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Parkinson’s disease is a complex and progressive neurodegenerative disorder, affecting over 1,000,000 people in the United States
alone. However, iron-oxide nanoparticles have shown promise in treating Parkinson’s disease by targeting the ferroptotic pathways
associated with iron overload potentially delivering therapeutic agents to the affected brain regions and helping to mitigate some of
the debilitating symptoms (motor function loss, cognitive impairment, autonomic dysfunction, etc.) associated with the condition.
In this study, iron oxide nanoparticles (INP) were synthesized using cilantro leaf extract (mixed using heat to combine the cilantro
with the iron, then decanted cilantro leaves) and ferrous sulfate salt. The synthesized INPs were characterized by Fourier-transform
infrared spectroscopy (FTIR), Ultraviolet-visible spectroscopy (UV-Vis), Zetasizer, and X-ray diffraction (XRD) techniques. The
potential of INPs for treating neurodegenerative diseases was tested using worm models for Parkinson’s disease - Caenorhabditis
Elegans (C. Elegans). To ensure minimal toxicity, we conducted additional toxicity assays on all strains using curcumin-coated
iron oxide nanoparticles (0.5 mg/ml, 1 mg/ml, 2 mg/ml, and 5 mg/ml). The results suggest that there is significant toxicity when
the concentration of INPs is greater than 1 mg/ml concentration, there is also a significant boost in effectiveness and reduction in
toxicity when adding curcumin to the nanoparticles. By conducting a Basal Slowing Assay, it was determined that the particles have
no negative impact on dopamine signaling in N2 worms, and in mutants with impacted dopamine pathways (dopamine-containing
neural circuit that senses a mechanical attribute of bacteria), the particles improved their dopamine signaling.

Introduction

A 2022 Parkinson’s Foundation-backed study revealed that
nearly 90,000 people are diagnosed with Parkinson’s disease in
the U.S. each year1. This represents a steep 50% increase from
the previously estimated rate of 60,000 diagnoses annually1.
Parkinson’s disease is a debilitating neurodegenerative disorder
characterized by the progressive loss of dopaminergic neurons
in the brain2. The hallmark of Parkinson’s disease is the specific
degeneration of dopaminergic neurons in the substantia nigra
pars compacta, leading to reduced dopamine levels in the basal
ganglia2. Consequently, classical motor symptoms like tremors,
bradykinesia, rigidity, and postural instability manifest2.
Parkinson’s disease is also associated with a wide array of non-
motor manifestations, including cognitive impairment, sleep
disturbances, mood disorders, and autonomic dysfunction2. The
underlying pathophysiological mechanisms contributing to the
development and progression of Parkinson’s disease involve a
complex interplay of genetic, environmental, and age-related
factors3’4. Iron is essential in many physiological processes,
including DNA metabolism, oxygen transport, and cellular
energy generation, which is incredibly important when someone
is sick with Parkinson’s. Patients with late-stage Parkinson’s are

also often found to have low iron levels5.

The Blood blood-brain barrier (BBB) plays a crucial role
in safeguarding the central nervous system (CNS) from
harmful substances, and its integrity becomes even more
significant when considering potential therapeutic interventions
for neurological disorders like Parkinson’s disease6. In recent
years, there has been growing interest in utilizing nanoparticles
as a novel approach to cross the BBB and deliver drugs to the
CNS7’8.

Nanoparticles owing to their small size and unique properties,
offer a promising avenue for targeted drug delivery to the
brain7’9. Traditional drugs often encounter obstacles in crossing
the BBB due to their large molecular size6. The blood-brain
barrier has a permeability size of 5 to 200 nm. However,
when attached to nanoparticles, these drugs can effectively
traverse the barrier and gain access to the brain10. Among
various nanoparticle types, metal nanoparticles have garnered
considerable attention for their versatility in shape and size7.
They can be engineered to carry drugs and specifically interact
with receptors on the exterior surface of the BBB, facilitating
their transport into the brain through vesicles6’11’10. Moreover,
metals themselves play essential roles in various brain functions,
such as synaptic plasticity and neurotransmitter production8.
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Despite the potential benefits of nanoparticle-based drug
delivery, there are concerns regarding increased BBB
permeability, which may lead to the influx of toxic particles
and potential damage to neural cells6. Thus, researchers are
actively exploring safer and more effective methods to achieve
drug delivery while maintaining BBB integrity6.

