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Three-dimensional (3D) cell culture models offer a more physiologically relevant alternative to traditional two-
dimensional (2D) cultures by better replicating in vivo microenvironments, including extracellular matrix in-
teractions, cell-cell contacts, and nutrient gradients. While nanoparticle uptake in 3D cultures has been exten-
sively characterized, microparticle internalization remains less explored. Here we evaluate cellular uptake of
monodisperse anisotropic hematite microparticles of varying geometry (cubic, ellipsoidal, and rod-shaped),
synthesized via a sol-gel method, in both 2D and 3D cultured normal and cancer cell lines. Using a combina-
tion of microscopy and spectroscopy, we reveal shape-dependent uptake patterns, with rod-shaped microparti-
cles exhibiting significantly enhanced internalization, particularly within 3D cancer spheroids. Confocal Z-stack
imaging further demonstrated deeper penetration of rod-shaped particles into spheroid cores compared to other
shapes, underscoring the influence of particle aspect ratio and cellular microenvironment on uptake efficiency.
Cytotoxicity assays highlight differential responses in 2D versus 3D cultures, emphasizing the importance of 3D
models for evaluating therapeutic platforms. These findings advance the understanding of microparticle behavior
in complex tissue-like environments, supporting their potential for improved drug delivery, tissue engineering,

and regenerative medicine applications.

1. Introduction

Two-dimensional (2D) cell culture is a conventional approach for
investigating cellular behavior and responses in vitro. A widely accepted
method to analyze cell responses to stimuli [1], 2D cell culture involves
growing cells on flat surfaces, typically in petri dishes or flasks. This
method allows for easy observation and manipulation of cells; however,
these conditions do not accurately mimic the natural conditions found in
vivo, including the complexity of tissue microenvironments and cell-cell
interactions, [2]. Thus it is challenging to predict and understand how
native tissues will respond to therapies using 2D in vitro models. To
overcome this shortcoming, the development of 3D cell culture models
has emerged as a promising alternative that better recapitulates the
complexity and heterogeneity of tissues [3], by providing cells with a
more realistic microenvironment, including the presence of extracellular
matrix components, cell-cell interactions, and nutrient gradients [4],
better insight into cell proliferation, differentiation, migration, and drug
sensitivity can be gleaned. Multiple techniques, including hanging-drop,

forced-floating, and agitation-based approaches have been used for
creating 3D cell culture systems [5-9]. Moreover, investigations with
artifical scaffolds, where cells are embedded within a matrix, have
increased significantly due to their ability to closely resemble the
properties of natural extracellular matrix (ECM) [5,6,10,11]. For
example, human tissue-derived extracellular matrix (hDAM) scaffolds
have offered a biomimetic 3D microenvironment for breast cancer cell
growth and drug testing. Cultures with hDAMs have been demons-
treated to accurately recapitulate in vivo conditions compared to tradi-
tional 2D cultures, showing distinct differences in cell proliferation,
migration, morphology, and drug response [12]. Similar matrices have
been also used to form 3D tumor models, where cancer cells self-
assemble to form multicellular spheroids. Using these materials for 3D
culture, drug screening assays have shown increased cellular resistance
to anticancer agents than traditional cultures, highlighting their po-
tential for more predictive in vitro drug testing [13].

