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ABSTRACT

When the separated erythrocyte membranes (known as ghosts) are ultrasonicated, a significant part of
the membrane proteins are released in the aqueous solvent, instead of being incorporated into the mem-
branes of the formed nanoerythrosomes. In contrast to their membrane-bound counterparts, where
helices and B-strands dominate, the released proteins show perturbed secondary structures with an
increased ratio of helices, presumably participating in molten globules, as it has been revealed by circular
dichroism (CD) and infra-red spectroscopy (IR). The shape and size of these proteins is diverse, and even
their aggregates appear. When excess lipid (palmitoyl-lysophosphatidylcholine, LPC) is added to different
ghost-derivatives (the full nanoerythrosome system, and its ultracentrifugation pellet and supernatant)
in 2 x and 5 x lipid-to-protein mass ratio, various lipid nanoparticles are produced. The core-shell
and nanodisc structural models obtained by small-angle X-ray scattering (SAXS) indicate that the choice
of the precursor system has a more prominent effect on the resulting shape than the amount of lipid
added: when starting from the protein-rich supernatant fraction, small (approx. 5 nm high and 7 nm
wide) nanodisks are created. When lipid membranes are already present (in the pellet and the full
nanoerythrosome fraction), similar LPC addition results in prolate ellipsoidal particles, with an aspect
ratio between 3 and 5, and decreasing overall size when the amount of added lipid is increased. The ellip-
soids formed from the total nanoerythrosome fraction are smaller than those from the ultracentrifugation
pellet (longest axis around 15 vs 26 nm), whereas for higher LPC-to-protein ratio, the size in both cases
reduce to nearly the same (13-14 nm) in both cases.

© 2022 The Author(s). Published by Elsevier B.V.

1. Introduction

“cloak of invisibility” to synthesized particles [7]. Ghost mem-
branes, just by themselves, can also be transformed to highly bio-

In the last decade biocompatible nanoparticles containing phar-
maceutical macromolecules (e.g. mRNA-containing COVID-19 vac-
cines, nanovehicles of monoclonal antibodies etc.) acquired much
importance, due to their high potential for tailored targeting and
efficiency in drug delivery [1-4]. The size reduction of such
nanovehicles, even of those achieved by lipid nanoparticles, plays
a crucial role in cancer treatment as the enhanced permeation
and retention (EPR) effect of the tumour tissue requires that the
size of the nanocarrier formulation of the anticancer drug should
be significantly below 100 nm, even for active targeting cases [5,6].

In order to increase the biocompatibility of traditional nanocar-
riers, such as inorganic nanoparticles, erythrocyte ghosts, i.e. sepa-
rated membranes of red blood cells, are frequently used to add a
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compatible unilamellar spherical shells by ultrasonication and/or
extrusion. These protein-decorated vesicle like formations, known
as nanoerythrosomes, one of the most favoured nanocarriers for
drug or dye molecules in the field of medical treatment and diag-
nostics [8-14]. Although the proteins of ghosts, and also nanoery-
throsomes, play an important role in the reduction of immune
responsibility, these inevitable components are less studied and
their structural/functional impact is still not fully understood
[15,16].

When nanoerythrosomes are produced from ghosts by ultra-
sonication, a significant number of proteins is released from the
membranes into the solvent phase. Interestingly, although the
protein-to-lipid ratio of nanoerythrosomes this way becomes less
than the original ghost membranes, but the protein pattern
remains highly similar to that of the precursor [10,16].
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By adding membrane-analogous artificial lipids to ghost under
ultrasonication, nanoerythrosomes are still formed, but they show
peculiar surface morphologies and more extended size ranges,
which can be controlled by the amount and kind of added artificial
lipids [16]. Especially lysophospholipids play a decisive role in the
size reduction of the nanoerythrosomes. On the other hand, these
“biosurfactants” are natural metabolites, with important roles as
markers in connection with several diseases [17]. They can interact
with receptors as well as enzymes and can cause alterations in cell-
mechanisms|[18-20]. Here we show that lysophospholipids easily
associate with proteins and can collect the solubilized proteins,
which might be used as a useful alternative approach when han-
dling protein-containing systems. The addition of lysophospholipid
(palmitoyl- phosphocholine, LPC) to different fractions of nanoery-
throsomes results in different nanoparticle formations. The struc-
tural characterization of these nano-objects is in the focus of the
present work.

Characterisation of small nanoparticles is generally difficult,
especially in the small size-range (below approx. 100 nm) [21].
Visual information, frequently obtained by the means of cryo-EM
or transmission electron-microscopy (TEM) combined with
freeze-fracture (FF), is very important for revealing morphology,
but its statistical relevance is generally low and prone to human
bias. Furthermore, even if it is assumed that the native structure
is retained during sample preparation, these methods are unfortu-
nately not suitable in the case of small nanoparticles (less than
50 nm), because of their limited resolution. In the complex
physico-chemical study of the presented, nanoerythrosome-
based protein-lipid nanoparticles, among the different experimen-
tal methods, small-angle X-ray scattering turned out to be a pow-
erful tool.

