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Magnetic Levitational Assembly of Differentiated SH-SY5Y
Cells for A𝜷-Induced 3D Alzheimer’s Disease Modeling and
Curcumin Screening

Rumeysa Bilginer-Kartal and Ahu Arslan-Yildiz*

Alzheimer’s disease is one of the prevalent neurodegenerative diseases and is
characterized by amyloid beta aggregate (A𝜷) accumulation. This study
reports an A𝜷 1–42 induced 3D Alzheimer’s disease modeling utilizing
differentiated SH-SY5Y spheroids, which is carried out by Magnetic levitation
approach, and the neuroprotective effect of Curcumin is further investigated
on this model. For this purpose, SH-SY5Y spheroids are differentiated using
Retinoic acid-Brain-derived neurotrophic factor sequentially during 3D cell
culture. Differentiated spheroids maintained high viability and exhibited
significant neuronal characteristics, as evidenced by increasing 𝜷-III tubulin
and NeuN expressions. 3D Alzheimer’s disease model formation and
neurotoxicity of A𝜷 1–42 aggregates are investigated on un-/differentiated
spheroids, resulting in 65% and 51% cell viability, respectively.
Characterization of the 3D Alzheimer’s disease model is done by
immunostaining of Choline acetyltransferase to investigate cholinergic
neuron activity loss, showing a 2.2 decrease in fluorescence intensity. Further,
Curcumin treatment on the 3D Alzheimer’s disease model resulted in
augmenting cell viability, confirming neuroprotective effect of Curcumin on
A𝜷 1–42 induced Alzheimer’s disease model. This study highlighted the
magnetic levitation-based fabrication of A𝜷 1-42-induced 3D Alzheimer’s
disease model successfully, offering a promising experimental platform for
other neurodegenerative disease research and potential clinical applications.

1. Introduction

Alzheimer’s disease is one of the most common neurodegener-
ative diseases, affecting more than 50 million people around the
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world.[1–4] The main hallmark of
Alzheimer’s disease is the accumulation-
of amyloid beta (A𝛽) aggregates outside
the cell, which is an initiation factor
starting neurodegeneration.[5–7] The devel-
opment of new and effective drugs against
Alzheimer’s disease is extremely impor-
tant. Although many drugs have been tried
in clinical studies for Alzheimer’s disease
so far, the failure rate has been recorded
as 99.6% mostly due to inadequacies
of conventional 2D in vitro and animal
models.[8–10] Despite their contributions,
these experimental models struggle to
recapitulate key aspects of Alzheimer’s dis-
ease pathology due to failure in mimicking
human physiology, therefore more realistic
experimental platforms are required.[11–13]

Recently, 3D modeling of Alzheimer’s
disease has accelerated due to all these
problems. Alzheimer’s disease has been
modeled with different 3D cell culture
methods, mostly conducting scaffold-
based approaches, and the Matrigel matrix
was widely used as a scaffold in these
examples.[5,14–20] Despite the significant
contribution of these approaches in mod-
eling Alzheimer’s disease, Matrigel-based
scaffolds have challenges in mimicking the

mechanical, chemical, and biological properties of the hu-
man brain tissue microenvironment and extracellular matrix
due to its origin, as well as heterogeneity, and batch-to-batch
variability.[21] Furthermore, concerns about the potential cytotox-
icity of scaffolds and their uncontrolled degradation profiles are
additional drawbacks of the scaffold-based approaches.[22,23] Be-
sides, the organoid model approach has been utilized in mod-
eling Alzheimer’s disease.[24–27] These miniaturized and simpli-
fied versions of organs have the potential to replicate many as-
pects of brain structure and function. Despite their promise, this
approach faces significant limitations due to low reproducibil-
ity, labor-intensive procedures, extremely high cost, and ethical
concerns.[28] Therefore, scaffold-free approaches emerged as a
powerful strategy to overcome all these drawbacks. These ap-
proaches eliminate the need for external scaffolding materials
and allow cells to self-organize, leading to spheroid formation.
Among these, Magnetic levitation (MagLev) technology is one of
the scaffold-free approaches that recently gained attention due
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Figure 1. Depiction of the A𝛽-induced 3DAlzheimer’s diseasemodel formation; A) differentiated SH-SY5Y spheroid formation viaMagLev B) Introducing
A𝛽 1–42 aggregates into 3D cell culture C) Curcumin treatment and disassociation of A𝛽 1–42 aggregates. (The illustration was created by BioRender.com).