Nanoparticles are promising candidates for a variety of biomedical
applications, such as drug delivery and tissue engineering, due to their
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distinctive characteristics and functions [14-17]. There have been
several reports on nanoparticle uptake in both 2D and 3D cell cultures
[18-20]. In recent work, human gut organoids and spheroids (400 pm in
size) were used to assess nanoparticle uptake, revealing that both 2D and
3D cultures allow thorough nanoparticle penetration. Doxorubicin-
loaded nanoparticles penetrated deeper into tumor spheroids than dis-
solved drugs, highlighting the potential of in vitro intestinal models for
developing nanomedicines for localized therapy [19]. Besides nano-
particles, microparticles have attracted significant attention over the
past decades due to their unique properties and versatility. Microparti-
cles are defined as particles with diameters ranging from 1 to 1000 pm.
Microparticles offer several advantages over nanoparticles. Particles
larger than 100 nm generally remain localized without crossing the
interstitium via lymphatic transport, producing stronger local effects,
and show improved retention in the skin. Pulmonary delivery benefits
from particles under 10 pm, which reach the alveolar region, while
particles below 20 pm can be phagocytosed upon entering the blood-
stream. Microparticles can be made into solid, liquid, or semi-solid dose
forms that can be administered subcutaneously, intravenously, intra-
muscularly, or orally. In vaccine formulations, they improve solubility
and bioavailability, co-deliver numerous bioactive ingredients, facilitate
controlled, prolonged, and targeted release, and boost immune re-
sponses. As a result, they play an important role in pharmaceutical and
biomedical research, particularly in drug delivery, tissue engineering,
regenerative medicine, imaging, biosensing, and diagnostic applica-
tions. Their customizable size, composition, and surface functionality
enable precise control of biological interactions [21,22].

The shape of microparticles plays a crucial role in their biological
activity, especially in the uptake of particles. Particle geometry strongly
influences adhesion, endocytosis, circulation, and biodistribution.
Spherical particles are often internalized more rapidly, whereas discoi-
dal or elliptical particles show prolonged circulation and improved
targeting. Cylindrical or rod-shaped microparticles can trigger enhanced
cellular uptake and stronger biological responses compared with
spheres, with aspect ratio further dictating uptake efficiency. Beyond
overall geometry, the local curvature and orientation of a particle at the
cell-membrane interface also determine whether phagocytosis occurs,
as regions of high curvature favor internalization. These findings
demonstrate that both global and local shape features critically affect
particle—cell interactions, drug influx, and therapeutic efficiency
[23,24]. Such insights highlight the growing importance of shape-
engineered microparticles in drug delivery, tissue engineering, and
mechanobiology, and provide the foundation for our study, which in-
vestigates the effects of diverse microparticle geometries in 2D and 3D
culture systems [25,26].. Moreover, physical properties of 3D matrix
also affect the uptake of nano/microparticles by cells. It is reported that
with the increase in network stiffness and density, there is a decrease in
the ability of nano/microparticles diffusion [27]. Moreover, in 3D
matrices, cellular uptake mechanisms include complex processes that
are significantly distinct from those observed in 2D cultures owing to the
distinct environments, cells exhibit altered phenotypes, including
distinct morphology, altered gene expression profiles, and modified cell
signaling pathways [28-30]. These factors can significantly impact
particle internalization kinetics and intracellular trafficking routes.
However, despite a large body of work on nanoparticles, there are much
fewer reports on the uptake of microparticles, especially with respect to
non-spherical microparticles, in 2D and 3D cultures.

Understanding the interactions of microparticles with 2D and 3D
cultured cells can lead to the discovery of novel strategies to enhance the
effectiveness of microparticle-based drug delivery systems. One key
aspect of microparticles-cell behavior is the role of shape-dependent
interaction, where the larger size and varied geometries of these mi-
croparticles facilitate investigation via microscopy. Here we investigate
the impact of geometry and cell type toward evaluating the role of shape
in microparticle drug delivery platforms. Differences in the uptake of
anisotropic microparticles, such as their unique physical properties and
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varied interactions with normal and cancer cell lines, are assessed.
2. Results and discussion

