibit anti- inflammatory, anti-fungal and anti- insecticide effect but also can have

cancer-protective and many other properties important for health and environment.>* 7 In this respect, European spruce

(Picea abies) is a rich source of compounds that can be pharmacologically active. Essential oils of Picea abies constitute

38

mostly of monoterpenes,®® among which limonene is shown to drive antimicrobial activity.*® Therapeutic potential of
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pinenes, the most representative monoterpenes in Picea abies essential oils, was shown to exhibit anti-fungal and
antimicrobial activity.*® a- and B- Pinene were reported anti-inflammatory, antibacterial, antioxidant, anticancer, and also
antibiotic resistance modulator activity.*'*°

Recently, EVs were isolated from homogenate of Picea abies needles by differential ultracentrifugation.*® During the
procedure, cellular debris and larger particles are removed but the sample may contain fraction of the smallest explosive
EVs (resulting after cell mechanical disruption). Electron micrographs revealed the presence of different types of
nanoparticles in the samples.*®*® The isolate and the supernatant of the last step of ultracentrifugation contained electron
dense particles and bilayer membrane-enclosed nanovesicles, but the yield (volume and concentration) of these naturally
composed particles was low.*® However, the supernatants of the isolation procedure contained terpenes and flavonoids.*®
The purpose of this work was to develop an efficient but simple and low-cost method for the formation of NSHs that
could deliver the beneficial cargo to cells. The idea is to enclose the natural compounds into NSHs in which membranes
would be composed mainly of artificially added lipids. EVs may merge with or be included in NSHs but as their
proportion with respect to liposomes would be small, they are not expected to be the main determinant of the
morphology, yield and membrane composition of the NSHs. In contrast, the aqueous portion of NSHs, enclosed within
the lipid bilayer-based membrane, comes from the natural source as there are no other aqueous solution ingredients
included in the preparation. NSHs derived in this way should have characteristics of both natural and synthetic vesicles.
For comparison, we have prepared and characterized also liposomes from lecithin, water and glycerol.

Materials and Methods

Scheme for preparation of nanohybridosomes is depicted in Figure 1.

Chemicals
Edible soya lecithin was from Fiorentini, Torino, Italy. Egg lecithin was from Sigma Aldrich, St. Louis, USA 61,755-25G, USA,
with an L-a-phosphatidyl choline content 82.9%. Protein standard was from Sigma Aldrich, St. Louis, USA P5369-10ML.

Homogenization
Raw homogenate <———
Centrifugation

10 min, 4°C
Pellet 300g | Supernatant 3009 |

Centrifugation
10 min, 4°C

Pellet 300g Il Supernatant 300g Ii

Centrifugation . b
10 min, 4°C " a1

Pellet 2000g | Supernatant 2000g |

Centrifugation
10 min, 4°C /‘

Pellet 2000g |l Supernatant 2000g Il

Ultracentrifugation
60 min, 4°C

Isolate Supernatant 500009

Figure | Scheme of the procedure for assembling nanohybridosomes from lecithin, glycerol and supernatant or pellet from spruce needle homogenate.
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Preparation of Spruce Needle Homogenate

About 50 g of dry weight of Picea abies tree branches were immersed into water with dissolved sodium hypochlorite
(NaClO, 0.1%) at about 30 °C for about 1 hour. The branches were washed with water. The needles were removed from
the branches by cutting. The cut needles were added to 300 mL of ultra-clean water (B. Braun, Melsungen, Germany)
and stirred with the KOIOS 850W Smoothie Bullet Blender (KOIOS, Newegg, USA) for 30 seconds. The homogenate
was filtered by free flow of the fluid through 0.5 mm nylon net cloth in order to remove larger particles.

