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ABSTRACT

Recognition and capture of amyloid beta (AP) is a challenging issue in the early diagnosis of
neurodegenerative disorders, such as Alzheimer’s disease (AD). Here, we report on novel
nanoassemblies based on magnetic nanoparticles (MNP) covered with a non-ionic amphiphilic 3-
cyclodextrin (aCD, SC160H) and decorated with KLVFF peptide for the self-recognition of the
homologous amino-acids sequence of AP} and recruiting of the toxic form AP (1-42). SC160H
was synthesized by modifying CD primary side with thiohexadecyl chain and the secondary rim



with poly-ethylene glycol arms bearing in average 4-5 units of ethylene oxide for glucose unit.
MNP@SC160H nanoassemblies were prepared in water by mixing pre-formed SC160H
nanovesicles with MNP followed by magnet settling and freeze-drying. The nanoassemblies were
characterized by TGA, XPS and magnetization measurements. The capping reaction afforded an
aCD coverage of ~ 22% w/w and, at an applied field of 1 kOe, MNP@SC160H exhibited a slight
decrease of mass magnetization (36 emu/g) vs naked MNP (48 emu/g). Adamantyl-(PEG)s-
KLVFF (Ada-Pep) was incorporated in MNP@SC160H with a loading of about 5.3 % w/w
(corresponding to 48 nmoles/mg of MNP@SC160H/Ada-Pep) by supramolecular interaction
between CD cavities and the adamantyl moieties, with the aim to expose the KLVFF peptide on
the nanomagnets surface. TEM analysis showed the presence of single domain
MNP@SC160H/Ada-Pep nanomagnets of 20-40 nm. DLS and C-potential measurements revealed
that MNP@SC160H nanoassemblies owned in aqueous dispersion a hydrodynamic radius (Ru)
of about 150 nm, which was unaffected by Ada-Pep decoration, while the negative C-potential of
MNP@SC160H (-35 mV) became less negative (-30 mV) in MNP@SC160H/Ada-Pep,
confirming the exposition of positively charged KLVFF on nanomagnets surface.

The ability of MNP@SC160H/Ada-Pep to recruit Ap (1-42) in aqueous solution was evaluated
by MALDI-TOF and compared with the ineffectiveness of undecorated MNP@SC160H and
VFLKF scrambled peptide-decorated nanoassemblies (MNP@SC160H/Ada-scPep), pointing out
the selectivity of KLVFF-decorated nanohybrid towards A (1-42).

Keywords: amphiphilic cyclodextrins, nanovesicles, magnetic nanoparticles, beta amiloid,
molecular recognition, MALDI-TOF analysis, oligopeptides, nanoassemblies, hybrid aggregates,

fishing

1. INTRODUCTION

Over the past decade, magnetic nanoparticles (MNP) have been identified as versatile tools in
biomedical applications ranging from sensing and detection of biomarkers to imaging, therapy and
theranostic.!®A variety of covering agents, including polymers, macrocycles, dendrimers etc.,

linked or adsorbed on MNP surface, confer them biocompatibility and biodegradability for in vitro



and in vivo treatments.”!” Due to their unique structural properties, such as the tunable core size
and large surface to volume ratio, functionalised MNP possess the capability to bind proteins and
cells.!' Alzheimer’s disease (AD) is a widespread neurodegenerative disorder, characterized by a
progressive failure in cognitive function and by memory loss.!? The aggregation of amyloid beta
(AP) peptides, whose major representative are the neurotoxic polypeptides AB (1-40) and AP (1-
42), is an event occuring at the early stages of AD.!* Such a pathological phenomenon can lead
eventually to the formation of the so-called AB plaques, that have been validated as an AD
hallmark.'*

The quantification of AP oligomers in cerebrospinal fluid (CSF) and, specifically, the Ap (1-42)
to AP (1-40) peptide ratio was proposed for the early AD diagnosis and to monitor the disease
progression, although the low level of oligomers in CSF made their reliable quantification
challenging. However, the reputed value of ApB in the pathological processes should be further
evaluated and consolidated since the overlapping of AD with other forms of dementia and the
limits of the current detection methods (i.e., ELISA, Western Blot, ultrasensitive bead-based
immunoassays) can cause controversial results.'®

Miniaturized magnetic devices at micro and nano-scale level have been widely exploited for

sensing and recognition of APB.'*! MNP modified with anti-biofouling,?® fluorescent,*!-*

plasmonic®* or scavenging®’nanolabels have been proposed to detect AP and/or inhibit its
abnormal aggregation in AP plaques or even to clean AP from blood.?® Among these, MNP

modified with antibodies,!'?

aptamers® or oligopeptides?!*® have shown high selectivity in
recognition of monomeric or aggregates amyloid species and/or in their disaggregation.

The hydrophobic pentapeptide KLVFF (H2N-Lys-Leu-Val-Phe-Phe-COOH, AB (16-20), see
Scheme 1), is the self-recognition sequence of the homologous amino acids sequence both in A3
(1-40) %7 and in the more toxic form AP (1-42),”® and is known to be the fragment responsible of
the nucleation of protofibrillar AB and further aggregation.”” Due to its recognition leading role,
this amino acid sequence could inhibit the aggregation into fibrils by disassembly of the preformed
aggregates.”’ Many variants of this sequence have been synthetized and studied as peptide-based
drugs for the treatment of Alzheimer’s disease.*°

Accordingly, a variety of metal nanoparticles conjugates with KLVFF or other peptides

28,31

exhibited properties in terms of inhibition and/or recognition of AP alloforms and deposits.>?



