Pharm Res
DOI 10.1007/s11095-012-0770-0

RESEARCH PAPER

Surface-Engineered Nanoliposomes by Chelating Ligands
for Modulating the Neurotoxicity Associated with B-Amyloid
Aggregates of Alzheimer’s disease

Maluta S. Mufamadi « Yahya E. Choonara « Pradeep Kumar « Girish Modi + Dinesh Naidoo + Valence M. K. Ndesendo « Lisa C. du

Toit « Sunny E. lyuke « Viness Pillay

Received: 9 December 2011 / Accepted: 30 April 2012
© Springer Science+Business Media, LLC 2012

ABSTRACT

Purpose To develop chelating ligand-bound nanoliposomes
(NLPs) for the prevention and reversal of [3-Amyloid (AB)
aggregation associated with promoting neurotoxicity in
Alzheimer disease (AD).

Methods Four different chelating ligands (CuAc, EDTA, histidine
and ZnAc) were surface-engineered onto NLPs using either cova-
lent or non-covalent conjugation. Successful conjugation of chelating
ligands onto the surface of NLPs was confirmed by characterization
studies: SEM, TEM and FTIR analysis. Chelation energetics of EDTA
with Cu(Il)/Zn(I1)-AB(10-2 1) and nanoformation of emulsified poly-
mers were computed and corroborated with experimental and
analytical data using chemometric molecular modeling.

Results The modified NLPs produced were spherical in shape,
[27-178 nm in size, with polydispersity index from 0.217-
0.920 and zeta potential range of —9.59 to —37.3 mV. Con-
jugation efficiencies were 30-76 %, which confirmed that
chelating ligands were attached to the NLP surface.
Conclusions In vitro and ex vivo results elucidated the effective-
ness of chelating ligand-bound NLPs for prevention of CuAB(I-
42) or ZnAB(1-42) aggregate buildup associated with neuro-
toxicity in PC12 neuronal cells, as well as promotion of intra-
cellular uptake in the presence of Cu(ll) or Zn(Il) metal ions.

KEY WORDS Alzheimer’sdisease - chelating ligands - surface-
engineered nanoliposomes - targeted delivery - 3-amyloid
neurotoxicity

INTRODUCTION

Alzheimer’s disease (AD) is the most common neurodegen-
erative disorder (ND) (1-3). It is characterized by a progres-
sive decline of cognitive function, complete loss of memory,
deterioration of visual capacity and the ability to function
independently (1). Recent studies by Brookmeyer and co-
workers (2), estimated that there are approximately 26 mil-
lion people suffering with AD worldwide and an estimated
increase of 5—16 million people that will be affected by AD
in the United States by the year 2050. Although the devel-
opment of AD is not fully understood, it is a condition
associated with the formation of extracellular neurotoxic
senile plaques and neurofibrillary tangles comprising hyper-
phosphorylated tau proteins (3,4). Mounting evidence sup-
ports the fact that senile plaques are caused by 40 or 42
amino acid peptides which are generated by proteolytic
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cleavage (B and y secretase enzymes) of the B-amyloid (A)
precursor glycoprotein (APP) (5). On one hand, there is
considerable evidence that extracellular soluble AP peptide
has to undergo a process of aggregation with biological
metals 1ons (such as zinc and copper ions) in order to form
insoluble AP peptide which is substantiated to promote
neurotoxic Af peptide forms of plaques in AD (Fig. 1)
(6-9). This condition is greatly influenced by a breakdown
in the homeostatic mechanisms resulting in abnormal or
overexpressed biological transition metal ions such as zinc
and copper 1ons that are coordinated with the histidine
residues in the AP core or AP deposits (10—-13).

Several therapeutic metal chelators or chelating agents
(such as 5-chloro-7-iodo-8-hydroxyquinoline (clioquinol)
(CQ), ethylenediaminetetraacetic acid (EDTA), histidine
residues and zinc acetate (ZnAc) that can restore biometal
homeostasis and prevent/reverse Af aggregation, have been
explored in both n vitro and i vive studies (10,14). A study
conducted by Opazo and co-workers demonstrated that the
beneficial effects of CQ is that it 1s able to reduce the size
and number of AP plaques in transgenic AD in mice (15). In
another study by Bush and co-worker (16), it was revealed
that CQ) restored intracellular zinc and copper ions through
1onophore processes in which CQ:Cu or CQ:Zn complexes
mediated the transport of metal ions into the cell. The study
also confirmed that CQ;Cu or CQ;Zn intracellular com-
plexes induced the up-regulation of matrix metalloproteases
ultimately promoting the digestion of amyloid oligomers.
EDTA is most widely used as a chelating agent due to its
claw-like molecular structure that binds to transition metals
with a high affinity constant to form EDTA complexes (such
as Cu-EDTA and Zn-EDTA) (17). Chelation therapy with
EDTA has been approved by the US Food and Drug

Fig. | Schematic depicting the
process of beta aggregates
formation with metal ions [ (
(Cu(lly and Zn(ll)) in Alzheimer’s : :
disease. (adapted from

Citron et dl., (7)).
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Administration (FDA) for the management of symptoms
associated with cardiovascular disease, more recently with
AD (18,19). In another chelation form of therapy, histidine
residues showed to have anti-copper or anti-zinc activity in
AD (20). In a study conducted by Chikha and co-workers
(21) it was demonstrated that surface engineered lipid-based
carriers with histidine-rich peptide or protein improved
transition metal bindings. In addition, the chelating ligand
zinc acetate (ZnAc) has been validated as the compound of
choice for the treatment and management of Wilson’s dis-
ease (WD) (22). ZnAc accomplishes its effectiveness as a
chelating ligand by means of blocking copper absorption
which ultimately induces hepatic metallothionein synthesis
thus resulting in the alleviation of the toxic effects of copper
in intestinal mucosal cells (23). In other countries particu-
larly the United States and a few European countries, ZnAc
is currently available as prescription medicine for WD
under the tradename Galzin® and Wilzin® respectively
(24). Figure | provides a schematic depicting the process
of AP aggregate formation with metal ions Cu(Il) and
Zn(Il) in AD (7).

