RESEARCH ARTICLE

W) Check for updates

acio-

‘EM olecular

Bioscience

www.mbs-journal.de

Inhibition of the Fibrillation of Amyloid A, ,, by

Hybrid-Lipid-Polymer Vesicles

Newton Sen, Caroline Haupt, Gerd Hause, Kirsten Bacia, and Wolfgang H. Binder*

1. Introduction

The transformation of functional proteins into amyloidic plaques is

responsible for the impairment of neurological functions in patients fallen
victim to debilitating neurological conditions like Alzheimer’s, Parkinson’s,
and Huntington’s diseases. The nucleating role of amyloid beta (Af;_4)
peptide into amyloids is well established. Herein, lipid hybrid-vesicles are
generated with glycerol/cholesterol-bearing polymers aiming to alter the
nucleation process and modulate the early phases of Ag, 4, fibrillation.
Hybrid-vesicles (+100 nm) are prepared by incorporating variable amounts of
cholesterol-/glycerol-conjugated poly(di(ethylene glycol),,acrylates), polymers
into 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) membranes. The in
vitro fibrillation kinetics coupled to transmission electron microscopy (TEM)
is employed to investigate the role of hybrid-vesicles on AB, 4, fibrillation
without destroying the vesicular membrane. Both polymers, when embedded
in hybrid-vesicles (up to 20%) significantly prolonged the fibrillation lag phase
(ti.g) compared to a small acceleration in the presence of DOPC vesicles,
irrespective of the amount of polymers inside the hybrid-vesicles. Along with
this notable retardation effect, a morphological transformation of the
amyloid’s secondary structures to amorphous aggregates or the absence of
fibrillar structures when interacting with the hybrid-vesicles is confirmed by

TEM and circular dichroism (CD) spectroscopy.
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Fibrillar aggregation of proteins has re-
ceived increasing attention due to the in-
volvement of such proteins in a vari-
ety of neurodegenerative diseases, such as
Alzheimer’s, Parkinson’s, and Prion dis-
eases. The assembly of the amyloid pep-
tides A, 4y, in particular has been stud-
ied in more detail, especially in view of
forming oligomeric forms of these polymor-
phic aggregates, which are considered toxic
to neurons.!!! During pathological aggrega-
tion, the monomeric and soluble peptides
or proteins are converted into oligomers
and finally into amyloid fibrils** similar to
the in vitro formation of protein fibrils.[?!
Mechanistically, the in vitro aggregation
process is characterized by a nucleation-
dependent sigmoidal growth phase, where
the region preceding the typically observed
steep increase in fluorescence intensity in
ThT-assays is termed as the lag phase,
during which (short-lived) oligomers com-
posed of only a few monomers are formed,
from wherein surface induced polymeriza-
tion monomers continues from previously
formed aggregates.??] A plethora of different small
molecules,*®! polymers,['*20] peptides!'’?!] and proteins,!?2%*]
nanoparticles, and nanomaterials!?*?*] have been shown to influ-
ence the aggregation resulting in modified growth-curves of Af
fibril formation in vitro, presumably interacting both, specifically
(via eg. intermolecular hydrogen bonds) and nonspecifically with
the fibrillation process.l?¢?”] Especially amphiphilic molecules
such as lipids or surfactants and their aggregates (micelles!’
and membranes!®?! or vesicles®’l) are strongly modulating
the assembly of Af. Thus surfactants (such as sodium dodecyl
sulfate, SDS), proposed to change the pathway of assembly at
concentrations below the critical micelle concentration (CMC),
lead to a change in the conformational state of the monomeric
species (recorded as an increase in a-helix content as mea-
sured by circular dichroism (CD) spectroscopy!®!)) by complex
formation between Af,,, and the surfactant’®?! or in Ag,,.*’]
Negatively charged membranes have been demonstrated to
exert a strong influence on amyloid aggregation, proposed to
accelerate the fibrillation by electrostatic interaction, whereas
zwitterionic lipids exert a strong effect on the oligomerization,°!
but only a minor influence on Af aggregation.**3*] Due to the
fundamental medical importance of lipids in view of fibrilla-
tion of AB, 437! the composition of vesicular membranes
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Figure 1. Concept showing the inhibition of amyloid AB 4 fibrillation by modified vesicles containing embedded cholesterol/diacylglycerol-modified-
poly(di(ethylene glycol),,,acrylates),. Mixtures of the polymers I, I, Il and IV (5-20 mol%) were generated with the lipid (DOPC), subsequently forming
hybrid-vesicles via film-rehydration and extrusion. The inhibition of Af,_4 fibrillation was then investigated in view of the polymers, the lipid as well as

the used concentration of the polymers inside the vesicles.

