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Abstract

Neuroinflammation plays a central role in the progression of many neurodegenerative diseases
such as Alzheimer’s disease, and challenges remain in modeling the complex pathological or
physiological processes. Here, we report an acoustofluidic 3D culture system that can rapidly
construct 3D neurospheroids and inflammatory microenvironments for modeling microglia-
mediated neuroinflammation in Alzheimer’s disease. By incorporating a unique contactless and
label-free acoustic assembly, this cell culture platform can assemble dissociated embryonic mouse
brain cells into hundreds of uniform 3D neurospheroids with controlled cell numbers, composition
(e.g. neurons, astrocytes, and microglia), and environmental components (e.g. amyloid-f3
aggregates) in hydrogel within minutes. Moreover, this platform can maintain and monitor the
interaction among neurons, astrocytes, microglia, and amyloid-p aggregates in real-time for
several days to weeks, after the integration of a high-throughput, time-lapse cell imaging
approach. We demonstrated that our engineered 3D neurospheroids can represent the amyloid-f§
neurotoxicity, which is one of the main pathological features of Alzheimer’s disease. Using this
method, we also investigated the microglia migratory behaviors and activation in the engineered
3D inflammatory microenvironment at a high throughput manner, which is not easy to achieve in
2D neuronal cultures or animal models. Along with the simple fabrication and setup, the
acoustofluidic technology is compatible with conventional Petri dishes and well-plates, supports
the fine-tuning of the cellular and environmental components of 3D neurospheroids, and enables
the high-throughput cellular interaction investigation. We believe our technology may be widely
used as in vitro brain models for modeling neurodegenerative diseases, discovering new drugs, and
testing neurotoxicity.
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Introduction

Alzheimer’s disease (AD) is one of the most common neurodegenerative diseases, affecting
an estimate of 50 million people worldwide.! Tremendous efforts have been made to study
the pathogenesis of AD and establish clinical trials of various treatments. The amyloid-f
plaques and neurofibrillary tangles have been generally considered as the key pathological
hallmarks of AD. However, the etiology of AD is still largely unclear, and there is no
effective clinical treatment despite high amounts of past and active research.2 Recent
advances in the microglia-mediated neuroinflammation research provide new insights into
the cause of AD.3 Microglia, a specialized population of macrophages-like cells in the
central nervous system (CNS), are capable of orchestrating inflammatory responses in the
CNS.4-6 For example, it is known that microglia is involved in the synaptic organization,
myelin turnover, control of neuronal excitability, phagocytic removal of cell debris or
apoptotic cells, and protection of homeostatic brain.”~10 In contrast, in the AD brain, it has
been found that phenotypically activated microglia (or disease-associated microglia, DAM)
is involved in the formation of the amyloid-p plaque. It was observed that microglia can
recognize and response to amyloid-p peptide deposits, and migrate towards and interact with
amyloid-p deposits. Moreover, there is increasing evidence to show that the pathogenic
neuron and synapse loss were closely correlated with the aberrant activation of microglia.
Thus, it is of great interest to study the microglia-mediated neuroinflammation in AD.
Especially, the interaction of microglia within the complex brain microenvironment of AD
(e.g. neurons, astrocytes and amyloid-B plaques) is still not well explored.11: 12

So far, the in vivo and 2D in vitro models have been intensively used for the understanding
of the microglia-mediated neuroinflammation in AD. The in vivo animal models can
recapitulate AD disease features by the transgenic expression of human familial AD genes
which lead to spontaneously formation of AB plaques and neurofibrillary tangles.13 14 The
animal models provide an ideal brain microenvironment for the study of microglia.
However, animal models are largely inaccessible to real-time imaging and timely microglia
manipulation.’® Compared to the in vivo AD models, conventional 2D in vitro models are
simple, convenient, and cost-effective for many different studies of microglia. For example,
monolayer cultures of microglia have been widely used to study the basic functions of
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microglia, such as migration and phagocytosis.16 However, microglia cultured in such a 2D
settings show dramatically different morphology and phenotype as compared with that in
vivo. Microglia display a ramified morphology in 3D brain tissues, while the 2D cultured
microglia tend to show an amoeboid morphology with an increased expression of
proinflammatory and motility genes that are related to microglia activation.1” Aside from the
lack of 3D cell-cell contacts within the monolayer, the direct exposure of microglia to the
serum-containing medium may contribute to the amoeboid morphology, which alters their
gene expression profile as well as their phagocytosis ability.1® Thus, there are tremendous
needs to develop better in vitro microglial cultures for modeling neuroinflammation in AD.