Despite these potential chelating agents (i.e. histidine,
EDTA and ZnAc), clinical improvement or management
of diseases in the CNS such as AD is hampered by poor
absorption, toxic side-effects and the difficulty to bypass the
highly restrictive Blood—brain Barrier (BBB) thus hindering
further investigation (25). In order to avoid these disadvan-
tages while improving delivery efficacy and reducing toxicity
associated with side-effects, sterically stabilized Nanolipo-
somes (NLPs) have been developed as potential delivery
vehicles for such CNS conditions (26—-30). NLPs are promi-
nent candidates due to their unique characteristics such as low
toxicity, capability of crossing the BBB and the ease by which

Aggregates
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they can be manipulated within their surface membrane
(18,21,31-35). This unique approach of chelating ligand de-
livery systems utilizing NLPs could significantly advance the
efficacy of chelating agents in the management of AD.

Therefore the aim of this study was to develop novel
NLPs that were surface-engineered with chelating ligands
such as EDTA, histidine and ZnAc. The chelating ligands
conjugated on the surface of NLPs using either covalent or
non-covalent procedures were validated. In addition, the
possibility of the modified chelating ligand-bound NLPs to
resolubilize or disaggregate ZnAf (1-42) or CuAp (1-42)
aggregates using a Label Guard™ Microliter Cell Nano-
Photometer™ (Implen GmbH, Munich, Germany) was in-
vestigated via quantifying the concentration of proteins. The
study also attempted to prove that the modified chelating
ligand-bound NLPs (practically EDTA, histidine and ZnAc)
rendered resolubilization either through ZnAp(1-42) or
CuAp(1-42) aggregates i vitro. Ex vwo experiments were
undertaken to demonstrate that ZnAp(1-42) or CuAf(1-42)
aggregates induced neurotoxicity to PC12 neuronal cells.
Furthermore, it was confirmed that the neurotoxicity asso-
ciated with AP aggregates was reversed after employing the
modified chelating ligand-bound NLPs. The modified NLPs
were also assessed in terms of the chelating ligands (EDTA,
histidine and ZnAc) to significantly facilitate intracellular
delivery with the influence of Cu(Il) and Zn(II) metal ions
ex vivo. Molecular Mechanics Energy Relationships (MMER)
were employed to corroborate the experimental findings by
exploring the spatial disposition of energy minimized mo-
lecular structures.

MATERIALS AND METHODS
Materials

Phospholipids (1,2 distearoyl-sn-glycero-3-phosphocho-
line) (DSPC), cholesterol (CHOL), phosphatidylethanol-
amine distearoyl methoxypolyethyleneglycol conjugate
(DSPE-mPEG2000COOH), phosphatidylethanolamine
rhodamine-B triethylamine salts (Rh-DSPE), flourescein
1sothiocyanate (FITC), ethylenediaminetraacetic acid
(EDTA), L-histidine, B-amyloid (1-42) synthetic peptide,
N,N'-dicyclohexylcarbodiimide (DCC) and MN-hydroxy-
sulfosuccinimide (NHS) were all purchased from
Sigma-Aldrich (St. Louise, MO, USA). Zinc acectate
(ZnAc), copper acetate (CuAc), copper chloride (CuCly)
and zinc chloride (ZnCl,) were purchased from
Saarchem (Pty) Ltd. (Brakpan, South Africa). Membrane

filters (0.22 um) were purchased from Millipore® (Billerica,
MA, USA). The CytoTox-Glo™ Cytotoxicity Assay which
measures cell viability was purchased from Promega Corpo-
ration (Madison, WI, USA). All other chemicals used in the
experiments were of analytical grade and were employed as
purchased.

Methods
Preparation of the Nanoliposomes

Nanoliposomes (NLPs) were prepared using an adapted
reverse-phase evaporation technique developed by
Takizawa and co-workers (36). Briefly, DSPC, CHOL
and DSPE-mPEG conjugate (with rhodamine or FITC
labeled markers) were dissolved in an organic solvent
phase of chloroform/methanol (9:1). Pluronic F68
(5%"/,) was then added as a surfactant (Table I). The
mixture was then blended with a probe sonicator (Sonics
& Materials, Inc., C'T, USA) followed by solvent removal
by rotary evaporation (Rotavapor®™ RII, Biichi Labor-
technik AG, Switzerland) maintained at 60°C to obtain
a thin lipid film. The appropriate volume of phosphate
buffered saline (PBS) (preheated at 60°C) was added and
the vessel vigorously agitated on a rotary mixer to pro-
duce multilamellar vesicles (MLVs). The MLVs were
then sonicated at 60°C for 5 min to produce unilamellar
liposomes. Size distribution was obtained by gradually
extruding through a 0.22 pm pore size polycarbonate
membrane filter and the samples obtained were allowed
to stabilize at 4°C until further analysis.