One such promising avenue involves the use of iron
oxide nanoparticles synthesized using cilantro plant extract.
Cilantro leaves contain reducing and capping agents that
become incorporated into the nanoparticle structure12.
Furthermore, phytochemicals present in cilantro, such as
ketones, aldehydes, flavones, and amides, contribute to its
biocompatibility12’13’14’15. The incorporation of cilantro leaf
extract aims to mitigate the risks associated with increased
blood-brain barrier (BBB) permeability and potential neural
damage. Cilantro leaf extract, with its natural capping agents and
phytochemicals, enhances the stability and biocompatibility of
nanoparticles, potentially reducing adverse effects12. Iron oxide
nanoparticles have shown potential as targeted delivery vehicles
for drugs, and the natural elements present in cilantro, such as its
nutrient density (vitamin A, vitamin C, vitamin E, and vitamin
K), enhance their safety, health benefit, and efficacy11’10.
Another natural compound of interest is curcumin, derived from
turmeric, which has been studied extensively for its anti-cancer
properties16’17. The use of curcumin-coated nanoparticles is
designed to enhance drug delivery across the blood-brain barrier
(BBB) while minimizing potential neurotoxic effects, thanks to
curcumin’s biocompatibility16’17. However, its large molecular
size limits its cellular uptake and bioavailability18. To address
this limitation, the use of curcumin-coated nanoparticles to
improve its cellular delivery and target specific tissues has been
explored19’20.

In the context of Parkinson’s disease, C. Elegans is frequently
utilized as a model organism due to its genetic homology to
humans and its simple, transparent CNS, allowing for easy
visualization under a light microscope21. Specifically, the
WLZ3 and CB1112 strains were used. The WLZ3 strain has
a mutation in the leucine-rich repeat kinase 2 (LRRK2) gene.
Mutations in this gene in humans have historically been linked
with Parkinson’s, making this strain a valuable model to study
Parkinson’s disease3. The CB1112 strain contains a mutation
in the cat-2 gene, which codes for tyrosine hydroxylase (TH),
and as a result, has lower levels of dopamine. This deficiency
is commonly associated with Parkinson’s, and thus TH is
commonly associated with the development of the disease.

The primary objective of this study is to identify a safe and
effective nanoparticle for drug delivery in C. elegans, serving as
a model for Parkinson’s disease. We aim to evaluate the toxicity
and biocompatibility of these nanoparticles to ensure they can
deliver therapeutic agents to the brain without causing adverse
effects. By assessing the interactions between the nanoparticles
and C. elegans, this study seeks to advance the development of

targeted drug delivery systems that can be applied during the
treatment of Parkinson’s disease.

Methods

Strains and Maintenance:

The following Caenorhabditis elegans strains were used in the
study: N2 (wild type), WLZ3, and CB1112 (cat-2-defective). All
strains were maintained at 16◦C on Nematode Growth Medium
(NGM) plates seeded with Escherichia coli OP50, following the
guidelines outlined in Wormbook. Age synchronizations were
performed using a sodium hydroxide and bleach solution, as
specified in Wormbook protocols.

Materials

The study utilized curcumin and cilantro extract as chemical
reagents and ferrous sulfate (FeSO4) for iron supplementation.
A Celestron Digital Microscope Imager was employed for
imaging purposes. For sample processing, a centrifuge was
used. Detailed structural analysis was conducted using an
Amray 1830 Scanning Electron Microscope (SEM) equipped
with an energy-dispersive X-ray spectrometer (SEM-EDX).
Spectroscopic analysis was performed using a Thermo Scientific
Nicolet iS5 Fourier Transform Infrared (FT-IR) Spectrometer.
At the same time, absorbance measurements across a range
of wavelengths were obtained using a 721 UV-visible-near
infrared spectrophotometer. Throughout the assays, analytical
grade reagents and deionized water were utilized to ensure the
precision and reproducibility of the results.

