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Abstract

Neurodegenerative  diseases  (NDDs)  encompass  numerous  disorders  affecting  the  nervous  system’s
structure and functions, primarily caused by protein aggregation, oxidative stress, and inflammation.
These factors make a significant contribution to the progression of various NDDs. Curcumin (CUR), a
natural  bioactive  compound known for  its  anti-inflammatory  and antioxidant  properties, has  limited
application  because  of  its  hydrophobicity.  To  address  this  issue,  PEGylated  coated  magnetite
nanoparticles (MNPs) were developed as efficient nanocarriers. These MNPs were synthesized using
plant  polyphenols  from  cocoa  bean  (Theobroma  cacao)  shell  extract,  coated  with  PEG,  and  then
loaded  with  CUR  at  various  concentrations.  The  nanomaterials  were  characterized  using  X-ray
diffraction (XRD), Dynamic light scattering (DLS), zeta potential (ZP), FTIR, Transmission electron
microscopy  (TEM),  selected-area  electron  diffraction  (SAED),  and  vibrating  sample  magnetometer
(VSM). The nanoparticles were found to be spherical, with diameters in the range of 10–19 nm. VSM
analysis  showed that  the MNPs exhibited superparamagnetic  behavior  at  room temperature. In vitro
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studies  using  ultraviolet  (UV)  spectrophotometry  revealed  rapid  CUR  drug  loading  within  3  h  and
total drug release of 57% over 48 h, indicating the potential of the MNPs as a neuroprotective agent.
The  cell  viability  associated  with  exposure  to  the  nanoformulations  was  also  assessed  in  human
neuroblastoma cells (SH-SY5Y) using the MTT assay. In addition, the safety and anti-inflammatory
properties  of  PEGylated  MNPs–CUR  were  evaluated  in  LPS-induced  murine  macrophages  (RAW
264.7).  Cells exposed to the nanoparticles exhibited high viability,  indicating their safety for human
neuroblastoma  cells,  and  the  nanoparticles  effectively  reduced  nitric  oxide  production  in  murine
macrophages.  These  findings  suggest  that  PEGylated  MNPs–CUR  possess  significant  potential  as
neuroprotective  agents  for  brain-related  diseases,  given  their  biosafety  and  anti-inflammatory
properties.

Keywords: neurodegenerative disease; magnetic nanoparticle; green synthesis; RAW 264.7 cell; SH-
SY5Y cell

 

Introduction

Neurodegenerative  diseases  (NDDs),  such  as
Alzheimer’s,  Parkinson’s,  and  Huntington’s  diseases
and  multiple  sclerosis,  involve  the  gradual  loss  of
neural cell function in the brain or peripheral nervous
system  [1].  Despite  differences  in  their  mechanisms
and  progression,  these  diseases  share  common
features,  including  neuroinflammation,  neuron  loss,
protein  misfolding,  oxidative  stress,  and  disrupted
autophagy  [2,  3].  Neuroinflammation,  triggered  by
damaged  neurons,  microbes,  harmful  chemicals,  or
abnormal  proteins  like  amyloid  beta,  plays  a
significant role in NDDs [4].

Current therapies for NDDs exhibit limited efficacy
and  are  associated  with  severe  adverse  effects,
including  anemia,  reproductive  complications,
neurotoxicity,  and  gastrointestinal  disturbances,
which  significantly  diminish  patients’  quality  of  life
[5].  Furthermore,  the  systemic  delivery  of  drugs  to
the  central  nervous  system  (CNS)  presents  a
considerable  challenge  due  to  limited  brain
accessibility,  extensive  first-pass  metabolism,
reduced drug half-life, and potential off-target effects
in  peripheral  tissues.  Although  various  endogenous
proteins and antibody-based biopharmaceuticals have
been proposed and evaluated for treating NDDs, their
therapeutic  efficacy remains  inadequate  [6].  There  is
thus  growing  interest  in  natural  polyphenols,
particularly  curcumin  (CUR),  given  its  strong
antioxidant  and  anti-inflammatory  properties  [7].
CUR  has  shown  promise  in  treating  various  NDDs,
and its fluorescent capabilities make it a potential tool
for diagnosing different NDDs [8, 9].

Nanotechnology  focuses  on  developing  materials
and structures between 1 and 100 nm in size, at which
scale  unique  physicochemical  and  biological
properties emerge due to large surface area relative to
size  [10,  11].  Magnetic  nanoparticles,  particularly
iron  oxide  nanoparticles  (IONPs),  are  valuable  in
bioanalytical  and  biomedical  applications  because
they  minimize  background  interference  in  biological
specimens  [12].  Among  the  different  phases  of
IONPs,  magnetite  nanoparticles  (MNPs)  are  most
commonly  used  due  to  their  unique  electrical  and
magnetic  properties,  especially  in  biomedical
applications  where  their  sub-20 nm size  allows them
to  exhibit  superparamagnetism  [13–15].  To  enhance
the  performance  of  these  nanoparticles, polyethylene
glycol  (PEG)  has  been  used  as  a  synthetic
biodegradable  and  biocompatible  polymer  to  coat
MNPs.  PEGylation  on  the  surface  reduces  plasma
protein  binding,  slows the  clearance  of  nanoparticles
by  the  mononuclear  phagocyte  system,  and  extends
their circulation time, thereby improving the efficacy
of  PEGylated  nanoformulations  in  biomedical
applications [16, 17].

The  green  chemistry  synthesis  of  MNPs  provides
biocompatible,  stable,  and  nontoxic  nanomaterials,
making  it  a  valuable  approach  for  biomedical
applications  [18].  The  beans  of  the  cacao  tree,
Theobroma cacao, contains bioactive compounds like
polyphenols  and  tocopherols,  which  can  act  as
reducing  and  stabilizing  agents  for  MNP  synthesis.
Furthermore, cocoa beans’ bioactive compounds were
found  to  exert  neuroprotective  effects  that  may  help
manage NDDs [19, 20].

