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Transcatheter arterial embolization (TAE) is a minimally invasive technique used to treat hypervascular

tumors, hemorrhage, and vascular abnormalities. Though microspheres (MSs) have achieved widespread

clinical use as embolic agents, they often lack imaging opacity, optimal morphology and mechanical pro-

perties which can lead to unpredictable trajectories, non-target delivery, and suboptimal embolization.

This study developed tantalum-loaded calcium alginate (Ta@Ca-Alg) MSs with intrinsic radiopacity,

tunable density, and mechanical properties. Ta@Ca-Alg MSs were synthesized using a gas-shearing

method and analyzed for size, morphology, swelling behavior, density, radiopacity, and optimized

mechanical properties. The results demonstrated that Ta@Ca-Alg MSs maintained a narrow size distri-

bution, with increasing Ta concentration enhancing radiopacity to levels comparable with the clinical

contrast agent OMNIPAQUE 350. Density and Young’s modulus corresponding to different Ta concen-

trations were also investigated. Phantom model testing validated effective vessel occlusion and controlled

penetration. In vitro hemocompatibility, sterility, and cytotoxicity studies confirmed excellent biocompat-

ibility. These findings suggest that Ta@Ca-Alg MSs are a promising radiopaque embolic agent with opti-

mized radiopacity, density, and mechanical properties, offering excellent potential for TAE procedures.

1. Introduction

Transcatheter arterial embolization (TAE) as a minimally inva-
sive procedure has been widely utilized for tumor treatment
clinically. Microspheres (MSs), as one of the most commonly
used embolic agents, offer advantages such as controlled size
distribution, targeted delivery, and the ability to achieve distal
embolization.1

Calcium alginate (Ca-Alg) MSs have gained attention as
promising embolic agents due to their biocompatibility, biode-
gradability, and their ability to be tailored for specific appli-
cations.2 The core material of Ca-Alg MSs, sodium alginate, is
a naturally derived polysaccharide. It forms a hydrogel matrix

when crosslinked with divalent cations like calcium, creating a
stable yet flexible structure suitable for embolization.3–5

Calcium as the divalent cation is chosen to form crosslinked
MSs with alginate due to its non-toxicity (naturally present in
the human body) and its ability to be replaced by sodium ions
in blood, making MSs biodegradable.6 These MSs can be
modified to achieve desired mechanical properties,7 degra-
dation rates,8 and drug-loading capabilities,9,10 making them
attractive candidates for TAE applications.

During the TAE procedure, real-time imaging using fluoro-
scopy is required for monitoring the embolization process, as
nontarget embolization can cause severe complications such
as organ ischemia or stroke.7,11,12 However, most commercially
available embolic MSs lack inherent radiopacity. A common
approach to address this issue is to mix the MSs with a radio-
paque agent before injection.13 This pre-mixing approach has
several limitations, since only the contrast is visualized under
fluoroscopy. If the particles settle or disperse unevenly, the
contrast agent can travel further into the vascular network
than the MSs, failing to accurately indicate their location.
Additionally, the contrast agent is rapidly dispersed and
absorbed from the target site, making it impossible to track
the MSs postoperatively in the short or long term. Intrinsically
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radiopaque MSs would overcome many of these limitations,
allowing accurate visualization of the MS distribution during
the procedure and in the long-term tracking using CT.
Currently only a few commercially available MSs are inherently
radiopaque. LUMI Beads (Boston Scientific, Marlborough, MA)
are designed with inherent radiopacity by virtue of bonding to
iodine. However, in clinical use, the level of radiopacity is
fairly modest, requiring high radiation dose exposures or CT
techniques for confident visualization. Emerging materials
such as liquid metal embedded MSs have recently demon-
strated intrinsic imaging capabilities across ultrasound, CT,
and MRI without requiring additional contrast agents, offering
alternative visualization methods.14 While these materials
offer promising alternatives for image-guided interventions,
there remains a critical need for systematic comparisons of the
radiopacity and imaging performance against clinically estab-
lished contrast agents. Tantalum (Ta), a high-density tran-
sition metal, has been commonly used to create or enhance
radiopacity in endovascular devices and liquid embolic agents
due to its high radiopacity, inert chemistry, and long-term
stability in biological environments.15–17 By integrating Ta
microparticles into Ca-Alg MSs, we aim to render the engin-
eered MSs radiopaque for tracking under real-time fluoro-
scopic imaging, thereby improving procedural safety and
efficacy.

The physical properties of MSs, such as size distribution
and density, strongly influence embolic performance. While
much research focuses on the size of MSs, this parameter
alone cannot accurately determine the embolization behavior
of the MSs.18 While not yet well delineated, density also affects
the administration and behavior of the MSs, given its degree of
settling or buoyancy in the administration carrier and blood,
flow behavior, and final deposition pattern in target vessels.19

Moreover, if MSs settle too rapidly in the syringe, they may
enter the delivery catheter unevenly, resulting in unpredictable
administration.20 The density also affects the Stokes number,
which is an important parameter determining emboli trajec-
tory and fate.21 An optimal MS density ensures stable suspen-
sion, facilitating smooth delivery in microcatheter and travel
through the blood vessels during embolization.22 In this study,
we also studied the tunability of density of the MSs based on
the incorporation of Ta microparticles.

Another crucial aspect of embolic MSs is their elasticity
(Young’s modulus), which influences their ability to penetrate
the microvasculature.23 Optimizing these properties is vital for
achieving a balance between sufficient deformability to
smoothly navigate through microcatheters and vasculature,
and adequate rigidity to resist deformation under physiologi-
cal pressure, ensuring stable vessel occlusion. Excessively soft
MSs risk fragmentation under hemodynamic stresses, poten-
tially causing recanalization or unintended distal emboliza-
tion. Conversely, overly rigid MSs might not effectively pene-
trate smaller vessels or may damage vascular structures,
leading to procedural complications.18,23 Limited studies have
explored the incorporation of Ta into embolic MSs. For
instance, Thanoo et al.,16 introduced Ta into polyurethane MSs

and evaluated their size distribution and hemocompatibility.
Similarly, Zeng et al.,15 embedded Ta into Ca-Alg MSs and
examined their morphology and in vivo radiopacity using X-ray
imaging. Despite these advancements, no prior study has sys-
tematically investigated the effect of Ta (contrast agent)
loading on the mechanical properties of embolic MSs. This
study addresses this gap by thoroughly characterizing how Ta
concentration affects the MSs’ mechanical properties, specifi-
cally targeting a modulus range closely matching human capil-
lary elasticity. This is among the first systematic efforts to link
Ta incorporation directly to tunable mechanical behavior in
embolic MSs, potentially establishing novel standards for
embolic MS performance. Fluidic force microscopy (FluidFM)
has emerged as an advanced technique for measuring the
nanoscale mechanical properties of soft materials, including
hydrogels and MSs. FluidFM enables precisely force-controlled
measurements in a liquid environment, closely mimicking
physiological conditions.24 Using FluidFM, we characterized
the Young’s modulus of Ta-loaded Ca-Alg MSs to assess how
Ta incorporation affects their mechanical properties. This
work helps ensure that the MSs maintain a balance between
deformability for catheter passage and sufficient rigidity for
stable embolization.