has shown to exert a considerable influence on aggregation,
in particular the presence of cholesteroll®’*!] and other lipid
membrane components, also in view of sizel*}! and their role in
surface-guided nucleation processes.[*-]

We have recently demonstrated that certain amphiphilic poly-
mers are able to inhibit fibrillation of Af, ,,.1*7% To this end a
series of different polymers, displaying a variable hydrophilicity-
hydrophobicity profile, induces a significant reduction of Ag, 4,
fibrillation based on their end groups or side chains.*’] Thus es-
pecially polymers bearing hydrophobic anchors, such as novel
lipid-polymer conjugates, were shown to display a strong in-
hibitory effect, partially also linked to conformational transitions
induced by temperature. The conjugates containing hydrophobic
lipid anchors (for example cholesterol, diacylglycerol) inhibited
APy fibrillation significantly (both lag, ,, and half times, ¢, ,)
as indicated by in vitro kinetic studies and transmission electron
microscopy (TEM).")

This motivated to investigate the fibrillation behavior of
some of these lipid-polymer conjugates directly embedded
into artificial vesicles, designed as a hybrid-vesicles con-
taining the cholesterol/diacylglycerol-modified-poly(di(ethylene
glycol),, acrylates),,, in more detail (see Figure 1). The polymers,
which bear hydrophilic oligo (ethylene) acrylate chains com-
parable to previously reported polymers, are intended to carry
membrane-anchoring groups at their chain end (cholesterol, di-
acylglycerol) to reach a stable embedding into the lipid bilayer
membrane. Thus in our current approach, the polymers, now
embedded in DOPC vesicles in amounts up to 20 mol%, re-
sult in a dense layer on the outside of the vesicles. Conceptually,
we incorporated these polymers into 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) vesicles to probe their influence on the
fibrillation of native Af, ,,. We put a detailed effort into the prepa-
ration of these hybrid-vesicles with varying polymer amounts, as
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well as into the final effects observed during fibrillation. Finally,
amyloid fibrils were investigated by electron microscopy (TEM)
and circular dichroism (CD)-spectroscopy.

2. Result and Discussion

2.1. Synthesis of the Polymers

Polymers (I-IV) bearing the cholesterol/diacylglycerol-modified-
poly(di(ethylene glycol),,acrylates), were prepared by RAFT-
polymerization as described previously, using appropriate RAFT-
agents bearing the cholesteryl (I, II)/diacylglycerol units (III,
V). Details of the synthesis reported in the Supporting Infor-
mation (SI), selected details on the achieved molecular weights
(M,), polydispersities (M,,/M,) as well as a thorough character-
ization by NMR-spectroscopy and MALDI-TOF have been re-
ported earlier and are presented in Table 1. Thus, it is possible
to reach an excellent end group fidelity, with the two main end
groups, cholesteryl- and diacylglycerol completely present in all
polymer chains, as exemplified by MALDI-TOF and NMR. We
here have focused on only a single set of polymers to investigate
their subsequent incorporation into DOPC vesicles, where hy-
drophilicity was restricted to only two ethylene oxide (EO)-units
in the sidechain of the acrylate polymers. We were able to reach
molecular weights ranging from 2200 to 9000 Da, as well as suc-
cessfully implement the respective cholesteryl- and diacylglycerol
units at the chain end of all polymers. Most polymers display
lower critical solution transitions, as indicated in Table 1.