Isolation of Small Cellular Particles from Spruce Needle Homogenate

Small cellular particles were obtained by isolation using differential centrifugation. An adapted protocol for isolation of
extracellular vesicles (Figure 1) *° was followed. The homogenate was centrifuged at 300 g and 4°C for 10 minutes in the
centrifuge Centric 260R with rotor RA 6/50 (Domel, Slovenia). Fifty-milliliter conical centrifuge tubes (ref.
S.078.02.008.051, Isolab Labor-gerdte GmbH, Germany) were used. The procedure was repeated twice. The supernatant
of the second centrifugation at 300 g was centrifuged at 4°C and 2000 g for 10 minutes in the centrifuge Centric 400R
with rotor RS4/100 (Domel, Slovenia). Fifteen-milliliter conical centrifuge tubes (ref. S.078.02.001.050, Isolab
Laborgerdte GmbH, Germany) were used. The procedure was repeated twice. The supernatant was centrifuged at 4°C
and 50,000 g for 60 min in Beckman L8-70M ultracentrifuge, rotor SW55Ti (Beckman Coulter, USA). Thin-wall
polypropylene centrifuge tubes (ref. 326819, Beckman Coulter, USA) were used. The supernatant (or 300g I pellet in the
case of dilution experiment for flow cytometry) was used in the formation of NSHs (Figure 1).

Preparation of NSHs and Liposomes

We prepared liposomes by mixing appropriate proportions of lyophilized granules of soya lecithin with ultra-clean water
(B Braun, Melsungen, Germany)/supernatant from spruce needle homogenate, and glycerol (Figure 1) at equal weight
proportions (2 g).>° The substances were mixed at room temperature. Water/supernatant was poured onto lecithin and left
standing at room temperature for 1 hour. Then, we added glycerol and mixed the sample by pipetting with Pasteur pipette
(in the case of NSHs) or metallic spoon (in the case of liposomes). To prevent blocking of the tubes of the flow cytometer
and strong absorption of light for the needs of UV-vis and interferometric light microscopy, and to homogenize the
samples, the samples were filtered through 0.8, 0.45 and 0.2 um filters manually by using a syringe. We have imaged also
liposomes that were stored in a falcon tube as prepared (undiluted) at room temperature for 6 months.

Light Microscopy
The samples were observed under Nikon EM CCD inverted optical microscope (Eclipse TE2000-S, Tokyo, Japan;
equipped with a digital spot boost Visitron Systems camera system).

Cryogenic Transmission Electron Microscopy

C-flat™ 2/2_ 200 mesh holey carbon grids (Protochips, Morrisville, NC, USA) were glow-discharged for 60 s at 20 mA,
air atmosphere, positive polarity (GloQube ® Plus, Quorum, Laughton, UK). We applied 3 pL of sample to the grid.
Then, the sample was blotted and vitrified in liquid ethane on Vitrobot Mark IV (Thermo Fisher Scientific, Waltham,
MA, USA). Vitrobot conditions were as follows: 100% relative humidity, blot force: 2, blot time: 7 s and 4 °C. Samples
were visualized under cryogenic conditions. We used a 200 kV Glacios microscope with Falcon 3EC detector (Thermo
Fisher Scientific, Waltham, MA, USA).

Flow Cytometry

Flow cytometry was performed according to the protocol adapted from Skufca et al®' by MACS QUANT (Miltenyi,
Bergisch-Gladbach, Germany) flow cytometer. For calibration, we used beads of sizes 2 and 3 pm (MACSQuant
Calibration Beads, ref: 130-093-607). The setting of the lasers was 458 V (FSC) and 467 V (SSC). The setting of the
SSC trigger was 1.800. The estimation of the dilution range appropriate to measure the samples is given in
Supplementary material, Figure S1 and the scatter diagrams for two example samples are given in Figure S2.
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Ultraviolet Spectroscopy (UV-VIS)

Two microliters of the sample was applied to a NanoDrop UV spectrometer (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) which detects ultraviolet-visible spectrum (UV-Vis) absorbance. The equipment was set for
assessment of protein content as explained in https://tools.thermofisher.com/content/sfs/brochures/Thermo-Scientific-
NanoDrop-Products-Protein-Technical-Guide-EN.pdf.