To evaluate the performance of embolic MSs under con-
trolled, reproducible conditions prior to in vivo studies,
phantom model testing is often used. Phantom models are
designed to mimic human vascular anatomy and physiological
conditions, allowing researchers to assess the distribution,
and embolization efficiency of MSs in a simulated environ-
ment.25 By using transparent, perfusable structures that repli-
cate blood vessels, phantom models enable real-time visualiza-
tion of MS flow, aggregation, and occlusion dynamics under
specified flow conditions. Several phantom models and per-
fusion systems have been developed to investigate MSs for
their embolic efficacy. Jernigan et al.26 constructed an artificial
surrogate of the liver tumor vasculature to experimentally
investigate the effects of MS density and diameter on distal
penetration. Miller et al.27 developed an in vitro microvascular
hepatic tumor model to compare the deposition characteristics
of glass yttrium-90 MSs and traditional bolus administration
methods. Miller et al.28 developed a planar in vitro microvascu-
lar model of the hyper plastic hemiprostate to compare spatial
distributions of radiopaque glass MSs, tris-acryl gelatin MSs,
and polyvinyl alcohol nonspherical foam particles. Overall,
phantom model testing serves as a critical preclinical tool that
bridges the gap between in vitro characterization and in vivo
animal studies, ensuring the safety and efficacy of embolic
MSs before clinical applications. Despite the growing use of
such models, no study to date has systematically compared
embolic performance as a function of MS density and mechan-
ical stiffness. The current study addresses this gap by introdu-
cing a robust in vitro platform for assessing how these physical
parameters influence MS behavior during embolization.

In this study, we developed Ta@Ca-Alg MSs with tunable
density, radiopacity, and mechanical properties to investigate
their impact on embolization procedures. These MSs were syn-
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thesized using a gas-shearing method7 and characterized in
terms of the size, morphology, swelling behavior, density,
radiopacity, mechanical properties, and in vitro biocompatibil-
ity. Furthermore, we evaluated the embolization performance
of the MSs in a physiologically relevant phantom model to
assess their clinical applicability.

The findings of this study provide insights into the develop-
ment of embolic MSs with enhanced imaging visibility, opti-
mized mechanical properties, and controlled density, contri-
buting to improved precision and efficacy in TAE procedures.

2. Experimental setup
2.1 Materials

Alginate acid sodium salt (medium viscosity), calcium chloride
dihydrate, and phosphate buffered saline tablets were pur-
chased from Sigma-Aldrich (St Louis, MO). Indocyanine green
was obtained from Pfaltz & Bauer (Waterbury, CT). Sodium
chloride was acquired from VWR Life Science (Solon, OH). Ta
powder with an average size of 2 µm was sourced from Thermo
Scientific, USA. Omnipaque™ (350 mg I mL−1) was provided
by GE Healthcare (Norway).

2.2 Methods

2.2.1 Synthesis of Ta@Ca-Alg MSs. The Ta@Ca-Alg MSs
were synthesized (Fig. 1) using a previously established
method in our group.7 Sodium alginate (Alg) solution with a
concentration of 1 wt% was prepared using a SpeedMixer (DAC
330–100 SE, FlackTek, Landrum, SC) at 3000 rpm for
10 minutes. Ta microparticles were then added to the Alg solu-
tion and mixed at 800 rpm for 5 minutes. The Ta@Alg solution
was loaded into a 10 mL syringe and injected dropwise into
2 wt% calcium chloride solution at 0.05 mL min−1 using a
syringe pump (LEGATO100, kdScientific, Holliston, MA). A 21/
30 G concentric needle was used in between the syringe and
the calcium chloride solution to generate micro droplets.
Briefly, the Ta–Alg solution was injected through the inner
layer of the needle, while air was directed through the outer
layer of the needle at a flow rate between 783 ccm and 837
ccm. The MSs were formed immediately when the Ta@Alg dro-

plets made contact with the calcium chloride solution placed
10 cm below the tip.

The MSs were named xAlgyCazTa, where x, y, and z stand
for the concentrations of sodium alginate, calcium chloride,
and Ta in their original solutions respectively (Table 1).

2.2.2 Size and morphology of MSs. Images of MSs were
obtained from an inverted microscope (Fisherbrand,
Pittsburgh, PA). The diameters and roundness were analyzed
using Fiji software.29

Roundness (eqn (1)) is a quantitative measure of how
closely a given object’s shape resembles a perfect circle, with a
value closer to 1 indicating a more circular shape and a value
closer to 0 signifying a more elongated or irregular shape.

Roundness ¼ 4� area
π�major axis2

: ð1Þ

2.2.3 Swelling behavior of MSs. The MSs were immersed in
saline for 48 hours. Images of the MSs were taken as described
in 2.2.2 at 0, 1, 2, 4, 8, 12, 24, 48, 72 hours, and 6 months after
immersion. The diameters of the MSs were analyzed using Fiji
software. The swelling ratio was calculated using eqn (2)

Swelling ratio ¼ diameter of swelledMS
diameter of unswelledMS

: ð2Þ

2.2.4 Density of MSs. Stoke’s law (eqn (3)) for settling vel-
ocity30 was utilized for the measurement of MS density.

VT ¼ 2r2 ρ� σð Þg
9η

ð3Þ

Fig. 1 Schematic apparatus of synthesis of Ta@Ca-Alg MSs.

Table 1 Naming and composition of MSs

MS
Sodium alginate
(wt%)

Calcium chloride
(wt%)

Tantalum
(wt%)

1Alg2Ca0Ta 1 2 0
1Alg2Ca5Ta 1 2 5
1Alg2Ca10Ta 1 2 10
1Alg2Ca20Ta 1 2 20
1Alg2Ca30Ta 1 2 30
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where VT is the settling velocity; r is the radius of the MS; ρ
and σ are the densities of the MSs and the liquid, respectively;
η is the viscosity of the liquid.

A measuring cylinder with 30 cm height was filled with de-
ionized water. A single MS was gently placed onto the surface
of the water. The settling time reflected how long it took the
MS to descend from a height of 15 cm height to the bottom of
the cylinder. A15 cm height was selected as the starting point
to avoid the initial acceleration region. The settling velocity
was calculated using the distance (15 cm) divided by the
settling time.