2.2. Formation of the Hybrid-Vesicles

We subsequently turned our attention to the formation of hybrid-
vesicles, composed of the polymers in mixture with DOPC as
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Table 1. Properties of the used thermoresponsive polymers I, 11, Ill, and IV
to understand their influence on Ap 4 fibrillation after embedding into
hybrid liposomes composed of DOPC. Polymers are further specified with
respect to their degree of polymerization (n) and the length of their ethy-
lene oxide (EO) sidechain (m).[5]

Entry Polymer Name End group n?d mb M ik (gmol™) Tcpc) (°Q)
1 I-Chol (m, n)  Cholesterol 9 2 2200 Above 90
2 11-Chol (m, n) 48 2 9000 42.8
3 1I-Gly (m, n) Glycerol 0 2 2550 Above 90
4 IV-Gly (m, n) 4 2 8450 39.4

2 Degree ofeolymerlzatlon (n) and molecular weight (M,,) determined from "H-NMR

in CDCly; " No. of ethylene oxide (EO) (m) units maintained from the diethylene
glycol mono ethyl ether (DGME) monomer; 9 Polymer cloud point temperatures
(T,y) determined in a 150 mM NaCl-solution supplemented 50 mM Na, HPO, buffer
atpH 7. 4.

Table 2. Mixing ratios of the lipid and the different concentrations (pro-
vided in mol%) of (I, II, 1l, and IV) polymers inside the hybrid vesicles.

Entry Polymer name  End group Lipid and conc. ~ Polymer  Molar ratio

of lipid (mM) conc.? [Lipid]/
(mol %) [Polymer]
1 I-Chol (9,2)  Cholesterol DOPC (1.5 mM) 5 20
2 10 10
3 15 6.7
4 20 5
5 I1-Chol (48, 2) 5 20
6 10 10
7 15 6.7
8 20 5
9 11I-Gly (10, 2) Glycerol 5 20
10 10 10
11 15 6.7
12 20 5
13 IV-Gly (44, 2) 5 20
14 10 10
15 15 6.7
16 20 5

3 Polymer mixed with DOPC in a chloroform: methanol (2:1) mixture.

the lipid component. Based on previously reported standard
methods (formation of a mixed lipid film, rehydration, extrusion
through 100 nm polycarbonate membranes)>'*?) we were able
to generate a number of different hybrid vesicles, as shown in
Table 2 and the Supplementary Table S1. Thus, ratios of the em-
bedded polymers ranging from ~5 mol% to 20 mol% inside the
vesicles were achieved.

The method yielded stable mixed vesicles as shown in Fig-
ure 2A-F. Cryo-TEM (cryo-transmission electron microscopy) im-
ages displayed vesicles in the desired size range, supported by
dynamic light scattering (DLS) measurements showing narrow
size distribution curves with maxima of ~#100 nm. The images
of Figure 2A-F and Figure S7, see Supporting Information, show
the hybrid vesicles embedded with variable molar percentages of
1-Chol (9, 2), TI-Chol (48, 2), ITI-Gly (10, 2) and IV-Gly (44, 2) poly-
mers with a size distribution profile in Figure S8, see Supporting
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Figure 2. Cyro-EM images of hybrid vesicles containing A) I-Chol (9, 2)
polymer (5%), B) 1l-Chol (48, 2) polymer (5%), C) 1l-Chol (48, 2) polymer
(20%), D) lI-Gly (10, 2) polymer (10%) E) IV-Gly (44, 2) polymer (5%)
and F) IV-Gly (44, 2) polymer (20%) with a scale bar of 250 nm.

Information. These hybrid-vesicles were stable for up to several
hours at 4 °C, a sufficiently long time for investigating the sub-
sequent assays to study amyloid fibrillation.

An important issue in this endeavor was to justify the pre-
cise amount of the polymers truly incorporated into the hybrid-
vesicles. To this end, several experiments were conducted to
prove that the polymers have been incorporated into the vesic-
ular membrane and are not just present as a physical mixture.