to its rapid, easy operation and process.[29–31] Also, MagLev tech-
nology provides high reproducibility and cost-effective biofabrica-
tion without any ethical concerns.[32] MagLev technology, with its
numerous advantages over other 3D fabrication methods, stands
out as a promising tool in this field.
In recent years, MagLev technology has been utilized exten-

sively for 3D cell culture formation, with innovative studies
demonstrating its effectiveness.[33–39] The MagLev system oper-
ates on the principle of suspending objects at a certain levitation
height by balancing the forces acting on the objects in the mag-
netic field.[33] This facilitates the formation of 3D spheroid struc-
tures through enhanced cell-cell interactions by employing con-
tactless manipulation.[34] This method also allows precise con-
trol over spheroid size and area by adjusting various parameters
while ensuring high cell viability even in long-term cultures.[35]

The utilization of MagLev technology in 3D Alzheimer’s disease
modeling has not been explored in existing studies, indicating a
significant gap within this field.
The primary objective of this study is to develop an A𝛽

1-42-induced 3D Alzheimer’s disease model using differenti-
ated SH-SY5Y spheroids, conducted through the MagLev ap-
proach (Figure 1). Additionally, the study explores the neuropro-
tective effects of Curcumin on the fabricated 3D Alzheimer’s

disease model, known for its ability to disassociate A𝛽 1–42
aggregates.[40,41] For this purpose, SH-SY5Y cells, a human
neuroblastoma cell line, were cultured in the MagLev setup.
Gadobutrol (Gx) was utilized as a paramagnetic agent, thereby
magnetizing the cell culture medium and promoting the forma-
tion of spheroids. SH-SY5Y spheroids were differentiated dur-
ing 3D cell culture using Retinoic acid (RA) and Brain-derived
neurotrophic factor (BDNF), which plays a crucial role in pro-
moting neuronal differentiation (Figure 1A). Characterization
of the spheroids involved measuring cell viability (%) and area
versus circularity analysis. Cell viability for un-/differentiated
spheroids was evaluated via Live-Dead assay. Before modeling
3D Alzheimer’s disease, the formation of A𝛽 1–42 aggregates
was confirmed using Congo red assay and Scanning Electron
Microscopy (SEM) analyses. Subsequently, A𝛽 1–42 aggregates
were introduced to the 3D cell culture environment to form A𝛽
–induced 3D Alzheimer’s disease model (Figure 1B). The devel-
oped 3D Alzheimer’s disease model was characterized and con-
firmed by immunostaining Choline acetyltransferase (ChAT) to
examine the loss of cholinergic neuron activity. Next, the disasso-
ciation potential of Curcumin on A𝛽 1–42 aggregates was evalu-
ated using Congo red and Thioflavin T assays exogenously. Then,
Curcumin was applied to a 3D Alzheimer’s disease model to
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investigate its neuroprotective effect (Figure 1C). Results showed
that Curcumin disassociated A𝛽 1–42 aggregates into smaller
fragments and protected cells against A𝛽-induced neurotoxicity
while augmenting cell viability. As a result, the formation of an
A𝛽-induced 3D Alzheimer’s disease model via MagLev method-
ology was successfully shown. Overall, this approach provides an
experimental platform that offers new avenues to model other
neurodegenerative diseases and test therapeutic candidates.