Cyclodextrins (CDs) are cyclic oligosaccharides with high capacity of entrapping hydrophobic
guest in their cavity or interacting outside the cavity with hydrophilic species.** CDs coupled with
specific binding peptides and/or nanoparticles served extensively for helping in the capture,
detection and disintegration of AP fibrils.>*37 Such nanostructured hybrid materials bearing both
organic and inorganic components have attracted attention due to the possibility of tailoring their
abilities in function of a desired responsiveness. As an example, in the field of biomedical research,
numerous CD-modified MNP have been proposed as hybrid nanoassemblies for tumor therapy,*®-
40 although few reports have concerned their utilize in biosensing.*! Recently, the electrosensing
of bio-target by CD vesicles hosting MNP (e.g superparamagnetic nanoparticles, SPION) has been
reported.*? CD-modified MNP are less explored in AD research and only rare reports deal with the
interaction of CD/MNP hybrids with AP peptides.*’ In the framework of this ongoing research,
recently various inorganic/organic hybrid platform based on CD were explored in our groups for
biomedical purposes.***’ Also hybrid self-assemblies based on amphiphilic CD (aCD) have been
proposed as nano-therapeutics*® or to inhibit amyloid fibrillation.*” A fine-tuning of the physico-
chemical properties, such as molar ratio of metal/covering agent, selection of entrapped drug
and/or fluorescent probe and decoration with targeting agents, is highly desirable for the
nanocontruct engineering to improve the payload delivery and/or recognition of cell receptors.®
The ability to control the supramolecular organization of the composite nanostructures is also
required for the effectiveness of the designed device. Our strategy explores most of the latter
properties together with the utilize of a specific oligopeptide motif which confers to nanomagnets
recognition ability for AP peptides. Accordingly, we newly design and fully characterize a
KLVFF-modified nanomagnet based on magnetite nanoparticles (Fe;O4; MNP) capped by an
amphiphilic CD shell (SC160H) for capture of AP peptides in aqueous medium. KLVFF
oligopeptide was conjugated to adamantane through a pegylated arm leading to Adamantanyl-
(PEG)4-KLVFF (Ada-Pep) with the aim to exploit the high binding constant of adamantane for
CD cavity (K = 10° M 1).#> 46 50 SITherefore, on one end, Ada-Pep was anchored on the
macrocyclic by supramolecular interaction®® >

was exposed on the nanomagnet surface (Scheme 1). MNP@SC160H and MNP@SC160H/Ada-

so that on the other side the recognition domain

Pep nanoassemblies were fully characterized by complementary techniques both as solid powders
and in aqueous dispersions. Finally, MALDI-TOF analysis was employed to validate the capability
of MNP@SC160H/Ada-Pep in catching out AP (1-42) from aqueous solutions. Adamantanyl-



(PEG)4-VFLKF- (Ada-scPep) decorated nanomagnets bearing the scrambled peptide VFLKF were

used as as negative control (see Schemel).
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Sketched view of oligopeptide-decorated amphiphilic cyclodextrin nanomagnets

(MNP@SC160H/Ada-Pep and MNP@SC160H/Ada-scPep) with the structures of Adamantyl-(PEG)s-

KLVFF (Ada-Pep) and Adamantyl-(PEG)s-VFLKF (Ada-scPep) and the interaction arrangement of




MNP@SC160H/Ada-Pep recruiting amyloid beta (1-42), AP (1-42), vs ineffective MNP@SC160H/Ada-

scPep.

2. EXPERIMENTAL SECTION
Chemicals and Materials

All solvents and reagents were obtained from commercial sources and purified before use if
necessary. Merck Kieselgel 60F254 plates were used for TLC, and Sephadex LH-20 for column
chromatography. Iron(ILII) oxide nanopowder (MNP) and B-Cyclodextrin were purchased by
Merck (Italy). All the solutions for spectroscopic characterization were prepared in ultrapure water
(Galenica Senese) and analyzed at room temperature (r.t ~ 25°C). Millipore Milli-Q purified water
(milliQ water) was used for analysis by MALDI-TOF mass spectra ( MALDI-TOF-MS).

Synthesis of Heptakis[6-deoxy-6-hexadecylthio-2-poly(ethylene glycol)]-f-cyclodextrin (
SCI160H). SC160H was synthesized by a slightly modified procedure.’® Briefly, heptakis(6-
deoxy-6-hexadecylthio)-B-cyclodextrin (1.54 g, 0.5 mmol), potassium carbonate (K>CO3, 2 molar
equiv.) and ethylene carbonate (60 molar equiv.) were dissolved in 10 mL of tetramethylurea. The
mixture was stirred at 150°C under nitrogen for 5 h followed by stirring at room temperature (r.t.)
for further 16 h. The solvent was removed under vacuum at 100°C and the crude was treated with
0.1 M sodium methoxide in methanol (MeOH) at 65°C for 3 h. The product was purified by size-
exclusion chromatography using a 1:1 chloroform:MeOH mixture as eluent, to obtain SC160H as
a powder. Yield: 47%.

'"H NMR (500 MHz, CDCI3): § = 0.88 (t, 21 H, CH3), 1.26 (br's, 182 H, CH2), 1.51-1.60 (m,
14 H, CH2), 1.74 (br, OH), 2.52-2.60 (m, 14 H, SCH2), 2.93-3.06 (m, 14 H, H6), 3.27-4.00 (m,
ca. 132 H, H2-5 and OCH2CH20), 5.07 (br, 7 H, H1). 3*C NMR (125 MHz, CDCI3): § = 14.1
(CH3), 22.5 (CH2), 28.5 (CH2), 29.1 (CH2), 29.4 (CH2), 29.5 (CH2), 29.7 [(CH2)n], 31.9
(SCH2), 33.7 (C6), 61.4 (CH20H), 69.8-74.5 (C3, CS5, CH20), 80.1-82.4 (C2, C4), 101.1 (C1).
Average molecular weights determined by MALDI-TOF-MS:3*% Mw=4224 Da; Mn=3974 Da;
PDI=1.063. At the most abundant peak, the average number (n) of ethylene oxide units (EO)
resulted equal to 32.



