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Abstract
The amyloid cascade hypothesis dealing with the senile plaques is until date thought to be one of the causative pathways leading
to the pathophysiology of Alzheimer’s disease (AD). Though many aggregation inhibitors of misfolded amyloid beta (Aβ42)
peptide have failed in clinical trials, there are some positive aspects of the designed therapeutic peptides for diseases involving
proteinaceous aggregation. Here, we evaluated a smart design of side chain tripeptide (Leu-Val-Phe)-based polymeric inhibitor
addressing the fundamental hydrophobic amino acid stretch BLys-Leu-Val-Phe-Phe-Ala^ (KLVFFA) of the Aβ42 peptide. The
in vitro analyses performed through the thioflavin T (ThT) fluorescence assay, infrared spectroscopy, isothermal calorimetry,
cytotoxicity experiments, and so on evinced a promising path towards the development of new age AD therapeutics targeting the
inhibition of misfolded Aβ42 peptide fibrillization. The in silico simulations done contoured the mechanism of drug action of the
present block copolymer as the competitive inhibition of aggregate-prone hydrophobic stretch of Aβ42.
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Introduction

Alzheimer’s disease (AD), the most common type of de-
mentia, results in a long-term progressive impairment of
cognition, memory, and other brain functionalities [1–3].
The spending on healthcare and long-term caregiving for
AD-affected individuals is one of the costliest conditions
to society in the current scenario. According to a report,
the total expenditures for 5.7 million AD patients in the

US are estimated at 277 billion US dollars in 2018 [4].
Recent estimates also indicated that AD may rank third,
just behind heart diseases and cancer as a cause of death in
elder people [5]. The world Alzheimer ’s report has
highlighted that an upcoming huge drainage of the econ-
omy and deteriorated health conditions with the 131.5
million individuals worldwide are going to be affected
by AD and other dementia by 2050 [6]. The pathogenesis
of AD has been explained by several hypotheses, such as
the amyloid hypothesis, tau hypothesis, and the latest
mitochondrial cascade hypothesis [7–9]. The amyloid
hypothesis suggests the fibrillization and deposition of
the misfolded amyloid peptide (Aβ42) leading to degen-
eration of neurons and ultimate atrophy of the brain [7,
10]. This amyloid hypothesis has nowadays been criti-
cized with the beneficiary effects of the deposited fibrils
over the more toxic and destruct ive oligomers of
misfolded amyloid peptides. It has been postulated that
the deposited fibrils may act as a sink to capture the toxic,
soluble oligomers [11, 12]. In spite of this criticism,
fibrillization of the misfolded Aβ42 peptide and the pro-
duction of toxic oligomers are until now considered to be
one of the major hallmarks of AD pathogenesis [13–16].
The credibility of the amyloid hypothesis has once again
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been strengthened based on the recent success of anti-
amyloid antibody BAducanumab^ which has already en-
tered the phase III trial [17]. Hence, the pathway starting
from Aβ42 monomer oligomerization and leading to the
deposition of amyloid plaques is an undeniable target in
the field of drug development against AD [18–21].
Molecular chaperones, namely brichos, Hsp 70, and
Hsp 90, have been proven to inhibit Aβ42 peptide
fibrillization [22, 23]. A novel small molecule, D737,
showed its efficiency as an inhibitor of misfolded amy-
loid beta peptide oligomerization as well as fibril forma-
tion [24]. Epigallocatechin-3-gallate and other polyphe-
nols from natural resources were proved to significantly
modulate amyloid precursor protein (APP) cleavage and
thereby reduce cerebral amyloidosis [25]. Peptide-based
β-sheet breakers are being tested since 1998 through the
report of a pentapeptide by Soto and his colleagues [26].
Until date, many supramolecules, compounds from nat-
ural resources and peptide-based inhibitors, are in the
pipeline for procuring remediable drug against AD, but
none of them has been reported to pass the final clinical
phase trials [27–33]. Actually, the reason why the amy-
loid reduction therapies do not get full success in clinical
trials are that long before the onset of AD, neurodegener-
ation starts and scientists lacking any detectable bio-
marker miss that Btherapeutic window^ to treat AD [34].
In this milieu, the peptidomimetics have drawn a great
attention from the researchers being comparatively safer
drug candidates targeting Aβ42 fibrillization inhibition
[26, 29, 35].While some unnatural, modified amino acids
have been studied for the better stability and passage
through the blood–brain barrier (BBB), the natural amino
acids in peptidic inhibitors are better aspirants of drug
composition from the perspective of biodegradation
[35, 36]. Here, we report an assessment of the simplest,
PEGylated block copolymer with two varying molecular
weights having leucine-valine-phenylalanine (LVF)
tripeptide side chains for the inhibitory action against
Aβ42 fibrillization. The amphiphilic PEG group is at-
tached to the backbone of the polymer via the chain trans-
fer reagent 4-cyano-4-(dodecylsulfanylthio-carbonyl)
sulfanylpentanoic acid (CDP) to prevent the proteolytic
degradation of biopolymer in the in vivo system and also
to increase bioavailability of the compound as a success-
ful drug candidate. PEGylation also makes the compound
resistant to non-specific protein interaction and cellular
interferences and thereby increases its stability and phar-
macokinetic properties for becoming a better water-
soluble drug candidate [37]. With the natural L-form of
amino acids leucine, valine, and phenylalanine, the in-
hibitory compound has been proven with its minimal or
no side effect on cultured neuroblastoma cells viz.
SHSY5Y as expected. In some previous reports, PEG-

poly-lactic acid nanoparticles and liposomes were shown
as promising nano drug-carrier loaded with β-sheet
breaker peptides for neurodegenerative diseases like
AD [38, 39]. Heading towards future AD therapeutics,
the present block copolymers of ours may be modified
as a drug vehicle loaded with any symptomatic drug like
memantine or donepezil to provide a combinatorial
theragnostic tool.