In  the  literature,  there  are  no  reports  of  studies
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assessing  the  cytotoxicity  of  biogenic  MNPs
specifically  synthesized  in  a  Theobroma  cocoa-
mediated  manner  loaded  with  CUR  in  human
neuroblastoma  cells  (SH-SY5Y)  or  their  effect  on
nitric  oxide  (NO)  inhibition  in  macrophage  RAW
264.7  cells.  This  study  was  implemented  to
synthesize  MNPs  using  cocoa  bean  shell  (CBS)
extract,  subsequently  functionalize  them  with  PEG
(Mw = 2 000 Da), and incorporate CUR to develop an
agent  with  potential  neuroprotective  effects.  We
assessed  the  in  vitro  cytotoxicity  of  these
nanomaterials  in  SH-SY5Y cells,  and  also  evaluated
their  anti-inflammatory  effect  by  measuring  the
reduction  of  NO  production  induced  by
lipopolysaccharide  (LPS)  in  RAW  264.7  cells,
mimicking  the  neuroinflammation  associated  with
NDDs. 

Materials and Methods
 

Reagents and materials

Cocoa  bean  shells  were  sourced  from  the  Malaysian
Cocoa  Board  in  Kota  Kinabalu,  Sabah,  Malaysia.
Iron(II) chloride tetrahydrate (FeCl2·4H2O, 99%) and
iron(III)  chloride  (FeCl3·6H2O,  99%),  used  in  the
synthesis  of  biogenic  superparamagnetic  magnetite,
as  well  as  polyethylene  glycol  (Mw =  2  000  Da)  for
coating  the  magnetite  nanoparticles,  were  procured
from Sigma Aldrich.  CUR with a purity of 95% was
also  acquired  from  Sigma  Aldrich.  The  SH-SY5Y
human  neuroblastoma  cell  line  (ATCC®  CRL-
2266™)  was  kindly  supplied  by  the  Institute  of
Bioscience  at  Universiti  Putra  Malaysia.  The  RAW
264.7  mouse  macrophage  cell  line  (ATCC  TIB-71)
was  obtained  from  Nawah  Scientific  Inc.
(Cairo,  Egypt).  3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium  bromide  (MTT)  was  purchased
from Thermo Fisher  Scientific.  Dulbecco’s  Modified
Eagle  Medium  (DMEM),  Roswell  Park  Memorial
Institute  (RPMI)  1640  medium,  fetal  bovine  serum
(FBS),  and  penicillin–streptomycin  (Penstrip)
antibiotics  were  sourced  from  Capricorn  Scientific
(Germany). 

Preparation  of  CBS  extract, MNPs, and
PEGylated MNPs

Briefly,  the  CBS  extract  was  washed  with  ultrapure
water and air-dried. The dried shells were ground into
a fine powder. To prepare the CBS extract, 10 g of the

powder  was  added  to  100  ml  of  deionized  water,
heated,  and  stirred  for  40  min.  After  filtering,  the
aqueous extract was stored at 4 °C for future use. To
prepare the MNPs, the CBS extract was slowly added
to  a  mixture  of  ferric  and  ferrous  salts  while
continuously stirring. NaOH was then added until the
mixture  became  alkaline.  The  mixture  was  then
stirred until a color change indicated MNP formation.
The  pellets  were  then  separated  by  centrifugation,
washed  with  acetone,  and  dried  in  a  hot  air  oven.
After drying, they were stored in an airtight container
for  future  use.  To  prepare  the  PEGylated  MNPs,  the
MNPs  were  dispersed  in  distilled  water  and  then
added  to  a  PEG  solution.  The  mixture  was
mechanically  stirred,  and  the  resulting  sample  was
centrifuged  to  obtain  PEGylated  MNP pellets.  These
pellets were washed three times with ethanol, dried in
the  oven,  and  stored  in  an  airtight  container  for
further analysis. 

Preparation of PEGylated MNPs–CUR

Ten  milligrams  of  CUR  was  dissolved  in  10  mL  of
ethanol  to  achieve  a  concentration  of  1  mg/mL.
Subsequently,  this  CUR  solution  in  ethanol  was
gradually  added  to  an  aqueous  dispersion  of  MNPs,
which  consisted  of  200  mg  of  particles  in  10  mL  of
water. The resulting mixture was stirred at 400 r/min
at  room  temperature  for  3  h  to  allow  the  CUR
molecules  to  permeate  the  PEG  polymer  layers
surrounding  the  nanoparticle  core  [21].  After  this
period,  the  mixture  was  centrifuged  three  times  at  6
000 r/min for 10 min each to separate the pellets from
the  supernatant.  The  pellets  were  then  collected,
dried,  and  stored  in  a  tightly  sealed  container.  This
procedure  was  also  repeated  with  different  CUR
concentrations of 1, 2, and 3 mg/mL. 

Characterization  of  MNPs, PEGylated  MNPs,
and PEGylated MNPs–CUR

The  MNPs,  PEGylated  MNPs,  and  PEGylated
MNPs–CUR  were  analyzed  using  various
instruments.  X-ray diffraction (XRD) was performed
with  the  MXP3V  (Mac  Science,  Japan).  Dynamic
light  scattering  (DLS)  and  zeta  potential  (ZP)
measurements  were  carried  out  using  the  Zetasizer
Nano  ZS90  (Malvern,  UK).  Fourier  transform
infrared (FTIR) spectroscopy was conducted with the
Spectrum  100  (Perkin  Elmer,  USA).  Field  emission
scanning electron microscopy combined with energy-
dispersive  X-ray  spectroscopy  was  performed  using
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the JSM 7600F (JOEL, USA). Transmission electron
microscopy  (TEM)  was  performed  with  the  Tecnai
TF20  X-Twin  (FEI  Company,  USA),  magnetic
properties  were  measured  with  a  vibrating  sample
magnetometer  (VSM,  Model  7404;  Lake  Shore,
USA), and ultraviolet–visible (UV–Vis) spectroscopy
was  conducted  using  the  SP-LUV752P
spectrophotometer  (Bioevopeak,  China)  to  measure
absorbance  for  drug  loading  and  in  vitro  release
studies. 