Fabrication/Characterization of Nanoparticles

Nanoparticle Synthesis
Cilantro leaf extract was prepared by cutting 10 grams of cilantro
leaves into small pieces, followed by a thorough washing with
deionized water. The washed cilantro leaves were then immersed
in 100 ml of deionized water, and the resulting solution was
maintained at 15◦C for 15 minutes in a fume hood. After cooling
to room temperature, the extract was separated from the leaves
by passing it through Whatman No. 1 filter paper. The prepared
leaf extract was stored in a clean flask at 5◦C. Subsequently,
0.01 M FeSO4 in a 100 ml conical flask was prepared, and the
cilantro leaf extract was added to this solution with constant
agitation using a magnetic stirrer set at 1500 rpm on a hot plate
until the solution turned black. The solution was then placed in a
water bath maintained at 30◦C and stirred slowly with a magnetic
stirrer for 15 minutes within a fume hood. The solution was then
centrifuged at 3,600 rpm for 20 minutes to obtain a pellet, which
was washed with triple distilled water and centrifuged again.
Finally, the pellet was freeze-dried at -78◦C and 10 Pa pressure
for 24 hours.
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Curcumin Coating
A 2 mg mL-1 stock solution of curcumin was prepared in
acetone. Subsequently, 10 mg of FeSO4 nanoparticles were
dissolved in 1 mL of acetone. The curcumin solution was then
added to the iron solution. The mixture was then subjected
to continuous stirring for 24 hours. The resultant mixture was
subjected to centrifugation at 3600 rpm for 20 minutes. The
product was washed thrice with distilled water, and centrifuged
at 3600 rpm for 20 minutes after each wash, to remove any
residual impurities. Finally, the product was frozen in a -80◦C
freezer11.
Fourier-Transform Infrared Spectroscopy (FTIR)

Samples of INPs were prepared as thin films, liquid
solutions, or powders and placed on suitable holders. The FTIR
spectrometer was calibrated, and a background measurement
was obtained. Measurements were conducted in attenuated total
reflection mode. The obtained spectra were analyzed to identify
functional groups and composition using reference databases
and software. After each measurement, samples were removed,
and equipment was cleaned following manufacturer guidelines.
The instrument used was the Thermo Scientific Nicolet iS5
Fourier Transform Infrared (FT-IR) Spectrometer.
Ultraviolet-visible spectroscopy (UV-VIS)
Samples of INPs were prepared in solution form and adjusted
to appropriate concentrations. The UV-Vis spectrometer was
calibrated using a blank reference solution as the baseline.
Measurements were taken within the UV-Vis wavelength range
to record absorbance spectra. Quantitative analysis involved
measuring absorbance at specific wavelengths and determining
sample concentrations using calibration curves from standard
solutions. Cleaning procedures were diligently followed after
each measurement to prevent contamination.
X-ray diffraction Analysis (XRD)
Samples were prepared as finely ground powders for
homogeneity. The X-ray diffractometer was used to obtain
diffraction patterns by scanning the samples over a specific
angular range21. Characteristic peaks were identified to
determine the crystal phases present in the sample.
Zeta Potential Characterization
Samples were diluted with DI water using a 10:1 ratio. The
resulting solution was added to the Zetasizer’s respective
cuvette and then added to the Zetasizer. The results were
relayed onto the connected computer where characteristic
peaks could be observed and analyzed. The cleaning procedure
required an intense cleaning process with DI water to ensure no
nanoparticles remained in the cuvette.

Lifespan/Toxicity
C. Elegans were age synchronized (halted at the L3 stage) and
plated on floxuridine (FUdR) supplemented plates and counted
to inhibit reproduction and ensure accuracy in worm counts.
Each plate had approximately 10 worms before experimentation.

They were then exposed to varying concentrations (0.5 mg/ml, 1
mg/ml, 2 mg/ml, 5 mg/ml) of nanoparticles and deionized water.
The plates were then checked after 48 hours to count the number
of C. Elegans displaying signs of life.