1 mg mL−1 indocyanine green (ICG) as a fluorescent dye
was loaded into the system (1Alg2Ca1ICG, developed in our
previous work7) as the control of density measurement before
and after swelling due to their ease of observation compared
to the colorless MSs and the similar density (low ICG concen-
tration) as the colorless MSs.

2.2.5 Radiopacity. The imageability of the MSs under X-ray
was investigated using an AMI HTX system (Spectral Instruments
Imaging, Tucson, Arizona, USA). 1× PBS solution, 1Alg2Ca0Ta,
50% OMNIPAQUE 350, and 100% OMNIPAQUE 350 were
included as the controls. 1× PBS solution and 1Alg2Ca0Ta are two
materials without contrast agents indicating no radiopacity, while
50% OMNIPAQUE 350 and 100% OMNIPAQUE 350 are two clini-
cally used contrast agents, representing the lower end and upper
end concentrations of OMNIPAQUE.17 Image gray scales were ana-
lyzed using Fiji software.29

2.2.6 Mechanical properties of MSs using FluidFM. Fluidic
force microscopy (FluidFM, Cytosurge, Glattbrugg,
Switzerland) was used to measure the local Young’s modulus
(E) of MSs. The FluidFM system was composed of an atomic
force microscopy (AFM) (Nanosurf FlexAFM, Liestal,
Switzerland) and an MAT FluidFM micropipette (Cytosurge
AG, Glattbrugg, Switzerland) with an 8 µm aperture and a 0.3
N m−1 spring constant. To perform nanoindentation tests on
the Ca-alginate MSs, the micropipette (Fig. 2A) was combined
with a 25 µm soda lime solid glass MS (Cospheric LLC,
California) through the aperture with an 800 mBar pressure.
The glass MS on the micropipette was then manually adjusted
to the apex of the Ca-alginate MS (Fig. 2B). A 30 µm by 30 µm
indentation area with 25 points on each Ca-alginate MS was
tested. For each type of MS, 30 samples were tested. Each
indentation was performed inside in a Petri dish containing
the MSs in saline. To prevent MSs from moving laterally
during testing, a nylon mesh with 200 µm openings was
attached to the bottom of the Petri dish to physically hold the
MSs.

The force–distance curves obtained from C3000 software
(Nanosurf, Liestal, Switzerland) were then analyzed using
Atomic J software.31 Since the tip and the sample are both
spherical, and the radius of the tip is much smaller than the
sample radius, Hertz model (eqn (4)) was utilized to calculate
Young’s modulus:

P ¼ 4E
3 1� ν2ð Þ

ffiffiffi

R
p

δ
3
2 ð4Þ

where P is the normal force applied between the tip and the
MS; E represents Young’s modulus; ν is Poisson’s ratio; R is
the radius of curvature at the apex of the tip; and δ denotes the
indentation depth.

2.2.7 Sterility. To evaluate the sterility of MSs, 1 mL of each
MS was added to 10 mL of LB broth in centrifuge tubes. LB
broth alone served as a negative control, while LB broth inocu-
lated with Escherichia coli (E. coli, ATCC 25922) was used as a
positive control. The samples were then incubated overnight
in an orbital shaker (C24 Incubator/Shaker, New Brunswick
Scientific, Edison, NJ, USA) at 37 °C and 100 rpm. After incu-
bation, the optical density of the suspensions was measured at
600 nm using a cell density meter (Ultrospec 10; Amersham
Biosciences, Little Chalfont, UK). Each sample was tested in
triplicate, with a total of six readings taken per test.

2.2.8 Cell viability. The biocompatibility of the MSs was
assessed through an extraction assay following ISO-10993-
5 guidelines,32 using L929 fibroblasts (American Type Culture
Collection (ATCC), Manassas, VA). The culture medium for
L929 consisted of Dulbecco’s Modified Eagle Medium (DMEM,
Gibco BRL, Grand Island, NY, USA) supplemented with 10%
heat-inactivated fetal bovine serum (Cytiva, Marlborough, MA)
and 1% penicillin/streptomycin (Thermo Fisher Scientific,
Inc., Waltham, MA). The L929 cells were incubated at 37 °C
with 5% CO2 and 95% humidity.

For the viability assay, the cells were seeded into 96-well
plates at a density of 5000 cells per well and incubated for
24 hours. Extracts from selected MSs were prepared by incubat-
ing 1 mL of each type of MS in 10 mL of culture medium at
37 °C overnight. The supernatant was collected and diluted
with culture medium to create extraction concentrations of
100%, 50%, 25%, and 12.5% (v/v). To assess potential cyto-
toxicity, L929 cells were exposed to these extract concentrations
in their respective media. After 24 hours of incubation, cell via-
bility was measured using the WST-1 assay (Cayman Chemical,
Ann Arbor, MI, USA) according to the manufacturer’s instruc-
tions. A 10% DMSO solution was used as positive control,
while untreated cells served as the negative control. Three
independent experiments were performed, with each experi-
ment including four replicates for statistical analysis.

2.2.9 Live/dead assay. A live/dead cell assay was conducted
with L929 fibroblast cells to evaluate cell viability in response
to contact with the MS extracts. Positive and negative controls
consisted of 10% DMSO and untreated cells, respectively. A
live/dead assay kit (Invitrogen ReadyProbes™ Cell Viability
Imaging Kit (Blue/Green), Thermo Fisher Scientific, Eugene,
OR, USA) was used according to manufacturer’s instruction.
The cells were then imaged using a microscope (Leica DMi8,
Germany). Three independent experiments were performed
per test, with six randomly selected locations being imaged.
The live (green) and dead (blue) cells were quantified using
Fiji software (National Institutes of Health, Bethesda,
Maryland).

2.2.10 Hemocompatibility. Hemolysis assay was performed
to assess the interactions between MSs and blood. The hemo-
lysis rate was determined according to the ISO 10993-4 stan-
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dard.33 Fresh citrated porcine blood (Lot # 24H52709, catalog
# 7204906, LAMPIRE Biological Laboratories, Pipersville, PA)
was diluted with 1× saline at a 4 : 5 ratio. For each MS type
(1Alg2Ca0Ta, 1Alg2Ca5Ta, 1Alg2Ca10Ta, 1Alg2Ca20Ta), 0.5 g
was added to 10 mL saline in a centrifuge tube (MS concen-
tration: 50 mg mL−1) and incubated at 37 °C for 30 minutes.
Subsequently, 0.2 mL of the diluted blood was added to the
tubes and incubated again at 37 °C for 60 minutes, followed
by centrifugation at 3000 rpm for 5 minutes.

The supernatant was then transferred to a 96-well plate,
and absorbance (A) at 545 nm was measured using a micro-
plate reader (GENios, TECAN, Crailsheim, Germany). Positive
and negative controls were prepared by mixing 0.2 mL of the
blood with 10 mL of deionized water and 10 mL of
PBS, respectively. The hemolysis rate was calculated using
eqn (5).