CUR  loading  content  and  entrapment
efficiency

To determine the loading efficiency of  CUR, 1.0 mg
of  the  dry  nanoparticles  containing  CUR  were
dissolved in ethanol and then subjected to water bath
sonication  at  room  temperature  in  the  dark  to  fully
extract  the  CUR  into  the  solution.  The  ethanol
solution  of  PEGylated  MNPs  containing  CUR  was
then centrifuged at 6 000 r/min to separate the MNPs
from  the  CUR.  Clear  yellow  supernatants  were
collected for analysis. The CUR concentration in each
supernatant  was  measured  using  the  UV–Vis
spectrophotometer  at  428  nm.  A  standard  curve  of
CUR  in  ethanol  ranging  from  0  to  20  µg/mL  was
prepared  under  identical  conditions.  The  CUR
loading  content  (LC%)  and  entrapment  efficiency
(EE%)  values  were  calculated  using  the  following
formulas:

LC% =
Wdrug in nanoparticles

Wnanoparticles
×100 (1)

EE% =
Wdrug in nanoparticles

Winitial amount of drug added
×100 (2)

 

In vitro release studies

The release profile of the drug was studied in a PBS
(pH  7.4)  medium  under  reservoir  (r)–sink  (s)
conditions  at  37  °C.  In  brief,  5  mg  of  PEGylated
MNPs–CUR were placed in a dialysis bag containing
3 mL of PBS:ethanol with a pH of 7.4.  This dialysis
bag  (reservoir)  was  then  immersed  in  40  mL  of  the
same  buffer  medium.  To  improve  the  dissolution  of
CUR  in  consideration  of  its  hydrophobicity,  50%
ethanol solution was added to the release medium at a
ratio of 1:1 with PBS [22, 23]. Subsequently, 2 mL of
the  release  medium  was  removed  at  specific  time
intervals  (0.5,  1,  2,  4,  8,  12,  24,  and  48  h)  and
replaced with fresh medium. The absorbance of these
samples was measured using a UV spectrophotometer

at  428  nm.  The  in  vitro  release  of  CUR  from  the
nanoparticles  was  determined using a  standard curve
of  CUR prepared in  ethanol/PBS (1:1, v/v)  solutions
at  various  concentrations.  All  experiments  were
conducted in triplicate for each timepoint. 

Cell culture

SH-SY5Y cells were cultured in a 1:1 mix of DMEM
and  Ham’s  F-12  medium,  supplemented  with  10%
heat-inactivated  FBS  and  1%  Penstrep.  RAW  264.7
cells,  kindly  provided  by  Nawah  Scientific  Inc.
(Egypt),  were  cultured  in  DMEM  with  10%  FBS,
2 mM L-glutamine, and 1% Penstrep. Both cell lines
were grown under standard conditions (37 °C and 5%
CO2)  until  they  reached  70%–80% confluence,  prior
to any further experimentation. 

Cell  viability  using  MTT  and  SRB  assays  in
the SH-SY5Y and RAW 264.7 cell lines

Cell viability was assessed using two different assays:
the MTT assay for SH-SY5Y cells and the SRB assay
for RAW 264.7 cells.  For the MTT assay, SH-SY5Y
cells  were  seeded  in  96-well  plates  at  a  density  of
1  ×  104  cells/mL  and  incubated  overnight.  The  cells
were  then  treated  with  various  concentrations  of
MNPs,  PEGylated  MNPs,  and  PEGylated
MNPs–CUR  (1.56–100  µg/mL)  and  incubated  for
48  h.  Following  this,  the  growth  medium  was
removed, and  20  µL of  5  mg/mL MTT solution  was
added to each well. Plates were incubated in the dark
for  3  h,  after  which  100  µL of  DMSO was  added  to
dissolve  the  formazan  crystals.  Absorbance  was
measured  at  570  nm using  an  ELISA plate  reader  to
calculate  cell  viability  relative  to  that  in  the  control
groups.

For  the SRB assay, RAW 264.7 cells  were seeded
in  96-well  plates  with  100  μL  of  cell  suspension
(5 × 103 cells) and incubated in complete medium for
24  h.  The  cells  were  then  treated  with  drugs  at  the
same  drug  concentrations  used  for  the  previously
mentioned  cells  (1.56–100  µg/mL)  in  an  additional
100  μL  of  medium.  After  drug  treatment,  the  cells
were fixed with 150 μL of 10% TCA at 4 °C for 1 h,
washed  with  distilled  water,  stained  with  0.4%  SRB
solution for 10 min, washed with 1% acetic acid, and
allowed to air-dry overnight. The protein-bound SRB
stain  was  dissolved with  150 μL of  10  mmol/L Tris,
and the absorbance was measured at 540 nm using an
Infinite  F50  microplate  reader.  Cell  viability  was
calculated  relative  to  the  control  groups  using  the
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absorbance values based on the following formula:

Cell viability=
Å

Absorbance sample (mean)
Absorbance control (mean)

ã
×100 (3)

The  cell  viability  rate  at  different  concentrations
was plotted in accordance with a previously reported
method  [24],  and  all  experiments  were  repeated  in
triplicate. 