Dynamic Light Scattering

Diluted NSH and liposome samples were examined by Dynamic Light Scattering®>® using Instrument 3D-DLS-SLS cross-
correlation spectrometer (LS Instruments GmbH, Fribourg, Switzerland) with a 100 mW, A, =660 nm DPSS laser (Cobolt Flamenco,
Cobolt AB, Sweden). Light scatters stronger by larger particles and if present in the samples, the signal from larger particles prevents
measurement of smaller ones.**>> Therefore, before measurements, samples were gently filtered through 450 nm low protein-
binding Millex filters directly into the measuring cuvette. The samples were equilibrated in a decalin bath at 25 °C for 15 min. The
scattered light was measured for 120 s at an angle 6 = 90°. The analysis was performed by a software based on the inverse Laplace
transform program CONTIN Polymer 2014 created in-house. For each setting, we collected several intensity correlation functions
(CFs) which were fitted with up to 50 exponents. Individual CFs were subjected to independent analysis and compared with the
averaged curve. We obtained the values of the hydrodynamic radius of EVs (Ry,) from the diffusion coefficients (D) assessed from the
calculated correlation function (g;(t)), obtained from the measurement of the scattered light intensity g,(t). We used the Siegert’s
relation and the Stokes-Einstein equation (R}, = kT/6mnD, where k is the Boltzmann constant, T is the absolute temperature, and 1 is
the viscosity of the medium). The viscosity of the medium was taken to be equal to the viscosity of water at 25°C.

Interferometric Light Microscopy

The average hydrodynamic radius (Ry,) and the concentration of liposomes were assessed by interferometric light microscope
(Videodrop, Myriade, Paris, France). Signal of the medium (ultra-clean water) was under the detection limit. We set the threshold
value to 4.2. We applied 5-10 pL of the sample between cover glasses and illuminated it by 2W blue LED light. The scattered light
interfering with the incoming light was detected by a complementary metal-oxide—semiconductor high resolution high speed
camera. The image was processed by computer to identify the particles and their positions. The number of the particles in a given
volume (typically 15 pL) was taken as the concentration of the particles. Video films were taken to track the particles. The
trajectories of the particles were analyzed by assuming that the particles are undergoing Brownian motion reflecting the
temperature of the sample. The diffusion coefficient D of the motion of the particle was taken to be proportional to the mean
square displacement d of the particle in the time interval between two consecutive frames At, <d*(At)> = <4D At>. The particles
were assumed to be spherical. The Stokes—Einstein relation (R}, = kT/6mnD) was used. The particles were tracked and processed
individually. The software QVIR 2.6.0 (Myriade, Paris, France) was used to perform the analysis.

Liquid Chromatography-Mass Spectrometry (LC-MS) Lipid Profiling

100-100 pL of the spruce needle homogenate sample, 100100 pL of the 50,000g supernatant of the EV isolation procedure and
100-100 mg of the hybridosome samples were examined. First, 150 pL methanol was added to the samples, vortexed, then 500
uL tert-Butyl methyl ether (MTBE) was added and the samples were incubated in a mixer (Eppendorf Thermomixer, Eppendorf,
Hamburg, Germany) at 600 rotations per minute (rpm) for one hour at room temperature. 125 pL water was added to the samples
and after 10 minutes of incubation at room temperature, samples were centrifuged in an Eppendorf 5430R centrifuge (Eppendorf,
Hamburg, Germany) at 13,000 g for 10 minutes. The upper organic phase containing the lipid fraction was collected, and samples
were dried in a vacuum centrifuge (Eppendorf 5430R, Eppendorf, Hamburg, Germany). Samples were dissolved in 150 pL of the
starting eluent mixture used in the High-Performance Liquid Chromatography (HPLC) separation.