Hematite (Fe20s) microparticles of similar size but varying geometry
were synthesized through a sol-gel approach (Fig. 1A) and displayed.
Analysis of micrographs of synthesized particles taken with scanning
electron microscopy (SEM) revealed that the microparticles synthesized
without Na2SOa4 exhibited a pseudo-cubic morphology with size ~1.2
pm, while those synthesized with Na-SO. displayed ellipsoid (~1.3 pm
long, 0.9 pm wide), and rod-shaped structures (~1.6 long, 0.5 pm wide),
indicating a change in the crystallization process due to the presence of
NazSO4 (Fig. 1B). This control over particle morphology is due to NazSO4
influencing the ionic environment, thereby affecting the nucleation and
growth processes, which promotes anisotropic particle formation. X-ray
diffraction (XRD) spectra of all the synthesized hematite nanostructures
appeared similar, regardless of their shapes (cubic, ellipsoid, or rod).
The diffraction peaks, as shown in Fig. 1C, corresponded to the rhom-
bohedral phase of a-Fe20s, specifically from the (104), (110), (113),
(024), (116), and (300) crystallographic planes. This confirmed that the
resulting iron oxide nanostructures were consistent with the crystalline
hematite (a-Fe203) phase, with lattice constants of a = 5.037 Aandc=
13.75 A, as reported by Jiang et al [31]. The sharp and well-defined XRD
peaks further indicated that the nanostructures were highly crystalline
and corresponded to the pure rhombohedral phase of a-Fe2Os. Addi-
tionally, no impurity peaks were observed, suggesting that the particles
were largely free of other elements. An Energy Dispersive X-ray (EDX)
analysis validated the elemental composition, showing the presence of
iron (Fe) and oxygen (O) uniformly distributed across the particles. The
EDX analysis revealed in Fig. 1D showed that these microparticles were
composed of ~30 % oxygen and ~ 70 % iron by weight. The EDX
spectrum showed only peaks corresponding to Fe and O atoms, indi-
cating that no impurities were present during the synthesis of the
material.

NIH3T3 fibroblasts and MDA-MB-231 breast cancer cells were
cultured with a micro-fibrous biomaterial to assess spheroid formation
and growth over time. Bright-field microscopy analysis revealed that
spheroids began forming around day 3 for both cell types. Over time, the
spheroids continued to grow, showing a steady increase in diameter by
day 28 (Fig. 2).

spheroids were slightly smaller at 332 pm (Fig. S1). This difference in
size might be because the two cell types grow differently in the micro-
fibrous material. The observed increase in spheroid size over time re-
flects successful cellular proliferation and aggregation within the micro-
fibrous environment. This progressive growth trend supports the po-
tential of the biomaterial scaffold for long-term cell culture, making it a
promising model for studying cell behavior in 3D models. Scanning
electron microscopy imaging of the scaffold (Fig. 2C) revealed a well-
organized, porous structure with an interconnected network of fibers
and pores. This fibrous network mimics the in vivo microenvironment for
the growth and development of cells. Interaction between matrix and
the cells was shown in Fig. 2D, demonstrating that cells adhered to the
matrix with strong cell-matrix interactions that are essential for pro-
moting cell survival, proliferation, and migration in a 3D environment.
Cell viability assays were conducted on both NIH3T3 (Fig. 2E) and MDA-
MB-231 (Fig. 2F) cells cultured in the 3D matrix showed high survival
rates for both cell types. Results demonstrated high survival rates for
both cell types, suggesting that the matrix provides a supportive envi-
ronment that promotes cell viability. The cell viability was measured
using a MTT assay, with absorbance readings taken at 545 nm. The data
showed a progressive increase in absorbance over time, indicating that
cell viability and proliferation were increasing with each successive day.
This suggests that the 3D matrix supports not only cell survival but also
cellular proliferation over time, an essential factor for applications in
tissue engineering and 3D cell culture studies.

After culturing spheroids of NIH3T3 and MDA-MB-231 for 7 days, we
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Fig. 1. (A) Schematic representation of synthesis of different shaped hematite microparticles, SEM images of microparticles (B) Cubic, ellipsoidal, rod shaped, (C)
XRD spectra of synthesized hematite particles, and (D) EDX spectra with elements percentages.

treated them with hematite microparticles of various geometry, cubic,
ellipsoidal, and rod-shaped, for 24, 48, and 72 h. The uptake of these
particles was monitored over time using brightfield imaging (Fig. 3). It
was observed that particle uptake increased with longer exposure time.
At 24 h, most of the particles were seen outside of spheroids, while by 72
h, there was a noticeable increase in particle internalization, as indi-
cated by the enhanced contrast in the brightfield images for both cell
types. Upon comparing the geometry of the microparticles, rod-shaped
particles exhibited the highest contrast within the spheroids, suggest-
ing significantly greater uptake than ellipsoidal and cubic particles in
both NIH3T3 (Fig. 3A) and MDA-MB-231 (Fig. 3B).