To address the above issues of conventional 2D in vitro microglial cultures and better mimic
the interaction of microglia with the complex brain microenvironment of AD, engineering
efforts have been made by using microfluidics and/or biomaterials.1%-2> To understand
microglial behavior at a single cell level, microfluidic channel and micropattern designs
were used to study the migration of single microglia with controlled microenvironments
(e.g., a gradient of amyloid-p peptides).1% 20 For mimicking the interaction of microglia
with other nerve cells, a microfluidic co-culture device integrated with micropatterned axons
was developed to study the microglial phagocytosis of degenerating axons.22 In addition, a
neurovascular unit-on-a-chip system with multiple-layer microfluidic cultures was
developed to study the microglial interaction with the neurons and astrocytes as well as their
responses to neuroinflammation.2! However, these microfluidic or engineered microglial
cultures still cannot fully recapitulate the in vivo status of microglia such as their ramified
morphology. To mimic the 3D brain tissue environment, biomaterial scaffolds were
employed to support the 3D growth and culture of microglia. For example, 3D Matrix
hydrogels were reported to support microglia to grow and maintain ramified morphology
and enable the microglial response tests to proinflammation stimulus.24 25 Recently, by
integrating the microfluidics and 3D Matrigel matrix, a tri-culture model was established to
recapitulate the key features of AD neuroinflammatory processes.23 This tri-culture system,
consisting of human stem cell-derived neurons, astrocytes and microglia cultured within 3D
Matrigel, was used to study the migration and phagocytosis of microglia as well as
microglia-induced neurite degeneration and cell death in an AD brain-like environment.
These engineered in vitro microglial culture approaches have brought significant advances
versus the conventional 2D or monolayer microglial culture method. However, there is still
an unmet need to better mimic the interaction of microglia with the complex brain
microenvironment of AD. We believe that an ideal in vitro culture technology for modeling
microglia-mediated neuroinflammation in AD should fulfill the following criteria: (1) rapid
formation of the 3D physical contact among the microglia and other brain cells, (2)
mimicking the microenvironment in AD brain tissues (e.g., a local gradient of oxygen and
nutrients, avoiding or minimizing the serum exposure, and/or amyloid- plaques), and (3)
enabling high-throughput and multiple-condition testing.

As an alternative solution, acoustofluidics26-30 may generate better 3D Jn vitro cultures to
fill most of the above criteria for modeling AD neuroinflammation and studying microglia
functions. This technique combines acoustic waves with microfluidic or microfabricated
devices for the manipulation and culture of cells. So far, several designs and strategies of
acoustofluidics have been developed for the generation of 3D tumor spheroids and 3D
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myoblast cultures. Bulk acoustic wave (BAW)-based devices were fabricated to aggregate
cancer cells and myaoblasts into cell clusters within microfabricated well devices or Petri
dishes, respectively.31: 32 Acoustic streaming-based centrifugation devices were integrated
into well-plates to centrifuge cells together for generation 3D cancer cultures.33: 34 We
developed a series of surface acoustic wave (SAW)-based devices to assemble 3D tumor
spheroids within microfluidic chambers or disposable capillaries and devices.3>38 This
acoustofluidic technology has several unique advantages over other techniques. First of all,
acoustofluidic devices can assemble randomly distributed cells into numbers of 3D cell
aggregates within minutes in a contact-free and label-free manner.28 Moreover, the
acoustofluidics also manipulates cell-cell contacts while maintaining cells in their native
culture medium or supporting Matrigel gel.39 Furthermore, the acoustofluidic technology
provides excellent biocompatibility, and has been demonstrated to pattern and grow nerve
cells such as Schwann cells.? Thus, the acoustofluidics may have a great potential to
address current issues of microglial cultures via the rapid manipulation of cell-cell contacts
and their surrounding microenvironments.