2. Results and Discussion

2.1. Optimization of Experimental Parameters

The developed MagLev setup was designed to provide easy and
rapid formation of SH-SY5Y spheroids utilizing the MagLev
principle.[35] Gx concentration and cell number were optimized
for 24h (Figures S1 and S2, Supporting Information). Cells
started to gather with the help of magnetic, gravitational, and
buoyancy forces, and cell clusters were observed starting from the
4th h. Compact spheroid formationwas observed at the end of 24h
even at low Gx concentrations (Figure S1A, Supporting Informa-
tion), which is attributed to cell-cell interaction throughmagnetic
guidance, leading to the formation of 3D cellular clusters, even-
tually spheroids.[35] Furthermore, SH-SY5Y spheroids demon-
strated remarkable cell viability in all concentrations, ranging be-
tween 98–96% (Figure S1B, Supporting Information). Next, cell
number optimization was carried out at 10 mm Gx which pro-
vides high cell viability, as well as sufficient levitation of cells
(Figure S2, Supporting Information). When 5 × 103 cells were
cultured, smaller spheroids were formed within 24h and irregu-
lar and larger cellular clusters were formed when 1 × 105 cells
were cultured (Figure S2A, Supporting Information). Moreover,
high cell viability was observed for varied cell numbers, rang-
ing between 100–94% (Figure S2B, Supporting Information) Al-
though there was a non-significant difference between 25 × 103

and 50 × 103 in terms of cell viability and morphological struc-
ture, subsequent culturing studies were conducted using 25 ×
103 cell numbers since lower cell number provides a more con-
trolled environment and spheroid formation parameters can be
tuned in this way.[35]

2.2. Differentiation of SH-SY5Y Cells During 3D Cell Culture in
MagLev Setup

Cells reflecting mature neuron-like phenotype or behavior are
pivotal in nervous system-related studies, especially for neurode-
generative diseases, including Alzheimer’s disease.[42] SH-SY5Y
cells can possess similar properties with primary neurons af-
ter sequential differentiation via RA-BDNF[43–47] Neuronal cells
in 2D cell culture cannot maintain primary neuron features,[48]

therefore, in this study, SH-SY5Y cells were cultured in 3D and
differentiated using RA-BDNF, (Figure 2).[47,49]

Differentiation of SH-SY5Y cells in 3D cell culture was main-
tained using 10 mm Gx for the long-term, and spheroid features
were evaluated by means of structure and viability (Figure 2).
It was observed that 10 mm Gx was successfully paramagne-
tized cell culture environment and sufficient enough for lev-
itation of spheroids for 9 days, which is consistent with the

literature.[34,35] Besides this concentration provided high cell via-
bility as shown in fluorescence microscopy images (Figure 2A);
ranging between 94–95% for undifferentiated, and 98–100% for
differentiated spheroids (Figure 2B,C). The higher viability of
differentiated spheroids can be attributed to as activation of the
Phosphoinositide 3-kinase/Protein kinase B pathway, which in-
volves cell survival induced by BDNF.[50] Here, the differentiation
process was successfully conducted in parallel with 3D spheroid
formation inside the MagLev setup. On the other hand, cells in-
dividually differentiated in 2D and then cultured in the MagLev
setup formed smaller cell clusters with low cell viability rather
than 3D spheroids (Figure S3, Supporting Information).
In addition, bright-field images showed that un-/differentiated

spheroids preserved their circular and compact structures, while
differentiated spheroids exhibitedmore compact structures com-
pared to undifferentiated ones (Figure 2A). This can be explained
by higher levels of cell adhesion molecules in differentiated SH-
SY5Y spheroids compared to undifferentiated ones.[51] Circular-
ity and area analysis were done to characterize the structural fea-
tures of un-/differentiated SH-SY5Y spheroids, which were in-
fluenced by varied factors such as Gx concentration, cell num-
ber, and incubation time.[35] The circularity of un-/differentiated
reached 0.87 and 0.89 on day 9, respectively. Besides, the spheroid
area increased in undifferentiated spheroids, while differenti-
ated spheroids remained more compact for 9 days, ranging
between 0.162–0.224 mm2 and 0.09–0.107 mm2, respectively
(Figure 2D,E). This might originate from RA treatment, which
leads to p21 activation,[44,52] resulting in the inhibition of cell pro-
liferation due to arrest in the G1/S phase of the cell cycle.[52]