We captured reflective brightfield images (insets at 48 h), which
enhanced the visualization of microparticles due to their reflective
properties, allowing for clearer observation of particle distribution
within and around the cell clusters. In the reflective images, the mi-
croparticles appeared brighter against the background, making it easier
to distinguish their locations. This imaging mode confirmed that rod-
shaped and ellipsoidal particles show higher uptake as evidenced by
their increased brightness within the cell clusters. The difference in
uptake can be attributed to the aspect ratio, which plays a crucial role in
cellular internalization. The aspect ratio, defined as the ratio of length to
width, affects how particles interact with the cell membrane and pene-
trate cellular structures. Rod-shaped particles have a higher aspect ratio
compared to cubic and ellipsoidal particles, which may enhance their
ability to align with and penetrate the cell membrane, leading to

increased membrane wrapping and endocytosis [32]. In contrast, cubic
particles have a lower aspect ratio, resulting in a reduced surface area in
contact with the cell membrane, which may limit their uptake. Their
shape could also cause steric hindrance during internalization, making it
more challenging for cells to engulf them. Ellipsoidal particles, with an
intermediate aspect ratio, showed moderate uptake, falling between
rod-shaped and cubic particles in terms of internalization efficiency.
These results highlight the importance of particle geometry in influ-
encing cellular uptake of microparticles within 3D cell cultures. Similar
results were observed in 2D cell cultures, where rod-shaped particles
also demonstrated superior uptake over cubic and ellipsoidal shapes
(Fig. S2). This consistency suggests that the higher aspect ratio of rod-
shaped particles improves cellular uptake across both 2D and 3D
models.

To further validate the microparticle uptake results, we performed
confocal imaging for live/dead staining along with the control group.
The live/dead images confirmed that cells remained predominantly
viable following exposure to cubic, elliptical, and rod-shaped micro-
particles, indicating that the observed particle internalization was not a
consequence of cytotoxic effects. The control group without micropar-
ticles showed normal morphology and viability, supporting that the
staining and imaging conditions did not induce background artifacts
(Fig. 3 (C) and (D).

Furthermore, the uptake of microparticles by 3D-cultured spheroids
from NIH3T3 and MDA-MB-231 cells was examined using SEM with two
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Fig. 2. Brightfield images of 3D cultured (A) NIH3T3 and (B) MDA-MB-231 for 28 days, SEM images of (C) micro-fibrous biomaterial, (D) Interaction of scaffold with
cells, cell viability of cultured (E) NIH3T3 and (F) MDA-MB-231 spheroids within micro-fibrous scaffold.

detectors: the Everhart-Thornley Detector (ETD) and the Concentric
Backscattered Detector (CBS). The ETD is typically used to capture low-
energy secondary electrons, providing detailed topographical informa-
tion of the sample surface. In this work, images obtained with the ETD
revealed the presence of microparticles on the outer surface of both
NIH3T3 and MDA-MB-231 cell spheroids. However, the ETD did not
provide sufficient information regarding the internal localization of
these particles within the 3D structures. In contrast, the CBS detector is
designed to capture internal details by utilizing backscattered electrons,
which are more sensitive to compositional differences within the sam-
ple. The backscattered electrons are generated through elastic collisions
with atomic nuclei, revealing internal structures and material compo-
sition [33,34]. Using the CBS detector, we observed significant inter-
nalization of microparticles within the spheroids. The CBS images
clearly show that the microparticles were not only attached to the sur-
face but penetrated deeper into the 3D-cultured spheroids (Fig. 4).
Moreover, the uptake of particles was higher in MDA-MB-231 spheroids
compared to NIH3T3 spheroids, indicating a potential difference in
cellular uptake mechanisms between these two cell types and cancerous
MDA-MB-231 cells may facilitate enhanced uptake, due to altered
cellular processes or differences in spheroid structure compared to the
NIH3T3 cells. Furthermore, rod-shaped particles exhibited higher
internalization in both cell types as shown by CBS images in comparison
to cubic particles. These results suggest that rod-shaped and ellipsoidal
particles are more readily internalized by 3D spheroid models, espe-
cially in cancer-derived MDA-MB-231 cells. Moreover, we did SEM
analysis for the uptake of microparticles in 2D cultured NIH3T3 and
MDA-MB-231 cells where rod-shaped and ellipsoidal microparticles
showed higher uptake in both cell lies as compared to cubic micropar-
ticles (Fig. S3). Furthermore, EDX imaging confirmed the presence of
iron (Fe) and oxygen (O) within the cells, indicating the uptake of he-
matite microparticles (FeoO3) (Fig. S4).

