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Abstract
Neurodegenerative diseases pose significant challenges to global healthcare, exacerbated by complexities of the central 
nervous system and blood–brain barrier. While FDA-approved magnetic nanocarriers offer promising solutions for targeted 
drug delivery, inherent challenges in predicting delivery performance still hinder clinical practice. Existing brain vascula-
ture transport models often lack accuracy in the 3D construction of the brain vasculature network and physiology of blood 
circulation, limiting progress in targeted drug delivery. This paper introduced the Circle of Willis’s novel computational 
fluid dynamics framework to address these challenges. Utilizing patient-specific vascular geometries and incorporating 
complexities of blood circulation, hemodynamics, and the rheology for non-Newtonian fluid effect, our approach provides 
unprecedented insights into drug carrier dynamics in the mouse brain vasculature. Furthermore, we performed a compara-
tive study simulating the dynamic transport using three types of magnetic nanocarriers—gold-coated superparamagnetic 
iron oxide (Au-SPIO), hollow-gold nano-shell enclosed superparamagnetic iron oxide (HGNS-SPIO), and metal–organic 
frameworks loaded with iron oxide (MOF-Fe3O4)—to predict their transport in adult mice’s brain under magnetic targeting. 
The simulation was validated by in vivo results by comparing the bioavailability of nanoparticles in different brain regions. 
Under a non-magnetic field, simulations revealed a capture efficiency of around 10.5% for all three types of nanoparticles, 
with size-dependent patterns favoring smaller sizes. With the presence of a magnetic field, MOF-Fe3O4 demonstrated the 
highest capture efficiency with “single magnet” at 11.19%, while Au-SPIO in “linear Halbach array” and MOF-Fe3O4 in 
“circular Halbach array” layouts reached 10.9%. Finally, we demonstrated high biocompatibility for all three nanocarriers, 
with no toxicity for Au-SPIO and MOF-Fe3O4 at 40 µg/mL and for HGNS-SPIO at 20 µg/mL. Effective cell uptake was 
also observed for all three nanocarriers. This comprehensive study addresses critical knowledge gaps, providing insights 
into the dynamics of magnetic nanocarrier transport within the brain and paving the way for highly effective, personalized 
therapies for neurological disorders.
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1 Introduction

Neurological disorders, impacting around 15% of the 
global population [1], stand as the primary contributors 
to both physical and cognitive disabilities on a worldwide 
scale. Within this spectrum, neurodegenerative diseases, 
such as Alzheimer’s disease (AD), Parkinson’s disease 
(PD), and Huntington’s disease, cast a profound impact 
on patients’ conditions in various aspects of the well-being 
of individuals, influencing diverse facets of their condi-
tions. From memory and motor function impairment to 
emotional and behavioral alterations, these diseases pre-
sent intricate challenges that extend beyond the individual, 
affecting families, caregivers, and societies at large. Con-
siderable resources have been invested in pursuing novel 
and effective therapeutic strategies for these diseases. 
Recent studies have highlighted significant advancements 
in drug bioavailability and applicability through innova-
tive nanoparticle formulations, such as magnetic nanopar-
ticles, liposomes, and hydrogels as well as targeted deliv-
ery systems like microneedles and transdermal patches [2, 
3]. Innovations in materials science, such as metal–organic 
frameworks and hybrid nanocarriers, have shown great 
promise in achieving controlled, sustained drug release [4, 
5]. However, the quest for efficient, targeted drug delivery 
approaches for brain-specific diseases within the intricate 
environment of the brain remains a compelling challenge.

Precise drug targeting within the central nervous system 
(CNS) is crucial for treating neurological conditions. The 
path of therapeutics from the point of administration to 
the neural tissue is laden with hurdles, such as navigating 
the complex vascular system and breaching the formida-
ble blood–brain barrier (BBB) [6]. For most conventional 
administration methods, the accumulation of medicines at 
the designated site is directly associated with their blood 
circulation. Longer exposure time ensures a higher chance 
of drug retention and the availability of drugs at the tar-
get site [7]. This is highly patient-specific due to differ-
ences in geometrical features of the individual’s vascula-
ture network that could affect the outcome of therapeutic 
intervention.

Furthermore, drugs that reach the brain via the blood 
compartment must also pass the BBB, a network of 
endothelial cells that prevents external molecules from 
internalizing into the brain. The intensively selective BBB 
rejects over 98% of the small molecules exceeding a spe-
cific size, significantly limiting their ability to reach the 
brain and achieve effective dosage [8]. Precision nano-
medicine has emerged as a promising avenue, offering the 
potential for targeted and tailored drug delivery. Numer-
ous studies have explored the application of nanocarri-
ers for brain drug delivery, with magnetic nanoparticles 

(MNPs) garnering significant attention [9–11]. These 
MNPs respond to magnetic fields, enabling navigation 
in the bloodstream and selective breach of the BBB. The 
flexibility in size, morphology, and chemical functionality 
has served different advantages of MNPs in vivo [12, 13]. 
Their tunability and diverse composition not only ensure 
high biocompatibility but also provide high stability under 
physiological conditions.

Recent advancements in magnetic nanomaterials have 
significantly enhanced its ability to be guided by external 
magnetic fields, higher loading rate, and functionalization. 
For instance, novel magnetic nanocomposites have been 
developed that integrate chitosan to improve the magnetic 
nanoparticle’s environmental friendliness and adsorption 
capacity [14]. Considering the findings of Kim et al., silica-
overcoated MNPs expressed no apparent toxicity in mice 
after intraperitoneal injection after 4 weeks [15]. These 
MNPs were also detected in the brain, indicating their pen-
etration capability across BBB. Nevertheless, the dynamic 
interaction between drug carriers and the biological system 
is left unchecked in the bloodstream post-injection, poten-
tially resulting in a deviation from the intended drug delivery 
path. Currently, a method to accurately measure the deliv-
ery efficiency of various MNPs with targeted regions of the 
brains is starkly lacking. Experimentally investigating these 
phenomena in vivo poses considerable challenges, given 
the small size of drug molecules, the dynamic nature of the 
delivery process, and the complex vascular network [16]. 
Thus, developing a computational fluid-particle dynamic 
(CFD) model for transporting concentrated species inside 
the body is highly desirable as a practical numerical tool for 
drug development’s decision-making system. Implementing 
this tool could save companies millions of dollars currently 
expended on animal testing and trial-and-error methods 
with research and development. Additionally, it could also 
significantly accelerate progress in clinical experiments. By 
offering a more humane, non-invasive, rapid, highly precise, 
and cost-effective avenue, this transformative approach holds 
many potential benefits for the development of drug delivery.

Currently, the integration of CFD simulation for under-
standing MNP dynamic transport within the brain vascula-
ture is in the developing phase. Nevertheless, it is quickly 
becoming a focal point in precision nanomedicine. This bur-
geoning approach holds immense promise for advancing the 
development of a more dependable drug delivery system. By 
offering a virtual platform to model and analyze the intricate 
fluid dynamics involved in MNP transport, these simulations 
pave the way for a nuanced comprehension of the variables 
influencing drug delivery to the brain. Several attempts have 
been made to study the delivery of MNPs inside the brain’s 
vasculature. Lunnoo and Puangmali presented a 2D theoreti-
cal study of blood flow with spherical MNPs, including Fe, 
 Fe3O4, and  Fe2O3, intra-arterially injected through a human 
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capillary when exposed to an alternating magnetic field. 
They investigated the MNPs with sizes ranging from 10 nm 
to 4 µm. Their study utilized a continuum-based model to 
simulate the blood flow and magnetic nanoparticle dynam-
ics, proving the effects of size, concentration, and magnetic 
properties on the localization and distribution of MNPs 
within the domain over time [17].

Similarly, Kosari and Vafai introduced a two-dimensional 
theoretical study of a blood flow carrying spherical  Fe3O4 
MNPs (10–22 nm) inside brain microvascular vessels to 
study the transport and thermal effects of MNPs in cerebral 
blood circulation [18]. Their model employed a discrete-
phase model to simulate nanofluidic dynamics by solving 
the Navier–Stokes equations coupled with the energy equa-
tion. The results demonstrated that a computational model 
could predict the impact of MNP injection on the capillary 
to benefit conventional therapy. However, these methods 
employed a 2D representation, often oversimplifying the 
three-dimensional geometry and physiology of the brain 
vessels, potentially leading to MNP transport dynamics that 
deviate significantly from reality. The transition from 2 to 
3D simulations represents a significant leap forward in the 
quest for a more dependable drug delivery system by mod-
eling a whole human’s Circle of Willis (CoW) or natural 
vessel from the brain [19, 20]. However, these models still 
represent a simplified version of brain vasculature by mod-
eling an ideal symmetrical geometry for the CoW, with ide-
alized branching structures and a constant cylindrical profile 
inside the blood vessel. As a result, geometry would not cap-
ture the intricate reality within the brain’s vasculature or the 
personalized nuances of each individual’s vascular network. 
Patient-specific geometry is so paramount as it acknowledges 
the inherent variability in anatomical structures, including 
variations in vessel shapes, sizes, branching patterns, and 
curvature, among individuals. This anatomical realism is 
essential for accurately representing blood flow dynamics 
within the intricate network of the brain’s vasculature. Sig-
nificantly, few studies have utilized patient-specific data to 
model the transport process inside the brain vasculature due 
to the lack of experimental resources and interdisciplinary 
collaboration. Kenjeres and Righold simulated the blood 
flow and magnetic drug carrier distributions in a complex 
brain vascular system based on human patients’ magnetic 
resonance imaging (MRI) scan images [21]. Their carrier 
MNPs mimicked the medical drug epirubicin by modeling 
them as double-layer magnetic-core spherical nanoparticles 
with diameters ranging from 0.25 to 4 µm. They applied 
a finite element method to solve the coupled fluid-particle 
interaction equations under steady-state conditions.