Materials and Methods

Synthesis and Characterization of the PEGylated
Tripeptidic Block Copolymers

The PEGylated tripeptidic block copolymers having two dif-
ferent molecular weights [(PEG2K-b-P (LVF-HEMA)6K
(Inhibitor 1, I1) and (PEG5K-b-P (LVF-HEMA)6K (Inhibitor
2, I2)] were synthesized following the protocol reported pre-
viously by Kumar et al. with a twist in the attachment site of
PEG [40]. The monomer Boc-Leu-Val-Phe-oxyethyl methac-
rylate (Boc-LVF-HEMA) was synthesized following standard
procedure [40]. These monomeric blocks were, then, homo-
polymerized via reversible addition-fragmentation chain
transfer (RAFT) polymerization reaction. To procure this,
Boc-LVF-HEMA (500 mg, 0.85 mmol), chain transfer agent
(CTA), mPEG2K-4-cyano-4-(dodecylsulfanylthiocarbonyl)
sulfanylpentanoic acid (mPEG2K-CDP) (101mg, 0.04mmol),
2,2-azobisisobutyronitrile (AIBN) (0.7 mg, 4.24 μmol), and
anhydrous N,N-dimethylformamide (DMF) (1.25 g) were
placed in a septa-sealed vial aided with a magnetic stir bar.
The vial was purged with dry N2 for 20 min before placing in
the pre-heated reaction block at 70 °C. The polymerization
was stopped by cooling the vial in an ice-water bath and ex-
posing the reaction mixture to air. After quenching, the reac-
tion mixture was diluted with acetone and precipitated from
hexanes. The block copolymer, (PEG2K-b-P (LVF-HEMA)6K,
was further re-precipitated around five times from acetone/
hexanes and dried under high vacuum for 8 h at 35 °C to
obtain faint yellowish polymers. Monomer conversion was
determined gravimetrically from the initial weight of mono-
mer taken and that of the purified polymer. A similar proce-
dure was followed for the synthesis of (PEG5K-b-P (LVF-
HEMA)6K block copolymer. This resulting Boc-protected
polymer P (Boc-LVF-EMA) was, then, converted into Boc-
de-protected polymer salt P (CF3COO-H3N

+-LVF-HEMA)
by taking 160.0 mg P (Boc-LVF-HEMA) in 2.0 ml DCMwith
0.5 ml trifluoroacetic acid (TFA) added drop-wise at ice-water
bath under the stirring condition at RT for 2 h. The de-
protected polymer was precipitated in cold diethyl ether and
dried under vacuum for 8 h at 35 °C (Scheme 1 and Table S1).
Boc group deprotection was confirmed by 1H NMR spectros-
copy. Size and morphology of these polymers were
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characterized with the aid of field emission scanning electron
microscopy (FE-SEM) and dynamic light scattering (DLS)
profiling and their secondary structures were determined via
the CD spectra. The cytotoxicity of the inhibitors was assessed
on the neuroblastoma cell line SHSY5Y as well as breast
cancer cell line MCF-7.

Amyloid Beta Preparation

Following a modified protocol of Reinke et al., 1 mg sample
of the synthetic Aβ42 peptide (Sigma Aldrich) was dissolved
in 200 μL 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) [41].
HFIP was, then, removed with the aid of a SpeedVac, and
the obtained thin film was stored at − 20 °C until use. Before
every single experiment, a 0.1 mg aliquot from this stored
Aβ42 was re-suspended in DMSO followed by 20 mM phos-
phate buffer saline (PBS) pH 7.4, to a final concentration of
100 μM (10% final DMSO concentration). Aliquots were,
then, sonicated for 1 min at RT and, thus, ready to use.

Amyloid Beta Oligomer Preparation

Aβ42 oligomer was prepared following the protocol of Saleem
and Biswas [42]. Lyophilized Aβ42 was equilibrated at RT for
30 min and suspended in HFIP to a concentration of 1 mM.
Then, HFIP was allowed to evaporate in a SpeedVac for about
45 min. This aliquot was re-suspended in anhydrous dimethyl
sulfoxide (DMSO) to a concentration of 5 mM by pipette
mixing followed by bath sonication for 10 min and stored at
− 80 °C until use. Prior to the experiment, this 5 mM stock
was diluted with PBS to a concentration of 400 μM and incu-
bated at 37 °C for 24 h following addition of 0.2% sodium
dodecyl sulfate (SDS). After 24 h, this was again diluted with

1× PBS to a final concentration of 100 μM and incubated at
37 °C for another 24 h.

Thioflavin T Fluorescence Assay

Aβ42 was dissolved in 20mMPBS (pH 7.4) at a concentration
of 15 μM (based on the toxic dose tested in vitro, Fig. 6).
Interaction of the polymeric inhibitors (8 and 11 K) with the
Aβ42 was tested in 1:1 to 1:3 molar ratio at a fixed concentra-
tion of 15 μM Aβ42 for 5 days of incubation at 37 °C in
shaking condition at 180 rpm. In one treatment set, the inhib-
itors were added to the Aβ42 from the beginning of incubation,
and, in another set of treatment, they were added at a later
stage (after 24 h) of Aβ42 incubation. This was done to eval-
uate whether the inhibitors were able to inhibit fibril formation
as well as had a capability to degrade the preformed fibrils.
The inhibition of fibrillization and pre-formed fibril degrada-
tion was measured using thioflavin T (ThT) fluorescence as-
say following a modified protocol of Kyung Hyun Lee et al.
[43]. Briefly, 1 μl, 5 mM ThT in 20 mM PBS (pH 7.4) was
added to 25 μl of 15 μM Aβ42 (and/or 1:1, 1:2, and 1:3
treatment of Aβ42:inhibitor) in 475 μl 20 mM PBS (pH 7.4).
The excitation and emission wavelengths were 450 and
485 nm, respectively, with a bandwidth of 5 nm. The mea-
surements were recorded using an integration time of 0.2 s in a
Photon Technology International (PTI) fluorimeter. To check
the effectiveness of the inhibitors against Aβ42 oligomer, 3
sets of treatment with the Aβ42 oligomer and 2 inhibitors in
1:1 to 1:3 molar ratios of oligomer and inhibitors were incu-
bated in a similar way as stated previously. Aβ42 oligomer was
taken at a fixed concentration of 12 μM (the toxic dose tested
in vitro, Fig. 6) for each case. ThT assays for these oligomers
were performed in a similar manner with that of the fibrils.