HPLC-MS measurements were performed on a high resolution and high mass accuracy Q-Exactive Focus hybrid quadrupole-
orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with heated electrospray ionization source.
The mass spectrometer was coupled to a Dionex 3000+ UHPLC system. For the separation, a Waters ACQUITY UPLC CSH Cs,
2.1x100 mm, 1.7 pm column was used, and the column temperature was 55 °C. Gradient elution was used with a flow rate of 400
puL/min. Mobile phase A was 600/390/10 (Acetonitrile/Water/l M aqueous ammonium formate) containing 0.1% formic acid
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(V/V), mobile phase B was 900/90/10 (Isopropanol/Acetonitrile/1 M aqueous ammonium formate) containing 0.1% formic acid
(V/V). The gradient program was the following: 50% B eluent at 0 min, 53% at 0.5 min, 55% at 4 min, 65% at 7 min, 80% at 7.5
min, 99% at 10 min, 99% at 11 min, 50% at 12 min, 50% at 15 min. Waters Progenesis QI program was used for data analysis.

Results

Light microscopy and cryogenic transmission electron microscopy images of NSHs prepared from soya lecithin, glycerol and
supernatant of 50,000 g isolation from spruce needle homogenate are shown in Figure 2. The mixture appeared as a brownish cream.
When directly applied to the cover glass and observed by light microscopy, the texture was largely uniform (Panel A). Rounded
texture is visible at higher magnification (Panels B and C). Dilution with water resulted in separated regions of material (Panel D). For
observation with cryogenic transmission electron microscopy, the samples were diluted 50,000%. Panels E-G show low magnifica-
tion images of the fresh samples. Higher magnification reveals the presence of nanovesicles enclosed by a bilayered membrane
(Panels H, I, K) and a few small electron dense particles (Panel K, black arrow). Many vesicles are adhered to each other (Figure 2H
and I). This feature was previously observed in giant unilamellar vesicles observed under light microscopy (Panel J). In giant
unilamellar vesicles, the form of double bubble (Panel J) was outlined>® while in NSHs that we observed in this study the interface
between the vesicles was often bent towards the larger vesicle (Panel K). Some smaller vesicles appeared as if they were being

200 pm 20 um
—

20 pm 100 nm 100 nm
— L]

M

5 um 100 nm
—

20 pum 9 100 nm 100 nm 100 nm
— £ — - -

Figure 2 NSHs composed by mixing soya lecithin, glycerol and supernatant from spruce needle homogenate.

Notes: (A—C) Light microscopy images of undiluted sample, (D) sample diluted with water. (E-I), (K, L and N-S) Cryogenic transmission electron microscopy images of
sample diluted 50 000x. Samples P-S were aged 6 months. Black arrows point to electron-dense particles. (J and M) Light microscopy images of giant unilamellar
phospholipid vesicles. (J) Reprinted with permission from Tomsie N, Babnik B, Lombardo D, et al. Shape and size of giant unilamellar phospholipid vesicles containing
cardiolipin. | Chem Inf Model. 2005;45(6):1676—1679. Copyright 2005 American Chemical Society®® and reprinted from Volume 150/Edition |. (M) Reprinted with permission
from Urbanija ], Tomsic N, Lokar M, et al. Coalescence of phospholipid membranes as a possible origin of anticoagulant effect of serum proteins. Chem Phys Lipids.
2007;150:49-57. Copyright 2007 Elsevier.>” Images of EVs in supernatant from spruce needle homogenate (SW) can be seen in Jeran et al.*
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engulfed by the larger one, both in NSHs and in giant unilamellar vesicles while keeping both bilayers preserved (Panels L and M,
respectively). A stable “non-lamellar” lipid phase composed of a large number of equal-sized small vesicles in close contact was
observed (Panels N, O). Panels P-S show samples aged 6 months. Lower magnification image of 6 months aged sample (Panel P)
appears similar as the images of fresh samples (Panels E-G). At higher magnification, however, we did not observe adhesion of
vesicles to each other (Panels Q-S). Elongated structures (Panels Q-S) were coexisting with globular ones (Panels R, S).

Light microscopy and cryogenic transmission electron microscopy images of liposomes prepared from lecithin, water and
glycerol are shown in Figure 3. Two types of lecithin were considered: egg lecithin (A-F) and soya lecithin (G-L). For observation
with light microscopy, samples were undiluted (A, G, H) or diluted 3x (B) while for observation with cryogenic transmission
electron microscopy, the samples were diluted with water 50,000 x. Light microscopy images of samples composed of soya
lecithin, water and glycerol (Figure 3K and L) are similar to light microscopy images of liposomes composed of soya lecithin,
supernatant of spruce needle homogenate, and glycerol (Figure 2A—D). Images of samples composed of egg lecithin, water and
glycerol show higher number of larger entities (of the order of 100 pm) (Figure 3A and B).