A more recent study by Chen and Wang attempted to 
address the same issue by developing an analytical model of 
finite element model describing the personalized dynamic 
transport of  Fe3O4 spherical magnetic nanorobots (40 nm) 

inside a real brain vasculature [22]. Both studies designed 
the optimal transport path based on the reconstructed vas-
cular model from actual patients, introducing a more real-
istic representation of localized, non-invasive treatment for 
the brain. Nevertheless, these two models assumed a steady 
boundary condition, ignoring the time-dependency of blood 
flow due to heartbeats and blood pressure. Meanwhile, they 
also neglected blood rheology complexities like viscosity 
and pulsatile flow in the blood flow simulation, like other 
traditional CFD simulations [23–25]. The fluid properties of 
the model serve as an underlying framework for enhancing 
the accuracy and realism of simulations. Consequently, the 
current state of the art for drug delivery necessitates a more 
sophisticated representation to address all these issues.

Against this backdrop, our research proposes a model of 
MNP transport using a 3D accurate geometry reconstruc-
tion model for the adult mouse brain’s CoW. This advanced 
model accurately represents realistic vascular anatomy 
within the brain by incorporating patient-specific branch-
ing patterns, vessel diameters, and spatial arrangement using 
MRI data. Built upon this framework, our MNP transport 
model takes a significant leap forward in capturing the com-
plexities of blood circulation by accounting for the curvature, 
pressure distribution, and shear stress tailored to the patient’s 
specific brain environment. Our study captures blood’s 
unique rheological and hemodynamic properties more accu-
rately by considering non-Newtonian behaviors, variations 
in blood viscosity, and actual pulsatile flow patterns. This 
approach not only refines the precision of our simulations 
to in vivo study but also enhances our findings’ overall reli-
ability and relevance, setting a new standard in the investi-
gation of MNP behavior within the central nervous system. 
We tested our model on three different functionalized iron 
oxide MNPs: gold-coated superparamagnetic iron oxide 
(Au-SPIO) NPs, hollow gold nano-shell-coated superpara-
magnetic iron oxide (HGNS-SPIO) NPs, and metal–organic 
frameworks (MOF) loaded with  Fe3O4 (MOF-Fe3O4) NPs 
to study the transport dynamics of different carriers in the 
mouse brain under magnetic targeting effects. The selection 
of the three different functionalized magnetic nanoparti-
cles—Au-SPIO, HGNS-SPIO, and MOF-Fe3O4—was stra-
tegically aimed at leveraging their unique and complemen-
tary properties for brain-targeting drug delivery applications. 
Au-SPIO NPs were chosen for their small size, strong mag-
netic properties, and enhanced biocompatibility and stability 
due to the gold coating, aiming for better targeting efficiency. 
HGNS-SPIO NPs, with their gold-coated surface, offer good 
biocompatibility and enhanced drug-loading capacity due 
to their hollow structure, although they have weaker mag-
netic properties compared to Au-SPIO. MOF-Fe3O4 NPs, 
being the largest, provide high surface area and porosity for 
significant drug loading and controlled release, combined 
with the strong magnetic properties of Fe3O4 for magnetic 
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targeting. Together, these MNPs provide a versatile platform 
for our research, exploiting their individual and synergistic 
benefits to potentially lead to more effective solutions in 
nanomedicine. The bioavailability of each type of MNP is 
evaluated in the midbrain, cerebellum, and cortex regions 
to compare with in vivo outcomes and validate the model. 
Furthermore, we also investigate the interaction of different 
nanocarriers with the biological environment to serve as a 
comparative study that meticulously assesses the potential 
of various MNPs for brain-specific drug delivery purposes. 
This investigation strongly emphasizes a comprehensive 
evaluation of MNP transport inside the brain vasculature 
while considering other vital aspects, such as cytotoxicity 
and cellular uptake rates, for realistic application.

By systematically evaluating the performance of these 
promising bioengineered MNPs made of FDA-approved 
materials, our study addresses the current knowledge gaps 
by providing a more robust understanding of MNPs trans-
port in the brain that can significantly reduce the time, effort, 
and financial resources required for drug development. This 
work could expedite the drug design process, ushering in 
more efficient and cost-effective approaches for treating neu-
rological disorders.

2  Material preparation

2.1  Preparation of Au-SPIO NPs

The Au-SPIO NPs were synthesized following a docu-
mented protocol [26]. Initially, a 2 mL solution of 4.66 mM 
SPIO (Ferrotec EMG 304) was stirred with 6 mL of 0.1 M 
sodium citrate  (C6H5Na3O7) for 10 min to facilitate  OH− to 
citrate anion exchange. After dilution to 100 mL with deion-
ized (DI) water, 0.5 mL of 1%  HAuCl4 was added, and the 
pH was adjusted to 9–10 using 0.1 M NaOH. Subsequently, 
0.6 mL of 0.2 M  NH2OH·HCl induced the initial gold coat-
ing, turning the solution from brown to purple.

To increase gold coating thickness, 0.5 mL of 1%  HAuCl4 
and 0.2 mL of 0.2 M  NH2OH·HCl were sequentially added. 
This process was repeated until the solution turned red, 
indicating the final coating thickness. All chemicals were 
sourced from Sigma-Aldrich (St. Louis, MO), ensuring the 
reliability of the synthesis for diverse research applications.

2.2  Preparation of HGNS-SPIO NPs

The synthesis commenced with preparing SPIO core NPs 
using a straightforward co-precipitation method. Initially, 
a solution containing 2 mmol of  FeCl3, 1 mmol of  FeSO4, 
and 0.1 mmol of sodium dodecyl sulfate (SDS) dissolved 
in 200 mL of DI water was created. Subsequently, 80 mL 
of 125 mM NaOH solution was gradually added at room 

temperature. Upon turning black, the solution was centrifu-
gated and washed with DI water and ethanol multiple times. 
The resulting precipitate  (Fe3O4) was magnetically collected, 
suspended in 80 mL of DI water, and stored in a refrigerator.

The next step involved oxidizing  Fe3O4 to magnetic 
γ-Fe2O3. For this, 20 mL of the  Fe3O4 suspension was 
diluted to 100 mL with DI water, and 0.1 mL of concentrated 
 HNO3 (70%) was added. The mixture was heated at 90 °C 
in an oil bath for 30 min, transforming its color from black 
to brown, indicating the oxidation process. After centrifu-
gation and washing with DI water, the resulting precipitate 
(γ-Fe2O3) was preserved in 20 mL of DI water, constituting 
the SPIO suspension. Ag-SPIO NPs were then crafted as 
templates. In this step, 0.5 mL of the SPIO suspension and 
1 mL of 30 mM trisodium citrate were added to 17 mL of 
DI water. The solution was heated at 60 °C in an oil bath for 
10 min, then slowly adding 2 mL of 20 mM  AgNO3. After 
an additional 10 min, 5 mL of 5 mM NaOH was gradu-
ally introduced to facilitate the precipitation of  Ag+ on the 
γ-Fe2O3 surface. The heating process continued for 210 min, 
resulting in a brownish-yellow appearance and indicating the 
formation of an Ag-SPIO suspension.

Finally, for the synthesis of HGNS-SPIO NPs, 0.53 mL of 
25 mM  HAuCl4 was slowly added to the Ag-SPIO suspen-
sion at 60 °C, initiating the replacement of  Ag+ by  Au3+. The 
heating process for this displacement reaction persisted for 
another 30 min, leading to the collection of a blue-colored 
product, denoted as the HGNS-SPIO suspension.

2.3  Preparation of MOF-Fe3O4 NPs

The MOF-Fe3O4 NPs were synthesized following a docu-
mented protocol [27] with slight modification. The carboxyl 
functionalized  Fe3O4 particles were synthesized via a sol-
vothermal method. In brief,  FeCl3·6H2O (1.6 g),  NH4OAc 
(4.0 g), and EDTA-2Na (1 g) were dissolved in ethylene gly-
col (100 mL) and stirred for 2 h at 50 °C. The solution was 
then transferred to a Teflon-lined stainless-steel autoclave 
and maintained at 200 °C for 12 h. After cooling, magnetite 
precipitates were separated by magnetic separation, washed 
with anhydrous ethanol and DI water, and vacuum-dried at 
60 °C for 24 h.