Hemolysis %ð Þ ¼ Asample � Anegative control
Apostive control � Anegative control

� 100: ð5Þ

2.2.11 Phantom testing
2.2.11.1 Model design. A planar tumor model was designed

to capture the multiscale physics of systemic circulation while
matching physiological pressures and flow rates in large arteries
down to the pre-capillary level. The resulting design consisted of
10 generations of channels which branched 2 times per gene-
ration. The dimensions of these channels were scaled with the
inverse of the branching factor to prevent self-intersection. The
inlet cross-section of the tumor model was 5.0 × 2.5 mm, which
tapered down to only 18 µm at the outlet arterioles of the 10th
generation. Vascular branches were mirrored about an axis
passing through the inlet, resulting in a total of 2048 outlet

arterioles, or 1024 outlet arterioles per side. The design of the
microvascular model, which focused on achieving target tumor
resistance, was aided both through analytical hydraulic resis-
tance calculation and Computational Fluid Dynamics simulation
(SolidWorks Flow Simulation, Dassault Systèmes, Vélizy-
Villacoublay, France). Each polydimethylsiloxane (PDMS) model
geometry was cast from a mold (40 × 40 mm footprint) fabri-
cated using Two-Photon Polymerization (2PP) micro 3D printing
technology (UpNano Gmbh, Vienna, Austria). The resulting
hydraulic resistance was 146 PRU. Using methods similar to that
of Miller et al. 2023,27 it can be deduced that the resulting flow
represents that of a 4.2 cm hepatic tumor with liver volume of
1400 mL, total liver flow rate of 160 mL min−1, and tumor-to-
normal uptake ratio of 8 : 1.

2.2.11.2 MS administration. To simulate a clinical emboliza-
tion procedure, the tumor model was connected to an experi-
mental setup (Fig. 3E), which was perfused with pulsatile flow of
a water–glycerin mixture at a rate of approximately 1.8 cc s−1 and
a pressure of 140/60 mmHg. The ratio of water to glycerin was
tuned to approximate the dynamic viscosity of whole blood at
3.5 cP.26,34 The vascular system consisted of a single branch of
3.2 mm (0.125 inch) inner diameter (ID) mated to a 1.6 mm ID
tube leading to the tumor, and a bypass branch of 3.2 mm ID
leading directly to the collection reservoir. The bypass branch is
analogous to non-tumoral flow. The bypass flow rate was
approximately 71 mL min−1 at a pressure of 140/60 mmHg. The
tumor flow rate was approximately 35 mL min−1 at the outlet.
Each single 0.5 mL aliquot of MSs was administered at a rate of
0.1 mL s−1 through a 2.4 F (0.022 in ID) 110 cm Terumo
Progreat microcatheter (Terumo Corporation, Tokyo, Japan). The
microcatheter was placed into the 1.6 mm caliber surgical tube
just proximal to the tumor model. A computer-controlled syringe

Fig. 2 Photographs of nanoindentation tests on a 1Alg2Ca0Ta MS conducted using FluidFM. (A) A micropipette combined with a 25 µm glass bead
next to a 1Alg2Ca0Ta MS immersed in saline; (B) nanoindentation was performed on a 1Alg2Ca0Ta MS held on a nylon mesh with 200 µm openings.
Scale bar: 200 µm.
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pump was used for all administrations to achieve precise injec-
tion rates and dosages.

Following administration, the system was allowed to
perfuse for several minutes to ensure that MS deposition was
complete. Next, the microcatheter was removed, the flow rates
were again allowed to reach steady-state, and the final post-
embolization flow rates were recorded. Finally, a pinch valve
was closed to stop flow to the tumor model, which was then
disconnected from the hepatic vascular system and sub-
sequently imaged using a microscope camera on an x–y stage.
For each test, individual micrographs were stitched together
using custom MATLAB scripts (MathWorks, Natick, MA, USA)
to form a single mosaic image. Each test was run in triplicate.

To evaluate the results, branches of the model were categor-
ized based on their sizes and the distance from the injection

location. As shown in Fig. 3A and B, the branches closest to
the inlet were named Level 1, then Level 2, Level 3, and so on.
Therefore, the smallest and furthest branches were named
Level 10. To better summarize the penetration depths of the
embolization results, all the branches Level equal or larger
than Level 6 were grouped together. The penetration depth of
each group was determined by the level of branches inside the
group with the most distal penetration of MSs. The width of
each level is listed in Fig. 3D.

2.3 Statistical analysis

One-way analysis of variance (ANOVA) was performed in
GraphPad Prism 10 (GraphPad Software, CA, USA) to assess
statistical differences between groups. A p-value of less than
0.05 was considered significant. Data are presented as the

Fig. 3 Phantom model design and perfusion system. (A) Schematic of the tumor mode (scale bar: 10 mm); (B) local detail and group information of
the tumor model (scale bar: 300 µm); (C) photograph of the tumor model during static leak testing with fluorescent dye; (D) width of each level of
branch; (E) Perfusion system schematic: 1a–c, reservoirs; 2a–e, 1-way valves; 3, pulsatile pump; 4a–c, centrifugal pumps; 5, syringe pump; 6, delivery
catheter; 7, pressure transducer; 8, tumor model; 9a, 9b, laboratory scales.
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mean ± standard deviation (STD) or mean ± standard error of
the mean (SEM), unless stated otherwise.

3. Results and discussion
3.1 Size and morphology

Ca-Alg MSs with varying concentrations of Ta (0%, 5%, 10%,
20%, and 30%) were engineered using a gas-shearing method7

and observed using a microscope (Fig. 4A–E).
The diameter measurements show that the inclusion of Ta

did not affect the size distribution of the MSs within each
batch of synthesis. The diameters of 1Alg2Ca0Ta, 1Alg2Ca5Ta,
1Alg2Ca10Ta, 1Alg2Ca20Ta, and 1Alg2Ca30Ta (Fig. 4F) are
169.13 ± 10.16 μm, 204.90 ± 5.86 μm, 254.27 ± 6.94 μm, 211.04
± 10.36 μm, and 261.82 ± 20.33 μm, respectively. The standard
deviations (STD) of 1Alg2Ca5Ta, 1Alg2Ca10Ta, and
1Alg2Ca20Ta are all lower than 6% of the mean diameters,
indicating uniformly distributed sizes. This size consistency is
important for predictable embolization outcomes, as a narrow
size range ensures selective targeting of blood vessels. Studies
have shown that uniform size of MSs is critical to
precise embolization as they prevent catheter blockage and

ensure predictable distal penetration.19 Compared to commer-
cially available MSs, which typically exhibit broader size distri-
butions (100–300 µm for DC Bead™), the Ta@Ca-Alg MSs
demonstrate superior consistency within each synthesized
batch. However, the MSs containing 30% Ta (1Alg2Ca30Ta)
exhibit a larger STD (8% of the mean diameter), which
suggests greater variability in MS sizes. This is likely due to the
high concentration of Ta in the sodium alginate solution,
which frequently obstructed the inner layer of the concentric
needle during fabrication. The irregular flow may have resulted
in inconsistent droplet formation, leading to increased size
variability.