Surface Modification of the Nanoliposomes Using Chelating
Ligands

NLPs with DSPE-mPEG-COOH were used to conjugate
the chelating ligand using either covalent or non-covalent
conjugation procedures (37—40). Briefly, activated NLPs
(with 45 mg/mL NHS and 60 mg/mL DCC) and chelating
ligands (65 mM of histidine and 34 mM of EDTA) were
conjugated using a covalent procedure. A non-covalent
conjugation procedure was employed for surface modifica-
tion of NLPs with ZnAc (50 mM) and CuAc (82 mM) in PBS
buffer at pH 7.4. The reactions were allowed to agitate
continuously overnight at room temperature. Organic sol-
vent was precipitated by rotary evaporation (Rotavapor™
RII, Biichi Labortechnik AG, Switzerland) maintained at
60°C for 3 h. Finally, the reactions mixtures either covalent
or non-covalent conjugated were extensively dialyzed
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Table I Compositions of
Nanoliposomes Formulations F#
with Chelating Ligands

DSPC/CHOL/DSPE/P68  CuAc (mM)  ZnAc (mM)  L-His (mM)  EDTA (mM)
(m/m/m/m)

Unmodified NLPs ~ 55/62.5/12.5/5 0 0 0 0

I 55/62.5/12.5/5 50 0 0 0

2 55/62.5/12.5/5 0 82 0 0

3 55/62.5/12.5/5 0 65 0

4 55/65.5/12.5/5 0 0 34

(Snakeskin™™ Pleated Dialysis Tubing, 10,000 MWCO;
Sigma-Aldrich; St. Louise, MO, USA) against PBS at pH
7.4 for 48 h to remove unconjugated or unbound chelating
ligands.

Evaluation of the Conjugation Efficiency of Chelating Ligands
on the Nanoliposomes Surface

Evaluation of the conjugation efficiency of chelating ligands
(CuAc, EDTA, histidine and ZnAc) on the surface of NLPs
was conducted using a NanoPhotometer™ spectrophotom-
eter (Implen GmbH, Munich, Germany). Briefly, 2 mL of
1 % Triton x100 in methanol was added to 4 mL solution of
modified NLPs. The suspensions were allowed to react for 2
hour at 45°C in a laboratory oven. The absorbance of the
final solution was read on a NanoPhotometer™ at A, .=
220245 nm (230 nm for CuAc and histidine, 220 nm for
ZnAc and 245 nm for EDTA) against a blank sample of
unmodified NLPs. The conjugation efficiency was used to
confirm the total quantity of chelating ligands coupled or
conjugated onto the surface of NLPs and was calculated
using Eq. 1.

Clonjugation efficiency (%)

_ Actual quantity of chelating ligand on NLPs % 100
" Theoretical quantity of chelating ligand employed
(1)

Determination of Size and Zeta Potential of the Modified
Nanoliposomes

Determination of the average particle size, polydispersity
index (Pdi) and zeta potential of unmodified NLPs and
modified NLPs (with chelating ligands) were analyzed
using a Zetasizer NanoZS instrument (Malvern Instru-
ments (Pty) Ltd., Worcestershire, UK) at 25°C. All
NLPs particle size and zeta potential measurements
were performed in the same manner, whereby each sample
was diluted (1 in 10) with deionized water using disposable
cuvettes for each run (quartz cuvettes). Each test was per-
formed in triplicate and the average value in each case was
reported accordingly.

@ Springer

Chemical Structure Andlysis of the Modified Chelating
Ligand-Bound Nanoliposomes

FTIR spectroscopy was performed on the modified NLPs in
order to characterize the potential interaction between the
chelating ligands and the surface-conjugated NLPs. Samples
were compressed into 1x13mm disks using a Beckmann
Hydraulic Press (Beckman Instruments Inc., Fullerton,
USA), and then analyzed at high resolution with wavenum-
bers ranging from 4,000-400 cm™' on a Nicolet Impact
400D FTIR Spectrophotometer coupled with Omnic FTTR
research grade software (Nicolet Instrument Corp., Madison,

WI, USA).

Evaluation of the Surface Morphology and Architecture
of the Modified Nanoliposomes

Scanning Electron Microscopy Examination. Scanning elec-
tron microscopy (SEM) (Jeol JSM-120, Tokyo, Japan) was
undertaken to reveal the surface morphology of the NLPs. A
small quantity of lyophilized NLPs and modified chelating
ligand-bound NLPs were secured on a metallic sample stub
and sputter-coated with a layer of carbon. Each sample was
viewed under varying magnifications at an accelerating
voltage of 20 kV.

Transmission Electron Microscopy Examination. Unmodified
NLPs and modified chelating ligand-bound NLPs (with
CuAc, EDTA, histidine or ZnAc) dispersions were diluted
approximately 1:10 with PBS buffer at pH 7.4 and ultra-
sonicated at 37°C for 5 min. One drop of the diluted sample
was placed on a carbon-coated copper grid for 5 min followed
by removal of the excess liquid that was carried using a filter
paper and air-dried. The films on the copper grid were
examined using Transmission Electron Microscopy (TEM)
(Jeol 1200 EX, Japan) at 10,000x magnification.

In Vitro Studies on the Formation of AB(1-42) Aggregates
To assess the effect of Cu(Il) or Zn(II) metal ions on the

formation of AP aggregates, i vitro analysis was performed
as previously described (21). Briefly 5 mM of AB(1-42)
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peptide was incubated with CuCly (20 mM) and ZnCl,
(20 mM) in 25 mM Tris/150 mM NaCl buffer (pH7.4;
37°C) for 24 h. Samples were then centrifuged (Optima®
LE-80 K, Beckman, USA) at 10,000 rpm for 20 min. The
supernatant aliquots were directly analyzed using a Nano-
Photometer™ Spectrophotometer (Implen GmbH, Munich,
Germany) at a Ay,a=280 nm for total soluble AP(1-42) pep-
tide percentage computation. All experiments were per-
formed in triplicate.