The core–shell structured MOF-Fe3O4 composites were 
prepared through a stepwise self-assembly procedure with 
previous magnetite particles as cores. Specifically, 0.1 g 
of carboxyl functionalized  Fe3O4 NPs was dispersed in an 
ethanol solution of  FeCl3·6H2O (10 mL, 10 mM) under 
ultrasonication. Subsequently, an  H3BTC ethanol solution 
(10 mL, 10 mM) was added and stirred at 70 °C for 2 h. 
The solid product was collected using a permanent magnet 
and washed with anhydrous ethanol, and the final  Fe3O4@
MIL-100(Fe) composite (named MOF-Fe3O4) was obtained 
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after ten cycles of coating  Fe3O4 cores with MIL-100(Fe), 
followed by overnight drying at 60 °C.

2.4  Characterization

We employed transmission electron microscopy (TEM) to 
evaluate the morphological characteristics and determine 
the size distribution of the MNPs. Specifically, the detailed 
structure and morphology were scrutinized using an FEI 
Tecnai G2 F20 ST field emission transmission electron 
microscope (FE-TEM) (FEI Company, USA) at an accel-
erating voltage of 200 kV. The size distribution analysis 
involved the measurement of a minimum of 100 NPs, with 
inner and outer diameters determined using ImageJ.

The light absorption spectra of the MNPs were recorded 
using a Hitachi U-4100 UV–Vis-NIR spectrophotometer 
(500–1200 nm) (Hitachi, Japan). For each measurement, 
3 mL of NP solution was added to the cuvette. Additionally, 
the hydrodynamic diameters and zeta potential of the MNPs, 
both with and without functionalization, were assessed via 
dynamic light scattering (DLS) using a Zetasizer apparatus 
from Malvern Instruments (Malvern, UK). The hydrody-
namic diameter was calculated through CONTIN analysis 
of the intensity-weighted distribution function embedded in 
the Malvern software.

The magnetic susceptibility was measured by determining 
the magnetic hysteresis curve with a vibrating sample mag-
netometer (VSM) of Quantum Design MPMS-XL SQUID 
(Quantum Design, USA) in the field range from − 30 to + 30 
kOe. For accuracy, all measurements were conducted in 
triplicates.

3  CFD simulation

3.1  Geometry reconstruction

To analyze blood flow dynamics and motion of MNPs inside 
the mouse brain, we used the CoW junction to investigate 
the transport of MNPs entering the brain due to its role as 
the main blood supply to the CNS. The CoW is situated at 
the base of the brain, where the brainstem connects to the 
brain, and plays a pivotal role in cerebral circulation. It is 
formed by the joining of several major arteries in the cer-
ebral hemispheres: internal carotid arteries (ICAs), vertebral 
arteries (VAs), posterior cerebral arteries (PCAs), superior 
cerebellar arteries (SCAs), anterior and middle cerebral 
arteries (ACAs and MCAs). These arteries contribute to 
and maintain adequate perfusion to various brain regions.

Figure 1 depicts the modeling methodology for recon-
structing the CoW geometry from images to the final CAD 
model in SolidWorks—the raw MRI data obtained from ref-
erence [28] represented the realistic CoW geometry of an 

8-week-old male C57BL/6 mouse. The quality of the raw 
imaging data from MRI was improved by color inverting and 
an image segmentation process using Otsu’s method to sepa-
rate the CoW from the background [29]. The images were 
imported into SolidWorks to reconstruct the CAD model and 
eventually refine the volumetric structure.

3.2  Dynamic model of MNP transport

3.2.1  Fluid phase (blood)

This study conceptualized blood as a continuous non-Newto-
nian fluid, adopting a model that assumes laminar, pulsatile, 
and incompressible flow based on prior research [19, 30]. 
The specific blood density for C57BL/6 mice is not read-
ily available in the literature. However, the density of other 
types of mice and rat blood similar to our subject was close 
to 1060 kg/m3, confirming it is the typical blood density for 
mice [31, 32]. The blood viscosity was modeled using the 
Carreau-Yasuda model [33]. Given the low volume fraction 
of the discrete phase, the influence of MNPs on the base 
fluid was deemed negligible, warranting consideration as 
one-way coupling exclusively. The continuity and momen-
tum equations are expressed as follows [19]:

Here, uf  represents the fluid velocity vector, 𝜌 signifies 
the density of blood, p denotes pressure, and 𝜇 represents 
dynamic viscosity.

The non-Newtonian nature of blood rheology, acknowl-
edged for the significance of shear rate on viscosity, is 
described by the Carreau-Yasuda model [33]:

In the above relation, 𝛾̇ is the strain rate, 𝜇∞ is the infinite 
shear rate viscosity, 𝜇0 is the zero-shear rate viscosity, 𝜆 is 
the relaxation time, and n is the power index. The values of 
the parameters mentioned in this work (Table 1) are obtained 
from the literature [34] for the same C57BL/6 mice type at 
a hematocrit level of 0.4, with consideration of the close 
age range to the model subject. These parameters were later 
input into COMSOL Multiphysics for the Laminar Flow 
Module to compute the fluid flow field of blood.

3.2.2  Particle phase (MNPs)

For the discrete phase, MNPs were modeled as point-like 
entities, neglecting their individual volume and assuming 

(1)∇.uf = 0

(2)𝜌
(
𝛿u

𝛿t
+
(
uf .∇

)
uf

)
= −∇p + 𝜇∇2uf

(3)𝜇(𝛾̇) = 𝜇∞ +
(
𝜇0 − 𝜇∞

)(
1 + (𝜆𝛾̇)2

) n−1

2
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a uniform spherical shape within the blood flow. Inside the 
CoW, the movement of MNPs is influenced by various fac-
tors stemming from fluid dynamics, boundaries, and external 
forces. These forces encompass viscous drag force, MNP-
fluid interaction force, interparticle force, gravitational 

force, Brownian force, and forces arising from magnetic or 
electrical fields [35]. Nonetheless, to minimize computa-
tional complexity and allow efficient simulation of particle 
dynamics over time, we only consider MNPs at low con-
centration. Drawing from the insights provided in [19] and 

Fig. 1  The steps of preparing the reconstruction of the CoW and final geometry for the simulation
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taking into account the size of the mouse brain, we adopt 
a continuous release strategy of 20 MNPs per 0.02 s from 
t = 0 s to t = 0.8 s (total of 3200 MNPs) of each type (Au-
SPIO, HGNS-SPIO, and MOF-Fe3O4) through the four inlet 
boundaries. This frequency injection is not meant to reflect 
clinical practice but to provide a granular understanding of 
MNPs in a controlled, time-resolved manner. Administer-
ing nanoparticles at such a steady frequency is impractical 
due to limitations like half-life, metabolism, and clearance 
mechanisms. Our approach uses continuous injection as a 
computational technique to mimic the overall effect of peri-
odic clinical doses, allowing us to capture detailed nanopar-
ticle distribution dynamics and infer behavior over realistic 
dosing schedules. The interaction between the MNPs and the 
blood was addressed through one-way coupling and assum-
ing no interparticle effects, acknowledging the negligible 
impact of the MNPs on the base fluid as well as among each 
other.

Due to the small size of the MNPs, drag force ( Ff  ), mag-
netic force ( Fmag ), and Brownian force ( FBrownian ) appear 
as dominant forces, while other forces are neglected due to 
insignificant effects. However, the consideration of MNP 
diffusion due to Brownian motion is contingent upon the 
MNP diameter being sufficiently small; a threshold can be 
estimated using the following criterion [35]:

where |F| is the magnitude of the total applied force act-
ing on the MNP, Dp is the MNP diameter threshold, T  is 
the absolute temperature (measured in Kelvin), and k is the 
Boltzmann’s constant. This criterion suggests that Brown-
ian motion becomes significant when the energy exerted by 
the applied force in moving the MNP at a distance equal to 

(4)|F|Dp ≤ kT

its diameter is less than or comparable to thermal energy 
kT  . Depending on the MNP’s intrinsic hydrodynamic and 
magnetic properties, the threshold diameter varies across 
different materials. Gerber et al. have studied the thresh-
old for various materials and estimated the critical parti-
cle diameter to be 40  nm with |F| = 0.1 pN for  Fe3O4, 
200 nm for α-Fe2O3 with |F| = 0.02 pN , 600 nm for Au 
with |F| = 0.0067 pN , and so forth [36]. For particles with 
a diameter larger than the critical diameter, we could use 
the Newtonian equation for the trajectory of a single parti-
cle. By leveraging the results from the COMSOL simula-
tion, we can derive the total force absolute value |F| acting 
on the particles from the software. Subsequently, we can 
use Eq. 4 to approximate the threshold diameter Dp for all 
three types of MNPs. As a result, the critical diameters for 
Au-SPIO, HGNS-SPIO, and MOF-Fe3O4 are approximately 
14 nm, 44 nm, and 112 nm, respectively. All fall way below 
the hydrodynamic diameter obtained from our experimental 
findings. Thus, Brownian motion can be safely disregarded 
in our analysis, and we can use classical Newtonian physics 
to predict the motion of MNPs.