Synthesis of Adamantyl-(PEG)+KLVFF (Ada-Pep) and Adamantyl-(PEG)+-VFLKF (Ada-
scPep). Peptides, both KLVFF (Pep) and VFLKF (scrambled Pep, scPep), were synthesised on a
Liberty Peptide Synthesizer (CEM) according to microwave-assisted solid-phase peptide
synthesis.’” The synthesis was carried out using a NovaSyn TGR resin (substitution 0,22 mmol/g)
as a solid support. The Fmoc/tBut chemistry was used. Fmoc-amino acids were linked to the
growing peptide chain using 1-[(1-(cyano-2-ethoxy-2-oxoethylideneamino- oxy)-dimethylamino-
morpholinomethylene)] methanaminium hexafluorophosphate (COMU) as a condensing agent.
(PEG)4 and adamantyl were inserted by a double coupling cycle using Fmoc-15-amino-4,7,10,13-
tetraoxapentadecacanoicacid (Fmoc-(PEG)4) and adamantane-carboxylic acid (Ada-COOH) as
reagents. Each amino acid coupling was carried out under a four-fold excess. Removal of the Fmoc
protection during synthesis was achieved by means of 20 % piperidine solution in N,N-
Dimethylformamide (DMF). The following instrumental conditions were used for each coupling
cycle: microwave power 25 Watts, reaction temperature 75 °C, coupling time 300 s. The
instrumental conditions used for the deprotection cycles were: microwave power 25 Watts,
reaction temperature 75°C, deprotection time 180 s. The peptides were cleaved off from the resin
using a mixture of Tifluoroacetic acid/Water/ Triisopropylsilane (TFA/H>O/TIS, 95:2.5:2.5 v/v/v).
Crude peptides were recovered by precipitation with freshly distilled diethyl ether. The purification
of crude peptides was carried out by preparative reversed-phase HPLC using a SHIMADZU LC-
20A chromatography system equipped with an SPD-M20A photodiode diode array detector with
detection at 222 and 254 nm. A Kinetex C18 250 x 21.10 mm (100 A pore size, AXIA Packed)
column was used. The peptides were eluted at a flow rate of 10 mL/min according to the following
protocol: from 0 to 5 min isocratic conditions in 90% solvent A (H2O containing 0.1 % TFA)
followed by a 20 min linear gradient from 10 to 80% B , acetonitrile (CH3CN) containing 0.1 %
TFA, and then 5 min isocratic conditions in 80 % B (R=18min). Fractions containing the desired
product were collected and lyophilized. The identity of the synthesized peptides was confirmed by
MALDI-TOF-MS. Calculated mass 1104.7; Observed for Adamantyl-(PEG)4-KLVFF (Ada-Pep)
: [M+H]" = 1105.84; [M+Na]" = 1127.99 ; for Adamantyl-(PEG)4-VFLKF (Ada-scPep) [M+H]"
=1105.86; [M+Na]" = 1127.99. [M+2H]*" = 553.67.



Preparation of MNP@SC160H nanomagnets.An aqueous dispersion of SC160H nanovesicles
(1.2 mg/mL) was prepared as previously reported.’”** Briefly, SC160H (15 mg) was dissolved in
dichloromethane (DCM, 2 mL) and the solvent was evaporated overnight. The organic layer was
hydrated with ultrapure water (12.5 mL) at T= 50°C and sonicated by microtip probe (UW 2070
SONOPULS, Bandelin Electronic, Berlin, Germany) with a 35% power for 90 min by using an ice
bath and equilibrated at r.t.. MNP@SC160H were prepared by mixing MNP (15 mg) with the
aqueous dispersions of SCI60H (1.2 mg/mL, V=12.5 mL) under argon. The dispersion was left
stirring at r.t. for 72 h. MNP@SC160H were isolated by magnet settling for 48 h. The supernatants
were separated from residues and subjected to further settling by magnet for 24 h. All the magnetic
powders were collected together, washed with ultrapure water and separated by magnet settling
once again. Hence, MNP@SC160H was dried at 60°C under vacuum and isolated as a dark brown
powder (recovery yield about 63 w/w %).

Preparation of MNP@SC160H/Ada-Pep and MNP@SC160H/scAda-Pep nanomagnets. A
stock solution of Ada-Pep or Ada-scPep (1 mM) was prepared dissolving 1.13 mg of powder in
DCM/MeOH (97:3 v/v) and used to prepare an organic film of Ada-Pep or Ada-scPep (78 puM).
MNP@SC160H/Ada-Pep and MNP@SC160H/Ada-scPep, at about 1:1 molar ratio ([SC160H]
= [Ada-Pep] or [Ada-scPep] = 78 uM, 0.377 umoles) were prepared by hydration of the organic
film (Ada-Pep or Ada-scPep) with a pre-sonicated (~ 2 h) aqueous solution of MNP@SC160H
(7.2 mg, V=4.84mL) followed by a first sonication in ultrasonic bath for about 30 minutes, and
then for about 3h by a microtip probe sonicator under ice-cooling (see above). The final dispersion
was stored at 4°C overnight. Afterward, MNP@SC160H/Ada-Pep or MNP@SC160H/Ada-scPep
was precipitated by magnet settling and centrifuged at 6000 RPM for 20 minutes. The supernatant
was removed and the solid powder was washed and centrifuged again and then freeze-dried.