We used 3!'P-NMR spectroscopy of the lipids to check for
changes during the incorporation of the polymers into the hybrid-
vesicles. ' P-NMR spectroscopy is known to be highly sensitive to
the environment of the lipid head group,>3=>°! especially in view
of the lipid head groups and the surrounding polarities. Figure
S1B (see Supporting Information) shows results for the > P-NMR
of intact DOPC vesicles containing different amounts of incorpo-
rated polymers. Thus the formation of hybrid-vesicles is clearly
proven by changes in the chemical shift from —0.79 ppm for na-
tive DOPC vesicles to higher chemical shift-values when the poly-
mer is incorporated inside the vesicles. Incorporation of the poly-
mers in amounts ranging from 5% up to 15% showed changes in
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Figure 3. Confocal microscopy slice images of pure DOPC GUVs and hybrid-GUVs at room temperature using the lipophilic fluorescent tracer DilCyg
to visualize the lipid bilayer and potential membrane heterogeneities. Panel A) represents pure DOPC GUVs; B) shows the confocal image of a single
DOPC GUV. The gradual change in fluorescence along the perimeter is due to the polarization of the laser and the orientation of the dye in the lipid
bilayer.[>8] The fluorescence follows the expected pattern. C,D) depict the hybrid-GUVs composed of DOPC and 1I-Chol (48, 2) polymer, with 5 mol% of
11-Chol (48, 2) polymer during the initial mixing of DOPC and II-Chol (48, 2). The images show the same homogeneous distribution of the fluorescent
dye as in GUVs prepared from DOPC only, with no defects or signs of phase separation. Scale bars: (A) 20 um, (B) 5 um, (C) 10 um, (D) 5 um.

the 3'P-NMR resonances, indicative of the successful incorpora-
tion of the polymers inside the vesicle-membrane. Those changes
can be attributed to the different polar environments exerted by
the hydrophilic parts of the polymers, now incorporated into the
vesicular entities.

We also investigated changes in the zeta-potential (¢) after in-
corporating various amounts (5 mol% to 20 mol%) of I-Chol
(9, 2), II-Chol (48, 2), III-Gly (10, 2) and IV-Gly (44, 2) poly-
mer into the DOPC vesicles (see Figure S2, Supporting Informa-
tion). In the case of I-Chol (9, 2), and II-Chol (48, 2) polymer-
bearing hybrid-DOPC vesicles, there are smaller changes in the
¢-potential with increasing amounts of the polymers. A final
proof was gained by quantifying the amounts of polymers inside
the vesicles by separation of freshly formed vesicles from solution
by centrifugation, subsequent removal of the buffer, and quan-
tification by 'H-NMR spectroscopy. The values of the initial mix-
tures fall close to the values obtained after vesicle isolation (see
Figure S1A, Supporting Information), proving the true incorpo-
ration of the polymers into the vesicular bilayer membranes.

Macromol. Biosci. 2023, 2200522 2200522 (4 0f9)

We also visualized the membranes of hybrid vesicles by
confocal fluorescence microscopy of fluorescently labeled gi-
ant unilamellar vesicles (GUVs) to check for an eventual mem-
brane phase separation or unusual membrane morphologies
which could potentially be caused by the polymer.**5’] In the
confocal images of hybrid-GUVs (5 mol% of II-Chol (48, 2)
polymer), labeled with the lipophilic 1,1“-dioctadecyl-3,3,3”,3’-
tetramethylindocarbocyanine perchlorate (DiIC,g) dye (see Fig-
ure 3) no membrane inhomogeneities could be seen.

2.3. Inhibition of A, ,, Fibrillation by Added Hybrid-Vesicles

To examine the impact of tunable hybrid-vesicles on amyloid fib-
rillation, thioflavin T (ThT) based in vitro fibrillation kinetics as-
says were used to investigate quantitatively the hybrid-vesicles”
influence on Ap,,, peptide fibrillation. To perform the kinetic
investigations, the monomeric peptide (10 uM) was mixed phys-
ically with the hybrid-vesicles in a 150 mM NaCl containing
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Figure 4. Influence of hybrid-vesicles composed of DOPC and variable percentages (up to 20 mol%) of cholesterol end group bearing A) I-Chol (9, 2)
and B) 11-Chol (48, 2) polymers on A 4 fibrillation. 75 uM (5 mol%), 150 uM (10 mol%), 225 uM (15 mol%), and 300 uM (20 mol%) polymers were
embedded during hybridization of 1.5 mM DOPC lipid. Fibrillation of Af; 4o is monitored via the ThT fluorescence intensity in a 50 mM Na,HPO,
buffer containing 150 mM NaCl at pH 7.4 and 37 °C with repeated agitation. The fibrillation profile of Af;.49 (10 uM) in the presence of hybrid-vesicles
(%100 nm) is monitored by ThT fluorescence intensity with time. A summary of the lag time, #,,; and the halftime, t, ;, are obtained from the fibrillation
kinetic assays and plotted against the embedded polymer concentrations in hybrid-vesicles, further compared to pure DOPC vesicles D). Maximal fibril
mass formation, derived from the main ThT fluorescence intensity of Figure S3, Supporting Information, both liposomes and hybrid liposomes are
compared with native Af; 4o (dotted black line) with indicated error bars C). The error bars of all figures indicate the standard deviation among the

independent replicates.