Moreover, we employed focused ion beam (FIB) to further confirm
the presence and distribution of the microparticles within the spheroids.
MDA-MB-231 spheroids treated with microparticles were fixed and

coated with conductive material to prevent charging during imaging.
The FIB technique utilizes a focused ion beam to cut thin sections of the
spheroid, enabling the visualization of both surface and internal struc-
tures at high resolution. The SEM captured detailed images of the
spheroid's surface, while the ion beam sectioned through the spheroid,
revealing cross-sections, and offering a 3D view of the internal cellular
structure. The microparticles, appearing as bright objects due to their
high contrast with the surrounding cellular material, were observed
within the spheroids (Fig. 5). The SEM images also showed the locali-
zation of the microparticles, revealing whether they were confined
deeper into the inner cell layers of spheroids. Also, it highlighted the
interaction between the microparticles and the extracellular matrix.
Thus, it showed the microparticles are internalized by spheroids.

Further, we treated both 2D and 3D cultured cells with all three types
of microparticles at varying concentrations (12.5, 50, 100, 200, and 400
pg/mL) and assessed their toxicity using an MTT assay. The results
showed that 2D cultured cells were more sensitive to the microparticles
compared to 3D cultured cells. As the concentration of microparticles
increased, toxicity also increased in both 2D and 3D cultures. At con-
centrations of 400 pg/mL, the microparticles exhibited significant
toxicity in both culture types (Fig. S5). Moreover, both 2D and 3D
cultured cancer cells were more affected by the microparticles than
normal cells, indicating that the cancer cells are more susceptible to the
toxicity of the microparticles than normal fibroblast cells.

To further confirm the uptake of microparticles, we also performed
confocal microscopy. Confocal Z-stack images of MDA-MB-231 and
NIH3T3 spheroids (Fig. 6, panels A and B) reveal distinct differences in
microparticle uptake based on both cell type and spheroid morphology.
The Z-stack series, presented with increasing imaging depth from left to
right, enables visualization of microparticle distribution from the
spheroid core toward the outer layer. In these images, cell nuclei were
stained using DAPI (blue) and TRITC (red), allowing clear visualization
of cellular organization and spheroid architecture. Microparticles were
visualized using reflectance imaging via a Nikon AX confocal system,
captured in the green channel, providing strong contrast against the
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Fig. 3. Brightfield images of 3D cultured (A) NIH3T3 cells and (B) MDA-MB-231 cells after treatment with microparticles, cubic, ellipsoidal, and rod-shaped for 24,
48, 72 h. Insets show reflection images of spheroids containing microparticles. Confocal live/dead imaging of (A) NIH3T3 spheroids and (B) MDA-MB-231 spheroids
showing live/dead staining of cells interacting with particles of varying geometries; cubic, ellipsoidal, and rod-shaped. Viable cells appear green, dead cells appear
red, and particles appear blue due to their intrinsic reflectance signal. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

other stains [35]. Reflectance confocal microscopy was employed in this
study to visualize the distribution of microparticles within the 3D
spheroids. Unlike fluorescence imaging, reflectance microscopy detects
light reflected from the surface of materials with high refractive indices
such as iron oxide allowing clear visualization of unlabeled metallic or
inorganic particles without the need for additional staining or surface
modification. This technique provides non-invasive, label-free imaging
and preserves the physicochemical integrity of the microparticles
[35,36].