The variation in MS sizes observed among different Ta con-
centrations primarily results from slight changes in the air
flow rate through the outer layer of the co-axial needle used
during synthesis. Higher air flow rate produces higher shear
force which leads to smaller MSs, whereas lower air flow rate
generates larger MSs. During synthesis, higher Ta content ren-
dered higher frequent occlusion of the co-axial needle, which
requires additional fine tuning of the air flow rate. It is hypoth-
esized that this fluctuation of air flow rate caused the variation
of MS diameters. It is important to note that MSs with each Ta
concentration represent a unique formulation, and that the

Fig. 4 Size and morphology of Ta@Ca-Alg MSs. (A–E) Representative images of 1Alg2Ca0Ta, 1Alg2Ca5Ta, 1Alg2Ca10Ta, 1Alg2Ca20Ta,
1Alg2Ca30Ta. Scale bars: 500 µm. (F and G) Diameters and roundness of MSs. Data are presented as mean ± standard deviation (STD) (324 ≤ n ≤
710).
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sizes of MSs with the same formulation are consistent. It is
not expected that this limited variation will affect the emboli-
zation performance significantly.

The spherical shape of MSs plays a crucial role in the TAE
process, as non-spherical MSs tend to interlock, obstruct the
microcatheter, and pose challenges in being transported by
blood flow to distant sites.19 The roundness of 1Alg2Ca0Ta,
1Alg2Ca5Ta, 1Alg2Ca10Ta, 1Alg2Ca20Ta, 1Alg2Ca30Ta are 0.95
± 0.03, 0.96 ± 0.03, 0.95 ± 0.03, 0.94 ± 0.03, 0.92 ± 0.04, respect-
ively. Despite slightly elevated variability (a roundness STD at
4.6% of mean) observed with 1Alg2Ca30Ta, the roundness of
all types of MSs (Fig. 4G) are close to 1, indicating that they all
exhibit highly spherical shapes, which is essential for smooth
navigation through blood vessels and preventing compli-
cations such as catheter blockage or premature
embolization.12,18 Due to the higher variability in size along
with fabrication difficulties at high Ta loading (e.g., needle
clogging), 1Alg2Ca30Ta MSs were excluded from further
studies. In contrast, 1Alg2Ca5Ta, 1Alg2Ca10Ta, and
1Alg2Ca20Ta demonstrated more consistent morphological
characteristics, highlighting their potential for embolization.

3.2 Swelling

The swelling behavior of the MSs is crucial during the TAE
process as it determines the size of blood vessels the MS can

block, as well as the physical and mechanical properties of MS
in blood vessels. As shown in Fig. 5A–E, all MSs swelled homo-
geneously, while the shape remained spherical. Swelling ratios
(Fig. 5F) indicated that all the MSs swelled significantly in
saline within the first 4 hours with the swelling ratio ranging
between 1.47 ± 0.04 (1Alg2Ca10Ta) and 1.62 ± 0.05
(1Alg2Ca5Ta). After 8 hours their sizes were considered stable.
This rapid initial swelling suggests that ion exchange between
Na+ ions from the saline and Ca2+ ions within the alginate
matrix occurs predominantly within the early time points,
leading to water uptake and expansion of the MSs.
Importantly, despite swelling, the MSs maintained their
spherical shape throughout the process, which is critical for
smooth catheter delivery and precise embolization.

The swelling ratio of 1Alg2Ca0Ta, 1Alg2Ca5Ta, 1Alg2Ca10Ta,
and 1Alg2Ca20Ta at 72 hours are 1.56 ± 0.05, 1.62 ± 0.04, 1.46 ±
0.03, and 1.51 ± 0.08, respectively. The crosslinking densities of
all the MSs were considered similar due to consistent concen-
tration of sodium alginate used during the synthesis. Hence, the
swelling ratios of MSs were not significantly changed among the
four types of MSs. However, since high concentration of Ta
microparticles could occupy spaces within the polymer matrix,
restricting the movement of polymer chains and limiting their
ability to expand when exposed to water, the addition of Ta may
decrease the swelling ratio. This could be observed by comparing

Fig. 5 (A–E) Representative microscopic images of 1Alg2Ca5Ta after 0 h, 12 h, 24 h, 48 h, and 72 h of swelling. Scale bar: 500 µm. (F) Swelling
ratios of 1Alg2Ca0Ta, 1Alg2Ca5Ta, 1Alg2Ca10Ta, and 1Alg2Ca20Ta at 0 h, 1 h, 2 h, 4 h, 8 h, 12 h, 24 h, 48 h, 72 h, and 6 months. (G) Diameters of
1Alg2Ca1ICG, 1Alg2Ca5Ta, 1Alg2Ca10Ta, and 1Alg2Ca20Ta before and after swelling obtained from microscopic images. Data are presented as
mean ± STD (181 ≤ n ≤ 479).
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the swelling of 1Alg2Ca5Ta and 1Alg2Ca20Ta for which the orig-
inal sizes (204.90 ± 5.86 μm and 211.04 ± 10.36 μm respectively)
are similar, while 1Alg2Ca20Ta has a lower swelling ratio.
Meanwhile, a lower concentration of Ta may not occupy enough
space to restrict the movement of polymer chains. Instead, the
Ta microparticles loosen the alginate network slightly, making it
more permeable to sodium ions and increasing swelling. This
can be shown on 1Alg2Ca5Ta which has the highest swelling
ratio. While this increased swelling contributes to lower mechan-
ical integrity, microscopic analysis of all types of MSs after six
months (Fig. 5F and G) showed no measurable changes in dia-
meter, suggesting potential long-term physical stability.