Peptide loading. An indirect method to evaluate the loading of Ada-Pep in
MNP@SC160H/Ada-Pep was used calculating the difference between the initial amount of Ada-
Pep (377 nanomoles) and the concentration of residual Ada-Pep in the supernatant after its

incorporation in the nanomagnets, determined by MALDI-TOF-MS.



Ada-Pep actual loading (AL%), theoretical loading (TL%) and entrapment efficiency

percentages (EE%) were evaluated as follows:

AL (%)
__amount of initial Ada — Pep — amount of Ada — Pep in the supernatant

= (1)

weight of nanomagnets

x 100

amount of initial Ada — Pep
TL (%) = , x 100 (2)
weight of nanomagnets

EE (%)
__amount of initial Ada — Pep — amount of Ada — Pep in the supernatant

amount of initial Ada — Pep

3)
X 100

Calibration curves of the standard Ada-Pep solutions were constructed by analyzing the data
from MALDI-TOF-MS. Standard solutions were prepared in the concentration range 1.0-10.0 uM.
Monoisotopic peaks were automatically detected using a freely available open-source software,
mMass (http://www.mmass.org). The m/z signal intensities were exported as peaks list and
processed by excel (Microsoft) software. The linear standard curve and the relative correlation

coefficient was reported in Figure S1.

Methods

Mass spectrometry. MALDI-TOF-MS of SC160H were acquired with a Voyager DE
(PerSeptive Biosystem) equipped with a delay extraction device (see SI).>+>°

Electrospray mass spectra (ESI-MS) of peptides conjugates (Ada-Pep and Ada-scPep) were
recorded on a Finnigan LCQ-DECA ion trap electrospray mass spectrometer (see Sl).

Thermogravimetric analysis (TGA). The analyses were conducted using a Perkin-Elmer TGA
7 and a TAC 7/DX (thermal ramp of 10 °C min™') in the range 50-800°C, in air atmosphere (60

mL min™).



X-Ray Photoelectron Spectroscopy (XPS). XPS spectra were acquired by using a VG
Microtech ESCA3000 Multilab spectrometer, equipped with a twin anode X-Ray source (Mg and
Al) and a five channeltrons detection system ( see SI).

Magnetic characterization. A custom-built Faraday magnetometer was used to measure the
samples’ specific moment o (i.e. the magnetic moment per unit mass) as a function of the applied
field at 27°C.%! The magnetometer is based on a Sartorius ME235S analytical balance and a NdFeB
permanent magnet, with a maximum applied magnetic field of approximately 0.12 T.

Dynamic Light Scattering and Electrophoretic Light Scattering. Dynamic Light Scattering
(DLS) was performed by a homemade apparatus.®? The particle size was obtained by means of the
scattered intensity correlation function. The wavelength used was 632 nm (35mW HeNe laser) and
the scattered light was detected in a self-beating mode at the scattering angle of 90°. For the data
analysis, we used the Laplace inversion algorithm in order to obtain the distribution of relaxation
times and the cumulant analysis to obtain the average hydrodynamic radius. The electrophoretic
mobility (1) of the colloidal samples, and hence the zeta potential value (C-potential), was
measured by using a ZetaPALS instrument (Brookhaven) which is based on the principle of the
Phase Analysis Light Scattering. For DLS and C-potential measurements MNP, MNP@SC160H
and MNP@SC160H/Ada-Pep were prepared by dissolving the freeze dried powder in ultrapure
water (0.16 mg/mL), sonicated by a microtip probe sonicator (see above) under ice-cooling (20
min) and equilibrated at r.t.

Trasmission Electron Microscopy (TEM). Morphology of MNP@SC160H/Ada-Pep was
investigated at University of Exeter (UK) using a TEM, JEM2100 LaB6, working at 200 kV, and
a digital Scanning transmission electron microscopy (STEM) equipped with BF & DF STEM
Detectors plus SE/BSE detector.®® Samples for TEM and STEM were prepared by placing 8-10
drops of pre-sonicated (about 3 h in ultrasound bath) dispersion in ultrapure water (~0.1 mg/mL)
on 300 mesh holey-carbon coated copper grids. Atomic force microscopy (AFM) was carried out
by Bruker Innova working in magnetic mode with sub-nanometer resolution.®*

Fishing protocol. The AP (1-42) monomerization was accomplished using the following
procedure. The peptide was dissolved in TFA (1 mg mL™!) and sonicated in a water bath for 10
min. Then the solvent was evaporated under a gentle stream of argon and 1 mL of
hexafluoroisopropanol (HFIP) was added to the resulting peptide film. After 1 h incubation at

37°C, the peptide solution was dried under a stream of argon and the residual was dissolved in 2

10



mL of HFIP. The solution was dried with an argon stream to remove the remaining trace of TFA
and the sample was again dissolved in 1 ml HFIP and frozen at —30°C. The iced solution was
lyophilized overnight. The lyophilized sample was dissolved in milliQ water, to obtain a
concentration of 2.2x10~* M (stock solution). Samples of AB (1-42) were prepared from stock
solutions to a final concentration of 10 uM. Each sample (300 uL) was incubated at room
temperature for 24 h with 1 mg of different MNPs, namely MNP@SC160H/Ada-Pep, and
MNP@SC160H/scAda-Pep and MNP@SC160H as controls. After incubation the supernatant
was removed (incubation fraction) from the nanoparticles (NPs) by magnetic settling. Hence
nanoparticles were washed three times in 300 uL. of milliQ water (washing fraction). Next, NPs
were suspended in 300 uL of DCM/CHsCN 97/3, and sonicated in a water bath for 10 min. The
supernatant was separated from NPs, dried under Nitrogen steam and solubilized in HFIP
(extraction fraction). Afterwards, each solution (incubation fraction, washing fraction and
extraction fraction) was frozen at —30 °C and the iced solutions were lyophilized overnight and
analyzed by MALDI-TOF (see Sl).