Basal Slowing:
Approximately 100 worms of each strain (well-fed age-
synchronized L4 stage worms) were rinsed with M9 buffer
to eliminate residual bacteria, then centrifuged at 2000 RPM
for 2 minutes to remove the excess M9, and split into 4 even
groups. A quarter of the worms were transferred to an NGM
plate seeded with OP50, another quarter to an NGM plate
seeded with INPs, another quarter to an NGM plate seeded
with both OP50 and INPs, and the final quarter to an NGM plate
coated with M9 buffer (as a control). The concentration of INPs
used was 1mg/mL, as this was found to be the most promising
in the toxicity assays. After 2 minutes of acclimatization,
sections of the plates were recorded for 45 seconds using the
Celestron Microscope Imager. The videos were processed by
visual counting of body bends/minute by multiple researchers.

Results

Characterizations

UV-Vis Characterization:
Ultraviolet-visible spectroscopy is utilized to confirm
that the nanoparticle samples synthesized are truly Iron
Sulphate nanoparticles. If the absorbance peaks through our
experimentation match existing literature of Iron Sulphate
nanoparticles, then we can conclude we successfully synthesized
the nanoparticles.

FTIR Characterization
The primary objective of Fourier Transform Infrared
Spectroscopy (FTIR) is to identify the presence of curcumin
within the iron nanoparticle sample. If curcumin is properly
loaded onto the nanoparticle surface, it will display a distinct
absorbance peak that won’t be present in the control sample.

Iron Nanoparticles:
FT-IR analysis of iron metal nanoparticles revealed peak
absorbances at 593.30 cm-1, 1633.63 cm-1, 1096.43 cm-1,
and 3329.73 cm-1. These peaks signify the vibration of Fe-
O bonds, stretching vibration of acyclic C-C bonds, symmetric
C-O vibration associated with the C-O-SO3 group, and OH
stretching of water molecules, respectively.

Curcumin Coated Nanoparticles:
FT-IR analysis of curcumin-coated iron metal nanoparticles
revealed peak absorbances at 578.63 cm−1, 597.40 cm−1,
1635.27 cm−1, 2012.31 cm−1, 2158.04 cm−1, and 3320.46
cm−1. These peaks signify the vibration of Fe-O bonds, the
stretching vibration of C=O bonds in curcumin, the potential
presence of CN or other functional groups, the potential
presence of C-H or other functional groups, and OH stretching
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Sub figure 1a, 1b: Iron nanoparticle synthesis, curcumin coating of iron nanoparticles

UV-VIS for Iron Oxide showed a peak at 294 nm which is similar to the reference article22.

vibrations of water molecules or hydroxyl groups. The presence
of curcumin can be seen through the peak of 2012.31 cm−1.
The peak at 2012.31 cm−1 signifies the robust presence of C-H
stretching vibrations, likely originating from aromatic rings or
aliphatic groups in curcumin23.

XRD Characterization
X-ray diffraction tests are conducted to provide comprehensive
information about crystalline structure and phase identification.
This data will be used to assess the materials’ properties and

behavior, which can impact its performance in drug delivery
applications.

The XRD patterns were compared with the standard Joint
Committee on Powder Diffraction Standards (JCPDS) to
confirm the crystal structure and phase identification. The XRD
of Iron oxide produced a faint signal identical to the ones
tested in reference24. The XRD confirms that the INPs have
a crystalline structure with its sharp peaks instead of broadly
humped peaks There was a strong diffraction peak with a 2θ
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value of 31.6◦. The Scherrer equation relates peak broadening
in XRD patterns to smaller crystallite sizes; narrower peaks

indicate larger crystals. Using the highest peak of 14574 and the
Scherrer Formula, the size of the crystallite is 42.75 nm where
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K is 0.94, Cu Kalpha is 1.75 angstroms, 2θ is 31.6◦, and the
β is 0.004. The crystalline size was in the same range as the
reference paper24.

SEM Characterization
Scanning Electron Microscopy was utilized to get a visual on the
nanoparticle sample on a nanoscale level. This was performed
to identify the size of both INPs and Curumin-Coated INPs.

Zeta Potential Characterization
Zeta Characterization was used to better understand the chemical
properties present within the INPs.

The curcumin nanoparticles exhibit an average zeta potential
of -19.267, indicating their predominantly anionic character.
This anionic property renders them particularly effective in their
role as corrosion inhibitors as they can readily adsorb onto
positively charged metal surfaces, forming a protective layer
that prevents oxidation and corrosion25. Zeta potential not only
informs us about the stability and charge characteristics of the
nanoparticles but also highlights their suitability for applications
in corrosion protection.