Nitric oxide inhibition assay

RAW264.7  cells  were  seeded  in  a  96-well  plate  and
incubated for 24 h.  The following day,  inflammation
was induced using 1 μg/mL LPS (LPS group), while
the  control  group  cells  were  replenished  with  fresh
medium. Compounds were administered with LPS at
two  to  five  different  concentrations  (LPS  +  drug
group).  Quercetin  at  300  μg/mL  was  used  as  a
positive  control  for  its  anti-inflammatory  effects.  To
assess  NO  secretion,  equal  volumes  of  the  cell
supernatant  and  Griess  reagent  were  mixed  and
incubated for 10 min in the dark at room temperature.
The  absorbance  at  540  nm,  indicating  the  nitrite
concentration,  was  measured  using  an  ELISA  plate
reader. 

Statistical analysis

Data  were  analyzed  using  GraphPad  Prism  software
version  9.  Analysis  of  variance  was  conducted  to
assess  the  impact  of  each  treatment  compared  with
the  control  and  to  identify  differences  among  the
groups.  Results  are  reported  as  mean  ±  standard
deviation  (SD)  for  three  sample  measurements.  A
P-value  of  ≤  0.05  was  considered  statistically
significant. 

Results and Discussion
 

Dynamic light scattering (DLS)

The hydrodynamic size of the MNPs was determined
to  be  115.6  ±  0.6  nm,  with  a  polydispersity  index
(PDI) of 0.178 ± 0.02. In contrast, the hydrodynamic
size  of  the  PEGylated  MNPs  was  measured  to  be
69.19  ±  0.5  nm,  with  a  PDI  of  0.197  ±  0.01.  As
shown in Fig.  1,  there  was  a  significant  reduction  in
size  from  115.6  nm  to  69.19  nm  following  the
PEGylation  process,  suggesting  that  PEG effectively
minimizes  aggregation.  This  size  reduction  was
attributed to the propensity of PEG molecules to form
a coiled structure at low surface densities, effectively

encapsulating  the  nanoparticles  [17,  25].  These
results are consistent with numerous previous studies
that  demonstrated  the  impact  of  PEGylation  on
reducing  the  hydrodynamic  size  of  synthesized
nanoparticles. For example, Tai et al. (2016) reported
a  decrease  in  the  hydrodynamic  size  following  the
addition  of  PEG  600  Da  to  MNPs  [26].  Similarly,
Panday et al. (2020) observed a reduction in size from
93.13  to  79.20  nm when  PEG was  incorporated  into
PEI-MNPs  [27].  Upon  the  addition  of  CUR  to  the
PEGylated  MNPs,  the  hydrodynamic  size  increased
to 98.63 ± 1.7 nm. This increase in size from 69 nm to
98 nm suggests that CUR was loaded within the PEG
polymer.  Moreover,  the  PDI  value  of  PEGylated
MNPs–CUR was  0.276  ±  0.011,  indicating  excellent
polydispersity.  Across  all  three  formulations,  the
sizes  were  sufficiently  small,  making  them  suitable
for  biomedical  applications,  particularly  as
neuroprotective agents. 

Zeta potential (ZP)

Evaluation of the stability of MNPs is essential before
their  application  in  the  biomedical  field.  To  perform
this,  ZP  analysis  was  carried  out  to  measure  the
surface  charge  of  the  MNPs,  PEGylated  MNPs,  and
PEGylated MNPs–CUR. As depicted in Fig. 2, the ZP
values  were −40.6  ±  0.65  mV for  MNPs  (Fig.  2(a)),
−35.7  ±  0.15  mV  for  PEGylated  MNPs  (Fig.  2(b)),
and  −38.4  ±  1.93  mV  for  PEGylated  MNPs–CUR
(Fig.  2(c)),  indicating  excellent  stability  for  all
formulations.  The  negative  values  are  mainly  due  to
of  attached  hydroxyl  (OH)−  ions  on  the  MNPs’
surface in a basic medium (pH 10). In the literature, it
is suggested that a ZP value above ± 30 mV indicates
high  stability  in  the  formed NP dispersions  [28, 29].

 

Fig. 1 Hydrodynamic size of magnetite nanoparticles (MNPs),
PEGylated-MNPs, and PEGylated-MNPs-CUR.
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Conversely,  lower  ZP  values  can  lead  to  particle
aggregation  and  flocculation  due  to  van  der  Waals
forces  among  the  iron  NPs,  causing  physical
instability.  These  ions  can  affect  the  surface  charge
and  potentially  reduce  the  stability  under  certain
conditions [30]. 

Fourier  transform  infrared  (FTIR)
spectroscopy

Figure  3  depicts  the  FTIR  spectra  of  MNPs,
PEGylated  MNPs,  and  PEGylated  MNPs–CUR.  In
the FTIR spectrum of the MNPs, the presence of two
distinctive  peaks  at  560  and  578  cm−1,  which  are
associated  with  the  Fe–O  bond,  confirms  the
exclusive  formation  of  the  magnetite  phase.  This
observation effectively rules out the presence of other
iron oxide phases, such as goethite or hematite, in the
synthetic  process  [31].  These  findings  are
corroborated  by  comparing  the  FTIR  spectrum  with
those  reported  in  previous  studies  [32,  33].  Indeed,
the  FTIR  spectrum  of  magnetite  displays  prominent

bands  in  the  low-frequency  range  (1  000–500  cm–1),
which  are  characteristic  of  the  iron  oxide  structure
[34].  Furthermore,  the  observed  peak  at  1  604  cm–1

corresponds  to  the  C=C  stretching  vibration  groups,
while  the  peak  at  1  384  cm−1  confirms  the  O–H
bending  vibration  of  the  alcohol/phenol  groups  that
may be present  in the CBS extract  [35].  In the FTIR
spectrum  of  the  PEGylated  MNPs,  distinct  spectral
features are observed. The main absorbance peak for
the  ether  stretch  band  occurs  at  1  074  cm–1,  while
bending  vibrations  of  the  –CH2  and –CH groups  are
noted at 1 477 cm–1 and 1 270 cm–1, respectively. The
bending of H–O–H is evident around 1 600 cm–1. The
Fe–O vibration characteristic of the PEGylated MNPs
is observed around 559 and 542 cm–1. A broad peak at
3 365 cm–1 in PEGylated MNPs indicates the presence
OH groups. These observations, including the C–O–C
ether  stretch,  –CH,  –CH2  bending, H–O–H  bending,
and  Fe–O  stretching,  collectively  confirm  the
successful coating of the MNP surface with PEG. As
for  the  IR  spectrum  of  the  PEGylated  MNPs–CUR,