3. RESULTS AND DISCUSSION
Oligopeptide-decorated Nanomagnets based on Amphiphilic CD.

Synthesis of the nanoassembly components: SC160H, Ada-Pep and Ada-scPep. SC160H was
synthesized by the conventional procedure®® with slight modifications in the reaction time and the
reactants ratio (see Experimental). The precursor heptakis(6-deoxy-6-hexadecylthio)-3-
cyclodextrin was mixed with potassium carbonate, ethylene carbonate and tetramethylurea and
heated at 150°C for 5 h, followed by stirring at r.t. for further 16 h. The purified product,
heptakis[6-deoxy-6-hexadecylthio-2-poly(ethylene glycol)]-B-cyclodextrin  (SC160H) was
characterized by 'H NMR (Figure S2) and '*C NMR (Figure S3). An extensive grafting of the
poly(ethyleneglycol) chain (PEG) at the OH-2 was detected by MALDI-TOF-MS (see below) and
confirmed by the significant peak intensity at 3.65 ppm in the 'H NMR spectrum attributed to the
ethylene glycol protons (Figure S2). The extensive oligomerization at the OH-2 was ascribed to
the prolonged reaction time for the anionic hydroxyethylation with respect to the reported
procedure.’® The MALDI-TOF mass spectrum of SC160H consisted of a distribution of peaks
centered at about m/z 4216 (Figure 1). The main peaks, detected at m/z 3511+n44, are due to the

11



presence of molecular species (revealed as MH" ions) having different numbers of ethylene oxide
(EO) repetitive unit (from 14 to 44) in the PEG arms and corresponding in average to 4-5 units

EO per glucose unit (32 EO).
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Figure 1. MALDI-TOF mass spectrum of SC160H. Labels indicate the total number of ethylene oxide

repetitive units in PEG arms.

Moreover with the aim to decorate SC160H, an adamantyl conjugated peptide was synthesized.
At this respect, KLVFF peptide was selected due to its ability to recognize the homologous region
of the parent full-length AB peptide.””> ? A (PEG)4 chain, with a similar length as that one
functionalizing the secondary rim of SC160H, was inserted between the pentapeptide and the
adamantyl group, exploiting the latter to form inclusion complex with CD cavity.’*>*> Moreover,
the scrambled peptide conjugate Ada-scPep, bearing the VFLKF sequence, was also synthesized
to demonstrate the selectivity of KLVFF-decorated nanohybrid towards A} (1-42). The peptide
conjugates were totally synthesized by using the standard microwave-assisted Solid Phase Peptide
Synthesis (mw-SPPS) and their identity was determined by ESI-MS (Figure S4 and S5). Both
(PEG)s and Ada moieties were introduced with the peptide chain still anchored to the solid support.
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Preparation and characterization of Nanomagnets based on Amphiphilic CDs
(MNP@SC160H). MNP@SC160H were prepared by mixing in water pre-formed SC160H
nanovesicles and MNP nanopowder under inert conditions, followed by prolonged stirring at r.t.
and subsequent isolation by magnet settling. Similarly to other reported CD functionalised
magnetic iron oxide nanocrystals,*> MNP@SC160H were obtained by one-step reaction,
exploiting the multi-ligand effect of PEG-end hydroxyl groups of the aCD on iron oxide.®%¢’
Stabilization on aCD-functionalized MNP was achieved by steric effect of the amphiphile
dispersant shell that prevented reversible desorption of capping agent.%® Interestingly, Ravoo &
coworkers designed superparamagnetic NPs (SPIONs), few nanometers sized, embedded in lumen
of CD vesicles leading to magnetic field- responsive soft hybrid materials.®*’® On the other side,
our strategy, newly, aimed to get single domain nanomagnets based on an iron oxide core covered
with aCD to improve, upon further engineering of the aCD shell, the multifunctionality of the
magnetic nano-entity. Accordingly, detection of AP} was achieved by tailoring MNP@SC160H
nanomagnet with an appropriate KLVFF oligopeptide derivative.

The content of SCI60H on MNP@SC160H was estimated by TGA under air atmosphere
(Figure 2).

100 MNP
80 +
MNP@SC160H
9
= 60
=
(5]
=
40
20
SC160H
0

T T T T T T T 1
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 2. Thermogravimetric profiles of MNP, MNP@SC160H and SC160H, in air atmosphere

13



The TGA profile of MNP revealed a continuous weight loss until 800°C, leaving a residue of
about 93%. Instead, the TGA profile of SC160H showed thermal stability without significant
weight loss under 218°C with a double-step decomposition between 218°C and 550°C, with an
almost complete decomposition at 800°C. Finally, the thermal profile of MNP@SC160H showed
a decomposition step between 218°C and 450°C, leaving a residue of about 71.1% at 800°C. Based
on this result, a SC160H covering of 21.9 % was calculated.

The XPS surface relative chemical composition of the investigated samples is reported in Table
1. The decrease of the amount of Fe 2p photoelectron signal, along with the detection of carbon
and sulphur, on the surface of the MNP@SC160H clearly demonstrated the interaction between
MNP and SC160H.

Table 1. XPS surface relative chemical composition of the investigated samples. Elemental concentration

is expressed as atomic percentage (at. %).