Assessment of the Effect of the Modified Chelating
Ligand-Bound NLPs on Resolubilization of AB(1-42) Peptides

To determine the resolubilization percentage of Af(1-42)
peptides through chelation of the modified NLPs, CuAf(1-
42) or ZnAP(1-42) aggregates were incubated with either
unmodified or modified chelating ligand-bound NLPs
(82 mM CuAc, 34 mM EDTA, 65 mM histidine and
50 mM ZnAc). Thereafter reaction mixtures in 0.5 % Tri-
ton X-100 in methanol were vortexed briefly and incubated
at 45°C in a laboratory oven for 2 h. The samples were then
centrifuged (Optima® LE-80K, Beckman, USA) at
10,000 rpm for 20 min. The supernatant aliquots were then
analyzed using the Label Guard™ Microliter Cell of the
NanoPhotometer™ (Implen GmbH, Munich, Germany) for
computation of the protein concentration as a percentage.
The total percent of AB(1-42) in the soluble fraction was
performed in triplicate.

PCI2 Neuronal Cell Culture Studies

PC12 neuronal cells were purchased from the Health Science
Research Resources Bank (HSRRB, Osaka, Japan) (41). The
cells were cultured in RPMI-1640 media (with L-glutamine
and sodium bicarbonate) supplemented with 5 % fetal bovine
serum, 10 % horse serum (both heat inactivated) and 1 %
penicillin/streptomycin (Sigma-Aldrich; St. Louise, MO,
USA). The cells were then maintained in an incubator (RS
Biotech Galaxy, Irvine, UK) with a humidified atmosphere of
5 % COq at 37°C.

Ex Vivo Neurotoxicity Assay of Metal lons and Af31-40
Aggregates

Neurotoxicity on PC12 neuronal cells was detected by a
CytoTox-Glo™ Cytotoxicity assay (Promega Co. Madison,
USA). Since CytoTox-Glo™ cytotoxicity reagents contain
the AAF-Glo Assay™ substrate and rLuciferase that cannot
cross intact cell membranes, only external release protease
(normal from dead cells) could cleave the proluminescent
substrate which generated a luminescent signal from lucif-
erase (42). Briefly, PC12 neuronal cells were incubated with

ZnAP(1-42) or CuAP(1-42) aggregates at 37°C in a COq

incubator (RS Biotech Galaxy, Irvine, UK) for 24 h. An
appropriate quantity of CytoTox-Glo™ reagent containing
the substrate was added to each well as per the Promega Co.
protocol. The cytotoxicity assay was performed by incuba-
tion of the CytoTox-Glo™ substrate with treated cells at
room temperature for 15 min. The supernatant was collected
through centrifuging (Optima® LE-80 K, Beckman, USA) at
1,800 rpm for 20 min. For cell viability studies, the pellet was
further lysed with CytoTox-Glo™ buffer which was followed
by incubation at room temperature for 15 min. Dead and live
cell signals were measured by a luminometer (Victor™X3,
Perkin Elmer Inc., USA).

Neurotoxicity Analysis of the Modified Chelating Ligand-Bound
Nanoliposomes

The effect of modified chelating ligand-bound NLPs on
neurotoxicity associated with AP aggregates was determined
by the CytoTox-Glo™ Cytotoxicity assay as previously de-
scribed. Briefly, PC12 neuronal cells were first exposed for
24 h to CuAp(1-42) aggregates or ZnAP(1-42) aggregates
which is associated with neurotoxicity. This was followed by
post-treatment with filtered sterile unmodified NLPs and
modified chelating ligand-bound NLPs (82 mM CuAc,
34 mM EDTA; 65 mM histidine and 50 mM ZnAC) in
RPMI 1649 media for 24 h at 37°C. Dead and live cell
signals were analyzed using a luminometer (Victor™X3,
Perkin Elmer Inc., USA).

Ex Vivo Uptake of the Modified Chelating Ligand-Bound
Nanoliposomes by PCI2 Neuronal Cells

The ex vivo uptake of the modified chelating ligand-bound
NLPs was investigated on PC12 neuronal cells using Con-
focal Scanning Electron Microscopy (CSEM). PC12 neuro-
nal cells were seeded at a density of 10,000 cells for 24 hin a
96-well culture plate. The cells were thereafter incubated
with 20 mM CuCl, solution or 20 mM ZnCl, solutions in
RPMI media for 2 h at 37°C in a COs incubator. The ex vivo
uptake capacity was performed on 50uL of fluorescent-
labeled unmodified NLPs and 50pL of fluorescent-labeled
NLPs surface modified with chelating ligands (CuAc,
EDTA, histidine and ZnAc) previously diluted in culture
medium. Cells were then incubated in RPMI 1640 free FBS
and Horse serum for 4 h at 37°C in a COy incubator. After
4 h of incubation, cells were re-suspended in fresh RPMI
1640 media supplemented with 10 % FBS and 5 % Horse
serum. At 0, 6, 12, 18 and 24 h of incubation at 37°C under
CO,, the cells were washed four times with culture medium.
The intracellular delivery efficiency was detected by a flour-
ometer filter (Victor™X3 Perkin Elmer Inc. USA) at exci-
tation and emission wavelengths of 450 nm and 482 nm,
respectively. The bound fluorescent-labeled modified NLPs
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with PC12 neuronal cells were visualized by Confocal Laser
Scanning Microscopy.

