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Abstract— Superparamagnetic iron oxide nanoparticles
(SPIONS) represent an emerging platform in various fields of
nanomedicine. In particular, nanoparticle-based drug delivery
techniques that exploit the magnetic properties of SPIONs for
targeted transport and accumulation in tumor tissue show
considerable promise for cancer therapy. The development of
such approaches requires a detailed understanding of how
hydrodynamic particle transport, magnetically induced forces,
and vascular geometry interact. In this work, we investigate the
transient, geometry-induced distribution of SPIONs in
generalized vascular structures under magnetic field
application. Using statistical scaling laws and empirical data,
asymmetric vascular geometries were derived, exhibiting
characteristic asymmetry-related vessel diameters. These
generalized vascular structures were fabricated via digital light
processing (DLP) additive manufacturing and were
subsequently tested under magnetic field on and magnetic field
off conditions. Optical in situ measurements based on the
extinction of transmitted light demonstrated a significant
influence of geometry and daughter-vessel diameter on transient
particle distribution. Since magnetic forces depend on both the
underlying flow field and local SPION concentration, these
findings suggest an artery-size-dependent boundary for
effective magnetic retention under low wash-out conditions.
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. INTRODUCTION

Conventional chemotherapy is often limited by systemic
toxicity and insufficient drug accumulation at tumor sites.
Magnetic drug targeting offers a promising alternative by
enabling localized drug accumulation while reducing
systemic side effects. Superparamagnetic iron oxide
nanoparticles (SPIONSs) are particularly suitable carriers due
to their surface functionalizability and non-invasive
manipulation via external magnetic fields [1]. However,
efficient magnetic field dependent SPION retention within
the vasculature remains challenging. Nanoparticle transport
is governed by competing hydrodynamic, gravitational, and
magnetic forces, whose interaction strongly depends on
vascular geometry [2,3]. At bifurcations, local flow velocities
and shear forces determine particle distribution and emerging
flow regimes. While these effects have been studied
theoretically and computationally, experimental validation
under controlled, physiologically relevant conditions is still
limited [4]. To address this gap, we present a generalized,
geometrically biosimilar test environment that enables
systematic investigation of SPION transport in asymmetric
vascular structures. Using optically accessible models
fabricated by additive manufacturing, we analyze the
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Fig 1: a) Representation of the specimen and magnetic setup according
to case 1 as viewed by the camera. b) Representation of the applied magnetic
field. c) llustration of the evaluation positions within the channels and
respective channel radii.

transient branch-wise distribution of SPIONs under varying
magnetic field conditions.

Il. METHODS

A. Specimen Design and Manufacturing

Generalized asymmetric branching structures were
derived based on self-similar scaling laws of vascular
structures described in the literature. This enables a cross-
scale description of the model geometry based on the initial
conditions of a few key geometric parameters. According to
Murray’s law, the relationship between parent- (ro) and
daughter vessel (ri, r2) radii is described as follows [5]:

h=rrh (1)

Depending on tissue type, exponent values between 2 and
3 have been found, with 2.7 (= e) reported as optimal for
elastic-muscular arteries [6]. The vessel segment radius is
linked to the segment length | by a similar proportionality law
corresponding to physiological geometries [7]. For
asymmetric branching, branching angles change according to
daughter vessel size ratios, with angles dependent on parent
and daughter vessel radii according to [8]. Branching angles
were calculated based on an asymmetry ratio of 0.5 between
daughter vessels. Boundary conditions were chosen based on
imaging data for breast tumor vascular feeding systems: an
entering diameter of 2.5 mm and initial segment length of
12.5 mm. Using these values and relationships, branching
models were calculated accordingly.



Such vascular models were manufactured on a digital light
processing 3D printer using a transparent standard resin
according to the protocol described in [9].

B. Testbench Setup

Experiments were done in an optically accessible flow
setup with upstream peristaltic pumping and imaging-based
extinction analysis reported in [9]. Blood flow was simulated
by distilled water at a flow rate of 5 mL min. Before the
sample, 0.1 mL of colloidal suspension (10 mg mL™) was
injected. Specimens were positioned with the branching plane
aligned to the x-z-plane (Fig. 1). The two NdFeB magnets
positioned above and below the specimen at 25 mm distance,
yielded a flux density of 350 mT at the geometric center of the
specimens. Camera recordings were evaluated for particle
propagation by analyzing the transient pixel extinction at
defined points in the second-order branches. Relative
extinction was calculated with respect to the pre-injection
baseline intensity of the water-filled channel at the same ROI.
Peak extinction denotes the local maximum of the transient
relative extinction signal. Two configurations were tested,
which included specimens with the higher-diameter branch
positioned uppermost (case 1) as well as positioned with the
lower-diameter branch uppermost (case 2), both with and
without magnetic field application.

I1l. RESULTS AND DISCUSSION

A. Particle propagation

After injection, particles sediment rapidly to the channel
bottom until reaching the first bifurcation. In case 1, despite
bottom accumulation, strong extinction signals occur in the
upper channels, indicating that higher flow and lower
resistance in the upper branch favors particle transport and
offsets sedimentation. Upper branches show slightly faster
onset compared to channel 3, which exhibits a broader peak
due to slower flow velocities. Channel 4 shows significantly
delayed, slow onset with a broad peak, indicating slow flow,
high resistance, and preference for channel 3 in the lower
branch, highlighting the influence of flow distribution and
local flow velocites on the particle distribution and signal
duration. For Case 2 one pronounced peak occurs in the lowest
channel while channel 3 shows only a delayed, weak signal,
indicating stratified particles take the high-flow branch. Few
particles entering channel 3 suggest disturbances at the
branching without significantly offsetting sedimentation.

B. Magnetic field influence

Differences between both cases also show with magnetic
field application. Case 2 shows no differences in particle
distribution; the large lower channel remains preferred and no
particle trapping occurs as extinction decays to initial levels.
For case 1, channel 1 exhibits a pronounced particle signal
with slower decay compared to the magnet-free condition.
Channels 3 and 4 show pronounced signals with faster onset
in channel 4 relative to the situation without magnet. While
channel 1 flushes out over time, signals in channels 3 and 4
reach a plateau. This persistent deviation from the pre-
injection level indicates a macroscopically represented degree
of magnetic retention. Particle retention in weak magnetic
fields suggests magnetic volume effects exploitable in low-
flow vessels. These results indicate a relationship between
geometry-induced flow distribution, resulting flow velocities,
and magnetic retention capabilities. In particular magnetic
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Fig 2: a) Representation of the extinction curves of case 1 without (top)
and with (bottom) magnetic setup. b) Representation of the extinction curves
of case 2 without (top) and with (bottom) magnetic setup.

retention becomes observable only when local washout is
sufficiently weak and residence times are long enough for
magnetic forces to act over a relevant duration.

IV. CONCLUSION AND OUTLOOK

The present work shows the influence of locally varying,
geometry-induced flow conditions on the duration and shape
of the particle signal. Based on the mathematical description
of the channel geometry, coupling with simulative data on the
flow distribution within the sample will allow for the
prediction of signal shape and duration and comparison with
the experimental data. Thus allowing for the calculation of a
fitting function to correlate the signal shape and magnetic field
influence to applied geometric parameters.
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