Eventually, the initial velocity of MNPs was assumed to 
be the same as the base fluid velocity. Drag force ( Ff  ) acting 
on the MNPs was then modeled using relevant equations, 
such as the Stokes drag law for low Reynolds number flows 
[35]:

where Rp and up are the MNP’s hydrodynamic radius and 
velocity, respectively.

The magnetic force ( Fmag ) acts on MNPs in the presence 
of an external magnetic field ( B ) can be expressed as [37]

where 𝜇f  is the permeability of the blood and Ha is the exter-
nal magnetic field strength. mp,eff  represents the effective 
dipole moment of the MNPs and is defined as [37]

where Vp is the volume of a single MNP and 𝜒p and 𝜒f  are 
the susceptibility of the MNPs (indicated for each type in 
Table 2) and the fluid, respectively. When |||𝜒f

||| ≪ 1(𝜇f ≈ 𝜇0) , 
the magnetic force becomes

(5)Ff = −6𝜋𝜇Rp(up − uf )

(6)Fmag = 𝜇f

(
mp,eff .∇

)
Ha

(7)mp,eff = Vp

3
(
𝜒p − 𝜒f

)

(
𝜒p − 𝜒f

)
+ 3

(
𝜒f + 1

)Ha

Table 1  Parameters of blood and vessel for simulating the transport 
of MNPs

a Value obtained from the literature [34]
b Value obtained from the literature [32]
c Value obtained from the geometry model of COMSOL

Parameter Symbol Default value

Hematocrita
Hct 0.4

Infinite shear rate  viscositya 𝜇∞ 0.003 (kg/m.s)
Zero-shear rate  viscositya 𝜇0 0.223 (kg/m.s)
Power  indexa

n 0.555
Relaxation  timea 𝜆  − 174.994
Blood  densityb 𝜌 1060 (kg/m3)
Left ICA  diameterc

dL−ICA 0.183 (mm)
Right ICA  diameterc

dR−ICA 0.158 (mm)
Left VA  diameterc

dL−VA 0.119 (mm)
Right VA  diameterc

dR−VA 0.126 (mm)

Table 2  Parameters of MNPs used for the simulation

Au-SPIO HGNS-SPIO MOF-Fe3O4

Density 16,067 (kg/m3) 10,415 (kg/m3) 1775 (kg/m3)
Susceptibility 25,898 2079 10,365
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The motion of MNPs is described by Newton’s second 
law from trajectory as follows [35]:

where mp and up are the mass and velocity of the MNPs and 
drag force ( Ff  ) and magnetic force ( Fmag ) representing the 
sum of all external forces. The inertial term mp

dup

dt
  is ignored 

for submicron particles since their mass is negligible. The 
above equation becomes as follows:

3.2.3  Capture efficiency

Braak’s theory proposes a staging system for PD progres-
sion, suggesting an ascending pattern of affected brain areas 
according to different stages [38]. Starting with stages 1 
and 2, PD begins in the olfactory bulb and lower brainstem 
regions. These areas affected can be accessed through the 
bloodstream provided by PCAs and SCAs. Progressing to 
stages 3 and 4, the pathology extends to the midbrain, par-
ticularly affecting the substantia nigra with motor symptoms, 
which is accessible via both MCAs and PCAs. Finally, in 
stages 5 and 6, the disease reaches the remote area of the 
cerebral cortex, leading to cognitive and behavioral impair-
ments commonly observed in advanced PD. This region is 
only accessible through the ACAs, posing further challenges 

(8)Fmag = 𝜇0Vp

3
(
𝜒p − 𝜒f

)

(
𝜒p − 𝜒f

)
+ 3

(
𝜒f + 1

)
(
Ha.∇

)
Ha

(9)mp

dup

dt
=
∑

F = F
m
− Ff

(10)Fmag − Ff = 0 → up = uf +
Fmag

6𝜋𝜇Rp

for drug delivery through the bloodstream. The schematic in 
Fig. 2 further illustrates the supply arteries corresponding to 
affected brain regions in detail. While Braak’s theory specifi-
cally pertains to human brains, we adopt similar principles to 
study the same neurodegenerative diseases in mice models 
since we only focus on targeting different regions of drug 
carriers using magnetic field.

To quantify the capture efficiency of MNPs targeting 
these regions, measurements can be taken using the ratio 
of injected MNPs to those leaving the interest outlet region, 
facilitated by different configurations of magnetic fields 
using

This approach enables researchers to assess the effec-
tiveness of MNP-based drug delivery systems in targeting 
specific brain regions implicated in PD pathology, thereby 
increasing the robustness of therapeutic interventions.

3.2.4  Magnetic field

The magnetic field application played a pivotal role in 
influencing the trajectory of MNPs to the area of interest. 
For this simulation, a magnetic field generated by differ-
ent configurations of cubic permanent neodymium magnet 
(NdFeB, grade 52) with 12.7 × 12.7 × 12.7 mm, as shown in 
Fig. 3, was modeled to manipulate MNP movement within 
the study. In Fig. 3, the arrows represent the magnetization 
direction of the magnets, flowing from the south pole (S) to 
the north pole (N) inside the magnet. The determination of 
the magnetic field utilizes Ampere and Gauss’s law equa-
tions [39].

(11)𝜂capture =
Nnp,in

Nnp,out

× 100%

Fig. 2  Arterial supply to differ-
ent brain regions from CoW
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where H represents the magnetic field intensity (equal to 
zero due to no current) and B is the magnetic flux density.

For blood, the magnetization is zero in the environment. 
Hence, the stationary magnetic field encompassing the per-
manent magnet is derived from the subsequent equation 
[40].

Here, 𝜇0 denotes the magnetic permeability of the vac-
uum, 𝜇r is the relative magnetic permeability of the sur-
roundings, and Brem is the permanent magnetic flux density 
(Table 3). The difference in the magnetic permeability of 
the MNPs and their surroundings results in the magnetiza-
tion of MNPs upon exposure to the external magnetic field. 
Meanwhile, to adhere to the limited body exposure of mag-
netic to the subject, we chose Brem = 1.48(T) to reflect the 
magnetic effect in real life [41]. The magnetic field map is 
solved by “Magnetic Field, No Current Module” in COM-
SOL Multiphysics software. Finally, this result is imported 
into the “Particle Tracing Module” to calculate the effect of 
the magnetic field on particle trajectory.

3.3  Boundary conditions

As shown in Fig. 1, there are four inlets in the CoW junc-
tion, including left and right ICAs and VAs. The ICAs 
are further divided into the ACAs and MCAs, while the 

(12)∇ × H = 0

(13)∇.B = 0

(14)B = 𝜇0𝜇rH + Brem

VAs converge into the basilar artery (BA), branching into 
the PCAs and SCAs. Together, these six arteries com-
prise pressure outlets for the blood flow inside CoW. We 
obtained the inlet flow velocity for ICA and VA from the 
literature of C57BL/6 adult mice’s experimental data using 
a combination of Doppler ultrasound and MRI measure-
ment methods [42, 43] reflecting the pulsatile nature of 
blood circulation accurately. Subsequently, we derived 
these data as an unsteady velocity waveform using Python, 
as shown in Fig. 4. The artery wall is assumed to be rigid 
with non-slip conditions applied.

3.4  Mesh and numerical method

To capture complex fluid dynamics and MNP transport, 
the flow domain was discretized into many tetrahedral 
cells using COMSOL Multiphysics, employing a robust 
meshing strategy with 0.6 mm as the maximum element 
size. The mesh resolution was carefully chosen to bal-
ance accuracy and computational efficiency, ensuring con-
vergence and stability during simulation. The choice of 
tetrahedral cells facilitated the efficient representation of 
irregular geometries and allowed for increased mesh flex-
ibility. The mesh refinement was particularly emphasized 
near vessel boundaries and regions of interest, ensuring 
accurate resolution of flow patterns and MNP trajectories. 
A mesh quality study was performed to ensure that poor 
element quality will not affect the outcomes by measuring 
skewness, as shown in Fig. 5.

The Laminar Flow Module, Magnetic Fields (No Cur-
rents Module), Particle Tracing for Fluid Flow Module, 
and Transport of Diluted Species Module in COMSOL 
Multiphysics were utilized to solve the partial differential 
equations governing fluid flow, magnetic field, and MNP 
dynamics inside the CoW.