Overall, the findings highlighted that differentiation of cells in
MagLev results in proper spheroid size with remarkable cell via-
bility, indicating the suitability of theMagLev system for potential
use in 3D neuronal differentiation.
Immunostaining provides an additional method for assess-

ing cellular differentiation through the expression of neuronal
markers. Differentiated neuron cells exhibit significant differ-
ences in the secretion of some neuronal markers 𝛽-III Tubulin
is a neuron-specific class of tubulin that increases with the rate
of neuronal differentiation[53] and Neuronal nuclei (NeuN) is lo-
calized in the nucleus, and it is observed when cells become post-
mitotic.[54,55] Figure 3 shows fluorescence images of 𝛽-III Tubu-
lin and NeuN immunostaining, along with fluorescence inten-
sity analysis for un-/differentiated SH-SY5Y spheroids. The high-
est 𝛽-III Tubulin expression was seen in differentiated groups
on day 9[44] (Figure 3A–C) and 6.8, 1.5, and 2.3-fold fluores-
cence intensity increase was observed between un-/differentiated
spheroids on days 5,7, and 9, respectively (Figure 3D). On the
other hand, NeuN was slightly expressed in undifferentiated
spheroids, while it was significantly expressed in differentiated
groups (Figure 3A–E). These findings affirm that differentiated
3D spheroids maintained neuronal features, which is consistent
with the literature.[44,47,51,56]

2.3. Alzheimer’s Disease Modeling in 3D

A𝛽 1–40 and/or A𝛽 1–42 peptides are commonly encountered
in Alzheimer’s pathology, and they have been utilized as tools
for Alzheimer’s disease modeling.[57–61] However, A𝛽 1–42 is
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Figure 2. Bright-field and fluorescence microscopy images for un-/differentiated spheroids analyzed by Live-Dead assay. Scale bar:200 µm. (Green: Live,
Red: Dead). Cell viability results of B) Undifferentiated and C) Differentiated spheroids. Circularity and area analysis of D) Undifferentiated and E)
Differentiated spheroids on days 5,7, and 9.

Macromol. Biosci. 2025, 25, 2400658 2400658 (4 of 11) © 2025 The Author(s). Macromolecular Bioscience published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.mbs-journal.de


www.advancedsciencenews.com www.mbs-journal.de

Figure 3. Fluorescence microscopy images of 𝛽-III tubulin and NeuN for un-/differentiated SH-SY5Y spheroids on A) day 5 B) day 7 and C) day 9 (Blue:
DAPI, Green: 𝛽-III tubulin and NeuN). (Scale bar: 100 μm). Relative fluorescence intensity (F.I.) of D) 𝛽-III tubulin and e) NeuN (n = 3, *p < 0 .05, **p
< 0.01).
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Figure 4. Bright-field microscopy images of A𝛽 1–42 after applying Congo red staining; A) monomer and B) aggregate. (Scale bar: 50 μm), C) SEM
image of A𝛽 1–42 aggregates (Scale bar: 500 nm). D) Spectrophotometric analysis of A𝛽 1–42 aggregates (25–100 μm) by Congo red staining, E) Size
distribution profile of A𝛽 1–42 aggregates (n) = 100.

insoluble, prone to aggregate formation, and more toxic than A𝛽
1–40[62,63] thus, A𝛽 1–42 has been frequently employed in mod-
eling Alzheimer’s disease.[57,58,64,65] Therefore, here A𝛽 1–42 was
used to model Alzheimer’s disease. Prior to 3D Alzheimer’s dis-
ease modeling, aggregate formation was confirmed by Congo
red staining[66] and SEM analysis (Figure 4). Congo red stain-
ing result of A𝛽 1–42 monomer and aggregates were given in
Figure 4A,B, respectively. A𝛽 1–42 aggregates were stained with
Congo red to confirm the aggregate formation, while monomers
were not stained (Figure 4A,B). Additionally, A𝛽 1–42 aggre-
gate formation was also observed by SEM analysis as depicted
in Figure 4C. Besides, the interaction of A𝛽 1–42 aggregate
and Congo red dye was investigated by spectrophotometric
analysis.[67] The absorbance maximum of Congo red dye was ob-
served at 490 nm, which shifted to 540 nm after complex for-
mation, as expected[67] (Figure 4D). After confirming aggregate
formation, the size distribution profile of A𝛽 1–42 aggregate was
obtained via lightmicroscopy images, predominantly ranging be-
tween 20–60 μm (Figure 4E). It overlaps with the literature where
A𝛽 aggregate size was reported as 40–80 μm for 3D in vitro and
20–60 μm for post-mortem brain slices.[64,68]