Static Lattice Atomistic Simulations

All modeling procedures and computations, including ener-
gy minimizations in Molecular Mechanics (MM+), were
performed using HyperChem '™ 8.0.8 Molecular Modeling
software (Hypercube Inc., Gainesville, FL, USA) and
ChemBio3D Ultra 11.0 (CambridgeSoft Corporation,
UK). DSPC and DSPC-PEG polymers were drawn using
ChemBio3D Ultra in their syndiotactic stereochemistry as
3D models whereas the structure of Afjo_o; was built using
the Sequence Editor Module on HyperChem 8.0.8. The
structure of EDTA and CHOL were built with natural bond
angles as defined by the software algorithm. The models
were initially energy-minimized using MM+ Force Field
and the resulting structures were energy-minimized using
the AMBER 3 (Assisted Model Building and Energy Refine-
ments) Force Field. The conformer having the lowest energy
was used to create the polymer-polymer and protein-
chelator complexes. A complex of between molecules was
assembled by disposing the molecules in a parallel way, and
the same procedure of energy-minimization was repeated to
generate the final models: DSPE-PEG/DSPC/CHOL,
Aﬁ10721' Cu(II), AB10721' Cu(II)-EDTA, AB]O,Q]-ZH(ID and
AB1o-21-Zn(ID-EDTA. Full geometrical optimization was
performed in vacuum employing the Polak—Ribiere
Conjugate Gradient algorithm until an RMS gradient
of 0.001 kcal/mol was reached. Force Field options in
the AMBER (with all H-atoms explicitly included) and
MM + (extended to incorporate non-bonded limits, restraints,
and periodic boundary conditions) methods were set as
defaults (43).

RESULTS AND DISCUSSION

Conjugation Efficiency of Chelating Ligands
on the Surface of the Nanoliposomes

The conjugation efficiencies of the modified chelating
ligand-bound NLPs for CuAc, ZnAc, histidine and EDTA
were determined using a NanoPhotometer™ spectropho-
tometer (Implen GmbH, Munich, Germany). Results indi-
cated that the coupling efficiencies of the NLPs surface-
modified with ZnAc, histidine and EDTA were 65 %,
76 %, and 68 % respectively (Table II). Comparably, the
NLPs surface-modified with CuAc had a conjugation efli-
ciency of 30 %. These results justify the desirable formation of
the modified NLPs with chelating ligands which is suitable for
enhancing the delivery of chelating agents into brain cells
associated with AD.

@ Springer

Physicochemical Properties of the Targeted
Nanoliposomes

Physicochemical characterization of the surface-modified
NLPs (with CuAc, ZnAc, histidine and EDTA) such as the
average particle size and zeta potential was measured using
Dynamic Light Scattering (Zetasizer NanoZS, Malvern In-
strument, UK). Table II shows the average particle size
obtained for the unmodified NLPs. For the modified NLPs
the results were as follows: 1) 178 nm for CuAc-modified
NLPs; 11) 130 nm for EDTA-modified NLPs; 1i1) 125 nm for
histidine-modified NLPs and vi) 127 nm for ZnAc-modified
NLPs. The Pdi value of the modified NLPs with chelating
ligands (EDTA, histidine and ZnAc) ranged between 0.235—
0.445, while the Pdi value for CuAc was 0.920. The zeta
potential values were highly negatively distributed for all
NLPs. For the unmodified NLP the zeta potential value
was —28.7 mV while for modified NLPs it was —37.3 mV.
NLPs modified with ZnAc had a zeta potential of —9.59 mV
while for NLPs modified with histidine and EDTA the zeta
potential values were —35.8 mV and —36.1 mV respectively
(Table II). Worth noting is that when NLPs were modified
with CuAc, the zeta potential decreased from been a highly
negative charge toward a more neutral charge (—9.59 mV)
(closer to neutrality). Overall, the results indicated that
NLPs modified with chelating ligands contributed towards
the increase of a net negative charge for the zeta potential
value and a relative increase in particle size. Thus, the zeta
potential of NLPs modified with chelating ligands such as
EDTA, histidine and ZnAc served to confirm that the pro-
duced NLPs were physically stable.

Assessment of the Modified Nanoliposomes Chemical
Structure Variations

FTIR spectra is one of the most powerful chemical analyt-
ical techniques used for analyzing IR spectra, vibration, and
characteristics of chemical functional groups of phospholi-
pids (44). FTIR spectra were generated to characterize the
potential interactions of the NLPs and chelating ligands. As
clearly depicted in Fig. 2, FTIR spectroscopy confirmed that
there were molecular structural changes in the modified
NLPs compared to the unmodified NLPs with chelating
ligands. The FTIR spectra of modified NLPs displayed
characteristic bond formations at the following bandwidths
respectively, 1194.09 cm™' (histidine), 1734.84 cm™' and
1624.62 cm™' (ZnAc), 1243.61 cm™' (EDTA) and
1672.00, 1779.00 cm ™" as well as at $222.85 em ™' (CuAc).
These peaks were absent in FTIR spectra of the unmodified
NLPs. Overall, results showed that there were interactions
between the NLPs and chelating ligands, which culminated
into the formation of the novel modified NLPs that were
surface-engineered.
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Table Il Physicochemical Char-

acterization of the Unmodified F# DLS? size (nm) Polydispersity Zeta Potential Conjugation
and Modified Nanoliposomes Index (0-1) (mV) Efficiency (%)
Unmodified NLPs 100 0.217 —28.7 -
I 178 0.92 -9.59 30
2 127 0.445 —37.3 65
3 125 0.235 —35.8 76
4 130 0.251 —36.1 68

“Dynamic Light Scattering

Morphological Characterization of the Modified
Nanoliposomes

TEM micrographs of modified chelating ligand-bound NLPs
(with ZnAc, CuAc, histidine and EDTA) are shown in Fig. 3.
TEM images revealed homogeneity and uniformity of the
unmodified NLPs and modified NLPs suspension. The images
also indicated that the unmodified NLPs and modified NLPs
produced were of a nanosize range and were spherical in
shape. SEM images of the modified NLPs presented with

uniform surface morphology (Fig. 4). Results also confirmed
that chelating ligands were surface-engineered onto the NLPs
by either covalent or non-covalent bonding that contributed
to the surface morphology.