2. Materials and methods
2.1. Chemicals

Physiological salt solution (9 g NaCl dissolved in 991 g Millipore
water) was used for erythrocyte isolation. Hypotonic TRIS buffer
was the medium of membrane preparation (7.5 mM TRIS,
pH 7.6). The final buffer for haemoglobin-free ghost membranes
was PBS (10 mMolar; 8 g NaCl, 0.2 g KCI, 1.8 g Na,HPO4-2H,0,
0.312 g NaH,P04-2H,0 for 1 L PBS solution, the final pH value
was adjusted to 7.4 by HCI). All listed salts were purchased from
Sigma  Aldrich. LPC  (1-palmitoyl-2-hydroxy-sn-glycero-3-
phosphocholine) was purchased from Avanti Polar Lipids. All
chemicals were used without further purification.

2.2. Ghost and nanoerythrosome preparation protocol

Freshly collected anticoagulated blood was donated by healthy
volunteers, two times, 18 ml from one donor at a time. For blood
collection 6 ml K3EDTA tubes were used (Vacuette, Greiner Bio-
One, Austria). The use of human blood samples was approved by
the Scientific Ethics Committee of the Hungarian Health Scientific
Council (ETT TUKEB 6449-2/2019).

Cellular components were sedimented from whole blood by
centrifugation at 2500 x g for 10 min in a swing-out rotor (Niive
NF 800R centrifuge). Plasma and the white blood cell-containing
buffy coat were removed, and the erythrocyte pellet was sus-
pended in physiological NaCl solution and washed three times.
After the last sedimentation, the red blood cells were lysed in
hypotonic TRIS buffer (7.5 mM, pH = 7.6), stirred in 40 x buffer vol-
ume at 4 °C for half an hour. The erythrocyte ghost membrane was
sedimented with an Avanti J26XP centrifuge in a JA-14 fixed angle
rotor at an average 13 900 x g for 1 h at 4 °C. To achieve
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haemoglobin-free ghosts, the membrane pellet was suspended in
TRIS buffer, washed two times, and thirdly with PBS buffer. For
the separation a Thermo Sorwall WX ultracentrifuge was used with
a T-1270 fixed angle rotor, at an average 22 200 x g, for 30 min, at
4 °C.

The final ghost membrane pellet was suspended in PBS, yielding
approx. 2 w(weight)/v(volume) % concentration. The protein con-
tent of this suspension (abbreviated in the following as GHOST)
was determined by Bradford protein assay and was used as a stock
solution for nanoerythrosome preparation. The ghost membrane
aliquots were rapidly frozen and stored in liquid nitrogen until fur-
ther use.

Nanoerythrosomes (abbreviated as NERY) were obtained from
the ghost membrane suspension (typically, 500 pl) in 1.5 ml glass
vials by sonication in a bath sonicator (Elmasonic S10, 30 W) two
times for 5 min at room temperature, with pre-set power level
and continuous operation at 37 kHz. The pellet and the super-
natant fractions of the nanoerythrosome suspension were obtained
by ultracentrifuge separation of the sonicated ghost membrane
using a Beckman TL-100 ultracentrifuge with TLA 100.1 fixed angle
rotor (average 96 427 x g, 30 min). The upper layer of the super-
natant, expected to be rich in released membrane proteins (approx.
50 % of the total volume, denoted below as “supernatant” and
abbreviated as SPROT), was removed. The sediment was resus-
pended in PBS buffer after the removal of the liquid phase. This
fraction will be referred to as “pellet” and abbreviated as PELL in
the following. The protein content of both fractions was deter-
mined by Bradford assay.

Finally, the dry LPC lipid film (made by dissolving LPC in chlo-
roform containing 30 v/v % methanol and subsequently evaporat-
ing the solvent) was hydrated with (i) the original suspension of
nanoerythrosomes (NERY), (ii) the supernatant (SPROT), and (iii)
the resuspended pellet (PELL) in two- and fivefold weight to
weight lipid-to-protein ratios. During this process, slight ultra-
sound treatment was applied to obtain homogeneous size distribu-
tions, monitored by DLS measurements.

2.3. Transmission electron microscopy combined with freeze fracture
(FF-TEM)

Approximately 1 pl droplets of the samples were used for freeze
fracturing. These were pipetted onto a golden sample holder and
rapidly frozen in liquid freon, then put into liquid nitrogen. Frac-
turing was performed at —100 °C in a Balzers freeze-fracture device
(Balzers BAF 400D, Balzers AG, Liechtenstein). A replica was made
from the fractured surface with vaporized carbon and platinum.
The replica was cleaned from the remainders of the original sample
with surfactant solution and distilled water, and it was transferred
to a 200-mesh copper grid for examination in a transmission elec-
tron microscope (MORGAGNI 268D, FEI, The Netherlands).