 

(a)

(b)

(c)

Fig. 2 Zeta potential (ZP) of (a) magnetite nanoparticles (MNPs), (b) PEGylated MNPs, and (c) PEGylated MNPs–CUR.
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the peak at 1 624 cm–1 corresponds to vibration of the
C=O bond, which  overlaps  with  the  C=C  bond.  The
band at 1 600 cm–1 is attributed to stretching vibration
of  the  C=C aromatic  ring.  Furthermore,  the  aromatic
C–O  stretching  peak  of  CUR  can  be  seen  at
1  280  cm–1  in  the  conjugated  system.  All  of  the
aforementioned peaks indicate the successful loading
of  CUR  in  the  conjugate  system  [21].  The  FTIR
spectrum  of  the  PEGylated  MNPs–CUR  shows
combined characteristic peaks of CUR and MNPs. 

X-ray diffraction (XRD)

The  XRD  patterns  of  MNPs,  PEGylated  MNPs,  and
PEGylated  MNPs–CUR are  presented  in Fig.  4.  The
diffraction  peaks  observed  at  2θ  values  of  30.21°,
35.5°, 43.31°, 53.80°, 57.3°, and 62.7° correspond to
the (220), (311), (400), (422), (511), and (440) Bragg
reflections, respectively, which align closely with the
spinel  structure  of  pure  magnetite,  as  indicated  by
JCPDS card  No.  19-0629  (Fig.  4(a))  [36].  The  XRD
pattern  for  the  PEGylated  MNPs  demonstrates  that
the  PEG  coating  does  not  affect  the  crystalline
structure  of  the  magnetite,  as  depicted  in  Fig.  4(b).
The observed lower peak intensity for the PEGylated

MNPs  compared  with  that  for  the  bare  MNPs
suggests  the  presence  of  a  PEG  coating  on  their
surface  [37].  Regarding  the  pattern  of  PEGylated
MNPs–CUR  (Fig.  4(c)),  the  peaks  in  the  composite
particles indicate that the encapsulation of CUR does
not  alter  the  phase  of  the  core  MNPs.  However,  the
intensity of  these characteristic  peaks is  significantly
reduced, possibly due to the linkage of CUR with the
core  MNPs  within  the  polymer  matrix.  Additionally,
multiple small peaks between 20° and 30° correspond
to  the  presence  of  CUR  [38],  further  indicating  its
successful encapsulation in the PEGylated MNPs. 

High-resolution  transmission  electron
microscopy  (HR-TEM)  and  selected-area
electron diffraction (SAED)

Figure 5 shows the TEM images and SAED patterns
for  MNPs,  PEGylated  MNPs,  and  PEGylated
MNPs–CUR.  The  bare  MNPs  (Fig.  5(a))  showed
some  aggregation,  while  the  PEGylated  MNPs  (Fig.
5(b))  exhibited  significantly  less  aggregation,
indicating  that  the  PEG  coating  reduced  aggregation
and  improved  dispersibility.  For  the  PEGylated
MNPs–CUR, as can be seen in Fig. 5(c), the changes
in illumination suggest a core-shell structure, with the
lighter  areas  representing  the  CUR-loaded molecules
and  the  darker  ones  indicating  the  MNP  core.  The
SAED patterns for all nanomaterials show diffraction
intensities  that  match  the  crystalline  structure  of
magnetite,  similar  to  the  XRD  patterns  for  the  three
compounds.  This  suggests  that  the  PEGylation
process after synthesis does not change the core size,
but may affect the hydrodynamic size. Moreover, the
shape  and  size  of  the  SAED  rings  in  the  PEGylated
MNPs–CUR  showed  that  the  magnetite  core
remained  unchanged  after  encapsulation,  suggesting

 

Fig. 3 FTIR  spectra  of  magnetite  nanoparticles  (MNPs),
PEGylated MNPs, and PEGylated MNPs–CUR.

 

Fig. 4 XRD  patterns  of  (a)  magnetite  nanoparticles  (MNPs),
(b) PEGylated MNPs, and (c) PEGylated MNPs–CUR.
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that  the  nanoparticles  retained  their  magnetic
properties  [39].  The  core  sizes  of  the  samples  were
almost  the  same, within  the  measurement  error, with
mean  particle  diameters  of  10  ±  2.7  nm  for  bare
MNPs,  11.8  ±  0.94  nm  for  PEGylated  MNPs,  and
19.3  ±  1.586  nm  for  PEGylated  MNPs–CUR.  The
increase in size of the CUR-conjugated system likely
indicates  successful  CUR  encapsulation  within  the
PEG-coated  nanoparticles.  The  final  size  of
approximately  19  nm  is  beneficial  for  crossing  the
blood–brain barrier (BBB). Research has shown that,
as  the  nanoparticle  size  decreases,  the  permeability
through  BBB  gaps  increases,  with  particles  larger
than  200  nm  showing  minimal  permeation  [40].
Additionally,  because  PEGylated  MNPs–CUR  are
larger  than  5  nm,  they  will  not  be  subject  to  renal
filtration  [41].  A  study  by  Ohta  et  al.  revealed  that
15  nm  gold  nanoparticles  were  more  efficiently
delivered into the mouse brain than 3 nm and 120 nm
particles  [42].  This  supports  the  potential  of
PEGylated  MNPs–CUR  as  an  effective
neuroprotective agent. 