50 mM Na,HPO, buffer at pH 7.4 and 37 °C. ThT fluorescence
intensity increased with the propagation of amyloid Ag, ,, fibril-
lation and therefore the ThT fluorescence intensity at A = 488 nm
was used to track the aggregation kinetics as well as to decipher
the influence of lipid vesicles hybridization on amyloid fibrilla-
tion. Both cholesterol (I, II) and glycerol (III, IV), polymers were
used for the hybridization of DOPC vesicles to study their influ-
ence on Ap, 4, fibrillation.

2.3.1. Retardation of Fibrillation by Cholesterol-Modified-
Poly(Di(Ethylene Glycol),, Acrylates), Embedded in Hybrid-Vesicles

To investigate the effect of hybrid-vesicles on peptide fibrillation,
firstly the fibrillation kinetics of the Ap,_,, peptide was monitored

Macromol. Biosci. 2023, 2200522 2200522 (5 of 9)

in the presence of native, polymer-free DOPC vesicles. By com-
paring the kinetics in the presence or absence of DOPC vesicles,
a slight acceleration of fibrillation was observed with pure DOPC
vesicles, as revealed by the faster lag time (t,,,) changing from ~2
hto 1 h.5% (Figure 4A,B).

Subsequently, the cholesterol-bearing polymers I-Chol (9, 2)
and II-Chol (48, 2), with molecular weights of 2200 and 9000 Da,
were embedded into the hybrid-DOPC vesicles. Variable molar
percentages up to 20% were probed to investigate whether the
end group of the polymer, the molecular weight, and the percent-
age of the incorporated polymers exert an influence on fibrilla-
tion. From the fibrillation assays (see Figure 4), a significant inhi-
bition effect from the polymers (both I, II) bearing hybrid-vesicles
was clearly observed, proving that both molecular weights of the
polymers in the hybrid vesicles inhibited the fibril formation.
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Figure 5. Impact of embedded A) IlI-Gly (10, 2) and B) IV-Gly (44, 2) polymers in DOPC-hybrid vesicles on A4, (10 uM) fibrillation. The ThT kinetics
were performed in 150 mM NaCl supplemented Na,HPO, buffer (pH 7.4) at 37 °C in shaking mode. Influence of the polymers (5 mol% to 20 mol%)
incorporated hybrid liposomes (~100 nm) on Af_4, fibrillation are plotted against the time and compared to pure DOPC (1.5 mM) vesicles. Fibril load
(calculated from Figure S3, Supporting Information) after incubation with hybrid- and pure DOPC-vesicles are presented against the respective molar
concentrations and compared to native Af49 (dotted black line) C). tj,; and t; 5, derived from fibrillation kinetics, of hybrid-vesicles are compared to
DOPC vesicles D). The errors of the replicated measurements indicate with bars. Polymer concentration mentioned in Figure 4 was incorporated for the

hybridization of 1.5 mM DOPC.

With an increasing molecular weight of the polymers, the fib-
rillation time (t,, and ¢, ,) was significantly increased. A steeper
slope of the kinetic assays was clearly observed with the hybrid-
vesicles bearing I-Chol (9, 2) polymer compared to the II-Chol
(48, 2) polymer embedded hybrid-vesicles. Probably the II-Chol
(48, 2)-vesicles modulate the early nucleation processes of fibril-
lation, which led to changes in fibrillation behavior along with
pronounced inhibition impact. All embedded polymer concen-
trations (5 mol% to 20 mol%) within the hybrid-DOPC vesicles
retarded the fibrillation notably compared to native A, ,, alone.