In Vitro Metals lons and A (1-42) Resolubilization
Assay

The modified chelating ligand-bound NLPs modulated
with ZnAp(1-42) or CuAp(1-42) aggregates were confirmed
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Fig. 2 FTIR spectra of (a) native CuAc, ZnAc, histidine and EDTA and (b) unmodified NLPs and surface-modified NLPs with histidine, ZnAc, EDTA and

CuAc.
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Fig. 3 TEM micrographs of (a)
unmodified NLPs and

modified NLPs with (b) ZnAc, (c)
CuAc, (d) histidine and (e)
EDTA.

in vitro (45). As shown 1in Fig. 5a, the percentage of soluble
AP(1-42) peptide achieved by resolubilization of ZnAp(1-42)
aggregates with unmodified NLPs was 30 % while with
modified NLPs this value increased to 40 % for CuAc-
modified NLPs, 50 % for ZnAc-modified NLPs, 70 % for
histidine-modified NLPs and 82 % for EDTA-modified
NLPs. Fig. 5b, shows the percentages of soluble AB(1-42)
achieved by resolubilization of CuAf(1-42) aggregates with
modified chelating ligand-bound NLPs. Unmodified NLPs
showed 30 % resolubilization while modified NLPs were
42 % for CuAc-modified NLPs, 69 % for ZnAc-modified
NLPs, 60 % for histidine-modified NLPs and 80 % for
EDTA-modified NLPs. Unmodified NLPs and CuAc-
modified NLPs did not show any significant effect on
resolubilization of either ZnAP(1-42) or CuAp(1-42)
aggregates after a 24 h reaction at 37°C. The high
percentages of soluble AP(1-42) peptide confirmed that
the surface-engineered NLPs with chelating ligands were
effective in resolubilization/disaggregation of ZnAp(1-42)
and CuAp(1-42) aggregates.

Fig. 4 Typical SEM image of the modified NLPs synthesized
(magnification x12000).
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Ex Vivo Neurotoxicity Assay of Metals lons and AB 1-40
Aggregates

The neurotoxicity profiles of metal ions [Zn(Il) and Cu(II)],
AP(1-42) peptide and ZnAP(1-42) or CuAP(1-42) aggregates
on PC12 neuronal cells are shown in Fig. 6a. Cu(Il) and Zn
(IT) ions showed low or no significant effect on cell viability
when compared to untreated PC12 neuronal cells. At 5 mM
AP(1-42) peptide concentration showed a small decrease in
cell viability. However, when PC12 neuronal cells were
exposed to ZnAP(1-42) or CuAP(1-(1-42) aggregates this
resulted in a 60-70 % decrease of PC12 neuronal cell
viability. These results confirmed that both ZnAp(1-42)
and CuAf(1-42) aggregates induced neurotoxicity when
exposed to PC12 neuronal cells. Metal ions such Cu(Il)
and Zn(I) as well as soluble AP(1-42) peptides showed no
effects during ex vivo studies. This suggested that the metal
ions and soluble AP(1-42) peptide were not responsible
for the cytotoxicity or induced neurotoxicity on PC12
neuronal cells.

Effect of Modified Chelating Ligand-Bound
Nanoliposomes on the Modulation of Neurotoxicity

Figure 6a—c depict the analytical data obtained for the
determination of the effect of modified NLPs on the modu-
lation of neurotoxicity of PC12 neuronal cells induced by
ZnAP(1-42) or CuAp(1-42) aggregates. The analysis
revealed non-restoration of cell viability after exposure to
toxic ZnAP(1-42) aggregates and thereafter treating with
CuAc-bound NLPs (38 % cellular survival). In addition,
the data showed an increase in cellular survival after treating
neurotoxic PC12 neuronal with ZnAc-bound NLPs (50 %
cellular survival), 66 % for histidine-bound NLPs and 68 %
for EDTA-bound NLPs in ex viwo studies (Fig. 6b). Figure 6c,
showed an increase in cell survival after exposure to cells
with toxic CuAP(1-42) aggregates and thereafter treated
with modified chelating ligand-bound NLPs. ZnAc-,
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Fig. 5 Resolubilization of (a) a
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Fig. 6 (a) Effect of ZnAB(1-42) and CuAR(1-42) aggregates on cell
viability, (b) effect of the modified NLPs on reversing neurotoxicity of ZnAB3
(1-42) aggregates and (c) effect of the modified NLPs on neurotoxicity
induced by CuAB (1-42) aggregates.
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Ex Vivo Uptake of Modified Chelating Ligand-Bound
Nanoliposomes

To investigate the effect of the chelating ligands (EDTA,
histidine and ZnAc) on mediated NLPs internalization,
ex vwo samples were characterized by CSEM and fluores-
cence imaging (Victor™X3 Perkin Elmer Inc., USA). Anal-
ysis was performed in the presence of the metal ions Cu (II)
or Zn(Il) ions and results are shown in Figs. 7 and 8 (38).
Results depicted low cellular uptake by the labeled NLPs in
the presence of Cu(Il) after 24 h. Modified NLPs (EDTA,
histidine and ZnAc) were most efficiently taken up by PC12
neuronal cells in the presence of Cu(Il) from 6-24 h (Fig. 7a).
Figure 7b, shows that modified NLPs (with EDTA, histidine
and ZnAc) were most efficiently taken up by PC12 cells
when compared with unmodified NLPs in the presence of
Zn(II). Unmodified NLPs and CuAc-bound NLPs
showed no significant fluorescence activity in either Zn
(I) or Cu(Il). Confocal images did not show any signif-
icant difference on the modified NLPs by the cells since
the results were field dependent (Fig. 8). Overall, these
studies demonstrated that the modified chelating ligand-
bound NLPs had a greater cellular uptake in either Zn
(Il) or Cu(Il) ions. This data also indicated that intra-
cellular uptake of NLPs was mediated by the surface-
engineered chelating ligands on the NLPs.