Vibrating sample magnetometer (VSM)

Figure 6 presents the magnetic field versus magnetic
moment  (M-H)  curves  for  MNPs, PEGylated  MNPs,
and PEGylated MNPs–CUR. The VSM curves for the
three  samples  exhibit  a  sigmoidal  shape  devoid  of  a
hysteresis loop, indicative of their superparamagnetic
properties.  Superparamagnetism  implies  that  these
nanoparticles aggregate under a magnetic field due to
the  magnetic  dipole  attraction.  Notably,  this
aggregation is reversible, dissipating upon removal of
the  magnetic  field,  resulting  in  no  residual
magnetization.  This  superparamagnetic  behavior  is
particularly  beneficial  for  biomedical  applications.
The  saturation  magnetization  (Ms)  values  were

recorded  at  18  emu/g  for  MNPs,  14  emu/g  for
PEGylated  MNPs,  and  6.4  emu/g  for  PEGylated
MNPs–CUR.  These  values  correlate  with  the
nanoparticles’  small  sizes,  as Ms  typically  decreases
with smaller particles [43]. These M values are within
the  acceptable  range,  confirming  their  suitability  for
biomedical  applications.  Furthermore,  both  materials
exhibited  low  coercivity,  measured  at  19.29,  23.71,
and  37.229  Oe,  and  very  low  remanence  (Mr),  with
values  of  0.63,  0.33,  and  0.25  emu/g  for  MNPs,
PEGylated  MNPs,  and  PEGylated  MNPs–CUR,
respectively.  The  notably  low  coercive  forces  and
remanence  minimize  the  magnetic  dipolar
interactions  among  the  nanoparticles,  significantly
reducing  the  risk  of  complications,  such  as  blood
clots  [44].  Regarding  PEGylated  MNPs–CUR,  the
reduction in the magnetic response is primarily due to
disruption of the surface spin alignment caused by the
polymer  and  drug  molecules.  This  surface  spin
disorder  decreases  the  overall  magnetization  of  the

 

Fig. 5 TEM  images  and  SAED  patterns  of  (a)  magnetite  nanoparticles  (MNPs),  (b)  PEGylated  MNPs,  and  (c)  PEGylated
MNPs–CUR.

 

Fig. 6 VSM  curves  for  MNPs,  PEGylated  MNPs,  and
PEGylated MNPs–CUR
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nanoparticles,  while  the  particles  retain  their
superparamagnetic  behavior.  All  of  the  presented
magnetic  values  are  still  sufficient  for  effectively
guiding  the  particles  to  the  target  site  for  drug
delivery using an external magnetic field [45, 46]. 

CUR  encapsulation  efficiency  and  drug
loading

To  quantify  the  CUR  loaded  into  the  PEGylated
MNPs–CUR, a  standard  curve  was  established  using
known  concentrations  of  CUR  dissolved  in  ethanol
and  analysis  with  a  UV–Vis  spectrophotometer  at  a
wavelength  of  428  nm.  Using  this  method,  the
loading  percentages  across  three  different
concentrations (1, 2, and 3 mg/mL, marked as CUR 1,
CUR  2,  and  CUR  3,  respectively)  were  determined.
Table  1  outlines  the  LC% and  EE% values  for  each
concentration.  The  maximum  LC%  and  EE%
observed were 36.56% ± 4.60% and 75.57% ± 9.5%,
respectively, with a CUR concentration of  2 mg/mL.
This efficiency decreased to 48.7% ± 2.04% when the
amount  of  feed  drug  was  increased.  A  comparable
LC%  value  of  38.0%  was  reported  in  a  study
conducted  by  Shen  et  al.,  where  they  utilized  a
poly(vinyl  anisole)@PEG  (PVAS@PEG)  platform
for  CUR  encapsulation  [47].  In  contrast,  our  study
demonstrated  higher  loading  capacity  values  than  in
other  studies  that  used  PEG  polymers  for  CUR
encapsulation  [48,  49].  Notably,  increased  LC%
values can be achieved by using polymers with higher
molecular weights [50]. Owing to the favorable LC%
and EE%, the 2 mg/mL CUR sample was selected for
further in vitro drug release studies.
 
 

Table 1 Encapsulation  efficiency  and  loading  capacity  of
CUR in different PEGylated MNPs–CUR.

Samples Average LC% Average EE%

CUR 1 11.83% ± 1.14% 24.82% ± 2.39%

CUR 2 36.56% ± 4.60% 75.57% ± 9.50%

CUR 3 39.14% ± 2.54% 48.70% ± 2.04%

  

In vitro drug release

Approximately  56%  of  the  encapsulated  CUR  was
released within 72 h, as shown in Fig. 7. This release
rate  is  notable  higher  when  compared  with  other
reported maximum drug release  values  [51, 52].  The
release profile exhibited a burst  of release within the
first 24 h, which then gradually decreased, eventually
reaching a plateau after 72 h. This release pattern can

be  attributed  to  the  small  size  of  the  MNPs,  which
results  in  a  higher  surface-to-volume  ratio,  thereby
enhancing  the  intensity  of  the  initial  burst  release
[53].  Additionally,  the  use  of  low-molecular-weight
PEG (2000 Da) likely contributed to the quick-release
kinetics [50, 54, 55]. The remaining 44% of CUR that
was not released after 72 h may have been due to the
intermolecular  hydrogen  bonding  between  CUR  and
the PEG polymer, which inhibits further release from
the  nanoparticle  matrix  [56].  The  results  obtained  in
this  study  align  with  the  findings  of  Rachmawati  et
al., who reported a  maximum release rate  of  54.43%
over  48  h  for  curcumin-loaded  PLA nanoparticles  in
PBS at  pH 7.4 and 37 °C. Similarly,  the formulation
in  this  study  exhibited  a  comparable  release  profile,
with  an  initial  burst  release  of  44%  observed  within
the first 12 h [57]. Moreover, in a study conducted by
Bisht et al., the release kinetics of curcumin indicated
approximately  40%  release  from  the  polymer  after
24  h  when  dispersed  in  a  phosphate  buffer  at
physiological pH [58].