The sizes of MSs also have an impact on the swelling ratio.
Smaller MSs such as 1Alg2Ca5Ta (204.90 ± 5.86 μm) and
1Alg2Ca20Ta (211.04 ± 10.36 μm) have larger specific surface
areas (surface area to volume ratio) in comparison with
1Alg2Ca10Ta (254.27 ± 6.94 μm) so that the Ca2+ ions have
more tendency to interact with Na+ ions which consequently
have higher swelling ratios.35

3.3 Density

The density of MSs is a critical property as it is related to the dis-
persity in media and occlusion of the microvasculature. MSs with
lower density remain suspended, leading to distal penetration,26

while higher density MSs tend to settle quickly, potentially
causing diminished handling.19 Densities of 1Alg2Ca1ICG,
1Alg2Ca5Ta, 1Alg2Ca10Ta, and 1Alg2Ca20Ta before and after
swelling were measured to assess the impact of Ta concentrations
on the MS density (Fig. 6). The densities of 1Alg2Ca1ICG,
1Alg2Ca5Ta, 1Alg2Ca10Ta, and 1Alg2Ca20Ta before swelling are
1.03 ± 0.00 g cm−3, 1.20 ± 0.02 g cm−3, 1.35 ± 0.01 g cm−3, and
1.59 ± 0.07 g cm−3, respectively. The densities of the MSs generally

increased with the increasing concentration of Ta. This trend is
expected, as Ta is a high-density material (16.65 g cm−3)36 that
contributes to the overall mass of the MSs.

After swelling, the densities of 1Alg2Ca1ICG, 1Alg2Ca5Ta,
1Alg2Ca10Ta, and 1Alg2Ca20Ta reduced to 1.01 ± 0.00 g cm−3,
1.04 ± 0.00 g cm−3, 1.09 ± 0.01 g cm−3, and 1.32 ± 0.03 g cm−3,
respectively. This decrease is attributed to the increased water
content within the MS matrix, diluting the effect of Ta on
overall density. However, the trend of increasing density with
Ta concentration remains consistent even after swelling, indi-
cating that Ta amount continues to influence the final density
of the swollen MSs.

The low standard deviations (all below 5% of the mean)
confirm that the MSs within each formulation exhibit a
uniform density, ensuring consistent suspension and sedi-
mentation behavior. This is a crucial property for embolization
procedures, as MSs with uniform densities will have predict-
able movement within blood flow, reducing the risk of prema-
ture settling or uneven embolization.19,22

The controllable density of MSs plays an important role,
which directly affects their behavior during injection and deliv-
ery to the target site. With lower density,37 the MSs may not
readily settle in the desired location, potentially affecting the
treatment efficacy. High-density MSs tend to settle quickly after
suspension, which can cause clumping or blockage in the cath-
eter, complicating the injection process.19 Jernigan et al.26 com-
pared resin MSs (density = 1.57 g cm−3) and glass MSs (density =
2.52 g cm−3) by injecting them into a tumor model. Their results
showed that, under the same embolization conditions, MSs with
lower density have higher penetration depth. However, since the
density of blood is 1.060 g cm−3, MSs that are too low in density
may float on the surface instead of settling down in the target
blood vessel. The densities of 1Alg2Ca10Ta and 1Alg2Ca20Ta are
both higher than the blood but lower compared to the resin
MSs. This ensures that the MSs remain well-suspended during
the procedure, allowing smooth and predictable catheter injec-
tions, and efficient MSs delivery to the intended vasculature
without premature settling or being washed away.38

3.4 Imageability

The incorporation of Ta microparticles significantly enhances
the radiopacity of the MSs, allowing them to be effectively
imaged under X-ray. OMNIPAQUE 350 (iohexol) was used as
the control because it is one of the clinically used contrast
agents that is recommended by the commercially available
embolic agents (LC Bead LUMI™, Boston scientific,
Marlborough, Massachusetts). The iohexol concentration of
100% OMNIPAQUE 350 is 755 mg mL−1, which is equivalent
to 350 mg mL−1 of iodine and is the highest concentration of
OMNIPAQUE used clinically. The equivalent iodine concen-
tration of 50% of OMNIPAQUE 350 (diluted with deionized
water) is 175 mg mL−1, which is toward the lower end of a
clinically used concentration. The pre-swelling radiopacity
measurements, expressed in grayscale values, demonstrate
that all Ta-loaded MSs exhibit excellent radiopacity compar-
able to 100% OMNIPAQUE 350 (gray scale: 228.78 ± 1.15).

Fig. 6 Density of 1Alg2Ca1ICG, 1Alg2Ca5Ta, 1Alg2Ca10Ta,
1Alg2Ca20Ta before and after swelling. Data are presented as mean ±
STD (n = 10).
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Specifically, 1Alg2Ca5Ta, 1Alg2Ca10Ta, and 1Alg2Ca20Ta
(Fig. 7) showed values of 210.72 ± 1.93, 223.12 ± 3.44, and
239.23 ± 1.69, respectively, confirming that even the lowest Ta
concentration provides sufficient contrast for X-ray imaging.
Notably, 1Alg2Ca20Ta exceeded the radiopacity of 100%
OMNIPAQUE, suggesting its potential for superior visibility
during embolization.

After swelling, a decrease in radiopacity was observed due
to the dilution effect—swelling increases the volume of MSs,
thereby reducing the Ta concentration per unit volume. The
most significant reduction was seen in 1Alg2Ca5Ta (from
210.72 ± 1.93 to 165.71 ± 0.30), which decreased by 21.4%,
potentially impacting its effectiveness for long-term imaging.
1Alg2Ca10Ta (204.40 ± 1.21) retained radiopacity comparable
to 50% OMNIPAQUE (207.54 ± 0.14), while 1Alg2Ca20Ta
(237.41 ± 0.28) exhibited minimal reduction (0.76% decrease)
and remained even more radiopaque than 100% OMNIPAQUE.

These results indicate that increasing Ta content in MSs
effectively mitigates radiopacity loss due to swelling.
1Alg2Ca20Ta emerges as the most stable formulation in terms
of radiopacity retention, making it highly suitable for appli-
cations requiring prolonged imaging. However, balancing Ta
concentration with other factors such as density, swelling be-
havior, and embolic performance is necessary and require
further study to ensure optimal clinical efficacy.

3.5 In vitro studies

3.5.1 Hemocompatibility. The evaluation of hemocompat-
ibility is crucial when assessing new embolic materials
because of their direct interaction with blood. Hemolysis, the

destruction of red blood cells, can result in hemolytic
anemia.39 The hemolysis test is considered a simple and
reliable method for determining hemocompatibility, with a
hemolysis rate below 5% being considered acceptable.33 As
shown in Fig. 8A, the hemolysis rates of all the MSs were lower
than 0.5%, indicating excellent hemocompatibility. Statistical
analysis showed that there was no significant change in hemo-
lysis rate when the Ta concentration changes in MSs. The
observed hemolysis rates are: 0.246% ± 0.039%, 0.367% ±
0.056%, 0.343%±0.055%, 0.116% ± 0.052% for 1Alg2Ca0Ta,
1Alg2Ca5Ta, 1Alg2Ca10Ta, and 1Alg2Ca20Ta, respectively.
These values indicate that the addition of Ta does not signifi-
cantly influence the hemolysis rate, as statistical analysis
revealed no significant differences across the formulations,
suggesting that all formulations are hemocompatible.