2.4. Fourier transform infrared spectroscopy (FT-IR)

ATR-FTIR spectra were acquired using a Varian 2000 FTIR Scim-
itar Series (Varian, Inc, USA) spectrometer equipped with a liquid
nitrogen cooled mercury-cadmium telluride (MCT) detector and
fitted with a ‘Golden Gate’ single reflection diamond ATR accessory
(Specac ltd, UK). Three pl of sample was spread onto the diamond
surface and a thin, almost dry but still hydrated film was obtained
by slowly evaporating the solvent under ambient conditions (for
approx. 5 min). Typically, 64 scans were collected at a nominal res-
olution of 2 cm™!. After each data acquisition, ATR correction using
advanced ATR correction algorithm (crystal refractive index: 2.37;
sample refractive index: 1.5; crystal angle of incidence: 45°) was
performed. Calculation of spectroscopic protein-to-lipid (P/L) ratio
was performed on subtracted spectra, after PBS background correc-
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tion. For area determination of lipid and protein bands we used the
1780-1380 cm ™! spectral region. The three major bands (lipid C=0
at 1739 cm™!; amide I around 1651 cm™! and amide II at
1543 cm™!) were fitted by mixed Gaussian-Lorentzian functions.
For P/L calculation the area under the fitted amide I and lipid
C=0 bands was used. To assess protein secondary structure, the
amide [ band was deconvoluted by a curve fitting algorithm. Band
positions for curve fitting were estimated using the second deriva-
tive of the spectrum, and band shapes were approximated by
mixed Gaussian and Lorentzian functions until reaching the mini-
mum in x> The value of the Lorentzian contribution, the intensi-
ties and the bandwidth of each component were allowed to vary.
After the fitting procedure, the relative contribution of a particular
component was calculated from the integrated areas of the indi-
vidual components. For all spectral manipulations the GRAMS/32
software package (ThermoGalactic, US) were used.

2.5. Circular dichroism (CD)

CD spectra were collected using a JASCO J-1500 spectropo-
larimeter at room temperature. Samples were diluted in PBS to a
final protein concentration of approx. 5 mg/ml and measured in
a 0.1 cm path-length cylindrical quartz cuvette (Hellma, Plainview,
NY, United States) in continuous scanning mode at a rate of 50 nm/
min, with a data pitch of 0.5 nm, response time of 2 s, bandwidth of
2 nm, and 3 times accumulation. All spectra were corrected by sub-
tracting a matching blank, and smoothed.

2.6. Protein identification using tandem mass spectroscopy (MS)
coupled with nano liquid chromatography (nanoLC-MS(MS)

Proteins were extracted from samples by repeated freeze-thaw
cycles. Following tryptic digestion of 12 pg protein/sample, the
samples were desalted using PierceTM C18 spin columns (Thermo
Fisher Scientificc, Waltham, MA, United States) as previously
described [22]. The resulting peptides were analysed using a Dio-
nex Ultimate 3000 RSLCnano liquid chromatograph (LC, Dionex,
Sunnyvale, CA) coupled to a high-resolution Bruker Maxis II Q-
TOF mass spectrometer (MS, Bruker, Bremen, Germany), equipped
with a CaptiveSpray nanoBooster ionization source. The peptides
were separated using gradient elution on a 25 cm Waters Peptide
BEH C18 nanoACQUITY 1.7 pum particle size UPLC column (Waters,
Milford, MA). Label-free protein quantitation (LFQ) was performed
using MaxQuant on a focused Homo sapiens database combining
Byonic (v3.5.0, Protein Metrics, Cupertino, CA) search results from
all MS/MS analyses [23]. Byonic search was performed against the
Swissprot Homo sapiens database [24], applying the following
search parameters: trypsin enzyme, 10 ppm peptide mass toler-
ance, 20 ppm fragment mass tolerance, 2 missed cleavages. Car-
bamidomethylation was set as fixed modification, and the
following modifications were included as variable modifications:
oxidation (M) as common; acetylation (protein N-term),
ammonia-loss (N-term C), Glu — pyro-Glu (N-term E) and
GIn — pyro-Glu (N-term Q) as rare. Requirements for protein iden-
tification were the following, set in Scaffold 4.10 (Proteome Soft-
ware, Portland, OR, [25]) with LFDR-rescoring on: 95 % peptide
confidence threshold, minimum of two unique peptides. The
protein-level False Discovery Rate was set to 1 %.

2.7. Bradford protein assay (UV-vis)

The total protein content of ghost (GHOST) and its derivatives
(NERY, SPROT, PELL) was determined using the Bradford assay that
involves the binding of Coomassie Brilliant Blue G-250 dye to pro-
teins [26]. Bovine serum albumin (BioRad) was used as standard,
from which eight consecutive dilution steps (0-25 pg/ml) were
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carried out in three parallel sequences. To 5 pl of each standard
and unknown sample solution, 250 pl dye reagent was added
and the mixtures were vortexed for 15 sec. The samples were incu-
bated at room temperature for at least 5 min and the absorbance
was measured at 595 nm with a BioTek Synergy 2 plate reader
on 96 well plates.

2.8. Dynamic light scattering (DLS)

A W130i dynamic light scattering apparatus (AvidNano, United
Kingdom) was used for measuring the average size and size distri-
bution of the samples [27]. 5 pl of the samples was diluted with
75 pl PBS buffer and measured in a microcuvette. The analysis of
the measurement data was performed with the i-Size software
supplied with the apparatus.