System Cls O 1s Fe 2p S2p
SC160H 80.0 17.1 2.9
MNP 71.7 28.3
MNP@SC160H 75.7 20.2 11 3.0

Results of the curve-fitting of Fe 2p3/» evidenced the presence of Fe?* and Fe3* ions on the surface
of the investigated samples (Figure S6 and Table S1). The component located at BE = 710.0 (
where BE is the binding energy) and that at BE = 711.6 eV can be assigned to the presence of iron
oxides (Fe304, FeO) and Fe(OH)O species, respectively. The highest binding energy peak around
BE ~ 713.5 eV originated from the peak asymmetry observed in the Fe oxide band envelope.”*"
A different relative distribution of iron oxy-hydroxides and oxides species was detected on the
surface of MNP@SC160H with respect of that found in MNP. The higher surface Fe(OH)O/FeO
ratio (1.5 vs 0.3) could be possibly attributed to the interaction between iron hydroxide species on
MNP surface and hydroxyls of the SC160H poly(ethylene glycol) ends. Very similar C 1s spectra
were recorded for the pure SCI60H and MNP@SC160H samples, suggesting a similar surface
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distribution of carbon species, both before and after functionalization with MNP. The curve-fitting
of C 1s showed a major component located at BE = 285.1 eV assigned to R-C-C and R-C-CH
bonds, along with a component at BE = 286.5 eV ascribed to R-C-O and R-C-OH species and a
component at BE = 288.4 eV due to the presence of surface R-C-S species (Figure S7 and Table
S2). Results of the curve-fitting of O 1s spectra are listed in Table 2 and shown in Figure 3.

Table 2. XPS surface distribution of oxygen species in the investigated samples, resulting from the curve-

fitting of O 1s spectra (total peak area = 100%).

BE 530.5eV 531.3eV 532.7eV
Assignment Iron Oxides Hydroxides R-C-O, R-C-OH;
(FesO4; FeO) (OHY Fe(OH)O
SC160H 100
MNP 82 18
MNP@SC160H 17 83
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The O 1s spectrum of SC160H consisted of a single component located at BE = 532.4 eV that
can be assigned to the presence of surface R-C-O; R-C-OH groups.”! The curve-fitting of O 1s in
the MNP@SC160H sample evidenced a second component at BE = 530.3 eV, which is ascribed
to the presence of O* species in the oxide lattice as in Fe304.”! This component is predominant in
the curve-fitting of the O 1s peak of the MNP , along with a minor component assigned to hydroxyl
groups (OH)™ and Fe(OH)O species (BE = 531.3 eV). The decrease of lattice O species on the
surface of the aCD-modified MNP with respect of naked MNP strongly agrees with the SC160H
coverage on MNP through a capping process.

The mass magnetization hysteresis loops of pure MNP and of MNP@SC160H is reported in
Figure 4. Both MNP and MNP@SC160H showed a hysteresis and a coercivity of approximately
95 Oe, which was expected since MNP are ferromagnetic and are not sufficiently small to be
superparamagnetic. At an applied field of 1 kOe, MNP@SC160H owned a reduced mass
magnetization (36 emu/g) compared to that of the pure MNP (48 emu/g), likely due to the aCD

coating.
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Figure 4. Mass magnetization hysteresis loops of MNP and MNP@SC160H.

Preparation and characterization of Oligopeptide-decorated aCD Nanomagnets
(MNP@SC160H/Ada-Pep). In search of novel functional nanostructured entities, we envisaged

that decorating magnetic iron oxide nanoparticles with aCD bearing an AP recognizing peptide
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would result in a new hybrid construct able to efficiently interact with AP peptides and therefore
hampering their self-assembly into oligomeric/fibrillary toxic species. KLVFF-decorated aCD
nanomagnets (MNP@SC160H/Ada-Pep) were prepared by hydration of a KLVFF organic film
with the MNP@SC160H aqueous dispersion and were isolated by two cycles of magnetic settling,
centrifugation and washing of the nanoprecipitate. Ada-Pep loading was determined by analysing
the supernatant content by MALDI-TOF-MS. The loading was calculated by the difference
between the initially added Ada-Pep content and the Ada-Pep amount residual in the supernatant
(see Eqg 1) which was determined by the linear regression equation of the calibration curve (Figure
S1). The amount of Ada-Pep in the supernatant was 15 nmoles +5 (17 pug + 6) and Ada-Pep loading
was 362+ 5 nmoles (that is 400 = 6 pg incorporating in 7.6 mg of MNP@SC160H/Ada-Pep,
corresponding to about 54 pg/mg or 48 nmoles/mg of MNP@SC160H/Ada-Pep) with an
entrapment efficiency of about 96 % and an Ada-Pep loading of about 5.3%.

In aqueous dispersion MNP formed sub-micrometer clusters with a hydrodynamic radius (Ru)
of about 900 nm and a low electrophoretic mobility of -0.9 micron/s V/cm, corresponding to C-
potential of about -12 mV. Free SC160H formed nanoassemblies with Ry of about 100 nm and &-
potential of about -40 mV. MNP was stabilized by the covering effect of SC160H yielding
MNP@SC60H nanoclusters with a Ry of about 150 nm and an enhanced (more negative)
electrophoretic mobility of -3.16 um/s V/cm corresponding to a {-potential of -35 mV (Figure 5
and Table 3). MNP@SC60OH/Ada-Pep showed similar Ry vs MNP@SC160H and a lower C-
potential (-30 mV), indicating stability of KLVFF-tailored nanomagnet in aqueous dispersion,
without precipitation. This decrease of C-potential can be ascribed to the partial neutralization of
the surface charge after entanglement of Ada-Pep in MNP@SC160H, as observed for non-
magnetic SC160H/Ada-Pep showing a positive electrophoretic mobility of 2.2 um/s V/em (data

not shown).
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Figure 5. Size distribution of MNP, SC160H and MNP@SC160H.