Assays

Dopamine-related behaviors like Basal Slowing Response (BSR)
are a way of further assessing the Curcumin-coated INPs. As
such, a Basal Slowing Assay was performed on N2 (control)
and CB1112 (dopamine defective) strains both with and without
exposure to the nanoparticles. The Basal Slowing Assay tests
the worms’ behavior when in the presence or absence of food
(bacterial) on agar plates. Since the N2 worms have intact
dopamine signaling pathways, as expected, their motion was
greater in the plates without food than in the plates with food26.
There was also no significant difference in BSR between the
control and INP groups, demonstrating that the nanoparticles are
not negatively influencing dopamine-dependent behaviors such
as BSR. In the CB112 worms, there was no difference between
the plates with food and without food, because of their impacted
dopamine signaling. However, in the INP group, there was an
increase in BSR.

Survival rates were compared across different concentrations
using one-way ANOVA26, followed by Tukey’s post-hoc test.
Significant differences were observed between the 0.5 mg/ml
and 5 mg/ml groups (p < 0.05), with the survival rates at 0.5
mg/ml and 1 mg/ml concentrations being significantly higher
compared to the 5 mg/ml concentration. Replication experiments
were conducted to ensure reliability, with standard deviations
provided as 5.24%, 3.12%, 6.73%, and 1.89%, respectively.

Discussion

In the characterization of the iron oxide nanoparticles (INPs),
the X-ray diffraction (XRD) analysis indicated a well-defined
crystalline structure with an average size of 42.75 nm, as

determined by the Scherrer Formula, with the highest peak
at 14574. These findings align closely with previous studies
utilizing Cu Kalpha (1.75 angstroms, 2θ 31.6◦, β 0.004),
lending credibility to our measurements and ensuring the
consistency of our results. All the peaks of XRD confirm the
presence of only INPs and no significant impurities11. Scanning
Electron Microscopy (SEM) revealed a particle size of 68 nm
along with clusters of particles up to 192 nm for both curcumin
and plain iron nanoparticles. The curcumin nanoparticles also
had zeta potential that averaged to -19.267, establishing the
particles as anionic making them corrosive inhibiting in nature.

In the toxicity assay, we conducted experiments on C. Elegans
exposed to four different concentrations of INPs dissolved in
DI water: 0.5 mg, 1 mg, 2 mg, and 5 mg/ml. Our decision to
use DI water as a solvent was well-founded, as it was found to
be less toxic to the worms compared to ethanol, ensuring that
the observed effects were predominantly attributed to the INPs.
After 48 hours of exposure, we assessed the survival rate of
the wild-type (N2) worms, which showed values of 58.84%,
72.32%, 33.33%, and 0% at the respective concentrations.

Similarly, for the WLZ3 strain, the survival rates were 31%,
29%, 11%, and 0%, respectively. Our results demonstrate
significant toxicity beginning at 1 mg/ml, with the WLZ3 strain
exhibiting a more pronounced sensitivity to the nanoparticles.
To explore potential solutions to mitigate toxicity, we conducted
additional toxicity assays on the WLZ3 strain using curcumin-
coated iron nanoparticles. The results were promising, with
survival rates of 70%, 88%, 74%, and 13% at the same respective
concentrations, while toxicity assays carried out on N2 worms
with the curcumin-coated iron nanoparticles resulted in lower
survival rates compared to WLZ3, being 70.67%, 81%, 52.10%,
and 19.67% at the same respective concentrations.

This suggests that the curcumin coating on iron nanoparticles
could play a crucial role in reducing toxicity, especially in worms
representing Parkinson’s disease as shown by them having a
higher overall survival rate with curcumin compared to N29.
Given that curcumin is recognized for its anti-inflammatory and
antioxidant properties, it is likely to aid in counteracting the
negative effects of iron overload in C. elegans and may hold
promise for applications in human medicine.