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

Small-angle X-ray scattering measurements were performed at
the Austrian SAXS beamline of the Elettra synchrotron (Trieste,
Italy) [28]. The samples were filled into the same quartz capillary
of 1.5 mm nominal outer diameter, washed thoroughly first with
water then ethanol between measurements of different samples.
After proper sealing, this was placed in a temperature-controlled
metal block, which was inserted into the air gap of the beam path,
enclosed by two Mylar® foils. Measurements were done using
monochromatized and collimated radiation of 8 keV photon
energy. The scattering pattern was recorded in the range of 0.5 -
5 nm~! in terms of the scattering variable, q (defined as
q =4Zsin0, where 20 is the scattering angle and Z is the X-ray
wavelength), using a Pilatus 1 M two-dimensional positive sensi-
tive CMOS hybrid pixel detector (Dectris ltd, Baden, Switzerland).
In order to be able to assess sample stability during the experi-
ment, twenty exposures, each 1 s long, were made for each sample,
including the relevant aqueous buffers. The individual exposures
were corrected for beam flux, geometric effects, and instrumental
background. The corrected scattering patterns were azimuthally
averaged to yield one-dimensional scattering curves for each
sample.

3. Results and discussion

3.1. Characterization of the ghost and ghost-derived
nanoerythrosomes with freeze-fracture transmission electron-
microscopy

The unique combination of the freeze-fracture (FF) procedure
with transmission electron microscopy (TEM) provides means for
the observation of the surface morphology of haemoglobin-free
ghosts (GHOST) and their derivatives: nanoerythrosomes (NERY)
that are obtained from ghosts by ultrasonication, and the two char-
acteristic fractions produced by ultracentrifugation of NERY: the
supernatant rich in released membrane proteins (SPROT) and the
pellet (PELL) containing most of the lipids. FF-TEM images shown
in panel I of Fig. 1 attests the GHOST being composed of large, lat-
erally extended (about 2-4 pm) sheets or frequently giant,
unilamellar-like vesicles. A closer look shows the membrane pro-
teins decorating the surface of the ghosts as closely packed grains
typically smaller than 10 nm. The usually convex inner half of the
bilayer (the so-called “P” surface, cf inset A of Fig. 1) contains more,
while the concave, outer half (the “E” surface, inset B) contains less
of these particles, in line with our previous FF-TEM results [15].

Ultrasonic treatment induces a significant change in morphol-
ogy, as instead of heterodisperse large sheets, stable (-45 mV (-
potential), nearly spherical, small nanoerythrosomes are formed
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Fig. 1. Freeze-fractured surface morphology of erythrocyte ghosts (GHOST, panel I); nanoerythrosomes formed during ultra-sonication of ghosts (NERY, panel II), released
membrane-proteins in the supernatant of ultracentrifuged nanoerythrosomes (SPROT, panel III) and pellet of ultracentrifuged nanoerythrosomes (PELL, panel IV).

with an average diameter of 155 nm shown in panel II of Fig. 1. The
surface features of the NERY are markedly different from GHOST.
Their outer surfaces are densely and heterogeneously packed with
proteins and protein aggregates. Some entirely broken through
NERYs also appear, showing that the inner surfaces are less cov-
ered by proteins (inset C in panel II of Fig. 1). Apart from these,
many small (10 - 30 nm) entities are also visible in the medium
(marked by circles in panel II of Fig. 1). These particles are presum-
ably solubilized membrane proteins or protein aggregates with
their lipid surroundings, released from the GHOSTs during ultra-
sound treatment. It cannot be precluded, that free proteins were
already present in the precursor ghost system, but their occurrence
was not observed on the micrographs. Panel III of Fig. 1 shows the
released proteins of the supernatant of centrifuged nanoerythro-
somes (SPROT) as small particles and aggregates under higher
magnification (inset in panel IIl of Fig. 1). Their size is heteroge-
neous, falling in the range between 10 and 30 nm. Dynamic light
scattering gives a characteristic mean diameter of approx. 25 nm
(with the assumption that the particles are spherical). The pellet
fraction of the centrifuged nanoerythrosomes (PELL) contains
rather closed entities, assumably more or less destroyed nanoery-
throsomes with protein aggregates (see panel IV of Fig. 1).

3.2. Compositional and structural studies with mass, circular
dichroism and infrared spectroscopy

Proteomic analysis was carried out to detect differences in the
protein pattern of the membrane-associated samples (GHOST,
NERY, PELL) and the released proteins (SPROT). Despite the
detailed, recently published proteomic data [29,30], a fresh study
was necessary to obtain information about these fractions. In total
166 proteins were identified with mass spectrometry in the four
samples. 121, 123, 137 and 80 different proteins were found in
GHOST, NERY, PELL and SPROT samples, respectively, of which 63

were present in all four (although undoubtedly, the preparation
method might bear influence on the actual protein composition
of the fractions). The four most frequent proteins were the same
in each fraction: the membrane skeleton proteins ankyrin and
spectrin (both o and B chains of the latter), as well as the integral
membrane protein Band 3. [31-36]. To give a semi-quantitative
description, a label-free quantitation (LFQ) was carried out using
MaxQuant. MaxQuant LFQ values of a given protein in a given sam-
ple were normalized to the total LFQ intensity of the respective
sample. Therefore the vertical axis contains the relative abundance
of a given protein to the relative abundance of all proteins in the
given sample shown in Fig. 2. It is obvious that spectrin o is
increased, while the Band 3 membrane protein decreased signifi-
cantly in SPROT. The changes for the skeletal and membrane com-
ponents are opposite in the PELL sample. Different number of
proteins were found to be exclusive for each fractions, shown by
the Venn diagram also in Fig. 2. The relatively small number of
exclusive proteins in SPROT (compared to PELL) indicates that a
moderate sonication process may cause a non-specific release of
membrane-associated proteins.