Table 3: Hydrodynamic Radius (Rw), polydispersity index (P1), electrophoretic mobility (i) and C-potential

of aCD-based nanomagnets (MNP@SC160H and MNP@SC160H/Ada-Pep) vs SC160H and MNP.

System Ry Pl 1 ¢-potential
(nm) (pm/sV/cm) (mV)
MNP 900 0.30 -0.9 -12
SC160H 100 0.30 -3 -40
MNP@SC160H 150 0.30 -3.16 -35
MNP@SC160H/Ada-Pep 150  0.40 -2.4 -30

Morphology of aCD-decorated nanomagnets are reported in Figure 6. TEM images of
MNP@SC160H/Ada-Pep (Figure 6 A-C) showed single domain nanoassemblies with size of
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about 30-50 nm in which single MNP capped by SC160H bi- or multilayers were clearly observed,
analogously to other metal NPs covered with aCD functionalized with long-thioalkyl chain.*’ The
incorporation of magnetic entities in oligopeptide-modified aCD nanovescicles was demonstrated
by respective diffraction pattern (Figure 6D) and STEM of MNP@SC160H/Ada-Pep (Figure 6E,
i-vi) that semi-quantitatively evidenced the presence of the peculiar elements belonging both to

MNP (iron and oxygen) and SC160H/Ada-Pep (carbon, oxygen, sulfur, nitrogen).

C=NWHBN O~ ®O

-
3

Height 5.0 um

-5.8 nm

Figure 6. Representative TEM images of MNP@SC160H/Ada-Pep at low (A) and high resolution (B,C)
with diffraction pattern on nanoassembly clusters shown in A (D). STEM of MNP@SC160H/Ada-Pep
with linescans displaying total elemental analysis taken at 100 nm scale length (E), detected by peculiar
emission lines of elements (i—v) and total elemental analysis percentage (vi). Representative AFM image of
MNP@SC160H/Ada-Pep collected on 5 um x 5um with enlarged profile (taken at 200 nm scale length)

showing a nanomagnet about 50 nm wide and 9 nm high.
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TEM micrographs exhibited clusters of nanoassemblies with sizes higher than 100 nm, in

agreement with DLS results. Moreover, AFM microscopy carried out on samples casted on mica

surface showed the presence of clusters with the size ranging 50-200 nm and about 10 nm high

(Figure 6F).

Molecular fishing of A (1-42) by KLVFF Oligopeptide-Decorated aCD Nanomagnets.

In view of a suitable application of our magnetic nanoconstructs as diagnostic tools, we
investigated the ability of MNP@SC160H/Ada-Pep to capture AB (1-42) protein in aqueous
medium. Our aim was to demonstrate that KLVFF -decorated aCD nanomagnets captured AP (1-
42) by MALDI-TOF-MS detection following an optimized fishing protocol (Figure 7).

MNP@SC1GOHIAda Pep or MNP@SC160HNAda scPep B)

"X\\“

monomeric
N amyloid beta peptide
\./ solution

|| incubation
|| rt.24h

loke
\os ™/
\eof

magnet settling

v

‘ supernatant

removal . .
incubation

fraction

|

|| washing
| with
water

\

washing

DCM/ ||
fraction

CHCN ||
sonication!

supernatant
removal
organic solvent evaporation
HFIP adding

X

extraction
fraction

00 [AB(1-42)]
™
70
Z 0
2
S
&
£ mpa-a2r
0o i
3
< 200
w0
- J
2z \ c) extraction fraction
1 o " RS
8 m/z
E
£ /
2 a0 i "
S b) washing fraction
-g 300 00 2500 3000 m/z 3500 4000 4500 5000
ol [AB(1-42)12
[AB(1-42))*
10
B a) incubation fraction
00 2500 P Py a0 5000
C) 900
800
700
z
2 600
s
= 500
®
s
™ 2 w0
3
800 %, 300
700 200
z
'gwn 100
Esm ¢) extraction fraction
» 2500 w0 pm/z 3800 000 500 5000
=
3
T 1 [ap(1-a2)p i i
[AB(1-42)] b) washing fraction
. 00 2500 w0 m/z 300 000 5000
100
[AB(1-42)]*
3 ] i a) incubation fraction
2000 2500 300 m/z 3500 4000 4500 5000

Figure 7. Main steps of the optimized fishing protocol (A, see experimental); MALDI-TOF-MS acquired

after AB (1-42) fishing with MNP@SC160H/Ada-Pep (B) and MNP@SC160H/scAda-Pep (C). The mass

21



measurements were performed in a) supernatant solution after incubation of Af (1-42) aqueous sample with
the nanomagnets (incubation fraction); b) water solution used for washing nanomagnets after incubation
process (washing fraction); ¢) DCM/CH3CN (97/3) used to disrupt the interactions between the Ap (1-42)
peptide and the Ada-Pep immobilized in the nanomagnets (extraction fractions). Before MALDI-TOF-MS,
all the samples (incubation fraction, washing fraction and extraction fraction) were frozen at —30 °C and
the iced solutions were lyophilized overnight.