The strongest inhibition was asserted by the 5 mol% polymer
containing hybrid-vesicles for both polymers. An increased lag
time of ~27 h and ~16 h, as well as an elongated half time of

Macromol. Biosci. 2023, 2200522 2200522 (6 of 9)

~30 h and ~32 h, was observed respectively for I-Chol (9, 2) and
II-Chol (48, 2) polymers in hybrid-vesicles, compared to Ap, 4,
(hag ~ 2 h and t,, ~ 4 h) without any hybrid-vesicles. A sub-
stantial delay of fibrillation time was observed even with higher
amounts (10, 15, and 20 mol%) of polymers in DOPC-hybrid
vesicles. The elongated fibrillation for the above-mentioned
polymers bearing hybrids was quantified with a delayed lag time
of 2 h to 10 h for the I-Chol (9, 2) polymer and 3 hr to 5 hr for the
II-Chol (48, 2) polymer (Figure 4A,B). Another important aspect
of fibrillation is the amount of fibrils that can be extracted from
the raw ThT intensities when the intensities reach a maximum
(see Supplementary Figure S3, Supporting Information). The
total amount of fibrils is increased significantly for native DOPC
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Figure 6. TEM images were recorded after A, 4 fibrillation in ThT assays using a negative stain of uranyl acetate. The representative images of Af.4
fibrillation either in the absence of liposomes A) or in the presence of DOPC liposomes B), and hybrid liposomes containing 10% of I-Chol (9, 2) C), 20%
of II-Chol (48, 2) D), 5% of llI-Gly (10, 2) E), 10% of IV-Gly (44, 2) F) polymers. The scale bar in E represents 500 nm; all other bars represent 250 nm.

vesicles compared to the native Ap,,,, whereas the amount
of mature fibrils dropped substantially for all hybrid materials
irrespective of the amounts and nature of polymers embedded
(Figure 4C). Depending on the presentation of the polymer out-
side of the vesicles we believe that an efficient interaction of the
polymer-chain with the nucleating amyloid proteins is guided
by both, hydrophobic interaction towards the amyloid Af,
proteins and a steric stabilization effect (stealth-effect), the latter
being concentration dependent. Similar to steric stabilization a
concentration of ~5 mol% is the most efficient concentration to
exert steric stabilization towards the nucleating amyloid Ap, 4,
proteins by the then extended polymer chains.

2.3.2. Fibrillation Inhibition by Diacylglycerol-Anchored-
Poly(Di(Ethylene Glycol),,Acrylates), Polymers in Hybrids

The retardation of fibrillation was similarly observed for the other
investigated hybrid-vesicles (bearing the III-Gly (10, 2) and IV-
Gly (44, 2) polymers). The inhibition of fibrillation was pro-
nounced for all the investigated concentrations (up to 20 mol%)
of these glycerol end group-bearing polymers in DOPC vesicles
(see Figure 5), with the most significant inhibitory effect at the
highest concentration, especially with the polymer III-Gly (10,2).

Among the investigated polymer concentrations in vesicles (5
mol% to 20 mol%), the strongest retardation of fibrillation was
observed for those containing 15 mol% and 20 mol% of both III-
Gly (10, 2) (M, = 2550 g mol') and IV-Gly (44, 2) (M, = 8450 g
mol™!) polymers, by a factor of ~27 for 15 mol% III-Gly (10, 2),
~66 for 20 mol% III-Gly (10, 2), ~#20.4 for 15 mol% IV-Gly (44, 2)
and ~20 for 20 mol% IV-Gly (44, 2) bearing vesicles, respectively
(see Figure 5D). Considering the amount of fibrils in aggregates,
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a significant reduction of fibrils was quantified from the unnor-
malized fibrillation kinetics (Figure 5C andFigure S3, Support-
ing Information). The reduction of fibrils became more predomi-
nant in the case of glycerol-anchored polymers in hybrid-vesicles,
when compared to the cholesterol-anchored polymer containing
vesicles (see Figure 4C and Figure 5C). Again the most hydropho-
bic polymer (III-Gly (10,2)) showed the strongest inhibitory ef-
fect, assuming that there might be an influence from the very
high cloud temperature (T;, > 90 °C) of the polymer, forming an
external conformation of the polyethylene oxide (PEO)-part.