To assess changes in protein structure, circular dichroism (CD),
and ATR Fourier-transform infrared (FT-IR) spectroscopy was
applied. The former is the standard method for solution phase sam-
ples even in membrane environment, while the latter is an excel-
lent tool to follow even subtle conformational variations upon
minor perturbations detected in dry film samples.

Far-UV CD spectra (Fig. 3) of the fractions containing lipid bilay-
ers, i.e., GHOST, nanoerythrosomes (NERY), and the pellet (PELL),
displayed similar spectral shapes with minima at ~ 210 nm
and ~ 223 nm. For the supernatant fraction of centrifuged NERY
(SPROT), the corresponding peaks are blue shifted to 208 and
222 nm. Both spectral patterns are compatible with a mainly heli-
cal character of the major protein components identified, in the
individual fractions i.e.spectrins, ankyrin, and Band 3. CD spectra
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Fig. 3. CD spectra of ghost (GHOST) and its derivatives: nanoerythrosomes (NERY),
pellet (PELL) and supernatant (SPROT).

of soluble helical proteins are characterized by minima at 208 nm
and 222 nm, closer to the values found for SPROT. Accordingly, the
SPROT fraction may contain proteins resembling rather solubilized
proteins. Definite differences were also observed in the relative
intensity of the two minima, which can report on the associated
state of the helices, particularly for spectrin chains [37,38]. The
ratio I»»,/I50g less than 1 for the SPROT fraction could be indicative
of re-arranged helices of looser contacts compared to their state in
GHOST. Alternatively, spectral variations might indicate partial
denaturation of the proteins upon the sonication process, resulting
in no complete unfolding but in native-like, presumably molten
globule states, where most of the secondary structural elements
are maintened but re-arranged. Indeed, spectral changes similar
to that detected here were reported for both helical and sheet-
rich proteins upon transition to molten globules [39,40]. Molten
globules are known to be enriched in exposed hydrophobic
patches, thus being prone to aggregation.

The partial protein solubilisation process upon formation of
NERY particles from GHOST where membrane-associated proteins,

along with a reduced lipid content, are separated from the ghost
membrane matrix including membrane skeleton, the re-
arrangement of their structures and contacts can finally lead to
the formation of the protein-rich particles observed in TEM
micrographs.

The increase in relative protein content of the supernatant frac-
tion is further confirmed by FT-IR spectra. Bands with the highest
intensities from the spectra of ghost membrane and its derivatives
can be assigned to functional groups in either the lipids or the pro-
teins (Fig. 4) [41]. The characteristic lipid group frequencies appear
at wavenumbers approximately 2800-3300 cm~' for C—H and
1700-1800 cm~! for C=0 stretching vibrations [42,43], while pro-
teins exhibit the amide I (1600-1700 cm™!) and amide II (1500-
1600 cm~') bands of peptide bonds [44]. Changes in the secondary
structure and molecular environment of the proteins manifest
themselves in changes to the shape and position of the amide
bands.

1.6 5
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lipid C-H o B D ——NERY
144 . P a-helix § 19 =
S §ﬁ—sheet ——SPROT
2 127 y " ide Il
E amide
- 0
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Fig. 4. Amide I and II bands and C—H stretching vibration regions from FT-IR
spectra of ghost (GHOST), nanoerythrosomes (NERY), pellet (PELL) and supernatant
(SPROT). Spectra are normalized to the amide I intensity and shifted vertically for
better visualization.
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By deconvolution of the amide I region of the spectra (1600-
1700 cm™!), the component bands corresponding to o-helix
(around 1653 cm™!), B-sheet (1633 cm™!), turn (1681 cm ') and
intermolecular p-sheet (1617 cm™!) secondary structures can be
determined (Table 1). By CD spectroscopy it was seen that the o-
helical structure dominates in every fraction. Indeed, the analysis
of amide [ band components confirms the prevalent contribution
of the helical component. (Supplementary Material 1.).

The spectroscopic a-helix/B-sheet ratio is nearly 2.5 - 2.9, with
a slight deviation in the case of the NERY and the PELL fraction. A
difference could be identified in the case of SPROT, where the B-
sheet content seemed to be significantly less (spectroscopic o-
helix/B-sheet ratio in this case is 3.6).

Furthermore, the C—H (at 2922 and 2851 cm~') and the C=0 (at
1739 cm™!) stretching vibrations of the lipid acyl chains and of the
glycerol backbone, respectively, are significantly suppressed in the
supernatant fraction. Since the C=0 stretching band (vC=0) of the
lipids and the amide I band of the proteins are well separated, it is
possible to calculate a so-called spectroscopic protein to lipid ratio
(P/L) [16,41]. For this purpose, the ratio of the integrated intensi-
ties of the two bands are used. The estimated spectroscopic P/L val-
ues are shown in Table 1. Although admittedly not the same as the
stoichiometric ratios, these do express the enrichment or loss in
protein content. This is in line with the presence of protein-rich
particles formed from released membrane proteins in SPROT, as
previously assumed from TEM and CD results. Moreover, the peak
of amide I band envelope is shifted (from 1651 to 1654 cm™!), sug-
gesting an altered helix environment. This observation and the
increase in the amide I/amide II intensity ratio, the latter related
to changes in the tertiary structure of proteins, is consistent with
the hypothesis of the formation of molten globules deduced from
CD signal of SPROT.