In MDA-MB-231 spheroids, particularly those with rod-shaped
morphology, microparticles are observed penetrating more deeply and
in greater numbers compared to the cubic and ellipsoidal morphologies.
In contrast, NIH3T3 spheroids show overall lower uptake, with most
particles remaining near the periphery, regardless of morphology. High-
magnification, confocal-focused images (panels C and D) further
confirm the internalization of microparticles (Fig. S6). Rod-shaped
MDA-MB-231 spheroids show strong internal reflectance signals in the
green channel, suggesting effective microparticle penetration and

internalization throughout the spheroid.

This difference can be attributed to the highly invasive and meta-
bolically active nature of MDA-MB-231 breast cancer cells, which
exhibit enhanced membrane fluidity and elevated endocytic activity,
thereby promoting more efficient microparticle uptake. In contrast,
NIH3T3 spheroids, derived from normal fibroblasts, possess a more
compact structure and lower metabolic rate, resulting in reduced
cellular uptake. The weaker and more localized reflectance signals
observed in NIH3T3 spheroids therefore suggest that the microparticles
largely remain near the spheroid periphery, indicating limited inter-
nalization compared to the more permeable and dynamic MDA-MB-231
spheroids [37-39].

Quantitative analysis of particle uptake (Fig. 6, panel E) supports the
qualitative observations from the confocal images. Both cell lines
display the lowest percentage uptake in cubic and ellipsoidal spheroids.
In MDA-MB-231 rod-shaped spheroids, however, microparticle uptake
increases dramatically approximately threefold compared to the other
morphologies, highlighting a strong correlation between shape and
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Fig. 4. SEM with two different detectors, ETD and CBS, show uptake of microparticles: cubic, ellipsoidal, rod-shaped by 3D-cultured (A) NIH3T3 cells and (B) MDA-
MB-231 cells after treatment.

Fig. 5. Focused ion beam scanning electron microscopy images of MDA-MB-231 spheroids treated with microparticles, showing uptake of microparticles. Yellow
arrows indicate the FIB cut site used for cross-sectional imaging. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

uptake efficiency. Rod-shaped NIH3T3 spheroids also showed an in- the overall levels remain significantly lower than in MDA-MB-231 rod
crease in uptake relative to their cubic and ellipsoidal counterparts, but spheroids.
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The enhanced uptake observed in rod-shaped spheroids can be
attributed in part to their higher aspect ratio, the ratio of length to width
which may facilitate improved microparticle access and interaction with
the spheroid surface. A higher aspect ratio can lead to a larger exposed
surface area and altered curvature, which may reduce diffusion barriers
and enhance permeability [40,41]. Additionally, rod-shaped structures
may induce mechanical or biological changes in the cell-cell or cell-
matrix organization, creating pathways that promote deeper particle
penetration [41]. This geometric influence, coupled with the inherently
higher endocytic activity of MDA-MB-231 cells, likely accounts for the
significant uptake observed in these rod-shaped cancer spheroids.

Notably, these results are consistent with our previous observations
from scanning electron microscopy and optical microscopy, further
validating the enhanced uptake behavior in rod-shaped MDA-MB-231
spheroids. Together, these findings underscore the importance of
spheroid geometry, particularly aspect ratio and cell type in optimizing
microparticle delivery for therapeutic applications.

3. Conclusion

In this investigation, we demonstrated that anisotropic hematite
(Fe20s) microparticles exhibit distinct shape-dependent uptake behav-
iors in both 2D and 3D cultures of fibroblast and epithelial cell lines.
Rod-shaped particles showed the highest level of internalization, fol-
lowed by ellipsoidal and cubic geometries. Confocal Z-stack imaging
revealed deeper penetration and more extensive uptake of rod-shaped
particles, particularly in metabolically active MDA-MB-231 cancer
spheroids, whereas in NIH3T3 fibroblast spheroids, particles were pri-
marily localized near the periphery. SEM and EDX analyses corroborated
these observations, confirming successful microparticle internalization
and relatively higher uptake in cancer spheroids compared to normal
ones.

While the analyses in this work were primarily qualitative, imaging-
based methods provided reliable visualization of particle—cell

interactions without altering the physicochemical properties of the
particles. Semi-quantitative reflective imaging (Fig. 6e) enabled com-
parison of internalization trends across different particle geometries,
though it remains shape dependent. Future studies incorporating
quantitative approaches, such as flow cytometry with fluorescently
labeled or traceable particles, will further elucidate the extent and
mechanisms of microparticle uptake in 3D systems.