20 um
I

1 um 100 nm
_— |

200 pm 20 um 100 nm

Figure 3 Liposomes composed by mixing lecithin, glycerol and water.

Notes: (A) Light microscopy image of undiluted sample composed of egg lecithin, glycerol and water. (B) Light microscopy image of sample composed of egg lecithin,
glycerol and water, diluted 3x. (C-F) Cryogenic transmission electron microscopy images of sample composed of egg lecithin, glycerol and water, diluted 50,000%. (G and
H) Light microscopy images of undiluted sample composed of soya lecithin, glycerol and water, (I-L) cryogenic transmission electron microscopy images of sample
composed of soya lecithin, glycerol and water. Black arrows and a black triangle point to electron-dense particles.
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The average hydrodynamic radius (R;) of the particles in the NSH and liposome samples was determined by both,
dynamic light scattering and interferometric light microscopy techniques. Large (micrometer-sized) particles cause strong
scattering of light, therefore the measurement of smaller particles by dynamic light scattering is not possible if the sample
contains such particles. Before the measurement by dynamic light scattering, the samples were therefore filtered through
450 nm filters to remove micrometer-sized particles that were visible under light microscopy.

Regardless of the presence of glycerol or the lecithin used, two populations were detected in the filtered samples:
smaller particles with average Ry, ; in the range 14-56 nm and larger particles with average R, » in the range 163—181 nm
(Table 1). The measurement of Ry, by interferometric light microscopy agreed with the Ry, , values obtained by dynamic
light scattering within the standard deviation (Table 1).

By interferometric light microscopy, we determined also R;, of the particles in the supernatant of the spruce needle
homogenate that was used to form NSHs. The particles were about two times smaller than NSHs and the liposomes (Table 1).

Estimation of the amount of NSHs and liposomes is given in Table 2. We used four different methods (flow cytometry,
interferometric light microscopy, dynamic light scattering and ultraviolet—visual spectroscopy). Flow cytometry and inter-
ferometric light microscopy give the concentration of particles in the complementary size ranges: flow cytometry in the meso
and cell-sized range (between 400 nm and about 10 um) and interferometric light microscopy in the nano-sized range between
(80 nm and 500 nm). These results show that the samples were rich especially with nano-sized particles (Table 2) as the
concentration of meso and cell-sized particles is 3—4 orders of magnitude lower than the concentration of smaller particles
(Table 2). The supernatant from spruce needle homogenate contained significantly less particles than the NSH or liposome

Table | Hydrodynamic Radii of Particles (Ry,) in Liposome Samples Assessed with Two Methods:
ILM and DLS, and the Number of Tracked Particles (N) Assessed by ILM

ILM DLS
Sample Dilution N tracked R, £ SD (nm) Dilution Rp1(nm) Rp2(nm)
Soyal/SW/G 100,000 715 137 + 90 1000 32 163
Soyal/W/G 10,000 1096 150 + 80 1000 33 164
Eggl/SW/G 10,000 1022 149 + 100 1000 56 181
Eggl/WIG 10,000 1060 141 + 80 1000 14 168
SW 100 988 85 + 30

Abbreviations: ILM, interferometric light microscopy; DLS, dynamic light scattering; Soyal, soya lecithin; Eggl, egg lecithin;
SWV, supernatant of isolation of small cellular particles from spruce needle homogenate; W, water; G, glycerol.