3.5.2 Sterility. Sterility is paramount in the use of embolic
agents due to the significant risk of infection associated with
interventional procedures which can lead to serious outcomes,
including liver abscesses and endometritis.40 The OD600 nm
absorption rates of all MSs shown in Fig. 8B are close to 0,
which demonstrates that no bacterial growth was detected in
any of the MS samples, confirming their inherent sterility.

3.5.3 Cell viability. Biocompatibility is a key consideration
for embolic MSs as they come into direct contact with tissues
and blood vessels during TAE. The WST-1 assay was conducted
to assess the biocompatibility of the MSs by evaluating the via-
bility of L929 fibroblast cells after exposure to MS extractions.
All MS formulations (Fig. 8C) resulted cell viabilities above
70%, confirming their non-cytotoxic nature according to ISO
10993-5 standards.32

The WST-1 assay results strongly support the biocompatibil-
ity of all MS formulations, making them viable candidates for
embolization procedures. The presence of Ta does not induce
cytotoxicity even at its highest tested concentration. These
findings further validate the hemocompatibility and sterility
results, reinforcing the safety profile of these MSs for potential
clinical use.

A live and dead assay was further conducted to visualize the
viability of L929 cells after contact with 100% extracts of MSs
overnight. The blue and green dots shown in Fig. 8D represent
live and dead cells respectively. As shown in Fig. 8E, all MS for-
mulations exhibited cell viabilities above 97%, which is com-
parable to the medium-alone control, indicating that none of
the MSs induced significant cytotoxicity.

The minor variation in cell viability between different for-
mulations is not statistically significant, further confirming
that the inclusion of Ta did not negatively impact biocompat-
ibility. These findings again support MSs suitability as safe
embolic agents.

3.6 Mechanical properties

The mechanical properties of MSs are of great importance in
their performance during TAE, influencing their ability to navi-
gate blood vessels, withstand physiological forces, and effec-
tively occlude targeted vessels. Fluidic force microscopy

Fig. 7 Quantitative gray scale of X-ray images of 1Alg2Ca0Ta,
1Alg2Ca5Ta, 1Alg2Ca10Ta, 1Alg2Ca20Ta before and after swelling
obtained from AMI-HTX. Saline, 50% OMNIPAQUE, and 100%
OMNIPAQUE were used as controls. Data are presented as mean ± STD
(n = 3).
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(FluidFM) was employed to quantify the Young’s modulus of
the MSs.

The analysis of unloading curves (Fig. 9A) ensures that only
elastic deformation is considered. It can be observed from the
representative indentation results (Fig. 9B and C) that the
Young’s moduli obtained from the 25 points are within a
reasonably consistent with 76% of which fell into the range
between 4 kPa and 6 kPa. This demonstrates that the area of
the 1Alg2Ca20Ta MS being indented was at the peak of the
MS, which ensured the accuracy and precision of the results.
The average Young’s moduli of 1Alg2Ca0Ta, 1Alg2Ca5Ta,
1Alg2Ca10Ta, and 1Alg2Ca20Ta are 12.54 ± 3.06 kPa, 4.64 ±
0.54 kPa, 9.82 ± 1.51 kPa, and 6.47 ± 0.88 kPa, respectively
(Fig. 9D). All the standard deviations are within 15% of the
mean values except 1Alg2Ca0Ta, which is 24% of the mean
value.

These results indicate that the addition of Ta influences the
mechanical properties of the MSs, though not in a strictly
linear manner. 1Alg2Ca5Ta exhibits the lowest Young’s
modulus, suggesting that a small amount of Ta may disrupt

the internal crosslinking network of calcium alginate, making
the MSs more deformable. Conversely, at higher Ta concen-
trations (10% and 20%), the Young’s modulus increases,
which may be attributed to the high Young’s modulus of Ta
(186 GPa).36

The higher standard deviation (24% of the mean) for
1Alg2Ca0Ta suggests greater variability in mechanical pro-
perties, potentially due to nonuniform surface change during
the swelling. In contrast, all Ta@Ca-Alg MSs exhibited stan-
dard deviations within 15% of the mean, indicating more
uniform mechanical behavior post swelling, presumably as a
result of the addition of Ta microparticles that stabilized the
alginate matrix.41

For practical use, a lower Young’s modulus suggests greater
deformability, which can be beneficial for smooth passage
through microcatheters and capillaries. However, excessive
softness may lead to undesired compression or fragmentation
under physiological pressure. 1Alg2Ca5Ta, 1Alg2Ca10Ta, and
1Alg2Ca20Ta demonstrate Young’s modulus close to that of
capillary (3.0 kPa–10.0 kPa),42 making them potentially suit-

Fig. 8 Biological characterization of 1Alg2Ca0Ta, 1Alg2Ca5Ta, 1Alg2Ca10Ta, and 1Alg2Ca20Ta. (A) Hemolysis rate indicates good hemocompatibil-
ity of all the materials. (B) Sterility test shows no bacteria growth for all MSs, confirming inherent sterility. E. coli and LB broth were used as positive
and negative controls (C) WST-1 assay with 100%, 50%, 25%, 12.5% extraction from all MSs. DMSO and medium alone were used as positive and
negative controls. (D) Representative microscopic-fluorescence images obtained from cell live & dead assay (blue: live, green: dead). (E) Quantitative
results of cell live & dead assay summarized from microscopic-fluorescence images. DMSO and medium alone were used as positive and negative
controls. Data are presented as mean ± STD. (n = 4 for A and B, n = 3 for C, n = 6 for E). ns: not significant, P > 0.05; **P ≤ 0.01; ****P < 0.0001.
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able candidates for distal embolization (i.e., tumor and vascu-
lar embolization), as they can navigate through tortuous
vessels effectively while maintaining structural integrity for
stable occlusion.

The Young’s modulus of Ta@Ca-Alg MSs ranges between
4.64 ± 0.54 kPa and 12.54 ± 3.06 kPa, comparable to or even
stiffer than some clinically utilized embolic agents, such as
gelatin-based and polyvinyl alcohol (PVA) MSs, which exhibit
moduli as low as ∼1 kPa.5,23 Microscopic evaluations after six
months of immersion in saline showed no observable changes
in MS diameter, suggesting potential long-term mechanical
stability.

3.7 Microvasculature phantom testing

A preliminary phantom test was conducted to simulate the
clinical embolization process within a physiologically relevant
PDMS hepatic tumor model. The model replicates the multi-
scale nature of the systemic circulation, from large arteries
down to precapillary vessels, providing a controlled environ-
ment to study embolic behavior. The use of 1Alg2Ca10Ta and

1Alg2Ca20Ta was due to their higher Young’s modulus and
radiopacities compared with 1Alg2Ca5Ta.