Overall, our findings underscore the critical influence of particle
geometry and 3D cellular architecture on particle internalization and
cytotoxic response. The ability of rod-shaped hematite microparticles to
achieve enhanced penetration and retention within 3D cancer spheroids
highlights their potential as shape-optimized platforms for targeted
delivery and tissue engineering applications.

4. Experimental section
4.1. Materials

Iron (III) chloride hexahydride, sodium hydroxide, sodium sulfate,
MTT, cytochalasin D, genistein, and chlorpromazine hydrochloride was
obtained from Sigma Aldrich (USA). Dulbecco's modified Eagle's me-
dium (DMEM) was purchased from Gen Clone. Penicillin Streptomycin
solution and trypsin was obtained from corning, USA.

4.2. Synthesis of hematite microparticles

Hematite microparticles were synthesized with sol-gel method as
previously reported [42]. The shape of the particles was controlled by
the addition of sodium sulfate. For pseudo cubic microparticles syn-
thesis, 5.4 M NaOH was slowly added to the 2 M FeCls solution on
stirring. Further, the solution was shaken vigorously to homogenize the
gel. The gel was aged in oven at 100 °C for 8 days. After 8 days, particles
were centrifuged at 3000 rpm for 10 min and washed with water trice to
remove unwanted salt from the particles. 0.2 M and 0.6 M NaySO4 was
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added to the homogenized gel before keeping in the oven for ellipsoidal
and rod-shaped hematite microparticles respectively.

4.3. Characterization of hematite microparticles

The synthesized particles were investigated using a focused ion beam
scanning electron microscopy (FIB-SEM) Helios dual beam G4 UC
Thermo Fisher for the size and shape of the particles. The elemental
composition was determined by an EDX detector (Oxford Instruments)
coupled with the SEM. Crystal phases of hematite particles were
confirmed by X-ray diffraction (XRD) (Bruker AXS D2 phaser, Germany).

4.4. 2D Cell culture

Invitro cell studies were carried out with mouse embryonic fibro-
blasts (NIH3T3) cell line and triple-negative breast cancer (MDA-MB-
231) cell line. Both the cell lines were obtained from ATCC and cultured
in 75¢m? and 175cm? flasks with DMEM culture medium. Growth me-
dium was supplemented with FBS and antibiotic solution. Cells were
maintained in a humified incubator with 5 % CO, at 37 °C.

4.5. 3D cell culture

Biomaterial was obtained from Acrogenic Company (Patent No. US-
2018094080-A1). It was autoclaved and activated before culturing the
cells. Poly-i-lysine based biomaterial was gently mixed with both the
cell lines (1 x 10° cells/mL) separately and cells were allowed to grow in
low attachment 96-well plates for 7 days. After 7 days, cells were treated
with hematite microparticles for further analysis.

4.6. Morphological analysis and cell viability of 3D cultures

Cells were seeded in a scaffold and incubated under standard con-
ditions. For morphological analysis, cultures were examined using a
bright field microscope. Images were captured at various times to
observe changes in cell morphology, structure, and spatial organization.
To assess cell viability, the MTT assay was employed. MTT reagent was
added to the cultures and incubated according to the manufacturer's
instructions. After incubation, the absorbance at 595 nm was measured
using a microplate reader, providing an indication of cell viability based
on metabolic activity.