Table 2 Amount of Material in Samples Containing NSHs, Liposomes and EVs from Spruce Needle Homogenate as Detected by Four
Methods: FCM, ILM, DLS and UV-Vis

FCM ILM DLS UV-Vis

Sample N/mL Dilution®* | N/mL Dilution® | loe (kHZ/mMW) | Li/leoe | l/leoe | Dilution® | Relative Absorbance | Dilution*
at 295 nm

Soyal/SW/G 49x10® | 10,000 1.1x10'* | 100,000 132 0.12 0.88 1000 0.17 100

Soyal/W/G 3.2x10% | 10,000 4.6x10" | 10,000 478 0.12 0.88 1000 0.14 100

Egsl/SWIG 1.3x10'° | 10,000 1.9%10" | 10,000 9 039 | 0.6l 1000 0.25 100

Eggl/WIG 42x10° | 10,000 3.8x10' | 10,000 223 0.03 0.97 1000 0.14 100

SW 1.4x107 | 100 2.3x10" | 100 0.67 |

Protein standard | |

Notes: *Dilution factor is depicted as it may affect the number, size and composition of the particles. Reported number densities were corrected for dilution factor. Relative
absorbance = Absorbance at 295 nm/Absorbance of Protein standard at the peak of the Absorbance/Wavelength curve (295 nm).

Abbreviations: FCM, flow cytometry; ILM, interferometric light microscopy; DLS, dynamic light scattering; UV-vis, ultraviolet and visual spectroscopy; Soyal, soya lecithin;
SW, supernatant from spruce needle homogenate; W, water; G, glycerol; Eggl, Egg lecithin; I, intensity of light scattering.
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Table 3 List of the Most Intensive Lipid Species Derived from Spruce Identified in the Hybridosomes

Measured m/z Theoretical m/z Formula Lipids Adduct
393.2051 393.2048 CgH350,P LPA(15:1), LPA(O-15:2) [M-H]™
489.2709 489.2708 Cy3H400s 2-glyceryl-6-keto-PGFl a [M+FA-H]™
536.3005 536.2994 CysH4gNOgP LPS(19:1), LPS(O-19:2) [M-H]™
764.6385 764.6410 C46HgoNOg GalCer(40:1) [M-H20-H]™
776.6380 776.6410 C47HgoNOg GlcCer(41:2) [M-H20-H]™
808.6644 808.6672 C4gHyNOg GalCer(42:2) [M-H]™
836.6954 836.6985 CsoHysNOg GalCer(44:2) [M-H]™
852.6904 852.6934 CsoHe7NO o GlcCer(44:1) [M-H20-H]™
881.6513 881.6512 Cs3HggO7 DG(50:8) [M+FA-H]™
894.5904 894.5866 Ca4gHgaNOgP PS(O-42:6) [M+FA-H]™

samples. In both types of lecithin used, the samples made with supernatant from spruce needle homogenate contained higher
amount of proteins than the respective sample prepared with water (Table 1). In dynamic light scattering of samples
SoyalL/SW/G, SoyalL/W/G and Eggl/SW/G, the population of particles with Ry, ,163—-181 nm contributed the most to the
total intensity of scattered light (around 90% or more; reported as I,/I; in Table 1).

Mass spectrometric measurements revealed rich lipidomic profiles of the spruce homogenate and of the 50,000g
supernatant of the EV isolation procedure. In addition, the lipidomic pattern of the supernatant containing the vesicles
showed similarities with the lipidomic patterns of the hybridosomes. LC-MS-based lipidomic profiling mainly detected
glucosyl- and galactosyl-ceramides derived from spruce in the hybridosomes (Table 3). Besides, lysophosphatidic acids,
prostaglandins, lysophosphatidylserines, diacylglycerols and phosphatidylserines were also identified (Table 3).

Mass spectrometry-based proteomic analysis detected the same spruce protein in the spruce homogenate and in the
hybridosomes (Accession: AOA117NI30, Description: Uncharacterized protein OS=Picea glauca 0OX=3330
GN=ABT39 MTgene3847 PE=4 SV=1 PLGS Score: 5127,213, Coverage: 36%).