Scheme 1 Synthesis of amphiphilic PEGylated block copolymer PEG-b-P (LVF-HEMA) via reversible addition-fragmentation chain transfer (RAFT)
polymerization in DMF at 70 °C, followed by Boc group deprotection at room temperature
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The ThT fluorescence spectra of I1 and I2 were considered as
the control one.

Dynamic Light Scattering Analyses

Dynamic light scattering (DLS) analyses were performed
to have a gross idea about the size and the morphology of
the block copolymers, as well as the transformation of the
Aβ42 fibrils and oligomers on interaction with the inhibi-
tors. The data were obtained measuring the scattered light
at a scattering angle θ of 173° at RT, using a 4 mW He–
Ne laser of wavelength 632.8 nm. At the time of measure-
ment of the diameter of two inhibitors, the block copoly-
mers were dissolved in deionized water at a concentration
of 15 μM and the reaction mixtures of Aβ42 fibrils/
oligomers and the inhibitors of different concentrations
were set in a PBS solution of 20 mM, pH 7.4. DLS anal-
yses were carried on a Zetasizer Nano ZS, Malvern
Instrument, UK.

Atomic Force Microscopy

Aliquots of control Aβ42 fibril, oligomer, and the inhibitor-
treated fibrils and/or oligomers at a concentration of 1 μM (in
treatment fibril/oligomer and I1 & I2 were taken in 1:1 ratio,
respectively) were drop-casted on clean, acetone-washed glass
coverslips. These coverslips were kept in boxes with their
mouth covered with tissue paper to air dry the solution for
2–3 days and, then, placed in a vacuum desiccator for 1 h
and were imaged using a semi-contact mode at a scan rate of
1 Hz of the instrument. Commercial NSG tips from NT-MDT
were used as atomic force microscopy (AFM) probes, and 1 V
voltage was applied to the tip for AFM scan. AFM micro-
graphs were captured under an NT-MDT micro-40 AFM
instrument.

Field Emission Scanning Electron Microscopy

The 1 μM solution of inhibitors, the treated fibril, and the
oligomer samples were drop-casted as stated previously in
the AFM section. The gold:palladium (20:80)-coated samples
were imaged under high-performance variable pressure field
emission scanning electron microscopy (FE-SEM) with pat-
ented GEMINI column technology using Schottky-type field-
emitter system, single condenser with crossover-free beam
path. FE-SEM images were taken from SUPRA 55VP-Field
Emission Scanning Electron (Zeiss) microscope.

Transmission Electron Microscopy

Control Aβ42 fibril, oligomer (not incubated as the other sam-
ples), and the inhibitor-treated fibrils and/or oligomers at a con-
centration of 1 μM in 1:1 ratio, respectively, were placed on

carbon-coated copper grids. After removing the excess sample
with tissue, the grids were air-dried and observed under a JEM-
2100 plus electron microscope (JEOL, Tokyo, Japan).

Circular Dichroism Spectroscopy

Conformational changes of Aβ42 fibril upon binding to the
inhibitors were evaluated with the aid of far-UV circular di-
chroism (CD) spectroscopic studies, using a JASCO J720
spectropolarimeter, Japan Spectroscopic Limited. Far-UV
CDmeasurements (between 190 and 250 nm) were performed
using a cuvette of 1 mm path length and keeping the scan
speed at 50 nm/min with response time at 2 s. Bandwidth
was set at 1 nm, and the final spectra were recorded as an
average value of three CD spectra recorded in continuous
mode. The protein concentration of 45μM (control Aβ42 fibril
and oligomer and 1:1 fibril/oligomer and inhibitor) was used
for the CD measurements.

Fourier Transform Infrared Spectroscopic Studies

Liquid-state Fourier transform infrared (FT-IR) analyses were
performed in support of the CD spectral analyses. Aβ42 fibril
and the inhibitor-treated fibrils were taken at a concentration
of 1 μM each in 20 mM PBS buffer, pH 7.4. The buffer
baseline was subtracted each time prior to the recording of
spectral readout. The raw spectra were de-convoluted in β-
sheet to turn region (1610–1795 cm−1) by least-square itera-
tive curve fitting to Gaussian/Lorentzian line shapes. The
analyses of the percentage of β-sheets and α-helix population
were determined using the previously reported data byAhmed
et al. [44]. FT-IR spectra were recorded using a Bruker 600
series FT-IR spectrometer.

Cell Viability Assay

The stored Aβ42 and preformed Aβ42 oligomers were dis-
solved in 20 mM PBS (pH 7.4) at a concentration range of
10–500 μM and incubated for 72 h at 37 °C in shaking con-
dition at 180 rpm, in the presence or absence of I1 and I2, at a
molar ratio of 1:1, 1:2, and 1:3. At the time of the experiment,
these were diluted 10 times with the high-glucose Dulbecco’s
modified Eagle’s media (DMEM). Control experiments were
performed on the cells growing on the medium alone and on
the inhibitors alone at the same working concentration used
for the fibrillization/oligomerization inhibition tests. For test-
ing the cytotoxicity of the inhibitor compounds, the cell via-
bility was tested over the range of 1–100 μM working con-
centrations on SHSY5Y neuroblastoma cell line as well as on
breast cancer cell line MCF-7.