A𝛽 1–42 aggregates are key for Alzheimer’s disease pathology
by triggering neurotoxicity,[69] therefore, this study investigated
the neurotoxicity of A𝛽 1–42 aggregates on SH-SY5Yspheroids.
For this purpose, spheroids were exposed to 10–50 μM A𝛽 1–42
aggregates to determine neurotoxic parameters reducing cell vi-
ability to ≈50%.[57,60] A concentration-dependent decrease in cell
viability was observed, with significant cell death at 50 μm for
un-/differentiated spheroids[70] (Figure S4A, Supporting Infor-
mation). Cell viability of undifferentiated spheroids decreased to
71% while it decreased to 68% in differentiated spheroids with
a significant difference (p <0.05) (Figure 5A). Furthermore, the

neurotoxic effect of 50 μm A𝛽 1–42 for long-term was investi-
gated on un-/differentiated spheroids to model 3D Alzheimer’s
disease.
Next, the neurotoxicity of 50 μm A𝛽 1–42 aggregates was in-

vestigated based on incubation time. Increased cell death was ob-
served in correlation with the extended incubation time of A𝛽 1–
42 aggregates (Figure S4B, Supporting Information). Cell viabil-
ity decreased to 65% for undifferentiated spheroids, while it de-
creased to 51% for differentiated spheroids on day 7 (Figure 5B).
It has been reported in the literature that A𝛽 1–42 aggregates re-
duce cell viability to ≈50% and below for modeling Alzheimer’s
disease, thus the expected neurotoxicity was observed in differ-
entiated spheroids.[57,60] Also, there is a significant difference
in cell viability between un-/differentiated spheroids on day 7.
This indicates that differentiated spheroids are more vulnerable
to neurotoxins compared to undifferentiated spheroids, which
is consistent with similar studies.[44,71,72] This can be attributed
to undifferentiated cells having smaller surface areas due to
lacking longer neurites, resulting in smaller contact areas with
A𝛽 1–42 aggregates.[72] The findings support that differentiated
spheroids in 3D are a more suitable experimental model for
studying Alzheimer’s disease.[72] Besides, ChAT expression has
been investigated in Alzheimer’s disease models for choliner-
gic neuron activity loss.[73–75] The characterization of the 3D
Alzheimer’s disease model was carried out by immunostaining
of ChAT biomarker (Figure 5C,D). Fluorescence microscopy im-
ages and F.I. calculations show that ChAT expression notably re-
duced (2.2-fold) in the 3D Alzheimer’s disease model compared
to the control group (Figure 5C,D), which correlates with the
literature.[76]

Overall, these findings indicate that the 3D Alzheimer’s
disease model was successfully developed, offering a valuable
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Figure 5. Neurotoxicity screening of A𝛽 1–42 on SH-SY5Y spheroids; cell viability results for A) 3 days, 10–50 μm, and B) 3–7 days, 50 μm A𝛽 1–42
exposure, (n = 5, *p < 0 .05, **p < 0 .01, ***p < 0 .001, ****p < 0.0001, compared to DMSO control of each group via two-way ANOVA followed by Tukey’s
test) C) Fluorescence microscopy images of ChAT biomarker (Scale bar:200 μm) and D) Calculated fluorescence intensity (F.I.) of ChAT biomarker for
Control and AD (Alzheimer’s disease) model via Image J analysis.(Blue: DAPI, Green: ChAT (n = 4, **p < 0 .01).

tool for studying Alzheimer’s disease and testing potential
therapeutic candidates. Hence, differentiated spheroids were
utilized for 3D Alzheimer’s disease modeling and investi-
gating the neuroprotective effect of Curcumin in further
studies.