Three different fractions were obtained after co-incubation of KLV FF-decorated nanomagnets

with AP (1-42) solutions (see Figure 7B) and all the collected fractions were analysed by
MALDI-TOF-MS. In particular, the MALDI-TOF mass spectrum of the incubation fraction
(Figure 7B, trace a) show two signals at m/z 4514 and 2257, corresponding to the mono and double
charge of AP (1-42) respectively. The observed AP (1-42) signals indicated the excess of amyloid
not retained by nanomagnets that was completely removed by rinsing out the NPs with milli Q
water as evidenced in Figure 7B, trace b. Finally, the addition of a mixture of organic solvents
(DCM/CH3CN, 97/3) aided the disassembly of the nanoconstruct by extracting both bonded AP
(1-42) from peptide and Ada-Pep immobilized in the nanomagnets (extraction fraction, trace c).
Interestingly, the MALDI-TOF mass spectrum reported in Figure 7B, trace ¢ revealed a high-
intensity m/z signals corresponding to the AP (1-42) suggesting that most of peptide was retained
by MNP@SC160H/Ada-Pep. Therefore, the comparison of the spectra reported in Figure 7B
(traces a-c) suggested that KLVFF-decorated MNP@SC160H were able to interact with AB (1-
42) monomer catching it out from the aqueous solution.

To reduce signal variability, mass spectra acquired for each fraction (15 spectra, see
experimental) were averaged and monoisotopic peaks were automatically picked up. Spectra are
reported in absolute values in Figure 7B and used to semi-quantatively estimate A (1-42). Despite
the low reproducibility of MALDI measurements, the averaged values of AP (1-42) signal intensity
recorded over 15 replicate measurements, revealed a reasonable homogenity between the amount
of AP (1-42) and the corresponding signal intensities. This was supported by the calibration curve
calculated from MALDI-TOF averaged spectra of Ada-Pep standard (see Figure S1 in Sl).

The results of crucial experiments demonstrating the selectivity of our nanomagnet are reported
in Figure S8 and 7C: undecorated MNP@SC160H and MNP@SC160H/Ada-scPep nanomagnets

were used to operate AP (1-42) fishing under thye same experimental conditions.
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It is clear from Figure S8, that the incubation fraction (trace a) exhibits very low intensity signal
correspond to unbound AB (1-42) monomers. This is even more evident if compared with the
corresponding MALDI-TOF mass spectrum reported in Figure 7B (trace a). It is worth noting that
the MALDI-TOF-MS were acquired after 24h of incubation of the Ap (1-42) solution with the
nanomagnets. The low intensity of the AR (1-42) peak observed in Figure S8 (trace a) is ascribable
to an extensive peptide aggregation that occurred during the incubation time. By contrast, when
MNP@SC160H/Ada-Pep were used, the AB (1-42) aggregation was significantly slowed down
because of the presence of the KLVFF that is known to stabilize the monomeric form of Ap 1-42
avoiding its recruitment into aggregate forms.’

Interestingly, the AP (1-42) fishing experiments performed with the scrambled peptide-
decorated MNP@SC160H/Ada-scPep nanomagnet confirmed the sequence-specific recognition
ability of the native KLVFF sequence. Moreover, the absence of m/z signals corresponding to Ap
(1-42) in MALDI-TOF-MS reported in Figure 7C indicated that the scrambled analogue was
neither able to recruit AB(1-42) from incubation solution nor to prevent AB (1-42) aggregation.

A hypothesized arrangement of the capture of AP (1-42) by KLVFF-decorated aCD
nanomagnets was proposed in Scheme 1. The interaction of AB (1-42) on the surface of
nanomagnets was likely driven by the self-recognition between KLVFF regions belonging to AP
(1-42) and the homologous peptide sequence exposed on the surface of aCD capped nanomagnets,
through H-bonding and hydrophobic interactions in well agreement with previous reports.?’-?° This
hypothesis was further proved by the ineffectiveness of MNP@SC160H/Ada-scPep to recruit AB
(1-42), as no selective interactions between B-sheets of scrambled oligopeptide (VFLKF) on
nanomagnets surface and AB(1-42) sequence could take place.

Altogether, the results reported in this study point out the key role of the KLVFF peptide in
endowing the nanomagnets with specific recognition of the AP (1-42). The comparative analysis
with nanomagnets decorated with the scrambled peptide further validate this result. The ability of
the designed nanoconstruct to selectively detect the amyloid peptides in sample solutions
containing other peptides/proteins still remains to be explored. The effectiveness of these potential
diagnostic tools might be proved by setting up experiments with artificial mixtures, as first attempt,
followed by validation with biological fluids. In this regards studies are in progress in our labs.
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4. CONCLUSIONS

We have proposed novel nanomagnets based on amphiphilic cyclodextrin (SC160H) decorated
with a KLVFF oligopeptide prepared by a green capping reaction in aqueous solution for the
selective recognition and capture of AP (1-42). SC160H bi- or multilayers covered magnetic
nanoparticles forming single domain nanomagnets of about 30-50 nm. Adamantyl-conjugate of
KLVFF was incorporated in MNP@SC160H thanks to the high binding affinity between
adamantane and CD cavity, together with entanglement interactions between PEG arms of similar
length to polyethylene glycol chain on the secondary rim of CD. MNP@SC160H exhibited a
reduced mass magnetization compared to that of the pure MNP, plausibly due to the amphiphilic
CD coating. In aqueous dispersion MNP micrometric aggregates were stabilized by the covering
effect of SC160H, forming MNP@SC60H nanoclusters with Ry of about 150 nm and a negative
zeta potential (-35 mV) which became less negative (-30 mV) after incorporation of Ada-Pep,
assessing the exposition of KLVFF on nanomagnet surface. Finally, our nanomagnets
incorporating about 50 nmoles of Ada-Pep per mg of MNP@SC60OH/Ada-Pep were able to
selectively recognize and capture AP (1-42) in aqueous solution whereas not decorated
nanomagnets or scrambled peptide (VFLKF)-decorated ones were not able to recruit amyloid
peptide. In perspective, these nanomagnets coupled with the highly sensitive MALDI-TOF
detection could pave the way to straight applications in fishing amyloids from fluids of Alzheimer
patients by magnetic manipulation of small volumes of aqueous media, thus speeding up the

diagnostic response.
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