SHSY5Y and MCF-7 cells were maintained in high-
glucose DMEM supplemented with 10% fetal bovine serum
(FBS) and 500 μg/ml solution of penicillin/streptomycin.
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Following a standard procedure, the viability assays were per-
formed [45]. Briefly, cells were seeded in 96-well plates at a
density of 10,000 cells per well in 100 μl high-glucose com-
plete DMEM and allowed to grow for 24 h under 5% CO2 at
37 °C. After 24 h, the mediumwas replaced with that contain-
ing the pre-incubated treatment as stated previously. Again,
after 24 h incubation in the same condition, 10 μl MTT re-
agent (5mg/ml in PBS) was added in each well and allowed to
incubate for 4 h at 5% CO2 at 37 °C. Then, 85 μl medium was
removed from each well, and the resulting insoluble formazan
was dissolved in 50 μl DMSO. This was allowed to stand for
10 min at the CO2 incubator at 37 °C, and the absorbance was
measured with the aid of a spectrophotometric microplate
reader at 570 nm wavelength. The medium without cells
was taken as a blank and subtracted as background from each
sample. Absorbance spectra in 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) reduction assays
were recorded using a BioRad iMark™ microplate reader.

Ligand Binding and Molecular Dynamics Simulation

Atomistic molecular dynamics (MD) simulations were carried
out to describe the interaction of the ligand (PEGylated inhib-
itor) with the fibril and oligomer of Aβ42, as well as with the
Aβ42 monomeric peptide and the hydrophobic stretch–
KLVFFA segment of the monomeric Aβ42 peptide. The initial
structures of fibril, oligomer, monomer, and KLVFFA seg-
ment of the monomer were taken from the crystal structures
corresponding to the PDB id 5KK3, 4q8d, 1IYT, and 2Y2A,
respectively [46–49]. The polymeric ligand used in the exper-
iment was modeled in its truncated form (Fig. 7b). The sys-
tems were solvated in orthorhombic water box with dimen-
sions of 115 Å × 110 Å × 90 Å for monomers, 70 Å × 70 Å ×
50 Å for oligomers, and 155 Å × 75 Å × 75 Å for the fibril
system. The charges of the system were neutralized, and an
ionic concentration of 0.15 M was achieved by adding Na+

and Cl− ions. The systems were, then, slowly heated to 300 K
and equilibrated for 5 ns constant temperature and volume
(NVT ensemble), followed by a 50 ns molecular dynamics
run at constant temperature (300 K) and constant pressure
(1 atm) using the Nose-Hoover Langevin thermostat and pis-
ton (NPT ensemble). All simulations were done with the only
hydrogen containing bonds constrained by SHAKE. An inte-
gration time step of 2 fs was used, and structures were saved
every 5 ps for analysis. The long-range electrostatic interac-
tions were treated by the particle mesh Ewald (PME) method
with a 12 Å cutoff. The van der Waals interactions were trun-
cated at a cutoff of 12 Å, and a switch function was activated
starting at 10 Å. All simulations were performed employing
the NAMD program with the CHARMM22 force field and
TIP3 potential for water molecules, and Charmm general
force field for ligand was generated from the Paramchem suite

[50–53]. The analysis and visualization were done using
VMD and PYMOL software [54, 55].

In the computer-based MD simulation study, the fragmen-
tation of fibril bound to the inhibitors was examined in terms
of root mean square deviation (RMSD) and secondary struc-
ture analysis, in addition to the binding energetics (electrostat-
ic and Van der Waals energy) study between ligand and fibril.

Kinetics Study: Isothermal Titration Calorimetry

The changes in enthalpy upon binding of Aβ42 monomer/
fibril with the inhibitors were measured using a high-
sensitivity isothermal titration calorimeter (ITC), a MicroCal
iTC200, UK instrument and following the method reported
elsewhere [56]. A total of 350 μl of 8 μM protein samples
(Aβ42 monomer/fibril) and 40 μl of 5 mM I1 and I2 were
filled at the sample and reference cells, respectively, of a ca-
lorimetric cell. A series of 20 injections with 2 μl each of
protein sample at 240 s time interval were performed in the
ITC cell, and the characteristic heat signal from absorbed or
released heat by the interaction of protein-inhibitor per injec-
tion generated the endothermic and exothermic signals. The
heat of dilution was calculated by injecting the buffer at sam-
ple cell. The ITC thermogram was obtained by integrating the
heat signals and subtracting the heat of dilution and finally
fitted to a sequential binding model byMicrocal origin to have
the binding constant (K) and molar enthalpy of interaction
(ΔH). The Gibb’s free energy was calculated from ΔG = −
RT ln (55.5 K), and the entropic contribution was estimated
following the equationΔG=ΔH−TΔS, where the water con-
centration (55.5 M) was used to correct the unit of K to the
molar fraction.

Statistical Analyses

The experimental data were expressed by calculating the stan-
dard error of the mean from 3 individual experimental data,
and the levels of significance were analyzed by Student’s t
test, where P < 0.05 was considered as statistically significant.