2.4. Investigating the Neuroprotective Effect of Curcumin

Curcumin has the potential as a neuroprotective agent in
Alzheimer’s disease by disassociating A𝛽 aggregates and reduc-
ing neurotoxicity.[59,77,78] Therefore, Curcumin can be an alterna-
tive compound to suppress Alzheimer’s disease progression.[59]

For this purpose, Curcumin was incubated with 1–42 aggregates
exogenously to evaluate its effect on their disassociation. The
samples were monitored by bright-field microscopy and also an-
alyzed by Congo red and Thioflavin T assays[79–83] (Figure 6).
Bright-field images show that Curcumin effectively disassociated
A𝛽 1–42 aggregates and reduced their size with increasing Cur-
cumin concentration (Figure 6A). In addition, the aggregate size
of A𝛽 1–42 was measured after applying Curcumin (Figures S5A
and S5E, Supporting Information), where the average A𝛽 1–42
aggregate size decreased from 55.69 to 37.83 μm. Besides, Cur-
cumin’s capability in disassociating A𝛽 1–42 aggregates was an-
alyzed quantitatively by Congo red and Thioflavin T assays.[84]

Relative absorbance and fluorescence intensity (F.I.) decreased
following Curcumin treatment, ranging between 58-38% and
71-53%, respectively with significant differences (Figure 6B,C).
These results confirmed that Curcumin possesses the ability to
disassociate A𝛽 1–42 aggregates by disrupting intra- and inter-
strand distances of preformed fibrils, as reported in studies.[85]

Later, the evaluation of the neuroprotective effect of Curcumin
was investigated on differentiated SH-SY5Y spheroids. Fluores-
cence microscopy images showed that Curcumin decreased A𝛽-
induced cell death owing to its neuroprotective effect and high
cell viability was observed in spheroids treated with Curcumin
(Figure S6, Supporting Information). Curcumin increased cell
viability within the given concentration range, and especially 25
μmprevented A𝛽-induced neurotoxicity, augmenting cell viability
from 51% to 94% with a significant difference (Figure 7A). In ad-
dition, the disassociation of A𝛽 1–42 aggregates on 3D spheroids
was investigated by immunostaining of A𝛽 1–42 before and after
Curcumin treatment (Figure 7B). Fluorescence microscopy im-
ages showed that Curcumin successfully disassociated A𝛽 1–42
into smaller fragments, as expected.[85,86] Overall, these findings
indicate that Curcumin has neuroprotective properties against
A𝛽 aggregates, suppressing A𝛽 aggregate accumulation and pre-
venting A𝛽-induced cell death in 3D Alzheimer’s disease sup-
ported by the literature.[69,86–88]

3. Conclusion

This study reported the formation of a 3D Alzheimer’s disease
model using an A𝛽-induced approach and investigation of the
neuroprotective effect of Curcumin. MagLev technology was em-
ployed to fabricate SH-SY5Y spheroids for 3D Alzheimer’s dis-
ease modeling and SH-SY5Y spheroids were differentiated us-
ing RA-BDNF sequentially for 9 days during 3D cell culture.
For this purpose, cell number and paramagnetic agent (Gx) con-
centration were optimized before differentiation and fabricated
un-/differentiated spheroids exhibited remarkable cell viability
above 90%. Following differentiation, neuronal characterization
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Figure 6. Curcumin effect on disassociation of A𝛽 1–42 aggregates; A) Bright-field microscopy images of A𝛽 1–42 aggregates (Scale bar: 200 μm), B)
Congo red assay results displaying relative absorbance (Abs.), and C) Thioflavin T assay results displaying relative fluorescence intensity (F.I.), following
Curcumin treatment for 72h (n = 6, **p < 0.01 ***p < 0 .001 compared A𝛽 group (0 μm) via one-way ANOVA followed by Tukey’s test).

was carried out by immunostaining of 𝛽-III tubulin and NeuN.
Differentiated groups significantly expressed 𝛽-III tubulin and
NeuN compared to undifferentiated spheroids on day 9. Before
3DAlzheimer’s diseasemodeling, A𝛽 1–42 aggregates were char-
acterized using bright-field microscopy, SEM, and Congo red as-
say, confirming successful aggregate formation.
Neurotoxicity of A𝛽 1–42 aggregates on un-/differentiated SH-