Fig. 3  Different magnetic 
applications for the brain target-
ing effect in the CoW with the 
mouse’s head placed inside the 
cylindrical chamber. a Single 
magnet. b Linear Halbach array. 
c Circular Halbach array

Table 3  Parameters of magnetic application settings used for the sim-
ulation

Parameter Symbol Default value

Vacuum permeability 𝜇0 4π ×  10−7 (H/m)
Blood permeability 𝜇blood 0.99999
Remanent magnetic flux density Brem 1.48 (T)
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4  In vitro study

4.1  Cell viability assessment

4.1.1  Neuro2a cell culture

The Neuro2a cell line, a murine neuroblastoma cell line 
commonly employed as an in vitro model for neurobiology 
research, was utilized in this study to assess the biocom-
patibility and cytotoxicity of various bioengineered MNPs 
for brain-specific drug delivery. The Neuro2a cell line 
(cat# CCL-131) was obtained from the American Type 

Culture Collection (Rockville, MD, USA). Cells were cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS) and 1% 
penicillin–streptomycin antibiotic solution. The cells were 
maintained at 37 °C in a humidified atmosphere contain-
ing 5% CO2.

4.1.2  MNP treatment

Cells were seeded into 48-well tissue culture plates at a con-
centration of 2.2  cm2/mL cells per well, which translates to 
approximately 29,920 cells per well. This seeding density 
guarantees optimal cell growth and uniform distribution for 

Fig. 4  An unstable physi-
ological inlet velocity profile for 
ICAs and VAs was used in the 
simulation

Fig. 5  Mesh quality of the 
geometry model (skewness)
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accurate cytotoxicity testing. After seeding, the cells were 
allowed to adhere and proliferate for 24 h to ensure they 
reached an optimal growth phase. Following the incubation 
period, the culture medium was aspirated from each well, 
and the cells were exposed to different bioengineered MNPs 
at various concentrations. The MNPs under investigation 
included Au-SPIO, HGNS-SPIO, and MOF-Fe3O4. The cells 
were treated with these MNPs for a designated period, typi-
cally 1, 2, and 3 days, to allow for MNP-cell interactions and 
potential internalization.

4.1.3  Cell viability assessment

Cell viability was assessed using flow cytometry. This 
method was chosen for its reliability and ability to measure 
quantitative cell viability. After the designated treatment 
period, the culture medium containing MNPs was removed, 
and the cells were washed with phosphate-buffered saline 
(PBS) to remove any residual MNPs. Subsequently, cells 
were detached, stained with SYTO 59 and SYTOX Green, 
and analyzed using a BD Accuri C6 Plus Flow Cytometer 
(BD, USA). The percentage of viable cells in each treatment 
group was determined based on the flow cytometry data.

4.2  Measurement of cell uptake rate

Similarly, to evaluate the cellular uptake of MNPs, Neu-
ro2a cells were seeded into 48-well tissue culture plates at 
a concentration of 2.2  cm2/mL cells per well. After 24 h of 
incubation to ensure adherence and growth, the cells were 
treated with Au-SPIO and HGNS-SPIO, respectively, for 
2, 4, 8, and 12 h. Following treatment, cells were carefully 
detached using Trypsin–EDTA solution and collected into 
microcentrifuge tubes. The cellular uptake of MNPs was 
quantified using inductively coupled plasma mass spectrom-
etry (ICP-MS). Before analysis, cells were digested using 
aqua regia (25%  HNO3, 75% HCl). ICP-MS then analyzed 
the resulting cell lysates to determine the gold concentration. 
ICP-MS data were then processed to calculate the amount of 
gold in treated cells, serving as a measure of MNP uptake. 

The results were expressed as nanograms of gold per cell 
and then converted to MNPs per cell to quantitatively assess 
cellular uptake.

4.3  Statistical analysis

All results were analyzed based on a minimum of three 
independent experiments and are expressed as mean values 
with standard deviations. Statistical analysis was conducted 
using the Mann–Whitney U test and one-way analysis of 
variance (ANOVA) followed by Tukey’s post hoc test. Each 
nanoparticle-treated group was compared to the control 
group. A p-value of less than 0.05 was considered statisti-
cally significant.

5  Result and discussion

5.1  Characterization

The TEM images demonstrated the quasi-spherical mor-
phology with uniform sizes of Au-SPIO, HGNS-SPIO, and 
MOF-Fe3O4 NPs (Fig. 6). While Au-SPIO exhibits a com-
pact solid form, HGNS-SPIO and MOF-Fe3O4 showcase a 
core–shell structure comprising different iron oxide mag-
netic cores. Considering the heavier external gold coating of 
HGNS-SPIO which may compromise their magnetic prop-
erties, we used SPIO cores synthesized by the co-precipi-
tation method, which has a larger diameter than the core of 
Au-SPIO. To further improve the magnetic property, MOF-
Fe3O4 is synthesized using the  Fe3O4 core which is nota-
bly more significant than the SPIO core of both Au-SPIO 
and HGNS-SPIO, contributing to the larger mean diameter 
of MOF-Fe3O4 compared to the other two types of MNPs. 
The TEM measured size for these MNPs are 15 ± 3 nm, 
55 ± 11 nm, and 418 nm ± 8 nm for Au-SPIO, HGNS-SPIO, 
and MOF-Fe3O4, respectively. Based on the TEM images, 
we acknowledge that some nanoparticles, especially MOF-
Fe3O4, are not perfectly spherical. However, the assumption 
of a uniform spherical shape for the nanoparticles in our 

Fig. 6  TEM images of nano-
sized a Au-SPIO, b HGNS-
SPIO, and c MOF-Fe3O4
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computational fluid dynamics (CFD) model is a practical 
simplification that reduces computational complexity and 
allows for more tractable analytical and numerical solu-
tions. Quasi-spherical nanoparticles, like HGNS-SPIO and 
MOF-Fe3O4, have a shape factor close to that of a perfect 
sphere, making this approximation reasonable. Although 
MOF-Fe3O4 nanoparticles have a spiky surface, their overall 
geometry can still be approximated as quasi-spherical. The 
hydrodynamic behavior of these quasi-spherical nanopar-
ticles can be effectively captured by an equivalent sphere 
with the same hydrodynamic radius or volume. This sim-
plification allows us to model the average behavior of the 
nanoparticles in fluid flow accurately. Previous studies have 
shown that the overall behavior and interactions of spherical 
and quasi-spherical nanoparticles with biological systems 
are comparable [44]. Therefore, this assumption is justified 
for modeling purposes.

The hydrodynamic diameters of these MNPs are 23.6 nm, 
115.5 nm, and 406.7 nm for Au-SPIO, HGNS-SPIO, and 
MOF-Fe3O4, respectively (Table 4). The zeta potential of 
Au-SPIO and HGNS-SPIO are − 42.3 mV and − 30.6 mV, 

respectively, indicating negatively charged surfaces and con-
firming repulsion among each other to form a stable suspen-
sion in the medium. Meanwhile, the MOF-Fe3O4 NP’s size 
is too large, leading to inaccurate determination of a surface 
charge. Thus, we do not consider them in this measurement.

This size disparity is noteworthy, as it influences the 
overall size of the MOF-Fe3O4 NPs and underscores the 
versatility in design achievable with factors affecting their 
magnetic properties. To explore this, we measured the 
comparative magnetization hysteresis loops for Au-SPIO 
and HGNS-SPIO using a vibration sample magnetometer 
while referring to the literature [27] for MOF-Fe3O4. Our 
decision to use the data from reference [27] was based on 
the high similarity between the reference sample and our 
MOF-Fe3O4 samples. Our samples and the reference sam-
ples have closely matched core–shell thicknesses and overall 
dimensions, making their magnetic and physical properties 
highly representative due to the comparable volume of both 
samples. Illustrated in Fig. 7, the saturation magnetization 
is 16.23 emu/g, 7.11 emu/g, and 40.23 emu/g for Au-SPIO, 
HGNS-SPIO, and MOF-Fe3O4, respectively—the magneti-
zation curves for the three chosen MNPs exhibited nearly 
zero coercivity or remanence at room temperature. No dis-
cernible hysteresis loop was evident, indicating their typi-
cal superparamagnetic behavior [45, 46]. These magnetic 
characteristics imply that the nanocarriers cannot only be 
attracted by an external magnet but also ensure no residual 
magnetism will be retained upon removing the magnetic 
field.

Table 4  Zeta potential and hydrodynamic diameter measurements

Particle type Hydrodynamic 
diameter (nm)

Zeta potential (mV)

Au-SPIO 23.6 ± 0.1  − 42.3 ± 0.8
HGNS-SPIO 115.5 ± 2.1  − 30.6 ± 1.7
MOF-Fe3O4 406.7 ± 10.7 Too large, usually inaccurate

Fig. 7  Magnetization curves 
from VSM experiment at room 
temperature for different types 
of MNPs



Advanced Composites and Hybrid Materials           (2024) 7:183  Page 13 of 24   183 

5.2  Transport model

Developing an efficient, targeted drug delivery system 
necessitates exhaustive experimentation and a compre-
hensive understanding of physiological processes within 
the human body. The intricate nature of clinical and labo-
ratory studies aimed at optimizing drug delivery systems 
entails substantial costs, a multitude of experiments, and 
the utilization of sophisticated instrumentation to accurately 
assess physical phenomena such as fluid dynamics, particle 
kinetics, and delivery efficiency. Furthermore, ethical con-
siderations introduce additional challenges. The utilization 
of CFD-based finite element analysis offers a pathway to 
scrutinize physiological complexities with heightened preci-
sion, reduced economic overheads, and expedited timelines, 
all while sidestepping ethical dilemmas. In this study, we 
leveraged CFD-based computational analysis to refine and 
investigate different targeted brain delivery systems, utiliz-
ing patient-specific anatomical geometries. Under thorough 
analysis, we could determine the ideal type and size of drug-
loaded MNPs alongside magnetic configurations to maxi-
mize delivery efficiency at distal brain regions.