Results

Characterization of the PEGylated Block Copolymers

Boc group deprotection and the purity of the side chain
tripeptide-based polymeric inhibitors were confirmed by 1H
NMR spectroscopy (Fig. S1). Both the polymers were soluble
in water. The polymeric inhibitors have an average size of
around 30 nm in diameter, as shown in the DLS and FE-
SEM analyses (Figs. S2, S3). The CD profiles (Fig. S4) re-
corded at physiological pH of 7.4 revealed the β-sheet nature
of the inhibitors.
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The Early-Stage Inhibitory Effect of Block Copolymers
on Aβ42 Fibrillization

The emitted ThT fluorescence intensity at 485 nmwavelength
reflected that I2 spontaneously inhibited the formation of toxic
oligomers from the major monomeric fraction of the synthetic
Aβ42 solution [57, 58]. Whereas, I1 though present in the
solution since the zeroth hour of incubation showed its effi-
ciency in degrading the pre-formed fibrils after 24 h (Fig. 1a,
d). Eventually, when inhibitors were added at a later stage of
incubation (after 24 h), both of them helped in degradation of
the predestined fibrils (Fig. 1d). The inhibitors exhibited an
increasing effectivity when tested with increasing molar ratios
of 1:1 to 1:3 with respect to the fixed concentration of Aβ42
peptide, i.e., 15 μM. To detect the fate of Aβ42 oligomers on
treatment with 1:1 to 1:3 equimolar I1 and I2, the changes in
fluorescence intensity were continuously monitored. A steady
decrease in emitted fluorescence intensity over an incubation
period of 5 days clearly signified the successful binding and
subsequent degradation of Aβ42 oligomers at the concentra-
tion of oligomers, i.e., 12 μM tested with 1:1 to 1:3 M ratio of

the inhibitors, respectively. I1 and I2 at a concentration of
45 μM showed no significant increase in the fluorescence
intensity and thus were taken as negative controls. In all cases,
I2 showed a more promising result in comparison to I1. The
higher amount of PEG group in I2 as compared to I1 (PEG5K

versus PEG2K) might be responsible for making I2 more water
soluble and a better performer as an inhibitor [59].

The decrease in the size of Aβ42 fibrils as evidenced in the
DLS measurements also supported the results obtained from
the ThT fluorescence assay. Aβ42 alone upon incubation over
5 days showed fibrils with an average size of 1000 nm. When
Aβ42 treated with I1 and I2 respectively at 1:1 ratio formed a
mixture of oligomeric/monomeric entities much below the
size of 1000 nm (Fig. S6) which did not revert back into
fibrillar stage again over five days of treatment. Here, also,
the better performance of I2 was reflected.

Inhibition of Aβ42 fibrillization, fibril degradation and de-
generation of oligomers were directly documented with the
AFM, FE-SEM, and transmission electron microscopy (TEM)
images. The Aβ42 fibrils were prominent when incubated in
absence of any of the inhibitors. However, long fibrils were

Fig. 1 Quantitative measurement of Aβ42 fibrillization inhibition by ThT
fluorescence assay. a Fibril degradation by I1 and I2; b a closer look to
fibril formation of Aβ42 peptide and respective inhibitory action of the
inhibitors until 24 h; c fitted curve of (b) indicating significant reduction
in the aggregation rate in the presence of I1 and I2 with increasing
concentration; d degradation of preformed fibril on addition of I1 and

I2 after 24 h of incubation (I1L and I2L indicate the inhibitors added at a
later stage of incubation, i.e., 24 h); e targeted destruction of Aβ42
oligomers; f a closer look at oligomer to fibril formation in the absence
and presence of I1 and I2. Error bars indicate the standard error of mean
from 3 experimental data
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not observed in the presence of the inhibitors (Figs. 2–4). When
the Aβ42 oligomers were treated with the equimolar concentra-
tion of the inhibitors, the degraded oligomers were found along
with the presence of clustered inhibitors as observed in the FE-
SEM images (Fig. 3e, f). Moreover, it was found that in pres-
ence of the inhibitors the oligomers were not able to reassemble
themselves into long fibrils again (Fig. 4d–f).

Aβ42 peptide on incubation at 37 °C for 3 days showed a
switching from a naïve α-helix to a β-sheet rich conformation.
This switching of the α-helical secondary structure of Aβ42 mo-
nomeric population into β-sheet rich conformation was reflected
by the delta ellipticity maximum at 216 nm in far-UV CD spec-
tra. When the Aβ42 peptide was incubated along with the inhib-
itors, a complete disruption of β-sheet conformation was ob-
served considering the CD spectral shift at 208 and 222 nm
wavelength (Fig. 5). Moreover, the characteristic positive peak
at around 196 nm wavelength which indicates the turns in β-
sheet was found to be decreased in the treated Aβ42 samples as
compared to the control fibril (red line). Also, this decreased peak
at 196 nm reflected a resemblance with that of the Aβ42 peptide
at B0^ h. Thus, the conformational change of Aβ42 peptide was
evaluated with the aid of CD spectral change.

FTIR spectral readings of the Aβ42 peptide in the absence
and presence of I1 and I2 manifested a characteristic pattern
change. This was obtained by the Gaussian/Lorentzian curve
fitting of raw data after deconvolution into β-sheet to turn

region (Fig. S7). Prior to incubation at 37 °C, the freshly
prepared phosphate buffer saline (PBS) solution of Aβ42
displayed an absorbance maximum of 1642 cm−1 with two
shoulders at 1600 cm−1 and 1680 cm−1 in the amide I region,
corresponding to the α-helix conformation [60, 61].
Following the incubation, a conformational shift from α-helix
to β-sheet occurred which was evidenced by the shift in ab-
sorbancemaximum. The incubated control fibril showedmax-
imum absorbance peak at 1610 cm−1 with one band at
1650 cm−1, which is the characteristic profile of β-sheet con-
formation [62–64]. Moreover, the treated fibril with I1 and I2
exhibited a spectral shift away from the β-sheet region. In both
these cases, we found the absorbance maximum at 1600 cm−1

with one band at 1675 cm−1 (Fig. S7 and Table S2). Analysis
of the fitted curves revealed the percent occurrence of different
conformations. Aβ42 peptide at the initial stage of incubation
contained 21.47% β-sheet and 42.71% α-helix which upon
aggregation gave rise to 52.37% β-sheet. Again, I1 and I2
on reacting with the fibril decreased the β-sheet conformation
of the fibril to 19.38% and 19.73% respectively.