SY5Y spheroids was evaluated at different concentrations and in-
cubation times; where 50 μm A𝛽 1–42 aggregate resulted in 65%
cell viability for undifferentiated and 51% cell viability for differ-
entiated spheroids for 7 days incubation. Next, 3D Alzheimer’s
disease model formation was characterized by evaluating the
cholinergic activity loss via immunostaining of ChAT, resulting
in a 2.2-fold decrease in F.I. for the 3D Alzheimer’s disease
model compared to the control. A decrease in cell viability and
cholinergic activity confirms the formation of 3D Alzheimer’s

disease model successfully Next, the potential of Curcumin to
disassociate A𝛽 1–42 aggregates was investigated by Congo red
and Thioflavin T assays exogenously. Concentration dependent-
absorbance and F.I. decrease showed that Curcumin disasso-
ciated A𝛽 1–42 aggregate into smaller fragments. When Cur-
cumin was applied to the A𝛽-induced 3D Alzheimer’s disease
model, cell viability increased from 51% to 94%, indicating that
Curcumin suppressed the neurotoxicity of A𝛽 1–42 aggregates.
This result was supported by immunostaining of A𝛽 1–42 ag-
gregates on 3D spheroids, resulting in smaller A𝛽 1–42 aggre-
gate fragments following Curcumin treatment. Overall, these
findings highlighted the neuroprotective potential of Curcumin
against A𝛽 aggregates, representing a significant step forward
in Alzheimer’s disease research. In conclusion, it revealed that
the 3D Alzheimer’s disease model was successfully developed
through differentiation of SH-SY5Y cells during 3D cell culture

Figure 7. Investigating neuroprotective effect of Curcumin on A𝛽 1–42 aggregates in 3D spheroids; A) Cell viability after Curcumin treatment for A𝛽–
induced 3DAlzheimer’s diseasemodel, B) Fluorescencemicroscopy images of A𝛽 1–42 aggregates on 3D spheroids before and after Curcumin treatment
(Scale bar: 100 μm) (n = 5, *p < 0 .05, **p < 0 .01 compared 0 μm via one-way ANOVA followed by Tukey’s test).

Macromol. Biosci. 2025, 25, 2400658 2400658 (8 of 11) © 2025 The Author(s). Macromolecular Bioscience published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.mbs-journal.de


www.advancedsciencenews.com www.mbs-journal.de

in MagLev setup offering a valuable tool for understanding the
pathophysiology of Alzheimer’s disease, as well as other neu-
rodegenerative diseases, and testing the potential therapeutic
agents.

4. Experimental Section
Standard 2D Cell Culture: SH-SY5Y (Human bone marrow neurob-

lastoma, ATCC® CRL-2266™) was used in the study;[89] in literature, it
is the most commonly used cell line in Alzheimer’s disease modeling
studies.[57,59,60,72,75] The cells were cultured in a standard medium, con-
taining DMEM (Gibco), 15% FBS (Gibco), 1% PenStrep at 37 °C, and 5%
CO2 conditions. The harvested cells were used for further studies.

Formation of SH-SY5Y Spheroids via MagLev: 3D cell culture of
SH-SY5Y cells was carried out using a MagLev setup, as depicted
elsewhere.[35] In brief, the setup comprises two permanent NdFeB N35
disc magnets arranged in an anti-Helmholtz configuration and inte-
grated into poly (methyl methacrylate) (PMMA) holders. A Petri dish
(Ibidi-80131) containing cells, cell medium, and the paramagnetic agent,
Gadobutrol (Gx; Gadovist, Bayer) was placed inside the setup between
the magnets for 3D cell culturing. Then, the MagLev setup was kept in the
incubator at 37 °C, 5% CO2 conditions for spheroid formation.