Molecular Mechanics Energy Relationship (MMER)
Analysis

MMER, a method for analytico-mathematical representa-
tion of potential energy surfaces, was used to provide evi-
dence of the contributions of valence terms, non-covalent
Coulombic terms, and non-covalent van der Waals interac-
tions for chelation and nanostructure formation. The
MMER model for potential energy in various molecular
complexes can be written as shown in Eq. 2.

Emolecu]e/complex = VZ =V, + T+ V(p + Vy + Vi + V...

(2)

Where, Vy is related to total steric energy for an opti-
mized structure, V), corresponds to bond stretching contri-
butions, Vg denotes bond angle contributions, V,, represents
torsional contribution arising from deviations from opti-
mum dihedral angles, Vj; incorporates van der Waals inter-
actions due to non-bonded interatomic distances, Vy
symbolizes hydrogen-bond energy function and V., denoted
the electrostatic energy (46).

In the present study, the global energy relationships for
the various complexes derived after assisted model building
and energy refinements are shown in Eqs. 3—13.
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Fig. 7 Cellular uptake profiles of modified NLLPs in the presence of (a) Cu(ll) ions and (b) Zn(ll) ions.

Epsee-pec = 57.33 15~ = 2497 + 17.357;

+42.18V, — 4.687;
—0.005V... (3)

Epspc = 19.31 VZ =091V, +6.301y + 4.26V,

+7.85V; — 0.0007 Vs ... (4)

Epspe-pEG/DSPc = 49.36 VZ = 2.43V, 4+ 16.321}

+39.76Vy + —=8.96V; — 0.19V} . ..
E = —27.273 kcal /mol

()

Fig. 8 Light and fluorescent microscopy analysis of PC12 cell line incubated in for 24 h (a

Ecnovrs = 152.984VZ = 7.56V, +45.76 1}y

+56.68V, +42.97V;...  (6)

IEDSPE—PEG/DSPC/CHJOL ::149.83V§: ::9.65l@ +’62.29L®

+102.22V, — 24.29V; — 0.032Vj . ..

AE= — 79.786 kcal /mol

(7)

Eapi0-21 = —131.39VZ = 3.26V, + 58.04 1}

) with labeled FTIC or rhodamine NLPs; (b) surface engineered

+15.17V, — 18.41 7

— 4.9921;, —185.23V,. ..

with CUAc; (c) surface engineered ZnAc, (d) surface engineered EDTA and (e) surface- engmeered histidine (magnification 100x).
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Fig. 9 Visualization of (a)
geometrical preferences (color
codes: C (cyan), O (red), N (blue,
P (vellow) and H (white)); and (b)
Connolly molecular electrostatic
potential surfaces (color codes:
DSPE-PEG (yellow), DSPC (blue)
and CHOL (red)) in translucent
display mode showcasing the
nanoliposomal after molecular
simulation in vacuum.

Eap_cuar) = —133.51 VZ = 3.24V, + 58.12Vy + 15.14V,

— 2052V — 4257}, — 185.247,... ()
AE = —2.122 kcal/mol

Erpzam = —137.0705~ = 3.237; + 38.157) + 15.077,

(10)

—24.13V; — 4.24V,, — 185.15V,.. ..
AE = —5.683 kcal /mol

Egpra = 6.1315~ = 042V} + 1.270) + 2.79V, + 1.65Vj ...

(11)

EAﬁ—Cu(II)—EDTA = —14079 VZ = 36?)1/1, + 5946 V9
+16.30Vy = 31.30V5 =427V (19

—184.61V,...
AE = —13.406 kcal /mol

EAﬁ*Zn(II)fEDTA = —1354’2 VZ = 359[/5 + 59871/9
+18.66Vy = 27.79V; — 443V (1)

—185.32V...
AE = —4.476 kcal /mol

Formation of the Nanoliposomal System

It 1s evident from the energy computations (Egs. 3-7) that
the nanoliposomal system was stabilized in terms of respec-
tive steric or potential energy factors. The preferred orien-
tation of the polymers in the presence and absence of
surfactant molecule is depicted in Fig. 9. Starting with a
DSPE-PEG/DSPC binary system, the miscibility behavior
of PC and DSPE-PEGs are known to be controversial for
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the formation of spherical particles since they are completely
immiscible at all relevant pressures and compositions (47). In
this study, we used 1,2 distearoyl-sn-glycero-3-phosphocho-
line with DSPE-PEG in order to form a stoichiometric
condensed complex, DSPE-PEG/DSPC that is miscible
with an energy stabilization of AE=—27.273 kcal/mol
(Egs. 3-5). The energy was mainly stabilized in terms of
bond angles and torsional contributions (bonding energies)
as well as London dispersion forces and H-bonding (non-
bonding interaction). Among these forces, H-bonding stabi-
lization was 40 times (due to the presence of the glycerol-
functionality) greater than the combination which led to a
stabilized molecular entity. Although, the blend was misci-
ble, the formation of a liposomal system was still a challenge.
To further increase the stabilization of the system, choles-
terol (in excess) was introduced to act as filler in the space
lattice of the binary system as shown in Fig. 9. This ternary
system led to a super-stable molecular structure with a
further decrease in constituent energies (Eqs. 6-7; AE=
—79.786 kcal/mol) mainly in the form of van der Waals
forces compared to H-bonding. This change in stabilization
from H-bonding to van der Waals forces was due to hydro-
phobic interactions arising from the inclusion of cholesterol
(overpowering the glycerol induced hydrophilic forces) lead-
ing to the formation of nanoliposomes in excess of phos-
phate buffered saline.