Herein, to better model AD neuroinflammation in vitro, we present an acoustofluidic 3D
culture system, combining high-throughput acoustofluidic assembly, 3D cell spheroids
cultures, microenvironment manipulation, and time-lapse imaging into one experimental
setup. Compared to other in vitro microglial culture models, our acoustofluidic 3D culture
system possesses several unique advantages: The acoustic field enables the assembly of
hundreds of uniform 3D neurospheroids within minutes in a petri dish, and this rapid cell
aggregation not only facilitates the contacts of microglia to other surrounding cells but also
minimize the microglia’s non-specific activation by culture medium during the aggregation
process. By precisely tuning the cell type and number, as well as Ap aggregates, our
platform can construct 3D neurospheroids and microenvironments for modeling microglia-
mediated neuroinflammation in AD. The integrated microscope in the culture system
enables real-time monitoring and tracking of the interaction between microglia, neuron,
astrocytes and Ap plaques. Employing this 3D culture system, the toxic effects of Ap
aggregates to neurospheroids were investigated, and the dynamic cumulation and coverage
of microglia to Ap aggregates were observed under real-time monitoring. The activation of
microglia and the toxic effects of Ap aggregates were further validated by using
immunostaining and gRT-PCR. Based on the simplicity, reliability, and capability to be
scale-up, we believe our platform may not only advance the understanding of
neuroinflammatory diseases such as AD, and Parkinson’s disease, but also facilitate the
mechanistic study of autoimmune diseases such as multiple sclerosis, rheumatoid arthritis,
and Crohn’s disease.

Results and discussion

Working principle

The acoustofluidic 3D culture system consisted of a 35 mm petri dish and an acoustofluidic
assembly device for generation of 3D neurospheroids, as well as an integrated microscope
for real-time monitoring of microglia activities. The acoustofluidic assembly device was
made of four piezoelectric transducers (PZTs) arranged as orthogonal pairs integrated into
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laser-cut frames. The cell culture petri dish was inserted into the center of the acoustofluidic
assembly device (Figure 1a). When acoustic waves were applied to cell suspensions, cells
were aggregated into 3D spheroids to mimic the AD or healthy microenvironment in vivo,
which enable the observation of the interaction between different cell types and
inflammatory components (e.g., Ap aggregates) The central area of the petri-dish, where the
two sets standing acoustic waves interacted, contained typically 100 pressure nodes.
Dissociated brain cells (e.g. neurons, astrocytes, and microglia) and Ap aggregates were
uniformly pushed into pressure nodes to form 100 clusters (Figure 1b). By controlling the
components of the cell suspension in the petri-dish, the 3D neurospheroids were
acoustically-assembled to mimic the healthy or AD brain microenvironment, respectively
(Figure 1c). Using this platform, we observed the neurotoxicity of A aggregates and the
interaction between microglia and AP aggregates (accumulation, coverage, and activation),
at the single-cell resolution, in real-time for extended periods. These observations
demonstrated that our acoustofluidic 3D culture system enabled the formation of
physiologically-relevant brain tissue-mimetic 3D structures.