Cytotoxicity Assays

To evaluate the potentiation of the inhibitors as drug candidates, a
series of cell viability tests were done on the neuroblastoma cell
line, SHSY5Y. From the cytotoxicity assay, I1 and I2 were found

Fig. 2 AFM images showing effect of the inhibitors. a Aβ42 fibrils in the
absence of any inhibitor; b degraded fibrils (1 μM) incubated with 1 μM
I1 from initial point; c for I1 added at a later stage, i.e., 24 h; d for I2

present from the initiation of incubation; e for I2 added at a later stage,
i.e., 24 h. The scale bar corresponds to 20 μm
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to be nontoxic up to a high concentration of 45 and 55 μM,
respectively (Fig. S5a). Although, on testing the cytotoxicity of
I1 and I2 on breast cancer cell line, MCF-7, within the range up
to 65 μM the IC-50 value could not be determined and the drugs
showed no cytotoxicity within this range (Fig. S5b).

When cells were treated with Aβ42 preformed fibril in the
absence of inhibitors, the cell population was reduced to 38% at
a concentration of 15 μM Aβ42, whereas, the fibril-I1 complex
successfully raised a cytoprotective effect and increased the cell
viability to 64% in comparison to the control one. TheAβ42 fibril-
I2 complex also increased the cell viability to 54% from 38% at
an equimolar concentration of 15 μM Aβ fibril and I2 (Fig. 6).
The treatment of oligomers in the presence of I1 and I2 resulted in
an increased cell population to 18 and 36%, respectively, in com-
parison to the 10% viability of the control oligomer at 12 μM
concentration (Fig. 6). Significant changes in the cell survival
were also observed in the case of the fibril and/or oligomers and
the inhibitors incubated in 1:1, 1:2, and 1:3 ratios (Fig. 6).

In Silico Molecular Dynamics Studies

To understand the mechanism of drug action, in silico molec-
ular dynamics (MD) simulations were carried out [65, 66].
Based on the design of inhibitors, we hypothesized that leu-
cine, valine, and phenylalanine moieties of PEGylated

polymers may act as competitive inhibitors of the 17-Leu-
Val-Phe-19 stretch of pathogenic Aβ42. The simulations were
run to validate this hypothesis and to register any conforma-
tional change of Aβ42 peptide upon binding of the ligand
(inhibitor).

Interaction of ligand with KLVFFA segment of monomeric
Aβ42 In several previous studies, the KLVFFA segment of
the monomeric Aβ42 peptide has been demonstrated as the
self-assembling hydrophobic stretch leading to the forma-
tion of cytotoxic oligomers and the fibrillar deposits [67].
To test the competitive inhibitory action of the ligand, the
interaction of the self-assembling KLVFFA segment and
the ligand was followed. The 50 ns MD simulation of six
units of KLVFFA segment of Aβ42 (in the absence of li-
gand) presented a general tendency of the individual seg-
ments to come close to each other during the course of the
simulation (Fig. S8). Though, the aggregated units being
highly dynamic in nature were short-lived during that time
span. On simulating six units of KLVFFA segment together
with the ligand, a strong interaction persisted between one
or two KLVFFA segment and the hydrophobic side chains
of the ligand. This led to the stoppage of further aggrega-
tion of KLVFFA units compared to what was seen in the
simulation of six KLVFFA units in the absence of the

Fig. 3 Field emission scanning electron micrographs of control Aβ42
fibril and oligomer and their respective treatments; a control fibril, b
fibril + I1, c fibril + I2, d control oligomer, e oligomer + I1, f

oligomer + I2. The fibril-cleavage sites are indicated with the white ar-
rows. The clusters of the inhibitors were visible along with degraded
oligomers in (e) and (f) (marked with the white arrows)
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ligand (Fig. S9). A detailed secondary structure composi-
tion in the MD simulation of both of the systems (ligand-
bound and unbound states of six KLVFFA units) was ana-
lyzed (Fig. S10). This delineated the aggregation of indi-
vidual KLVFFA segment via the formation of the helix and
isolated bridge during 80 ns MD simulation as shown in
Fig. S10a [68]. However, this type of helix and isolated
bridge formation was not observed in the presence of the
ligand as depicted in Fig. S10b. Moreover, a notable
change was seen in the increased occurrence of isolated
bridge and helix in the six KLVFFA segments in the ab-
sence of the ligand. This finding suggested that the ligand
interacts with KLVFFA segment of monomeric Aβ42 pep-
tide strongly and diminishes the aggregation of self-
assembling KLVFFA segments by inhibiting the formation
of isolated bridge structures and turns.

Interaction of ligand with fibril On the basis of overall con-
formational dynamics of the system, the fibril was found to
retain its structural rigidity in the absence of the ligand.
However, when the ligand was present, the conformational
dynamics of the fibril was enhanced, as seen from the
RMSD fluctuation of the Cα atoms of fibril in the presence
and absence of the ligand (Fig. 7a). Upon investigation of
conformational dynamics of the individual chains in the fibril,
it was found that the chains, which were exposed to interaction

(Fig. 7c) with the ligand showed much larger RMSD fluctua-
tion at the time of existence of ligand, whereas other chains
(that were not exposed to the ligand) showed similar confor-
mational dynamics in the presence and absence of the ligand
(Fig. 7d). The larger RMSD fluctuation was indicative of the

Fig. 5 Comparisons in the CD profile before and after the inhibitor
treatment. The red line indicates the fibril formed after incubation, the
blue line indicates the absolute change in the β-sheet after treatment with
I1 (fibril + I1-I1), and the pink line indicates the absolute change in the β-
sheet after treatment with I2 (fibril + I2-I2). Here, absolute quantity
indicates the data obtained after normalization

Fig. 4 TEM images of Aβ42 after incubation at 37 °C for 5 days in the
absence and in the presence of I1 and I2; aAβ42 fibrils at day 5, as control
b fibril + I, c fibril + I2, d control oligomer (non-incubated), e oligomer +

I1 at the end of day 5, and f oligomer + I2 on day 5. Aβ42:I1 and Aβ42:I2
were taken in 1:1 molar ratio. The scale bar corresponds to 200 nm
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fact that the fibril was losing its structural integrity while
interacting with the ligand [69].