The  in  vitro  drug  release  was  evaluated  using
several kinetic models, including the zero-order, first-
order,  Korsmeyer–Peppas,  and  Higuchi  models,  as
shown  in  Fig.  8.  The  zero-order  release  mechanism
characterizes  a  scenario  where  the  drug  release  rate
remains  constant  and  is  independent  of  the  drug
concentration.  In  contrast,  the  first-order  release
mechanism  is  concentration-dependent,  with  the
release  rate  diminishing  as  the  drug  concentration
decreases [59]. The Higuchi model describes the drug
release  from  an  insoluble  matrix  as  proportional  to
the square root of time, indicative of Fickian diffusion
[60,  61].  Finally,  the  Korsmeyer–Peppas  model  uses
mathematical equations to describe drug release from

 

Fig. 7 In  vitro  release  profile  of  CUR  from  PEGylated
MNPs–CUR in PBS (pH 7.4).

394 Nano Biomed. Eng., 2024, 16(3)

https://www.sciopen.com/journal/2150-5578

https://www.sciopen.com/journal/2150-5578
https://www.sciopen.com/journal/2150-5578
https://www.sciopen.com/journal/2150-5578


a  polymeric  system  [62].  The  equations  for  these
models are provided below (Eqs. (4)–(7)).

C = K0t (4)

where  C  denotes  the  drug  concentration  at  time  t,
where  t  is  the  time  and  k0  is  the  zero-order  rate
constant, expressed in units of concentration per time.

logC0− logC =
k1t

2.303
(5)

In  this  equation,  C0  represents  the  initial  drug
concentration and k1 is the first-order rate constant.

C = KH

√
t (6)

Here, KH  is a constant reflecting the design variables
of the system.

Mt

M∞
= KHtn (7)

Here,  M∞Mt  represents  the  proportion  of  the  drug
released  at  time  t, where  t  is  the  release  time. KH  is
the  kinetic  rate  constant  of  the  Korsmeyer–Peppas
model,  and  n  is  the  release  exponent  indicating  the
drug release mechanism.

Upon  analyzing  the  release  kinetics,  it  was
determined  that  the  Higuchi  model  most  accurately
described  the  release  data, with  the  highest R2  value
of 0.951. This suggests that the release of CUR from
PEGylated MNPs was primarily diffusion-controlled,
indicating  an  anomalous  (non-Fickian)  release
mechanism.  According  to  the  Higuchi  model,  drug
release  from  PEGylated  MNPs  involves  the  drug
penetrating  and  dissolving  within  the  polymeric
matrix,  followed  by  diffusion  through  the  polymeric
pores into the external environment. This behavior is
typically  observed  in  hydrophilic  matrix  systems,
aligning  with  the  properties  of  the  composite
formulated  in  this  study.  Consequently,  the  rate  of
CUR release from the polymeric system demonstrates
that  both  swelling  and  erosion  of  the  polymer  occur
simultaneously.  These  findings  are  consistent  with
those  of  several  previous  studies.  For  instance,  a
study  by  Reddy  et  al.  developed  sodium  alginate/
montmorillonite  microbeads  encapsulating  CUR,
which best fit the Higuchi model with an R2 value of
0.983, indicating diffusion-controlled release [63]. 

 

Fig. 8 Kinetic analysis plots for curcumin (CUR) release: (a) zero-order, (b) first-order, (c) Korsmeyer– Peppas, and (d) Higuchi
models.
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RAW 264.7 cell line
 

Cell viability assay

Assessing the cytotoxic effects of the formulation on
normal  macrophages  was  a  pivotal  aspect.  Different
types  of  nanoparticles  have  been  reported  to  enter
macrophages  through  both  phagocytic  and
nonphagocytic  pathways  [64],  potentially  disrupting
mitochondrial  function  [65].  Consequently,  ensuring
safety  is  essential  in  the  development  of  new
medications. The effect of PEGylated MNPs–CUR on
the  viability  of  RAW 264.7  cells  was  assessed using
an  SRB  assay  with  the  concentration  range  of
0.1–100  μg/mL, with  the  results  presented  in Fig.  9.
This  concentration  range  was  carefully  selected  on
the  basis  of  previous  research  involving RAW 264.7
cells,  ensuring  that  the  results  are  comparable  with
established studies [66–68].
  

Fig. 9 Viability  rates  of  the  murine  macrophage  cell  line
(RAW 264.7) were evaluated using an SRB assay after 48 h of
exposure  to  various  concentrations  of  the  nanocomposite
PEGylated  MNPs–CUR.  Data  are  presented  as  the  average
values with error bars indicating the SD (n = 3).
 

It  was  found  that  PEGylated  MNPs–CUR,  in  the
concentration  range  of  0.1–100  μg/ml, did  not  affect
the  viability  of  these  cells.  As  a  result,  these
concentrations were used in subsequent inflammatory
assays, confirming their cellular safety. 

Nitric oxide inhibition assay

Since neuroinflammation is a common feature across
all  NDDs  originating  from  the  CNS,  it  leads  to
compromise of the BBB. This breach allows immune
cells  such  as  macrophages,  neutrophils,  and
leukocytes  to  infiltrate  the  lesion  area  through  the
disrupted  BBB  [69].  A  critical  consequence  of  this
infiltration  is  the  release  of  inflammation-associated
mediators  by macrophages, with  NO being a  notable
inflammatory  mediator.  Given  the  significant  role  of

NO  in  inflammatory  signaling,  as  mentioned  in
previous  reports  [70,  71],  the  ability  of  PEGylated
MNPs–CUR  to  suppress  NO  production  in  LPS-
stimulated  RAW 264.7  cells  was  explored.  The  LPS
concentration  used  (1  μg/mL)  was  selected  based  on
various  studies  that  assessed  inflammation  in  RAW
264.7 cells [72–74]. Quercetin was used as a positive
control  because  of  its  well-documented  potent  anti-
inflammatory effects [75, 76].