Acoustic cell assembly

We tested the capability of our acoustofluidic method for culturing and maintaining uniform
cell clusters. Mouse neuronal cells, Neuro 2A (N2A), were used to optimize the acoustic cell
assembly of our device. N2A cells (2 x 106 /mL) were first introduced into the petri-dish and
evenly distributed in the suspension before applying acoustic fields. Once applying RF
signals at 1 MHz, two orthogonal sets of acoustic standing waves were generated. Acoustic
standing waves propagated into the inner chamber, interacted with each other, and formed a
periodically-distributed Gor’kov potential, which has a dot-array-like distribution, and each
dot has a 3D cylinder-shaped Gor’kov potential distribution. Consequently, cells were
pushed into the periodically-distributed Gor’kov potential and formed hundreds of 3D cell
aggregates with the similar spatial distribution (Figure 2a, and Movie S1). These 3D cell
clusters or neurospheroids were monitored every 24 hours using a fluorescence microscope.
To further quantify the spatial distribution of acoustically- assembled 3D cell clusters, the
images of acoustic cell patterning were analyzed and plotted along the X and Y-axis (Figure
2b, c). Corresponding to the brightness oscillated along the X and Y axis of defined
periodicity, the 3D cell clusters were located periodically (A/2 = 750 pm) along the X and Y
axis. We found the size of 3D cell clusters was very uniform (163 + 12.5 um) after
measuring about 100 clusters. The brightness curve changed sharply at the edge of the
assembled clusters, indicating the capacity of generating uniform and well-defined clusters
using the acoustofluidic patterning method. After a 5-day culture, the firm 3D N2A cell
clusters were formed with uniformed size, while remaining in a dot-array-like pattern
(Figure 2d, e). From the detailed view of each cluster, the 3D cell aggregates grow smooth
surfaces and contained firm and complex cell-cell contact. A cell viability test was
conducted on the biocompatibility of our method. The viability of N2A cells during the
assembly and culture process showed no significant difference as compared to cells without
acoustical assembly (Figure 2f). When the cell aggregates were formed and cultured in the
Petri dish, high cell viability was maintained for 5 days (>90%). Thus, we demonstrated our
method can generate intact and viable cell aggregates that are suitable to further model
neuroinflammation.
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Amyloid-p toxicity
AP plagues or aggregates are considered as one of the key contributors to AD and they are
associated with neurotoxicity and neuron dysfunction.#! To demonstrate the potential of
acoustic methods for modeling AD, the neurotoxicity of Ap aggregates were measured using
acoustically assembled 3D neurospheroids. To explore how A affects 3D neurospheroids,
AP aggregates (5 uM) were acoustically-assembled with dissociated primary neuronal cells
from an in vivo embryonic mouse brain to form cell clusters or neurospheroids with Af
aggregates (Ap+). The same primary neural cell suspension was also acoustically-assembled
without AP aggregates as control groups (Ap-). These engineered 3D neurospheroids were
imaged and measured every day from day 0 (after acoustic assembly) until day 5 (Figure
3a). At day 0, the average size of Ap+ and AB- 3D neurospheroids was similar, showing
that the two groups had similar primary neuron numbers at the starting point (Figure 3b).
During the first two days after acoustic assembly, the size of 3D neurospheroids in both
groups showed an initial decrease since cells start to aggregate and form cell-cell contacts.
Following initial spheroid formation, the size of AB— 3D neurospheroids remained
unchanged in the following three days. In contrast, the spheroid size of Ap+ 3D
neurospheroids significantly decreased over the following three days. The average size of
AR+ neurospheroids (82.1 + 16.3 um) was much smaller than that of AB— neurospheroids
(121.3 = 21.7 pm) indicating the neurotoxic effects of AP aggregates as the neuron death in
the presence of Ap aggregates. Thus, our 3D models demonstrated that neurotoxic effects of
AP aggregates, which is consistent with previous reports that AB aggregates contribute to the
neuron death in AD brain.*2

Model Alzheimer’s disease

Other than the neurotoxicity of Ap aggregates, the AD brain contains more complex
pathology, which is highly related to neuroinflammation.23: 43 The key identities associated
with AD are neurons, microglia, and Ap aggregates. To provide a more physiologically
relevant system to mimic key pathological features in AD, we acoustically-assembled
neurons, AP aggregates, and microglia together into 3D neurospheroids (Figure 4a). Our
platform can assemble randomly-distributed cellular and environmental components into
uniform 3D neurospheroids in a Petri dish, enabling a realistic model to study the complex
interactions among these components. The fluorescently-labeled BV-2 microglia (Red), A
aggregates (Green), and primary neurons (Blue) were acoustically assembled in the trapping
nodes and formed clusters (Figure 4b). To better mimic the in vivo conditions, we tuned the
ratio of microglial cells to primary neurons inside our neurospheroids by tuning the ratio of
cell suspension and finally set to be a similar ratio as in an in vivo brain (1:10).44 As our
confocal images showed, the inner components of the 3D neurospheroids, the microglia
(Red), Ap aggregates (Green), and primary neurons (Blue) were uniformly located in the 3D
neurospheroids (Figure 4c). These observations demonstrated that our acoustofluidic device
enabled the formation of physiologically relevant 3D A+ neurospheroids with the key cell
types and inflammatory components.
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Accumulation of microglia surrounding amyloid-p aggregates