In addition to structural signatures, weakening of the fibril
was also evident from energy analysis (Fig. 8). A decrease in
the interaction energy between the uppermost neighboring chains
of fibril was accompanied by increased interaction between the
exposed chain of the fibril and the ligand (Fig. S11). This analysis
further suggested that due to the stable interaction between the
ligand and the upper chain of the fibril, the interaction between
neighboring chains of the fibril got weaker, and this eventually
led to the fragmentation of the fibril [27, 70]. The complete
fragmentation of fibril may occur in a time scale beyond the
reach of these current computational studies. Nonetheless, the
evidence of weakened interaction between the chains of fibril
did indeed hint at the fragmentation of the fibril. The residue-
wise decomposition of the interaction energy suggested that the

LVF unit of the exposed chain (PROR) of Aβ42-fibril contributes
about 20% to the overall interaction energy between the ligand
and the exposed chain (PROR) of the fibril (Fig. 8).

The signature of the initiation of fragmentation of the fibril in
the presence of the ligand was also evident from the secondary
structure analyses. The average number of amino acid residues
participating inβ-sheet conformation in the presence and absence
of the ligand remained the same for those chains of the fibril that
were not exposed to the ligand. However, the exposed and their
neighboring chains projected a significant reduction in the num-
ber of β-sheet-forming amino acid residues in the presence of the
ligand (Fig. S12a, b). This suggested that the fibril upon interac-
tion with ligand underwent a change in its secondary structure
which was very crucial in retaining the fibrillar structure.

Similar results were also obtained from the analysis of MD
simulation of the ligand with oligomers (data not shown).

Fig. 6 Histogram showing % cell viability obtained in MTT assays. a
Aβ42 fibrils and respective treatments with I1 & I2 in 1:1 molar ratio with
the reference of control. The IC-50 value was found to be 15 μM of the
fibril, and at this concentration I1 and I2 treated cells showed a significant
recovery of cell viability with level of significance *P < 0.05 and
**P < 0.01. b Increase in % cell viability for I1 and I2 treated cells in
1:1 to 1:3 molar ratios with respect to the control fibril and significance
value *P < 0.05, **P < 0.001. cAβ42 oligomers and respective treatments

with I1 and I2 in 1:1 molar ratio with the reference of control. The IC-50
value was found to be 12 μM of oligomer concentration. Here, I1 and I2
treated cells showed a significant recovery of cell viability with *P < 0.05
and **P < 0.01 significance value. d Increase in% cell viability for I1 and
I2 treated cells in 1:1 to 1:3 molar ratios with respect to the control
oligomer and significance value *P < 0.05, **P < 0.001. The error bars
indicate the standard error of mean from 3 experimental data
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Taken together, the present analysis established that the ligand
not only interacts with monomer chains, thereby reducing the
chance of aggregation, but also interacts with fibrils leading to
their eventual fragmentation.

The binding kinetics of Aβ42 monomers, as well as fibrils
with the inhibitors, was validated with the aid of isothermal
titration calorimetry (ITC) experiments in the support of the
simulation studies. The calorimetric data, binding thermo-
grams, and the associated thermodynamic parameters shown
in Fig. S13 and Table S3 presented the binding affinity of I1
and I2 towards Aβ42 monomeric population and Aβ42 fibril as
well. Most interestingly, it was found that the interaction of I1
and I2 with Aβ42 monomers led to exothermic reaction with
ΔH values −72,380 and −1.070×109 Cal/mol, respectively.
The change of entropy during these reactions suggested the
stabilization of the Aβ42 monomer due to binding with I1 and
I2, respectively. In contrast, binding of the inhibitors with the

Aβ42 fibril was exhibited as an endothermic reaction. This sig-
nified that the energy absorbed during inhibitor–fibril interac-
tion provided the energy to degrade the fibrils by I1 and I2.

Discussion

In spite of the emergence of a new drug candidate almost every
day, there is still no clue for the treatment of the Alzheimer’s
disease. A previously reported side chain tripeptide-based
PEGylated block copolymer has been shown to form a drug
vehicle with its self-assembling property [40]. In some other
previous literature, there was a hint on the possible potential
inhibition of Aβ42 fibril formation by the derivatives of short
peptides containing hydrophobic stretch [29]. In the present
study, a modified version of the side chain Bleu-val-phe^-based
PEGylated block copolymer has been tested for its β-sheet

Fig. 7 a The root mean square deviation in Å of Cα atoms of apo (fibril)
and complex (fibril with ligand). b A sticks representation of PEGylated
inhibitor compound. c A cartoon representation of fibril with ligand