3.3. Nanostructure of the mixture of ghost derived systems and
lysophospholipids

The addition of lysophospholipid to the separated ghost deri-
vates (NERY, PELL and SPROT) results in the nanoparticle forma-
tion. Experience shows that ultrasonication is hardly required in
the presence of LPC: at higher lysophospholipid ratio the sponta-
neous formation of nanoparticles is rapid, and the cloudy, turbid
mixture of precursors and LPC turns into a clear, transparent liquid,
indicating the significant decrease in particle size.

The SAXS curves of the three sonicated systems (NERY, PELL and
SPROT) with 2:1 and 5:1 LPC/protein weight to weight ratios are
shown in Fig. 5. After a monotonic decrease at the small-q region
of the scattering patterns, a wide hump appears at intermediate
values of the scattering variable (from 0.8 to 2 nm™!), which is
more expressed at higher LPC ratios. Both features are characteris-
tic for micelle-like scatterers: the small-q part carrying information
on the overall size of the particles, while the hump describes the
internal structure. Additionally, the SPROT-LPC systems exhibit
an upturn of the curve in the small-q range, which can be ascribed
to other, larger scattering objects. The reason can be the simultane-
ous presence of protein aggregates and lipid nanoparticles, espe-
cially in the case of the system with 2 LPC to protein ratio.
Considering the above-described properties, the SAXS curves can
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Fig. 5. One-dimensional SAXS patterns of the NERY, PELL and SPROT nanoerythro-
some fractions with two- and fivefold lysophospholipid to protein ratios. The curves
are shifted vertically for better observability.

be classified into three, rather than two shape categories, suggest-
ing that the precursor system has a stronger influence than the
added LPC.

As already said, small-q scattering is traditionally associated
with the overall size of the nanoparticles, or small unilamellar vesi-
cles, too [45]. The relationship is not straightforward, however,
where the scattering particle contains domains with both positive
and negative electron density contrast relative to the level of the
aqueous solvent (e.g., chain and head region of lipids, proteins).
For these, the Guinier radius, even if it can be derived at all, may
not be indicative of the geometric size of the particles. Presumably,
our nanoparticles are such micelle-like mixtures, but since their
central part does not consist solely of the hydrocarbon chains of
the lipids, the term “micelle” would be a misnomer. Nevertheless,
structural models usually applied for micellar systems can be use-
ful in this case, too.

3.4. Structural model of the nanoerythrosomes(NERY)-LPC mixtures

To obtain more detailed insight into the structural variations
upon the addition of LPC to the nanoerythrosomes (NERY), the
SAXS data were fitted by core-shell ellipsoid of revolution models
(details for SAXS model are in Supplementary Material 2, 2.2). The
fitting procedure was conducted in SasView 5.0.4 [46], using a least
square algorithm, by both built-in and self-developed models writ-
ten in Python. Since the optimization was performed on a relative
intensity scale, and it is known that the electron density of the car-
bon chains is smaller than that of water, we have fixed the scatter-
ing length density of the core (Ap,,,) to —1 [electron/A3]. The fitted
parameters were the equatorial radius of core (R, the anisotropy
of the core ellipsoid expressed by its aspect ratio (&, being the
ratio of the lengths of the half axis of revolution and the equatorial
axes), the thickness (Tge;) and the relative scattering length den-
sity of the shell (Apy,,)- Furthermore, a global scaling factor for

Table 1

Result of the curve fitting analysis of amide [ bands assessing protein secondary structure and the spectroscopic protein-to-lipid ratios.
Sample turn o-helix B-sheet intermolec. B-sheet P/L
GHOST 10.10 + 0.42 57.29 £ 0.16 22.19+0.72 1041 £ 0.14 238 +36
NERY 9.84+0.19 58.68 + 0.61 19.92 £ 0.38 11.56 + 0.04 235+35
PELL 8.58 + 0.11 58.17 £ 0.12 21.02 + 0.21 1224+ 032 152 +2.7
SPROT 10.79 + 0.40 66.57 + 0.21 17.34 £ 0.63 523 +0.04 33239
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accounting for the relative intensity scale, and an additive constant
for mitigating artifacts from incomplete background subtraction
have been also fitted. In the case of the nanoerythrosome sample
with 5 x LPC, a hard sphere structure factor also had to be included
to fit the data, resulting in two additional parameters: a hard
sphere radius (Rys) and the volume fraction (7). The structure fac-
tor was implemented using the decoupling approximation. The
shape of particles with their equatorial electron density profiles
are shown in upper part of Fig. 6. The fitted scattering curves are
plotted in the Supplementary Material 2.1, while the fitted param-
eters of the core-shell models are summarized in Table 2.

The equatorial core radius and shell thickness of the NERY-
based particles stay practically constant with increasing LPC
(Reore = 1.03 nm and 1.04 nm, Tge = 2.8 nm and 2.7 nm for
2 x and 5 x LPC, respectively), however the anisometry of the
5 x LPC system is lower (&, = 3.1 instead of 4.7), suggesting that
the particles are less elongated. This trend can be the consequence
of the lipid content of the nanoerythrosomes. Namely, the mem-
brane lipids have an effective cylindrical shape, preferring the for-
mation of flat layers. Thus, the addition of the conical-shaped LPC
increases the curvature in the entire interface of the assembly.