Discussion

We have composed NSHs from lecithin, glycerol and supernatant from spruce needle homogenate. Visualization of samples with
light microscopy and cryogenic transmission electron microscopy showed that the samples contained membrane-enclosed
vesicles of different sizes. The smallest hydrodynamic radius (14 nm) was determined by dynamic light scattering in the samples
composed from egg lecithin, glycerol and water, while the largest particles were observed by light microscopy (of the order of
hundred pm). As no instrument is fit to assess the size and the concentration over such a broad scale range, we used two techniques
to measure the hydrodynamic radius of the particles (interferometric light microscopy and dynamic light scattering) and two
techniques to measure the concentration of particles: Flow cytometry for meso and cell-sized particles and interferometric light
microscopy for nanoparticles. Interferometric light microscopy and dynamic light scattering are not suitable for measuring the
concentration of larger particles. It follows from comparison of dynamic light scattering and interferometric light microscopy
measurements (Table 2) that the majority of particles were nano-sized. The average R;, values obtained by both, dynamic light
scattering (c.f. Ry, ») and interferometric light microscopy (145-170 nm) were within the experimental error (Table 1). Larger of
the two particle populations measured by dynamic light scattering (Table 2) contributed the major part to I, in three out of four
samples. In one of the samples (the sample Eggl./SW/G composed of egg lecithin, glycerol and supernatant from spruce needle
homogenate), there was a considerable contribution of smaller particles (with radii in the range of a few tens of nanometers) (c.f.
Ry, =56 nm in Table 2). The NSHs as measured with interferometric light microscopy demonstrated higher concentrations than
liposomes (Table 2).
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Several factors influence the yield of EVs in isolates from cell cultures, such as cell type, cell confluence level, isolation
process, assessment procedures and culture conditions.’® Also, the amount of proteins obtained in isolates of EVs differs
significantly across the isolation methods used.’”*® While the reported yields are expressed in terms of the concentration of
EVs, concentration of proteins, concentration of proteins per weight, etc., it is also interesting to know what is the respective
volume of the isolate. As described in Jeran et al,*® isolation of EVs by differential ultracentrifugation starts with 300 mL of
sample, the second centrifugation at 300 g retains 240 mL, the first centrifugation at 2000 g retains 180 mL and the second
centrifugation at 2000 g retains 120 mL of sample. Isolation continues in the ultracentrifuge which accommodated tubes
containing 6 mL of sample (20 tubes). The volume of the isolate (the pellet after ultracentrifugation) in each tube is of the order
of 50 pL. This would yield about 1 mL of the isolate, which is less than 1% of the volume of the initial sample.

To estimate the relative proportion of vesicle volume in the isolate to the volume of the raw sample in our NSH and liposome
samples, we assume that the vesicles are spherical and consider the average radii of the vesicles as determined by ILM (Table 1).
Then if we roughly assume that the vesicles are spherical, the volume of a representative vesicle could be calculated by the
formula V= 47T,Rh3/3. With the number of NSHs in one milliliter depicted in Table 2, the estimated volumes of the vesicles (V =
V:N) in proportion to the volume of the sample (1 milliliter) would be 120% (SoyaL/SW/G), 65% (SoyalL/W/G), 26% (EggL/
SW/G) and 46% (Eggl/W/G). Although this estimation is very rough (there is a distribution of particles over the size, the
particles are not spherical, the measurements of size and number are subject to errors), it indicates that the proportion of the
volume of NSHs largely exceeds the proportion of the volume of EVs isolated from natural sources (less than 1%).

The choice of methods for harvesting and characterization of EVs is important since processing may considerably affect
the samples. Presently acknowledged EV isolation methods include ultrafiltration, size-exclusion chromatography, ultracen-
trifugation, gradient separation, immuno-affinity capture and commercial reagents.’” A meta-analysis including 259 studies of
cell culture supernatants showed that the majority (90%) of reported isolations were performed by ultracentrifugation.
The second most used isolation method (11%) was commercial reagents, while other methods accounted for less than 3%
each.”® In order to enable the use in therapy, a comprehensive physicochemical characterization should be elaborated for every
drug nanocarrier and its interactions in biological environments must be thoroughly investigated.