shown as sticks. d The root mean square deviation in Å of Cα atoms of
different monomeric units of fibril
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breaking properties. The assumption was to exploit the compet-
itive binding of self-assembling Bleu-val-phe^ tripeptide of the
block copolymer with a growing Aβ42 fibril chain. The
PEGylated inhibitors performed well to demonstrate the compet-
itive inhibition of a growing Aβ42 fibril when tested by the ThT
assays. I2 exhibited an instant inhibition of oligomerization from
the initial stage of Aβ42 fibril growth, whereas I1 was able to
degrade the preformed fibrils after a certain time. In the DLS
measurement, the presence of monomeric and/or oligomeric
fractions of Aβ42 in the solution even after the 5th day of treat-
ment ensures the binding of the inhibitor with its target Aβ42 and
the retention of soluble monomers and/or oligomers in the solu-
tion which could not revert back into long fibrils again. The
retention of the degraded fragments of fibrils as well as that of
the oligomers even after 5 days of treatment was successfully
demonstrated through the microscopic images also. With the aid
of the biophysical techniques viz. CD and FTIR, the secondary
structure of Aβ42 in the presence and absence of the inhibitors
was evaluated. At its native state, Aβ42 peptide possesses a ran-
dom coil or α-helical conformation [71, 72]. The conversion of
Aβ peptide monomers into fibril results in switching of the α-
helix or coiled structure into theβ-sheet conformation [73, 74]. In
our findings, the increase in delta ellipticity at 216 nm wave-
length reflected this fact. Upon treatment with I1 and I2, the β-
sheet rich conformation of fibril was completely destroyed and
there was no peak showed at 208 nm and/or 222 nm which
represents the characteristics of β-sheet rich conformation. The
positive peak at 196 nm representing the β-sheet turns in the
Aβ42 fibril was also diminished as shown in Fig. 5, in the case
of I1 and I2-treated fibrils. In the support of the CD spectral
change, the FTIR analyses also manifested the disappearance
of the β-sheet-rich structure in treated Aβ42 fibrils. The switching
from α-helix to β-sheet during fibrillization of Aβ42 and again
destruction of characteristic β-sheet on undergoing treatment

with both the inhibitors was evidenced from the changes in char-
acteristic absorbance peaks. The decrease of the percent occur-
rence of β-sheet conformation from 52.37 to 19.38% and
19.73% in the case of I1- and I2-treated fibrils also
complemented the fact of characteristic absorbance change.
The non-toxic nature of the present block copolymers was
proved by the cell survival assays. When we examined the im-
provement in cell viability upon treatment with the inhibitors
with respect to the control fibril and oligomer, the data evinced
the capability of the inhibitors to degrade the preformed fibril and
oligomers. Thus, I1 and I2 helped the cells to cope up the toxic
microenvironment. The results obtained so far led us to portrait
the mechanism of action of the inhibitors. The assumption in this
regard was to demolish the inter-chain hydrophobic interactions
of the 16–22 amino acid residue-long hydrophobic core of the
individual Aβ42 peptide. According to our hypothesis, the side
chain tripeptide, i.e., Bleu-val-phe,^ of the block copolymers
should compete with the intra-chain hydrophobic interaction of
the growing Aβ42 fibril and facilitate the competitive inhibition.
According to Sun et al., Aβ16–22 forms multilayer cross-β ag-
gregates through the self-assembly of single layer β-sheets [68].
Our investigation on the aggregation of BKLVFFA^ segment of
Aβ42 in the absence and presence of the inhibitor in molecular
dynamics study revealed the interference of the inhibitors in the
self-assembly of the segment during an 80 ns run. The increment
in the RMSD fluctuation of Cα atoms of the exposed chain of the
Aβ42 peptide on interacting with the inhibitor was an indication
of fibril degradation. Moreover, upon interaction with the ligand,
the exposed chain and also their neighboring chains of Aβ42 fibril
exhibited a significant reduction in the β-sheet forming amino
acid residues which was in complete agreement with the CD and
FTIR data projecting the secondary structure deformation of a
growing chain of the Aβ42 fibril. In addition, the black box
simulations taking the BKLVFFA^ segments of Aβ42 monomers

Fig. 8 The average interaction energy (electrostatic and van der Waals)
between the two uppermost chains of Aβ42 fibril during 50 ns MD
simulation of apo (fibril) and complex (fibril with ligand) (black and
red, respectively). The average interaction energy between the ligand
and the exposed monomer (PROR) unit in Aβ42 fibril (green) and the
contribution of the LVF residues of PROR unit to this interaction energy

(blue). The average interaction energy between the ligand and Aβ42
monomer (magenta) and the contribution of LVF residues of Aβ42 mono-
mer (brown) to this interaction energy. In the exposed monomer of Aβ42
fibril as well as in the Aβ42 monomer, the LVF residues contribute about
20% to the overall interaction energy of the chain with the ligand

6562 Mol Neurobiol (2019) 56:6551–6565



in the absence and presence of the inhibitor showed a general
tendency of themonomeric units to come closer in the absence of
the inhibitor and repulsion against their self-aggregation when
the inhibitor was bound to a particular BKLVFFA^ unit. The
simulation studies theoretically projected an endothermic inter-
action between theAβ42 fibril and ligand as shown in Fig. 8. This
fact was practically proved via ITC experiments involving the
degradation of the preformed fibrils of Aβ42 whichmanifested an
endothermic reaction to take place. Interestingly, a closer look
into the interaction energy contribution of the LVF tripeptide of
the block copolymer for both the monomer-inhibitor and fibril-
inhibitor interaction revealed about 20% involvement of LVF
units. This confirms the possibility of competitive inhibition of
side chain tripeptide as the mechanism of action of the inhibitors.

Conclusions

In conclusion, the PEGylated side chain tripeptidic block copoly-
mers demonstrated challenging dynamicity of Aβ42 fibrillization
pathway, targeting the very initial monomer to oligomer conver-
sion, and, also, the aggregation of oligomers giving rise to the
senile plaques. The results showing the inhibitory actions of the
compounds pave the way towards extensive in vivo studies with
the AD mice model which may envision a future clinical phase
trial. The mechanism of drug action lies in being the competitive
inhibitor of the hydrophobic stretch of Aβ42. Our findings also
reveal the shortest hydrophobic stretch (LVF) in the pathogenic
Aβ42 peptide, responsible for playing the crucial role in peptide
aggregation. In the future, the present block copolymers may be
modified and constructed as nano drug carriers, impregnated with
a symptomatic drug like Memantine or Acetylcholinesterase in-
hibitors, and can appear as new combinatorial therapeutic for AD.
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