3.5. Structural modelling of the pellet(PELL)-LPC mixtures

The above introduced core-shell ellipsoid of revolution model
was not enough to describe the scattering curve of the PELL-LPC
mixtures (Supplementary Material 2.2). In the case where
2 x LPC was added to the pellet fraction, an extended model with
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Table 2
Structural parameters of the ellipsoidal model for the lipid nanoparticles having the
mixture of nanoerythrosomes and lysophospholipids.

NERY + 2 x LPC NERY + 5 x LPC
AP core —1 (fixed) —1 (fixed)
Reore[nm] 1.027 + 0.004 1.036 + 0.0015
Ecore 4.65 £ 0.03 3.10 £ 0.01
Tgpen[nm] 2.767 £ 0.005 2.712 £ 0.002
APsen 0.157 £ 1.6 x 107* 0.116 £5.3 x 107
Rus[nm] - 3.75
n - 0.0906 + 6.6 x 107

a hydrophobic core, a hydrophilic shell (Tspe;) and an additional,
moderately hydrophilic second shell (Tge) was required, as
shown in the bottom part of Fig. 6. The second shell increased
the extension of the lipid nanoparticle; however, its low scattering
contrast indicates the high hydration of the surface, presumably
being a protein corona. The other feature, namely the increase in
the local minimum between 0.6 and 0.7 nm~! on the scattering
curve of this sample, (c¢f. Fig. 5) can be attributed to a “baseline”
scattering of proteins not integrated into the nanoparticles. This
effect has been accounted for with a Gaussian chain intensity com-
ponent (detailed in the Supplementary Material), resulting in two
more fit parameters, the radius of gyration of the proteins
(Rgprorein) and a relative intensity scaling factor. This contribution
was not required with the 5 x LPC sample, probably because all
proteins have been accommodated by the increased amount of
LPS. Interestingly, the PELL + 5 x LPC resembles more the
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2 LPC 5 LPC

0

A(p) / rel.

NERY + LPC

————————--|I

—21LPC
-==5LPC

1
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i é Equato'rial radius / nm
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Equatorial radius / nm

Fig. 6. Ellipsoid models (left) of nanoparticles obtained by addition of lysophospholipid (LPC) to nanoerythrosomes (NERY, top) and their ultracentrifuge pellet (PELL,
bottom), and their fitted equatorial scattering length densities (Ap, right). The hydrophobic and hydrophilic shells are demonstrated with different colours in the model
sketch (hydrophobic core region: blue; hydrophilic shells: pink). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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Fig. 7. The cylinder models (left) of nanoparticles consisting of released membrane proteins in the supernatant (SPROT) and lysophospholid (LPC), and their fitted equatorial
scattering length densities (Ap, right). The hydrophobic and hydrophilic regions are demonstrated with different colours in the model sketch (hydrophobic region: blue;
hydrophilic region: pink). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Structural parameters of the ellipsoidal model for the lipid nanoparticles having the
mixture of pellet and lysophospholipids.

PELL + 2xLPC PELL + 5xLPC

Reore[nm] 1.234 £ 0.028 1.055 + 0.003
Ecore 6.38 £ 0.16 4,07 £ 0.02
Tspent [nm] 2.59 + 0.04 2.74 £ 0.01
AP (relative to Apg,,.) 0.224 + 0.016 0.137 £ 0.001
Tshenz[nm] 2.63 +0.04

Apghenz(relative to Ape,,) 0.022 + 0.001

Rg.pro[ein[nm] 2.18 £ 0.61

Gcore[nm] 0.2 (fixed) 0.2 (fixed)
Oshen[nm] 0.2 (fixed) 0.2 (fixed)

NERY + LPC samples. To increase the quality of the fit, the electron
density profiles were convoluted by Gaussian curves (width char-
acterized by o;, and g,,) to make the shell-solvent interfaces
smooth [47]. The convolution width parameters were fixed at
0.2 nm in a “trial and error” manner. Supposedly the increased
LPC ratio contributed to the embedding of proteins into the outer
region, whereby the second shell ceased to exist, but the interfaces
between core and shell and shell and solvent are rather smooth
than sharp. The fitted parameters are summarized in Table 3. The
models are described in detail in the Supplementary Material 2.2
and the fitted curves are plotted in Supplementary Material 2.3.

Of the two PELL + LPC samples, the 5 x LPC one has smaller core
radius (1.05 nm compared to 1.23 nm), while the ellipticity of the
core decreases from 6.4 to 4.1 when more lipid is added. The vol-
ume of 2 x LPC particle is approximately 7200 nm>. The total
radius of the core of 5 x LPC, including the smearing is
Reoretotal = Reore +20cre and the total thickness of the shell is
Tshetitotat = Tshen + 40spep. This means that PELL + 5LPC particle has
1.5 nm core radius and 3.2 nm shell thickness. The volume is
1800 nm? for PELL + 5LPC particle. Such a large deviation in the
volume of the two systems can be explained by the presence or
absence of the third region. Although a second shell was needed
in the case of PELL + 2LPC for a good fit of the measured data, its
electron density contrast is only slightly larger than the solvent
level, possibly causing the overestimation of the volume by incor-
porating the well-hydrated, fuzzy surface of the particles.