In the early stage of AD, microglia migrate to Ap plagues,*® 46 forming a protective barrier
to protect brain tissue from the neurotoxicity of AP plaques, and promotes the clearance of
AB aggregates.*’- 48 As microglia and AP aggregates distributed uniformly in the
acoustically assembled 3D neurospheroids, our AD model provided a realistic model for
studying the accumulation of microglia around Ap aggregates. The acoustically-assembled
3D neurospheroids were monitored using a confocal fluorescence microscope every day.
The confocal images of stacks of 3D AB+ neurospheroids with labeled microglia (Red) and
AP aggregates (Green) were analyzed to reveal the accumulation of microglia to A
aggregates. On day 0, nearly no microglia were located around the AP aggregate, as time
went by, more microglia accumulated around the AP aggregates (Figure 5a). We further
quantified the microglia accumulation to AP aggregates by quantifying the numbers of
microglia near the AP aggregates (< 20 um distance). The numbers of nearby microglia
increased in the first two days up to 3 microglia per aggregate and stabilized after two days
(Figure 5b). The microglia in the 3D AR+ neurospheroids accumulated to the surrounding of
AP aggregates and the results were consistent with the previous findings in human AD
brains and mouse models,*> 48 indicating our model provided a realistic platform to monitor
the microglia accumulation in real-time.

Coverage of microglia to amyloid-p aggregates

The microglia in the AD brain tightly cluster and cover around AP plagues and protect
surrounding tissues from neurotoxicity and Ap deposits.#9: 50 Thus, we further analyzed the
coverage of microglia to Ap aggregates. After a 5-day culture, microglial cells accumulated
to the AP aggregates, and clustered tightly surround those aggregates. We found that the
coverage of microglial cells to small (< 10 um, Figure 6a), medium (10 ~ 20 pym, Figure 6b),
and large (> 20 um, Figure 6c) sized aggregates varied. With about 100 microglia and
amyloid-f aggregates from 5 batches of neurospheroids, we quantified the extent to which
the surface of individual Ap aggregates was covered by the adjacent microglia in the
acoustic assembled clusters using ImageJ. Larger aggregates (49.3%) tended to have less
microglia coverage than the smaller ones (83.2%) (Figure 6d). In this study, we did not
observe the ramified microglial cells. This may stem from the BV-2 cells, a transformed
microglia cell line with differed morphology compared to microglia directly isolated from
the animals,*® which was reported previously.>1-53 The observed relation of coverage and
aggregate size was consistent with the previous in vivo study,*® indicating our 3D
neurospheroids can recapitulate the behavior of microglia in vivo.

Microglia activation

In AD, brain microglial cells are activated in response to A and other neuropathological
changes and undergo complex neuroinflammation processes,>* playing either a protective or
detrimental role in the disease.55 56 To check the activation status of microglia in our cell
culture system, 3D neurospheroids in the absence or presence of A were analyzed via both
immunostaining and quantitative reverse transcriptase-polymerase chain reaction (QRT-
PCR). After a 5-day culture, the 3D neurospheroids with or without AP aggregates were
immune-stained following cryo-sectioning. The 3D neurospheroids with the presence of AR

Analyst. Author manuscript; available in PMC 2021 September 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caietal.

Page 8

aggregates (Thioflavin-T) expressed a higher level of ionized calcium-binding adaptor
molecule 1 (Iba-1, microglia marker) and lower level of microtubule-associated protein 2
(MAP-2, neuron marker) than those without AP aggregates (Figure 7a, b), indicating the Ap
aggregates activated the microglia and may induce the neurotoxicity as shown in Figure 3 b.
The gRT-PCR results of neuron marker NeuN and microglia marker Iba-1 also showed the
same corresponding to the immunostaining results (Figure 7¢). The Iba-1 expression in our
3D Ap+ neurospheroids was about 7 folds higher than that in the 3D Ap- neurospheroids.
The upregulated expression of Iba-1, indicating activation of microglia, were consistent with
the previous finding in vivo.>”: 98 Taken together, our engineered 3D neurospheroids
modeled the neuroinflammation such as the activation of microglia, which may provide a
realistic 3D in vitro model for AD study.