Following administration, both MS types effectively
occluded flow through the tumor model, as indicated by a
post-injection outlet flow rate of 0 mL min−1 for three repeti-
tive tests of 1Alg2Ca10Ta and 0.8, 2, and 3 mL min−1 for the
tests of 1Alg2Ca20Ta, confirming excellent embolization. The
measured diameters of 1Alg2Ca10Ta (371.6 ± 8.5 µm) and
1Alg2Ca20Ta (304.7 ± 8.6 µm) (Fig. 5G) suggest that these MSs
should ideally lodge within channels between Level 4 (527 µm)
and Level 5 (300 µm) of the phantom. However, due to aggre-
gation and mechanical deformation during flow, MSs were
observed to occlude vessels at a range of levels (Fig. 10A and
11A). Notably, deformation was consistently observed at the
embolization front, likely contributing to the effective occlu-
sion observed across all tests.

For 1Alg2Ca10Ta (Fig. 10D–F), both upper and lower
branches of the model showed similar embolization patterns
due to their mirrored geometry. Most branches were occluded
at Level 5 (Fig. 10B) and Level 6 (Fig. 10C), with a smaller

Fig. 9 Mechanical testing of MSs using FluidFM. (A) Representative force–indentation curve (unloading) and fitting curve of a single point on a
1Alg2Ca20Ta MS; (B) representative modulus distribution map for the 1Alg2Ca20Ta; (C) histogram of Young’s modulus distribution for the same MS
presented in B; and (D) summary of Young’s modulus of all Ta@Ca-Alg MSs. Data are presented as mean ± STD (n = 28 for D).
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portion being occluded at Level 3. Across three replicate experi-
ments (Fig. 11E), 85.7% of occlusions occurred at Level 5 or 6,
13.8% at Level 4, and only 0.5% reached Level 7 or 8. In com-
parison, 1Alg2Ca20Ta exhibited more consistent embolization
depth across replicates (Fig. 11B–D), with 94.5%, 76.6%, and
98.4% of occlusions occurring at Level 3 or 4 in individual
tests, respectively (Fig. 11D, S3, and S4†). The summarized
number count of levels for 1Alg2Ca20Ta (Fig. 11E) shows that
94% of occlusions were confined to Level 3 or 4, and only 6%
reached Level 5 or 6. Despite having a larger average diameter,
1Alg2Ca10Ta showed deeper penetration than 1Alg2Ca20Ta,
which can be attributed to its lower Young’s modulus, allowing
for greater deformability and enhanced distal embolization.

These phantom model results provide valuable insight into
the embolization performance of the Ta@Ca-Alg MSs, particu-
larly with respect to their deformation-driven penetration and
occlusion profiles. Both 1Alg2Ca10Ta and 1Alg2Ca20Ta

demonstrated the ability to deform and traverse smaller vascu-
lar channels, which is advantageous for achieving deep tumor
embolization. The MSs shown in Fig. 10B and C also exhibited
deformability yet stable occlusion with no breakage, indicating
their resistance to flow. The higher mechanical stability of
1Alg2Ca20Ta may contribute to more predictable and con-
trolled occlusion, while higher deformability of 1Alg2Ca10Ta
may lead to deeper penetration.

The use of biomimetic phantom testing, as demonstrated
here, offers a robust and reproducible method for preclinical
evaluation under physiologically relevant flow and pressure con-
ditions. Such platforms serve as an essential intermediate step
between material development and in vivo validation, offering
advantages in safety, cost-efficiency, and experimental control.

Overall, the integration of optimized mechanical properties,
tunable density, and intrinsic radiopacity in these MSs rep-
resents a significant advancement over conventional embolic

Fig. 10 Results of one of three repeated phantom test with 1Alg2Ca10Ta. (A) Representative microscopic image showing phantom model after
injection of 1Alg2Ca10Ta. (Scale bar: 10 mm); (B) the branches were successfully embolized with 1Alg2Ca10Ta at level 5. (Scale bar: 500 µm); (C) the
branches were successfully embolized with 1Alg2Ca10Ta at level 6; (D and E) penetration depths (represented as levels) of 1Alg2Ca10Ta correspond
to group number for the upper and lower branches respectively; (F) number counts of penetration depths (represented as levels) for 1Alg2Ca10Ta.
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agents. These features may enable more accurate vessel target-
ing, enhanced imaging guidance, and reduced off-target
effects, thereby improving the safety and efficacy of emboliza-
tion procedures. Future studies will include long-term
mechanical stability testing and in vivo VX2 rabbit liver tumor
models to assess embolic persistence and address concerns
related to potential recanalization under sustained physiologi-
cal pressures.

4. Conclusion

In this study, we successfully developed and characterized
Ta@Ca-Alg MSs for TAE applications. The results demon-
strated that the addition of Ta increased the density of the

MSs as well as radiopacity, with 1Alg2Ca10Ta and
1Alg2Ca20Ta exhibiting radiopacity comparable to that of
clinically used OMNIPAQUE contrast agents even after swell-
ing. Mechanical characterization using FluidFM showed that
Ta inclusion influenced the elasticity of the MSs, with
1Alg2Ca10Ta and 1Alg2Ca20Ta maintaining an optimal
balance between deformability for catheter navigation and
elasticity for stable occlusion. Phantom model testing further
validated their embolization performance, demonstrating
effective vessel occlusion. The results suggest that
1Alg2Ca10Ta and 1Alg2Ca20Ta are promising candidates for
TAE, with 1Alg2Ca20Ta offering superior radiopacity and
mechanical stability for long term embolization, while
1Alg2Ca10Ta offering higher deformability for better pene-
tration depth.

Fig. 11 Results of one of three repeated phantom tests with 1Alg2Ca20Ta and summarized level count. (A) Representative microscopic image
showing phantom model after injection of 1Alg2Ca10Ta. (Scale bar: 10 mm); (B and C) penetration depths (represented as levels) of 1Alg2Ca20Ta
correspond to group number for the upper and lower branches respectively; (D) number counts of penetration depths (represented as levels) for
1Alg2Ca20Ta; (E) summarized number counts of penetration depths for 1Alg2Ca10Ta and 1Alg2Ca20Ta with 3 repetitive tests.
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Overall, this study provides insights into the development
of radiopaque embolic MSs with tailored mechanical and
imaging properties. This study represents one of the earliest
comprehensive investigations into how Ta incorporation influ-
ences the mechanical properties of embolic microspheres,
potentially setting a new benchmark for performance optimiz-
ation in embolic agent design. These findings contribute to
the advancement of embolization technologies, offering a
novel biomaterial solution for improved image-guided TAE
procedures with more control over the embolic agent behavior
and ultimately, the treatment outcome.
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