The particles are usually characterized by the size distribution and concentration. Besides a much higher yield, the
formation of NSHs has an advantage in fast and simple processing comparing to isolation of EVs from natural sources.
Furthermore, samples prepared with supernatant from spruce needle homogenate that were kept at room temperature for
6 months did not significantly differ from fresh samples.®’

Spruce needle supernatants contained terpenes and flavonoids which are expected to be loaded into NSHs.*® We have
observed the in vivo effect of liposomes and nanohybridosomes on microalgae cultures and found a positive short-term
effect on the concentration of microalgae.®

Dilution of NSHs with ultraclean water can create differences in the composition of inner and outer solutions. Giant
lipid vesicles are sensitive to the osmotic stress caused by different osmolalities of the two solutions which may have
caused popping of the vesicles. Respective stability of smaller NSHs is therefore to be investigated in the future.

Efforts are being invested into development of methods for harvesting and characterization of nano-sized particles;
however, a golden standard method has not yet been acknowledged. Suspensions of liposomes are dynamic systems subjected
to self-assembly according to the minimization of the free energy. They are not particles with fixed identity and are prone to
transformations of size, shape and composition during the processing of samples. As flow cytometry involves flow through
tubes, it can be expected to have a greater impact on the particle morphology than interferometric light microscopy, dynamic
light scattering and ultraviolet—visual spectroscopy methods that are based on scattering of light on the sample. Dynamic light
scattering, however, requires filtering which may also have an impact on the particles. Interferometric light microscopy is
a recently developed technique based on interference of the incident and the scattered light which was hitherto applied to

61:% and isolates from plant homogenate.*® Besides being minimally

microorganisms,**  liposomes,”" extracellular vesicles,
invasive, the advantage of this technique is that it gives estimation of the concentration of the particles while dynamic light
scattering and ultraviolet—visual spectroscopy give indirect evidence on the abundance of the particles in terms of the intensity
of the scattered light and protein/nucleic acid content, respectively. Nanohybridosomes should further be analyzed to define
their content, their biological properties, such as cytotoxicity, pH stability, ability to be uptaken by recipient cells and to observe

their morphology by high resolution microscopic techniques.
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For particles larger than cca 400 nm, flow cytometry proves a convenient method, however, it is also being used for
assessment of EVs. For more details please see Welsh et al.®”

As for the loading into liposome systems, lipophilic cargoes can be inserted within the phospholipid environment, while
hydrophilic cargoes can be inserted within the aqueous mediums and then passively incorporated into the liposomes during the
hydration process. Further studies are needed to show how the active compounds from Picea abies have been incorporated
into NSHs, the ability of recipient cells to uptake NSHs, their toxicity, stability and biological activity.

Several liposome-based drug delivery systems have already been approved by the Food and Drug Administration
(FDA), and many liposome-based formulations are now in different phases of clinical investigation. However, their
physical and chemical stability remains a challenge. NSHs considered in this work maintained size and concentration at
room temperature over 6 months’ period, which is promising, but studies of their stability with respect to temperature,
pH, presence of different compounds in the suspensions and mechanical stress should be performed.

As liposome products are complex and diverse, the procedure of their manufacturing, analysis and control of their
physicochemical and biological characteristics should be elaborated to ensure safety and quality of the final products.

Conclusion

We have found that the lipid bilayers (formed by mixing lecithin with aqueous phase containing disintegrated spruce
needle cells and glycerol) entrapped the spruce lipids and proteins, thus forming hybrid particles. The majority of these
particles were sub-micron sized and were thus called — nanohybridosomes. We present for the first time a systematic
study of nanohybridosomes assessing their size, concentration, morphology and lipid/protein content.

Natural samples contain substances that were proved to have beneficial properties; however, efficient delivery of these
substances presents a bottleneck to clinically relevant methods. New technologies and principles are being explored to overcome
these obstacles. Poor yield of natural sources and biases in small particle assessment methods are the major obstacles to clinical
use of EVs which were addressed in this work. We found that the estimated yield of nanohybridosomes (by means of the volume)
of the procedure described in our method was more than 25% which is considerably more than the estimated yield of isolation of
natural EVs (less than 1%). Follow-up and examination of NSHs’ content remain a subject of further investigation.
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