As the fibrillation kinetic assays clearly prove the inhibitory
effect of hybrid-vesicles, we further investigated morphologi-
cal changes of Ap, ,, aggregates induced by the hybrid-vesicles.
Therefore, TEM imaging of the Ap,,, aggregates in the pres-
ence or absence of hybrid-vesicles was performed (Figure 6). In-
cubation of monomeric Ap,,, peptide during fibrillation with
pure DOPC liposomes resulted in amyloid fibrils (Figure 6B).
On the contrary, all hybrid DOPC-vesicles induced amorphous,
less compacted fibrillar aggregates or no aggregates formation of
monomeric peptide (Figure 6C-F and Supplementary Figure S6,
Supporting Information).>%6%]

Structural transitions of the A, ,, peptide were further probed
by far-UV circular dichroism (CD) spectroscopy. Fibrillation of
the Ap,.4, peptide leads to a conformational shift from primary
(negative minima at ~#200 nm) to secondary structures enriched
with mainly p-sheet (negative signal ~ 220 nm) containing
fibrillar aggregates. Structural shifting to fibrillated structures,
found in TEM images for Ap,,, alone and in the presence
of DOPC liposomes, was further confirmed by the indicated
minima at ~#218 nm for f-sheet structures from CD-spectra. In
contrast, the absence of this negative ~#218 nm signal indicates
there was no or an only minor presence of fibrillar structures
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Figure 7. CD spectra of Afi; 4 either in the presence of polymers bearing hybrid-vesicles or pure DOPC vesicles, compared to the freshly prepared
nonaggregated Af;.4o peptide in 50 mM Na,HPO, buffer (supplemented with 150 mM NaCl) pH 7.4. Inset of the plot shows molar percentage of
polymers in hybrid liposomes. Mean residual ellipticities (MRE) of A, 4o peptide are recorded for hybrid liposomes containing A) II-Chol (48, 2) and
B) IV-Gly (44, 2) polymers after ThT-dependent fibrillation assays. The transition from the random coil of native peptides to f-sheet enriched fibrils of

mean residual ellipticity at 218 nm is displayed.

after interaction between hybrid-vesicles and the Ap, ,, peptide
during fibrillation, as rather a small negative shifting of the
CD-spectra ~200 nm was observed. The morphological shift
from fibrils to amorphous or no aggregates as observed in the
TEM images, is thus further supported by CD-spectroscopy (see
Figure 7 and Figure S4, Supporting Information).

3. Conclusion

Herein we present a remarkable impact of cholesterol/
diacylglycerol-polymer-hybrid-vesicles on the fibrillation of
Ap,,, peptides. We observe a clear retardation of fibrillation by
the addition of hybrid-vesicles with both polymers in amounts
of 5 — 20 mol% of added polymer. The suppression became
more pronounced with the glycerol-anchored polymers bearing
hybrid-vesicles compared to those bearing the cholesterol-
anchor.

Apart from the strong retardation effect on fibrillation, a mor-
phological shift (fibrils to amorphous) of the aggregates was ob-
served. An explanation could be a nonproductive binding of the
peptide to the hybrid-vesicles” water-accessible hydrophobic sur-
face, responsible for exceeding the solubility limit of the pep-
tide, ultimately transforming the peptide to amorphous aggre-
gates via weak interactions like electrostatic and intermolecular
interactions.’>®1] A further effect seems to be related to the hy-
drophobicity of the used polymers. Thus, polymers with a larger
hydrophobic part show a less pronounced retardation, in com-
parison to those polymers displaying a shorter hydrophobic part,
inline with a higher thermal transition.

Overall, this work demonstrates that the surface of the vesi-
cles, decorated with hydrophilic polymers, can significantly alter
amyloid Ap, 4, fibrillation. It is obvious that polymer embedded
hybrid-vesicles can more efficiently bind to the primordial states
of the amyloid protein, in turn inhibiting the formation of the
cross f-sheets, as proven by the TEM and CD-spectroscopy. We
now further exploit this attractive behavior by different hybrid-
vesicles, bearing different polymers to investigate further more

Macromol. Biosci. 2023, 2200522 2200522 (8 of 9)

with other polymers bearing hybrid-vesicles and their influence
on Ap, ,, fibrillation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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