Interestingly, the samples derived from NERY and PELL all had
high aspect ratios, showing elongated ellipsoids, induced by self-
assembly of a mixture of cylindrical natural lipids and strongly
conical lyso-phospholipids.

3.6. Structural modeling of the supernatant(SPROT) + LPC systems

Before the LPC is added, the SAXS curve of the SPROT fraction
has two turns in the beginning and the final sections, indicating
the existence of two, well-separated size ranges, with their average
diameters falling into the range of approximately 1 and 30 nm (cf.
Supplementary Material 4). Possibly these correspond to the pro-
teins decorating the outer surface of nanoerythrosomes (10 nm)
and to the released proteins (10 — 30 nm) observed by FF-TEM (Il
and III panels of Fig. 1). The small particles (in approx. 1 nm size
range) represent the small proteins, which are also present in the
released membrane proteins. The scattering curves of
SPROT + LPC samples were fitted by the built-in core-shell cylinder
model of SasView, and the parameters are summarized in Table 4
and the models are shown in Fig. 7. (The experimental and fitted
SAXS curves are presented in Supplementary Material 2.5).

The fitted parameters were the radius (Rcs = 1.8 and 2.1 nm for
the sample with 2 x LPC and 5 x LPC, respectively) and the length
of the core cylinder (Lere = 1.46 and 2.11 nm), and the thickness
and the scattering length density of the shell (Tg,e; = 2.05 and
1.53 nm, Apg,;=0.158 and 0.332 for 2 x LPC and 5 x LPC systems,
respectively). Upon increasing the amount of the added LPC, the
cross-section radius and length of the cylinder increases, while
the thickness of the shell decreases. The volume of a cylinder is
chlinder = (Rcs +Tshell)2n(2Tshell+Lcore)- For SPROT + 2 x LPC this
is ~ 260 nm?, while for 5 x LPC ~ 210 nm>,

In summary, in all cases the volume of the particles decreased
by increasing the amount of added LPC. This behaviour is some-
what expected, since surface formation is energetically preferred
on the addition of amphiphilic molecules, as this way the overall
free enthalpy of the system decreases. Thus, smaller particles are
formed in order to obtain a larger total surface area.

Table 4
Structural parameters of the cylinder model for the lipid nanoparticles prepared from
SPROT + LPC.

SPROT + 2 x LPC SPROT + 5 x LPC

Res[nm] 1.79 £ 0.03 2.08 £ 0.01
Leore[nm] 1.46 + 0.04 2.12 £0.02
Tspen[nm] 2.04 £ 0.04 1.53 £ 0.02
Apgep(relative to Ap,..) 0.158 + 0.001 0.333 + 0.008
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4. Conclusion

Although the nanoerythrosomes (NERY), and its two main ultra-
centrifugation fractions, the pellet (PELL) and supernatant (SPROT)
exhibit nearly the same protein patterns, their original lipid con-
tents are different. The lipids in NERY are membrane lipids: typical
“bilayer”-preferring, cylinder-shaped ones, favouring the forma-
tion of vesicle-like objects. The addition of curvature-inducing,
inversely conical lysophosphocholine (LPC) molecules results in
the formation of prolate objects, as found by small-angle X-ray
scattering, based on a core-shell model approximation. Within
the frame of this model, the shape of the objects becomes less ani-
sotropic (more spherical) with increasing LPC ratio, and the curva-
tures extend on the entire surface of the nano-ellipsoids, as the
consequence of the lipid packing. In case of the PELL samples, hav-
ing the highest membrane lipid-to-LPC ratio, the simple “two-
phase” core-shell ellipsoidal model needs to be improved by either
accounting for the smoothness of the core-shell and shell-solvent
interfaces or introducing an additional shell or a Gaussian chain
contribution. This indicates that for smaller amount of additional
LPC, the resulting nanoparticles have a more complex shell struc-
ture, with a significant part of the released membrane proteins still
free in the aqueous phase. If more of the same lipid is added, these
lipid molecules become dominant over the membrane-originated,
bilayer-preferring lipids, resulting in a more regular “two-phase”
structure, simultaneously incorporating most of the proteins.

As it was concluded by IR measurements, the SPROT fraction
carries only a relatively small amount of membrane lipids. The lack
of these causes significantly different self-assembly of LPC and pro-
tein molecules, reflected in the different shape of the produced
nanoparticles. The experimental data is adequately described by
a cylindrical two-phase core-shell structural model, because the
geometrical shape of these nanoparticles built from the released
membrane proteins is expected to be rather a flat, disk-like cylin-
der than ellipsoid. Presumably, the proteins with a given lipid rep-
resent a less complex system, where the characteristic
interdigitated packing of LPC is accentuated as the length of the
hydrocarbon core represents only one single hydrocarbon chain-
length (1.5 and 2.1 nm). The high ratio of LPC also manifests in
the mixtures of other ghost-derived fractions (NERY, PELL), where
the diameter of the cores (2R..) also do not extend to twice the
typical length of the lipid chains. It seems that erythrocyte ghost
and its derivatives offer a biologically relevant platform for further
nanoparticle tailoring, even allowing the addition of further artifi-
cial (pharmaceutical) proteins.
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