Energy Transformations Involving Metal Binding, Aggregation
and Chelation

To study the effect of chelating agents, Ap protein was
individually modelled in conjugation with Cu(Il) and Zn
(II) followed by treating the energy minimized/stabilized
molecular structures with EDTA (a metal chelator) as the
prototype (Figs. 9 and 10). To increase the efficiency and
selectivity of the computational process, we employed Ao
o1 (YEVHHQ KLVFFA) containing the His13 and Hisl4
residues as a theoretical model variant instead of Af;_49
(48). Systematic combination of the ligand atoms were
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Fig. 10 Visualization of
geometrical preferences of (a)
AB(10-21)-Cu(ll) and (b) AB(10-
2 1)-Cu(ll)-EDTA after molecular
simulation in vacuum. Color
codes: ¢ (cyan), O (red), N (blue), P
(vellow), H (white) and Cu (violet).
Dots represent the overlapping
van der Waals radii and the ribbon
represents the secondary
structure.

studied in several possible binding sites and modes for
evaluating the optimum metal/protein energy minimized
configurations of Cu(Il)/Zn(Il) binding to Af;go;. The
metal 1ons form close van der Waals space interactions with
the AP protein, as depicted in Figs. 10a and 11a for Cu-Ap
and Zn-Ap, respectively. The main region of interaction
with minimized energy was His;3—Cu(Il)/His,3—Zn(II) (with
no HyO molecules involved) which was in accordance with

Fig. Il Visualization of
geometrical preferences of (a)
AB(10-21)-Zn(ll) and (b) AB(10-
2 1)-Zn(Il)-EDTA after molecular
simulation in vacuum. Color
codes: C (cyan), O (red), N (blue),
P (yellow), H (white) and Zn
(brown). Dots represent the
overlapping van der Waals radii
and the ribbon represents the
secondary structure.

previously reported studies (49). Although, Zn(II) displayed
a more stable protein complexation (Egs. 8—10), both metal
lons/protein interactions resulted in near equivalent mini-
mization in potential energy (AEcq,.ap=—2.122 kcal/mol;
AEz,.Ap=—5.683 kcal/mol) which was due to the close
proximity of these metals within the periodic table and
similar van der Waals radius. This observation was sup-
ported by the MMER analysis (Eqs. 8-10), where it was
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evident that London dispersion/van der Waals forces (hy-
drophobic interactions) led the entire energy minimization
process.

The effect of adding a chelating agent on resolubilization of
the aggregated AP protein (metal-induced aggregation) was
modeled using EDTA as the prototype where a marked effect
on the geometrical configuration of the metal/protein com-
plex was observed. As soon as the EDTA molecule was in
proximity of the van der Waals radius of the metal ion, it
engulfed the metal ion with the so called “acetic acid claws”.
Interesting binding of the AP protein with EDTA in the case
of AB-Cu(Il)-EDTA confirmed the selectivity of AP towards
the chelating agent in comparison to the metal ion which led
to resolubilization. The stabilization in energies was not com-
parable with AE=-13.406 kcal/mol and AE=—-4.476 kcal/
mol in the case of AB-Cu(Il-EDTA and AB-Zn(II)-EDTA,
respectively (Eqgs. 11-13), respectively. This difference in en-
ergy was attributed to a decrease in dispersion forces and
increased non-bonding interaction in the case of AB-Cu(Il)-
EDTA with the formation of H-bonds. In addition, close
examination of the geometrical conformations clearly
depicted the preference of metal ions towards EDTA (i.e.
the chelating agents successfully extracted the metal ions from
the AB-Cu(I)/AB-Zn(Il) complex). This corroborates well
with the observed i vitro experimental results where chelating
ligand-bound modified NLPs modulated CuAp(1-42)/
ZnAP(1-42) aggregates.

CONCLUSIONS

In this study, we confirmed the production of a new nano-
liposomal chelator system after conjugating chelating
ligands onto the surface of NLPs using either covalent or
non-covalent conjugation procedures. The newly modified
NLPs did not have a significant effect on the size of the
NLPs compared with unmodified NLPs which makes them
suitable for crossing the BBB. In vitro studies confirmed that
the incubation of Cu(ll) or Zn(II) with AB(1-42) peptide
stimulated AP-aggregation. Modified NLPs (with EDTA,
histidine and ZnAc) were suitable for resolubilization of
CuAP(1-42) and ZnAP(1-42) aggregates in vitro. Further-
more, the high survival of PC12 neuronal cells after treat-
ment with modified NLPs was influenced by inhibition of
AP(1-42) aggregates, thereby protecting the cells from Af(1-
42) aggregate related toxicity. High fluorescence microscopy
also revealed that the modified NLPs in the presence of Zn
(II) or Cu(I) was influenced by an ionophore process or
macropinocytosis which is non-receptor mediated endocy-
tosis or a biological metal ion pathway. The surface modi-
fied NLPs were able to protect PC12 neuronal cells from
insoluble AB-peptides associated with neurotoxicity in AD.
The in vitro studies were well corroborated by the i silico
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molecular mechanistic studies thus further confirming the
potential of NLP/chelation therapy for AD.
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