5.2.1  Fluid flow and magnetic field

The blood flow velocity within the CoW and the external 
magnetic field profoundly influences the dynamics of MNPs 
inside the blood flow. Prior research has highlighted the 

dependence of MNP motion within arteries on factors such 
as blood flow patterns and the magnitude and orientation of 
magnetic fields [17, 26, 47]. In this study, the transient simu-
lation of pulsed blood flow was performed within the CoW 
for 3 s, with each cardiac cycle from t = 0 s to t = 0.15 s. The 
blood flow stream shown in Fig. 8 revealed intricate flow 
patterns within the brain vasculature, realistically captur-
ing the complexities of blood circulation. The figure depicts 
the velocity flow field in this patient-specific geometry at 
three different times in the cardiac cycle from the highest 
to the lowest inlet flow velocity, with an average velocity of 
6.2 mm/s. This agrees well with results reported from litera-
ture for the same mice type of C57BL/6 [48]. Notably, the 
flow velocity increased in the bifurcated areas, and the fluid 
flow decreased in the narrower branches of CoW. This phe-
nomenon likely stems from the reduction in cross-sectional 
area downstream, thereby lowering Reynolds numbers, con-
sistent with findings from previous studies [49, 50]. Under 
consideration of non-Newtonian behaviors and variations in 
blood viscosity, our model accurately represented curvature, 
pressure distribution, and shear stress tailored to the patient-
specific brain environment. This comprehensive approach 
enhances our understanding of blood flow dynamics within 
the CoW while laying a solid foundation for further investi-
gations into MNP transport and delivery mechanisms. The 
velocity–time correlation provides key insights into blood 
flow dynamics and nanoparticle delivery. By identifying 
peak velocities, we can optimize the timing of nanoparticle 

Fig. 8  The velocity values of blood flow throughout a cardiac cycle 
and the velocity profile in the simulation domain for CoW, meas-
ured in meters per second (m/s). Subfigures show the velocity pro-

file at three specific time points: a t = 1.075  s, b t = 1.084  s, and c 
t = 1.097  s. The x-axis represents time (s), and the y-axis represents 
velocity (m/s)
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administration for maximum distribution and uptake. Higher 
velocities enhance nanoparticle dispersion throughout the 
vascular network, making this analysis crucial for improving 
the effectiveness of targeted drug delivery systems.

On the other hand, the effects of the magnets’ size, loca-
tion, and arrangement were also assessed on the perfor-
mance of drug delivery in the brain CoW using nanocarriers. 
Magnetic flux density patterns for three distinct magnetic 
configurations—a single magnet, linear Halbach array, and 
circular Halbach array—are illustrated in Fig. 9. As antici-
pated for permanent magnets, the highest magnetic flux den-
sity (B) was observed at the magnet’s center, reaching a peak 
value of B = 1.23 Tesla. In contrast, the linear Halbach array 
demonstrated a more uniform distribution of magnetic flux 
density along its length. Its maximum value of B = 2.06 T. 
This arrangement may offer coverage and penetration depth 
advantages within the brain vasculature, facilitating broader 
targeting capabilities across the CoW. Similarly, the circu-
lar Halbach array exhibited a unique magnetic flux density 
pattern characterized by radial symmetry around its cen-
tral axis. This configuration may present opportunities for 
comprehensive and evenly distributed magnetic targeting 

throughout the CoW, potentially enhancing the uniformity 
and efficacy of drug delivery to the brain.

5.2.2  MNP transport and distribution

Drawing from the outcomes derived from the calculated 
blood flow field and external magnetic field, the simula-
tion of MNP distribution within the CoW was investigated. 
The location and capturing of nanocarriers under non-mag-
netic field and magnetic field application are depicted in 
Figs. 10 and 11. Following the pulse blood flow path, most 
MNPs accumulate at vessel bifurcation or branching sites, 
where blood flow patterns are disrupted or slower, leading 
to areas of low shear stress and potential particle entrap-
ment. Regions with complex vascular geometry, such as 
sharp turns or tortuous segments (left PCA and left MCA), 
can impede the movement of nanoparticles, leading to their 
lesser accumulation.

Further details for capture efficiency under different 
settings are shown in Table 5 for each outlet. In general, 
the accumulative capture efficiency is around 10.5% for 
all three types of MNP under non-magnetic field setups, 

Fig. 9  Magnetic flux density of different calculated magnetic field configurations. Top: (left) single magnet, (right) linear Halbach array. Bottom: 
circular Halbach array (unit: Tesla)
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with smaller-size MNPs like Au-SPIO and HGNG-SPIO 
having slightly higher percentages. This result agrees with 
data from a reported study by Cooley et al., showing larger 
particles ranging above 200 nm are harder to transport and 
have a higher chance of localization and retention at the 
artery wall in a flow environment [51]. Specifically, without 
magnetic field application, smaller MNPs exhibit enhanced 
mobility and can navigate along the blood flow more quickly 
compared to larger counterparts like MOF-Fe3O4. This 
behavior can be attributed to reduced drag forces experi-
enced by smaller MNPs, allowing them to penetrate deeper 
into the CoW and reach target sites with greater efficiency. 
The observed presence of nanoparticles at the inlet after 

circulation can be explained by their dynamics within the 
Circle of Willis (CoW) model. The tortuous and branch-
ing nature of the CoW creates regions of low velocity and 
recirculation near the inlet, where nanoparticles can become 
trapped, preventing them from being fully flushed out with 
the main flow. The pulsatile flow further influences these 
dynamics, which may cause nanoparticles to oscillate or 
settle in these low-flow zones periodically throughout the 
cardiac cycle. Upon the application of a magnetic field, 
the capture efficiency shifted positively only for Au-SPIO 
and MOF-Fe3O4, with the percentage increase at most for 
MOF-Fe3O4 in “single magnet” positioning at 0.75%, Au-
SPIO in “linear Halbach array” arrangement at 0.34%, and 

Fig. 10  MNP distribution without magnetic field inside the CoW: a Au-SPIO, b HGNS-SPIO, c MOF-Fe3O4

Fig. 11  Particle distribution 
with linear Halbach array inside 
the CoW: a Au-SPIO, b HGNS-
SPIO, c MOF-Fe3O4
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MOF-Fe3O4 in “circular Halbach array” layout at 0.47%, 
under identical blood flow field conditions. This can be 
explained as larger magnetic core/shell ratios endowed 
with more substantial magnetic properties per MNP, like 
Au-SPIO and MOF-Fe3O4, showcased superior cumulative 
capturing efficiency across all three magnetic configurations 
compared to their smaller magnetic core/shell ratio coun-
terpart of HGNS-SPIO with weaker magnetic permeability. 
The increase of the magnetic field strength intensified the 
magnetic force acting on these MNPs and the possibility 
of capturing the MNPs. These findings align with theoreti-
cal expectations from Eq. 8, wherein magnetophoretic force 
escalates proportionally with MNP diameter and magnetic 
permeability.

It should be noted that, due to the high flow rate, only 
around 10% of the drug-carrying MNPs are captured by the 
magnetic applicator due to the domination of the MNP’s 
Stokes drag force. This outcome correlates with prior in vivo 
findings with the same mice type. Au-SPIO NPs exhibited 
a delivery efficiency of merely 4.01% to the brain tissue 
following diffusion from the bloodstream, with a marginal 
increase of 0.33% observed with a static magnetic field [26].

Our model exhibited distinctive distribution patterns, 
diverging from other simplified geometry cases, with une-
ven distributions observed across different outlets. Predomi-
nantly, MNP delivery skewed toward the correct SCA at 
an average of 3.01%, alongside the left and right ACA at 
2.47% and 2.56%, respectively. The variations in flow veloc-
ity across different CoW regions contribute to heterogeneous 
MNP distribution patterns, with specific areas experiencing 
enhanced MNP retention due to reduced flow rates or vessel 
geometries conducive to MNP trapping.