Cat-2 mutated worms do not carry the genes that produce
tyrosine, a precursor to dopamine22. As a result, their dopamine
pathways are impacted by an inability to synthesize dopamine.
However, our results have shown that when exposed to
curcumin-coated INPs, these mutants exhibit an improvement
in dopamine-related behavior, mainly BSR. The synergistic
effects of curcumin-coated INPs might reduce oxidative stress
and enhance cellular resilience, compensating for the lack of
dopamine production in Cat-2 mutants and improving behavioral
outcomes and survival rates.

Overall, the study’s findings strongly support the potential of
curcumin-coated INPs as a strategy for reducing toxicity in drug
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Figure 3: Zeta potential of Curcumin Coated INPs
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Figure 4: Basal Slowing Curcumin coated Iron Nanoparticles
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BSR = rate on food−rate off food
rate off food
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The particles had an average size of 68 nm along with clusters of particles up to 192 nm.

delivery systems. However, to optimize their efficacy, additional
research is needed to precisely determine the ideal concentration
of curcumin and iron in these nanoparticles. It is crucial to
highlight that concentrations above 1 mg/ml of all particle
types and strains have shown notable toxicity, emphasizing

the necessity for meticulous dosage considerations in potential
medical applications19. Further advancements in this direction
hold the key to safer and more effective drug delivery systems.
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Future Scope

Advancing towards clinical applications, the research on
curcumin-coated iron nanoparticles aims to forge a path towards
clinical applications, necessitating thorough investigation in
several key areas. Initially, we must elucidate curcumin’s
protective mechanisms through studies on signaling pathways,
gene expression, and cellular responses in both C. Elegans
and mammalian cell cultures. This will be complemented by
exploring the interactions between curcumin, iron nanoparticles,
and biological environments to understand stability, release
kinetics, and intracellular behavior.

The transition to in vivo validation is crucial, where rodent
and non-human primate studies will provide insights into
safety, efficacy, and mammalian system responses, including
biodistribution and pharmacokinetics. These findings are vital
precursors to human clinical trials. Human trials, particularly
with conditions like Parkinson’s disease or iron overload, will
also focus on safety, efficacy, and pharmacokinetics. It is critical
to monitor dosing, side effects, and therapeutic efficacy closely.

We also aim to enhance therapeutic potential through targeted
delivery, investigating nanoparticles functionalized with specific
ligands or antibodies to optimize site-specific accumulation
and reduce off-target effects. This approach may lower dosage
requirements and minimize toxicity. Assessing long-term safety
through chronic exposure studies in relevant animal models is
imperative to understand cumulative effects and ensure safety
during prolonged administration.

Lastly, optimizing nanoparticle manufacturing for clinical
application is essential. We will focus on consistent quality,
scalable production, and adherence to regulatory standards like
Good Manufacturing Practices (GMP) to ensure safety and
efficacy for human use.

Conclusion

This research underscores the potential of iron oxide
nanoparticles (INPs) created using cilantro leaf extract as an
innovative method for treating Parkinson’s disease. Our study
using these nanoparticles in C. Elegans models of Parkinson’s
disease reveals encouraging prospects for their therapeutic use.
Their ability to penetrate the blood-brain barrier (BBB) marks
a notable advancement in treatments for neurodegenerative
diseases.

In experiments with the WLZ3 and CB1112 strains of
C. Elegans, INPs significantly reduced Parkinson’s disease
symptoms, proving their effectiveness in targeting the brain
areas impacted by the disease. However, the toxicity observed
at concentrations over 1 mg/ml highlights the importance of
precise dosage control. Notably, coating these nanoparticles
with curcumin both increased their efficacy and markedly
decreased toxicity, illustrating the combined potential of natural

substances and nanotechnology. Our findings suggest that INPs
are a promising treatment for Parkinson’s disease, but require
careful optimization to balance therapeutic effects with minimal
side effects. The innovative use of cilantro leaf extract and
curcumin to create these nanoparticles introduces a natural and
biocompatible approach, which could lead to more effective and
safer treatments for neurodegenerative diseases.

Future studies should delve into the detailed mechanisms
of how INPs deliver their therapeutic impact and the long-
term effects of their usage. Broadening this research to include
mammalian models and eventually clinical trials is essential for
turning these discoveries into viable treatments for Parkinson’s
disease.
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