As  shown  in  Fig.  10,  LPS  treatment  significantly
increased  the  NO  levels,  as  determined  using  the
Griess  method.  However,  treatment  with  PEGylated
MNPs–CUR  resulted  in  a  dose-dependent  reduction
in  the  production  of  NO.  Specifically,  PEGylated
MNP–CUR  concentrations  of  0.1  and  10  μg/mL
significantly  lowered the  NO level  (P <  0.01), while
the 100 μg/mL concentration led to a 40% inhibition
of  NO  (P  <  0.001).  This  reduction  matched  the
efficacy  of  quercetin  at  300  μg/mL,  suggesting  that
PEGylated  MNPs–CUR  are  three  times  more  potent
than quercetin in inhibiting NO.
 
 

Fig. 10 Impact  of  PEGylated  MNPs–CUR  on  nitric  oxide
(NO)  production  following  LPS  induction.  Quercetin
(300  μg/mL)  served  as  a  positive  control  for  NO
quantification.  The  data  are  presented  as  mean  ±  SD  from
three separate experiments. (*P < 0.05, **P < 0.01, and ***P <
0.001 compared with LPS-treated cells.)
  

SH-SY5Y cell line

The SH-SY5Y cell  line is a useful tool for exploring
the  cellular  processes  related  to  disorders  of  the
nervous  system.  It  is  also  vital  for  efficiently
screening  potential  therapeutics  for  neurological
disorders  [77,  78].  This  cell  line  has  also  been
employed  to  study  the  functions  of  the  BBB  as  it
effectively  mimics  the  structure  and  function  of  a
normal BBB. This makes these cells a valuable tool in
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research  focused  on  understanding  the  BBB
characteristics  in  NDDs  [79].  Hence,  the  SH-SY5Y
cell  line  was  used  here  to  examine  the  impact  of
various compounds on cell viability. The MTT assay
was  employed  to  assess  the  cytotoxicity  of  various
concentrations  of  MNPs,  PEGylated  MNPs,  and
PEGylated  MNPs–CUR  (1.56–100  µg/mL)  on  SH-
SY5Y  cells.  This  drug  concentration  range  was
selected  based  on  previous  studies  using  SH-SY5Y
cells  to  ensure  consistency  with  the  current  research
[80–82].

The  results  in  Fig.  11  demonstrate  that  all
nanoformulations  maintained  high  cell  viability
across  concentrations,  even  at  the  highest  one  (100
µg/mL).  Specifically,  MNPs  at  the  highest  tested
concentration resulted in a moderate reduction in cell
viability to 70.5%, corresponding to 29.5% cell death.
Conversely,  PEGylated  MNPs  and  PEGylated
MNPs–CUR  exhibited  improved  safety  profiles  at
higher  concentrations,  with  cell  viability  rates  of
73.5% and 73%, respectively. These findings suggest
that  all  of  the  tested  formulations  are  biocompatible
with  neural  cells.  This  aligns  with  the  findings  of
Hibono’s recent study, which established that the cell
toxicity  criteria  required  cell  viability  to  be  at  least
60%  compared  with  the  control  group  [83].  In
addition,  coupled  with  the  anti-inflammatory  effects
observed  in  earlier  assays,  these  results  support  the
potential  of  these  nanoformulations  as
neuroprotective agents against NDDs.
  

Fig. 11 Cytotoxicity on SH-SY5Y cells after 48 h of exposure
to  various  concentrations  of  green  synthesized  MNPs,
PEGylated MNPs, and PEGylated MNPs–CUR, demonstrating
differential  cellular  responses  to  each  treatment.  Data  are
presented as the average values with error  bars indicating the
standard deviation (n = 3). 

Conclusion and Future Directions

In conclusion, our study demonstrated that PEGylated

MNPs,  synthesized  using  plant  polyphenols  from
CBS extract and loaded with CUR, exhibit significant
promise  as  potential  neuroprotective  agents  against
NDDs.  The  resulting  nanoparticles  were  spherical  in
shape  and  exhibited  superparamagnetic  behavior,
along  with  efficient  drug  loading  and  controlled-
release  properties  following  the  Higuchi  kinetic
model.  Moreover,  in  vitro  assessments  in  SH-SY5Y
cells  confirmed  that  these  cells  maintained  high
viability  in  the  presence of  the  MNPs,  indicating the
biosafety  of  the  nanoformulations.  Furthermore,  in
LPS-induced  RAW  264.7  cells,  the  PEGylated
MNPs–CUR were  associated  with  high  cell  viability
and effectively reduced NO production, proving their
anti-inflammatory potential.  These findings highlight
the  benefits  of  synthesized  nanoparticles  in  exerting
anti-inflammatory  effects,  which  are  crucial  in
mitigating  the  progression  of  NDDs.  Therefore,
PEGylated  MNPs–CUR  present  a  promising
therapeutic  option  for  brain-related  diseases,
warranting  further  in  vivo  studies  and  clinical
evaluations to fully establish their efficacy and safety.
To  advance  PEGylated  MNPs–CUR as  a  therapeutic
for  brain-related  diseases,  future  work  should  focus
on  assessing  cell  inflammation-related  gene
expression  to  elucidate  the  underlying  molecular
mechanisms.  It  is  also  essential  to  explore  delivery
methods  and  conduct  preliminary  in  vivo
biocompatibility  studies.  Finally,  it  is  crucial  to
investigate  the  impact  of  different  polymer
thicknesses  on  drug  release  and  loading  profiles,  in
order  to  optimize  this  approach  for  clinical
applications. 
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