Moreover, a unique analysis of the bioavailability of 
MNPs across different brain regions, tailored to various PD 
stages, was also conducted. By quantifying the accumulative 
capture efficiency at outlet territories associated with the cer-
ebellum, midbrain, and cortex regions, as shown in Fig. 2, 
we elucidated the effectiveness of diverse settings across 
distinct PD stages. The distribution results for brain regions 
are presented in Table 6 for different magnetic field applica-
tions. In the cerebellum, the highest capture efficiency was 
observed for Au-SPIO under the Circular Array configu-
ration (0.969%), followed by MOF-Fe3O4 (0.813%). Con-
versely, in the midbrain region, MOF-Fe3O4 exhibited the 
highest capture efficiency across many configurations, with 
the single magnet condition yielding the highest efficiency 
(1.563%). For the cortex, both Au-SPIO and HGNS-SPIO 
MNPs displayed the highest capture efficiency, reaching its 
peak under the non-magnetic field condition (5.125%).

These results were further compared to the animal study 
[26] conducted in 8-week-old male C57BL/6N mice to eval-
uate the effect of magnetic field application in the bioavail-
ability of Au-SPIO within the brain (similarly dissected into Ta
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midbrain, cortex, and cerebellum regions). The experiment 
involved the administration of the MNPs via intraperitoneal 
injection (IP) using Au-SPIO NPs. The parameters of the 
Au-SPIO nanoparticles, including size and magnetic char-
acteristics, used in our study are similar to those reported 
in our previous work [26]. This similarity allowed us to use 
the cited data from [26] to validate our model, ensuring the 
reliability and accuracy of our simulations. While our previ-
ous work focused solely on Au-SPIO, our study expands the 
scope by comparing three different types of nanoparticles: 
Au-SPIO, HGNS-SPIO, and MOF-Fe3O4. This broader 
comparison aims to evaluate the performance of multiple 
nanoparticles, highlighting the unique properties and poten-
tial advantages of each type for targeted applications. Bio-
distribution data were calculated by measuring the gold (Au) 
levels averaged across all time points in the specific brain 
regions to reflect the concentration of the MNPs (Table 7).

Specifically, our simulation outcomes for Au-SPIO in 
linear Halbach array configuration compared with non-
magnetic field condition presented an increase of 0.156% 
and 0.125% in capture efficiency for the cerebellum and 
midbrain, respectively (Table 6). These results closely par-
allel the same brain regions observed in the animal study, as 
shown in Table 7, where an increase in bioavailability for the 
cerebellum and midbrain is 0.1% and 0.19%, respectively, 
under the impact of the magnetic field. This agreement fur-
ther validates the efficacy of our simulation model in predict-
ing the effects of magnetic field application on the distribu-
tion of MNPs within the brain. However, the increase in 
capture efficiency is not that significant, suggesting further 
optimization may be necessary to achieve a more substantial 
enhancement in delivery performance. Several factors could 
contribute to this modest improvement overall. Firstly, the 
inherently complex nature of brain vasculature and blood 
flow dynamics, such as more significant cross-sectional 
velocity in narrow artery regions, influence the distribution 
of MNPs within the brain considerably. Small changes in 
MNP properties or magnetic field configurations may not 
always lead to significant alterations in capture efficiency 
due to the complicated interplay of these factors.

Additionally, the relatively smaller size of the MNPs 
(weaker magnetic properties) and their interaction with the 
magnetic field are still weak compared to the magnitude of Ta
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Table 7  Au-SPIO distribution in different brain regions under differ-
ent magnetic configurations for reported animal study [26]

Brain region Bioavailability (%)
Non-magnetic field Linear array

Cerebellum 1.52 1.62
Midbrain 1.18 1.37
Cortex 0.98 1.02
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the drag force. In some cases, the magnetic force exerted on 
the particles may not be sufficient to substantially alter their 
distribution within the brain vasculature, resulting in only 
marginal improvements. From this result, smaller size and 
lighter but stronger magnetic properties for spherical MNPs 
are favorable for increasing the bioavailability in the brain to 
its maximum extent. However, further modeling on different 
MNP morphologies still needs to be performed to elucidate 
how other geometrical features impact their interactions with 
blood flow and capture efficiency.

By performing a comparative study, we have demon-
strated that variations in MNP size, composition, and mag-
netic properties profoundly impact their distribution patterns 
and targeting efficiency under different settings. Our find-
ings underscore the importance of considering anatomical 
variations and hemodynamic conditions in MNP delivery 
optimization. Variations in hemodynamics and flow velocity 
across various regions of the CoW resulted in heterogene-
ous MNP distribution patterns, with specific areas exhibiting 
enhanced MNP capturing. This highlights the complexity 
of MNP transport within the brain vasculature and empha-
sizes the need for tailored approaches to maximize thera-
peutic efficacy while minimizing off-target effects. With the 
introduction of magnetic fields, the application significantly 
altered distribution patterns of the targeted delivery, posi-
tively increasing efficacy for carriers with larger sizes and 
magnetic properties. From the clinical applications point 
of view, the most critical parameter is the local capturing 
efficiency. This targeted approach offers the potential to 
overcome the challenges associated with passive diffusion 
and systemic circulation, thereby improving therapeutic out-
comes for neurological disorders. By comparing our simula-
tion results to the findings from these experiments, we dem-
onstrate the model’s capability to predict drug distribution 
in vivo delivery accurately. This alignment between simula-
tion and experimental data highlighted our computational 
framework’s reliability and predictive power in simulating 
real-world drug delivery scenarios within the brain.

5.3  In vitro biocompatibility analysis of different 
types of magnetic nanocarriers

The assessment of toxicity and potential side effects of mag-
netic nanocarriers on the subject body constitutes a crucial 
aspect in formulating an effective drug delivery system. The 
toxicity profile of nanocarriers, including Au-SPIO, HGNS-
SPIO, and MOF-Fe3O4, when utilized as nano-sized drug 
delivery systems, is contingent upon several factors such as 
their physicochemical properties, dosage, exposure duration, 
and the specific target site for delivery. Previous research 
[52, 53] has indicated that the MOFs and MNPs investigated 
in this study exhibit low toxicity and favorable biocompat-
ibility. Nonetheless, it remains imperative to fine-tune their 

dimensions and dosage to minimize potential toxicity while 
maximizing their efficacy as targeted drug delivery systems.

In vitro investigations assessed the interaction between 
N2A cells and Au-SPIO, HGNS-SPIO, and MOF-Fe3O4, 
focusing on cellular accumulation and cytocompatibility. 
The study involved an initial analysis of the morphologi-
cal changes in N2A cells exposed to each MNP type under 
different concentrations and durations using a cell-based 
automated microscope. Comparative analysis with untreated 
control cells revealed no discernible alterations in the gross 
structure of the overall morphology of cells exposed to Au-
SPIO, HGNS-SPIO, or MOF-Fe3O4, as shown in Fig. 12a–c. 
The shapes and sizes of cells remained within the normal 
variation range, with no indications of cellular or nuclear 
abnormalities, membrane-bound vesicles, or cell rupture.

For up to 5 days of incubation, Au-SPIO NPs did not 
show any sign of toxicity on N2A cell viability at 40 µg/
mL compared with the control. Meanwhile, HGNS-SPIO 
showed a toxicity behavior in a concentration-dependent 
manner, with cell viability unaffected only at 20 µg/mL con-
centration (Fig. 13). The enhanced cell viability observed 
on Day 3 compared to Day 1 in Fig. 14 can be attributed 
to several factors. One explanation is the adaptation period 
required by cells to respond to the presence of nanoparticles. 
Initially, cells might experience a transient stress response 
due to the introduction of nanoparticles, affecting viability 
on Day 1. However, as the cells adapt and internalize the 
nanoparticles, their viability improves, leading to enhanced 
cell viability by Day 3. Additionally, nanoparticles may pro-
mote cell proliferation or provide a more favorable micro-
environment for cell growth. Our previous work supported 
this proliferation effect, demonstrating the promotion of 
neuroregeneration by nanoparticle-mediated effects [54]. 
This observation highlights the importance of considering 
temporal dynamics in evaluating the biocompatibility and 
therapeutic potential of nanoparticles.

For MOF-Fe3O4, the cell viability was stable for all 3 
incubation days under all the concentrations (Fig. 14). These 
results suggest that a high dosage of Au-SPIO and MOF-
Fe3O4 can affect the subject, while a lower dosage of HGNS-
SPIO is favored to reduce possible toxicity effects.

On the other hand, the cellular uptake was evident in 
treated cells, as seen from the presence of cellular accumu-
lation of Au-SPIO, HGNS-SPIO, and MOF-Fe3O4 around 
N2A cell membranes (Fig. 12a–c). Further quantitative anal-
ysis using the ICP-Test revealed a time-dependent increase 
in the cellular association of the MNPs. Approximately 
7300 and 300 accumulated MNPs were observed at 2 h for 
Au-SPIO and HGNS-SPIO, respectively. The uptake rate 
exceeded 19,500 and 800 NPs for Au-SPIO and HGNS-
SPIO at 4 h, then slowly converged, indicating a progres-
sive accumulation of MNPs over time, as shown in Fig. 15. 
The result illustrates a significantly higher uptake rate of 
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Au-SPIO compared to HGNS-SPIO, primarily attributed to 
the smaller size and uniform spherical shape of Au-SPIO 
nanoparticles. The smaller size allows Au-SPIO to penetrate 
cellular membranes through endocytosis mechanisms more 
easily. Additionally, the uniform spherical shape of Au-SPIO 
particles promotes efficient interaction with cells, facilitating 

their internalization. Studies have shown that nanoparticles 
with smaller sizes and spherical shapes are more readily 
taken up by cells [55, 56]. These factors collectively enhance 
the cellular uptake of Au-SPIO nanoparticles compared to 
HGNS-SPIO, which may have a larger and less uniform 
shape.