4.7. Cytotoxicity of hematite microparticles

4.7.1. In 2D cultures

NIH3T3 and MDA-MB-231 cells were seeded in 96-well plates at a 1
x 10* cells/mL. Cells were treated with different concentrations pseudo
cubic, ellipsoidal, and rod-shaped particles (12.5, 25, 50, 100, 200, 400
pg/mL) for 48 h. After specified incubation period, MTT was added to
the cells and further incubated for 1 h. After 1 h, formazan crystals were
dissolved with the addition of DMSO, and absorbance was determined
with plate reader at 595 nm. Cell viability was calculated as follows:

Lo OD595 (sample) — OD 595 (blank)
%) =
Cell viability (%) = 5205 (control) — OD 595 (blank)

4.7.2. In 3D cultures

After culturing the both the cell lines with biomaterial for 7 days,
cells were treated with different concentrations pseudo cubic, ellip-
soidal, and rod-shaped particles (12.5, 25, 50, 100, 200, 400 pg/mL) for
48 h. After a specified period, MTT was added and incubated for 1 h,
following incubation SDS-HCl was added to the spheroids, which
effectively dissolved the crystals within the dense 3D spheroid matrix.
Further cultures were incubated in the CO5 incubator for 1 h. After 1 h,
absorbance was measured at 595 nm with plate reader. Cell viability as
calculated with above mentioned equations.
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4.8. Live/dead viability assessment

NIH3T3 fibroblast and MDA-MB-321 spheroids were treated with
each type microparticles for 24, 48, and 72 h, followed by assessment of
cell viability using a live/dead staining assay. At each time point, a
staining solution containing calcein-AM to label viable cells and
ethidium bromide to label membrane-compromised (dead) cells was
added to the cultures in PBS. Spheroids were incubated at 37 °C for 30
min in the dark and then transferred to glass-bottom dishes for imaging.
Confocal laser scanning microscopy was used to acquire z-stack images
throughout the spheroids. Live cells exhibited green fluorescence, dead
cells showed red fluorescence, and the microparticles appeared blue due
to their intrinsic reflectance signal. Representative confocal images were
collected from multiple spheroids at each time point to evaluate the
effect of microparticle treatment on spheroid viability over time.

4.9. SEM imaging of 2D and 3D cultures

Scanning electron microscopy (SEM) was further used to check the
uptake of particles at different detectors including Everhart-Thornley
Detector (ETD); and Concentric Backscattered Detector (CBS). Cells
were grown on round shape cover slips for 2D and in 24-well plates for
3D, treated with different shaped hematite microparticles (100 pg/mL)
for 48 h, and were fixed with glutaraldehyde for 30 min at 4 °C. Further,
2D and 3D cultured cells were dehydrated with different ethanol series
(30, 50, 70, 100 %). After dehydration, 3D cultured cells were incubated
with hexamethyldisilane (HMDS) for 5 min and were drop-casted on
glass slides. After drying, coverslips were mounted on stubs and coated
with gold with sputter coater for imaging with SEM.

4.10. Confocal analysis for 3D cultured cells

MDA-MB-231 cells and NIH3T3 cells (1 x 10 [7]) were cultured with
3D matrix in low attachment 6-well plate for 7 days at 37 °C with 5 %
CO2. After 7 days, 3D cultures were treated with different shape mi-
croparticles (cubic, ellipsoids, rods) with concentration 100 pg/mL for
48 h. Then, the cultures were washed twice gently with phosphate-
buffered saline (PBS) to remove excess microparticles and then fixed
with Image-iT™ fixative solutions 3 % glyoxal for 30 min at room
temperature, followed by three times PBS wash. Permeabilization was
performed using 0.1 % Triton X-100 in PBS for 15 min and followed by
blocking with 2 % BSA solution for 30 min. The cells were stained with
rhodamine phalloidin diluted (0.5 pL of the 400 x stock solution) in PBS
and incubated for 20 min at room temperature to visualize the cyto-
skeletal structure. After washing with PBS, the nuclei were counter-
stained with DAPI (1 pg/mL) for 10 min. Confocal microscopy was
performed on a Nikon AX system using lasers at 561 nm and 405 nm to
excite rhodamine and DAPI, respectively. Reflectance imaging of he-
matite microparticles was carried out using the 647 nm laser line in the
green channel with a BS20/80 dichroic mirror to enhance contrast. Z-
stack images were acquired to generate 3D reconstructions for detailed
analysis of microparticle uptake.

4.11. Statistical analysis

Data are presented as mean =+ standard deviation from experiments
performed in triplicate. Statistical comparisons were conducted using
Student's t-test in GraphPad software. Differences were considered sta-
tistically significant based on calculated p-values.
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