The optimal Gx concentration and cell number were determined for
3D cell culture formation. First, 10–100 mm Gx was investigated at 25
× 103 cell number, then cell number optimization was conducted at 10
mm Gx for 5–100 × 103 cells. Following the optimization of Gx concen-
tration and cell number, sequential differentiation of SH-SY5Y spheroids
was also done inside the MagLev setup via RA (Retinoic acid) and BDNF
(Brain-derived neurotrophic factor) addition as described elsewhere.[47]

Briefly, 10 μmRAwas supplemented to cell culture after obtaining SH-SY5Y
spheroids. This step was repeated on the 3rd day of cell culture followed
by the addition of 50 ng mL−1 BDNF along with RA on the 5th day and
repeated every two days until the 9th day.

Characterization of SH-SY5Y Spheroids: Following spheroid formation,
structural changes of un-/differentiated spheroids weremonitored by light
microscopy, while cell viability was assessed by Live-Dead,[90] (ATT Bio-
quest) for 9 days. % cell viability and circularity versus area changes were
characterized using Image J software (NIH). Neuronal characterization
was done by immunostaining of 𝛽-III tubulin and NeuN on days 5, 7, and
9, and quantified by F.I. analysis using Image J software.

3D Alzheimer’s Disease Modeling Through A𝛽 1–42 Induction: A𝛽 1–
42 aggregates were utilized on SH-SY5Y spheroids to obtain an A𝛽 1–42
induced 3D Alzheimer’s disease model. Therefore, A𝛽 1–42 aggregates
were generated by dissolving monomers (Royobiotech) in DMSO and in-
cubated at 37 °C for 72h. Congo red staining was used to confirm aggre-
gate formation by light microscopy monitoring and spectral analysis. For
this, 40 μm CR was added to 0–100 μm A𝛽 1–42 aggregates and incu-
bated overnight. The spectrum of Congo red (Isolab) was recorded be-
tween 400–700 nm[79] using a Multiskan™ GO microplate spectropho-
tometer (Thermo Fischer Scientific). Next, aggregates were monitored by
light microscopy and the formation of A𝛽 1–42 aggregates was assessed
by SEM analysis. Furthermore, A𝛽 1-42-induced Alzheimer’s disease for-
mation in 3D was performed by adding 10–50 μm A𝛽 1–42 aggregates to
un-/differentiated spheroids on days 3, 5 and 7. For this purpose produced
3D spheroids were transferred out of the MagLev setup and A𝛽 1–42 ag-
gregates were introduced directly to spheroids in a cell culture medium
without Gx. Later, the neurotoxicity profile and cell viability were analyzed
through Live-Dead[91] images for modeling Alzheimer’s disease. Cell via-
bility (%) was evaluated using Image J software.

Characterization of the 3D Alzheimer’s disease model was carried
out by immunostaining of ChAT (ABClonal) to examine cholinergic neu-
ron activity[73–75,92] In addition, to monitor A𝛽 1–42 aggregates un-
/differentiated spheroids were immunostained with anti-A𝛽 (Proteintech)
and visualized by fluorescence microscopy. F.I. of ChAT and A𝛽 1–42 ag-
gregates were quantified using Image J software for both un-/differentiated
spheroids.

Investigating the Neuroprotective Effect of Curcumin: The effect of Cur-
cumin in dissociating A𝛽 1–42 aggregates was assessed through Congo
red and Thioflavin T assay before cell culture studies. For this purpose, 25,
50, 75, and 100 μm Curcumin (AFG Bioscience) was incubated with 50 μm
A𝛽 1–42 aggregates for 72h. Congo red and Thioflavin T assays were car-
ried out separately using a spectrophotometer.[93,94] Curcumin cytotoxicity
between 25–100 μm was evaluated on both un-/differentiated spheroids
then, it was introduced to spheroids, along with 50 μm A𝛽 1–42 aggre-
gates. After 72h incubation, a Live-Dead assay was carried out to assess
cell viability, and cell viability (%) was evaluated using Image J software.

Statistical Analysis: Each experiment was conducted using at least
three independent replicates, with data presented as mean± SD. Statisti-
cal analysis was performed using GraphPad Prism 9 software (GraphPad
Prism, Inc., San Diego, USA), employing one-way and two-way ANOVA
followed by Tukey’s test for multiple comparisons. Statistical significance
between groups was determined as follows: *p ≤ 0.05, **p ≤ 0.01, ***p ≤

0.001, ****p ≤ 0.0001.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
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