6  Limitation and future direction

While our computational model offers valuable insights into 
MNP transport within the CoW and the potential of mag-
netic targeting strategies, we must acknowledge several limi-
tations inherent to our approach. Firstly, our model still rep-
resents a reduced-complexity physiological environment of 
the CoW, neglecting certain anatomical and hemodynamic 
intricacies that may influence MNP behavior, like the elas-
ticity of vascular wall or blood hematocrit. Additionally, the 
CoW model we used is simplified and does not include the 
full complexity of the cerebral vasculature, such as veins, 
capillaries, and the blood–brain barrier (BBB). Although 
these simplifications may overlook some critical factors 
influencing MNP transport and distribution, they allow for 
a more focused and manageable study of MNP dynamics 
in a controlled setting. Furthermore, the CoW also exhibits 
considerable variability across individuals, including vari-
ations in vessel geometry, blood flow patterns, and vessel 
diameters. Our model utilizes patient-specific anatomical 
geometries but may only partially capture the diversity 
observed in clinical scenarios.

Secondly, our simulations assume idealized conditions 
and uniform properties for the MNPs, overlooking potential 
heterogeneity in MNP size, shape, and surface characteris-
tics. MNP formulations often exhibit polydispersity, influ-
encing their transport and targeting efficiency. Additionally, 
nanoparticles can form a protein corona during circulation, 
altering their size, surface properties, and interaction with 
biological environments.

Thirdly, the blood flow dynamics in the CoW are com-
plex and time-variant, influenced by factors such as patient 
health conditions, diet, and other physiological parameters, 
rather than being a steady pulse as assumed in our simula-
tions. Meanwhile, our study acknowledges the potential impact 
of disease stage, patient age, and gender on the efficacy of 
nanoparticle-based therapies within the context of the CoW. 
While our simulation only utilized a standardized MNP con-
centration based on existing literature and theoretical models, 
future advancements in personalized medicine could signifi-
cantly enhance therapeutic outcomes. Tailoring MNP dosing 
strategies to individual patient profiles could optimize drug 
delivery efficiency and therapeutic efficacy, considering vari-
ations in disease progression, physiological conditions, and 
patient demographics. It is well-documented that disease stage, 

Fig. 12  The cellular interaction of a Au-SPIO, b HGNS-SPIO, and 
c MOF-Fe3O4 MNPs with Neuro2a cells in the microscopic level for 
biocompatibility study
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patient age, and gender can significantly influence nanoparti-
cle pharmacokinetics and biodistribution. For example, stud-
ies have shown that nanoparticle clearance rates and tissue 
distribution can vary with age due to differences in organ 
function and immune response [57, 58]. Younger individu-
als typically exhibit more robust immune function and faster 
metabolic rates, which can lead to quicker clearance of nano-
particles from the bloodstream. Conversely, elderly patients 
may experience slower clearance rates due to diminished organ 
function and altered immune responses, leading to prolonged 
nanoparticle circulation times and different biodistribution 
profiles. Similarly, gender differences in hormone levels can 
impact nanoparticle interactions with biological tissues [59]. 
Hormones such as estrogen and testosterone can influence the 

permeability of blood vessels and the expression of surface 
receptors on cells, affecting how nanoparticles are absorbed, 
distributed, and cleared from the body. Women may experi-
ence different nanoparticle biodistribution patterns compared 
to men due to variations in vascular permeability influenced 
by hormonal cycles. Furthermore, the disease stage also affects 
tissue permeability and vascular properties, which in turn 
influence nanoparticle delivery and retention [60]. In the early 
stages of certain diseases, the blood–brain barrier (BBB) and 
other biological barriers may remain relatively intact, restrict-
ing nanoparticle penetration. However, as diseases progress, 
these barriers can become compromised, enhancing nano-
particle delivery and increasing the risk of off-target effects. 
In conditions such as tumors, the enhanced permeability and 

Fig. 13  Cytotoxicity of HGNS-SPIO for in vitro study with Neuro2A determined from flow cytometry. The control group is cells without NPs. 
*p < 0.05

Fig. 14  Cytotoxicity of MOF-
Fe3O4 for in vitro study with 
Neuro2A determined from flow 
cytometry. The control group is 
cells without MNPs. *p < 0.05
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retention (EPR) effect can be more pronounced in later stages, 
allowing for a more significant accumulation of nanoparticles 
in the diseased tissue. Conversely, changes in vascular integrity 
over time can significantly alter the efficacy of nanoparticle-
based therapies in chronic conditions like neurodegenerative 
diseases. Although we did not explore different concentra-
tions in this study, one strength of our model is its ability to 
predict nanoparticle distribution across various dosages. This 
feature supports clinicians in developing personalized dosing 
strategies before conducting extensive in vivo experiments. 
Further research in this direction is warranted to explore the 
full potential of customized nanoparticle therapies in neuro-
vascular diseases and beyond.

Lastly, our model focuses primarily on MNP transport 
within the CoW and does not account for potential clearance 
mechanisms or biological barriers that MNPs may encounter 
beyond the vascular system. Clearance mechanisms, such as 
phagocytosis by immune cells or renal excretion, are crucial 
in determining MNP biodistribution and pharmacokinetics. 
While our study provides insights into the potential of mag-
netic targeting strategies for enhancing MNP delivery to spe-
cific brain regions, experimental validation in animal models 
and clinical studies is necessary to confirm the efficacy and 
safety of these approaches in vivo. Animal models can pro-
vide valuable data on MNP behavior, tissue distribution, and 
therapeutic outcomes, complementing computational simu-
lations and informing future clinical translation.

7  Conclusion

This study presents a comprehensive investigation into bio-
engineered MNP transport within the CoW, aiming to eluci-
date the intricacies of brain-targeted drug delivery. Through 

diligent characterization and simulation-based analysis, we 
unveiled crucial insights into the factors governing MNP 
dynamics, distribution patterns, and targeting efficiency 
within the complex brain vasculature.

Our characterization results revealed distinctive mor-
phologies and magnetic properties among the synthesized 
MNPs: Au-SPIO, HGNS-SPIO, and MOF-Fe3O4. These var-
iations, including particle size, morphology, and magnetic 
behavior, significantly influenced their transport dynamics 
and retention kinetics within the CoW. Smaller NPs exhib-
ited enhanced mobility and penetration capabilities, while 
larger counterparts demonstrated superior magnetic target-
ing efficiency. Incorporating patient-specific anatomical data 
and physiological parameters in our CFD simulations ena-
bled a realistic portrayal of blood flow dynamics, facilitating 
a nuanced understanding of MNP transport within the CoW. 
Furthermore, our investigation into magnetic targeting strat-
egies demonstrated the efficacy of external magnetic fields in 
guiding MNP motion toward specific brain regions. Through 
systematic analysis of magnetic flux density patterns and 
MNP distribution profiles, we established the potential of 
magnetic targeting to enhance spatial specificity and improve 
drug delivery efficiency within the CoW.

The next phase of our research will focus on addressing 
the limitations identified in this study and further advancing 
our understanding of brain-targeted drug delivery. Specifi-
cally, we aim to refine our computational model by incorpo-
rating additional physiological complexities, such as clear-
ance mechanisms, and the impact of MNP heterogeneity 
and potential interactions with biological components on 
their transport dynamics and targeting efficiency. Addition-
ally, we will extend our investigations beyond the CoW to 
encompass other brain regions and biological barriers to 
NP biodistribution and pharmacokinetics. This expansion 

Fig. 15  The cellular uptake rate of Neuro2A cells was measured by elemental analysis for a Au-SPIO and b HGNS-SPIO
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will provide a more comprehensive understanding of MNP 
behavior in vivo in subsequent animal models to validate the 
model. These experiments will complement our computa-
tional simulations and provide essential data for informing 
future clinical translation.

Our findings underscore the significance of personalized 
medicine approaches and computational modeling in opti-
mizing brain-targeted drug delivery systems. By elucidat-
ing the interplay between MNP properties, fluid dynamics, 
and magnetic fields, our model serves as a drug carrier pre-
screening tool to provide valuable insights for designing and 
optimizing therapeutic interventions for neurological disor-
ders. This enhanced understanding holds promise for devel-
oping more effective, targeted, and personalized treatments, 
ultimately improving patient outcomes and quality of life.
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