Conclusions

In summary, we developed a novel acoustofluidic 3D culture system for modeling AD. The
rapid acoustofluidic assembly of cells enables the generation of hundreds of 3D
neurospheroids with uniformly distributed cell identities and environmental components in
minutes. The 3D neurospheroids recapitulate important cell-cell contacts and suitable
microenvironment for maintaining microglia function instantly after acoustic assembly. This
method was used to investigate the neurotoxic effects of Ap, demonstrating decreased cell
viability and increased neurotoxicity, which are the key pathophysiological features of AD
in vivo. Moreover, this platform was employed to study the coverage of Ap aggregates by
microglia, demonstrating the migration of microglia to Ap aggregates, as observed an in
vivo brain. Our acoustofluidic 3D culture system established the in vivo-like brain
microenvironment. Therefore, it could fill the gap between traditional in vitro neuronal cell
culture models and in vivo brain studies, serving as a more reliable tool for studying
neurologic disease pathology and treatment strategies as well as drug screening applications.

Experiments

Device design and fabrication

The acoustic assembly device consists of four PZTs (PZT-41, Yuhai Electronics Ceramics,
Co. Ltd, China) embedded into a laser-cut substrate and a cell culture dish. A 9 mm thick
acrylic sheet was laser cut into the substrate of the device with an inner chamber of 40mm x
40mm and four small outer chambers for four embedded PZTs. The PZTs (dimension, 20
mm x 10 mm x 3mm; resonant frequency, 1MHz) were affixed to the outer chambers with
epoxy, and a 3 mm thick acrylic sheet was glued to the substrate bottom to allow the
chamber to contain DI water. The opposite two PZTs were wired together to a pair, and two
pairs of PZTs were driven independently by two unsynchronized 1 MHz RF signals. The RF
signals were generated by a function generator (TGP3152, Aim TTi) and amplified by a
power amplifier (LZY-22+, Minicircuit) to drive the acoustic assembly device. A cell culture
dish (35mm, Greiner Bio) was employed to contain cell suspensions and avoid
contamination during the acoustic assembly process, the water-filled acrylic cavity was used
to guide acoustic wave into the petri dish.
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Numerical Simulation

The numerical simulation of acoustic Gor’kov potential field was conducted using
COMSOL Multiphysics 5.2a. Figure S1b shows the simulation domain of the problem. To
reduce computational amount, we only considered the fluidic domain (water). The four
PZTs were considered as plane incident waves boundary conditions at the four sides of the
fluidic domain. The upper and bottom sides of the fluidic domain were set to be plane wave
radiation boundary condition. A “Frequency Domain” solver was used to calculate the
problem. Figure S1c shows the three-dimensional distribution of the acoustic Gor’kov
potential field. The pressure nodes and pressure anti-nodes are in cylinder like shape and
locate in rectangular array.

Experiment operation

Cell culture

In the acoustic assembly experiment, cell suspension (2 x 108 /mL) in phosphate-buffered
saline (PBS) supplied with 5% Gel-MA (Sigma-Aldrich) and 1% Irgacure D-2959 (Sigma-
Aldrich) were introduced into the acoustic pattern chamber. RF signals (LMHz, 10 to 25
V/pp) were applied to the PZTs to generate acoustic trapping patterns. After a 2-minute
acoustic patterning, the solution was crosslinked for 30 seconds using ultraviolet light (365
nm, 6 m W/m#). The crosslinked solution containing 3D neurospheroids was transferred to a
glass-bottom 24-well plate (MatTek Corporation) for confocal imaging and cultured in the
corresponding culture medium.

Neuro 2A (N2A) cells were cultured in Dulbecco’s Modified Eagle’s Medium (Corning,
NY) supplemented with 10% fetal bovine serum (Sigma Aldrich, MO), 2mM GlutaMAX-1
(Gibco), 100 U/mL penicillin and 100 pg/mL streptomycin (Invitrogen, PA). BV-2
microglial cells were cultured in Dulbecco’s Modified Eagle’s Medium (Corning, NY)
supplemented with 2% fetal bovine serum (Sigma Aldrich, MO), 100 U/mL penicillin and
100 pg/mL streptomycin (Invitrogen, PA). All the cells were maintained in a humidified
incubator at 5 % CO, and 37 °C.

Primary neuron culture

Primary neurons were isolated from cerebral regions of untimed (around E18) embryonic
CD1 fetal mice (Envigo) using a surgical procedure approved by the Institutional Animal
Care and Use Committee (IACUC) of Indiana University Bloomington. Cerebral regions
were dissociated into cell suspension using the Papain dissociation system (Worthington
Biochemical Corporation) following the manufacture’s instruction. Primary neurons were
maintained in Neurobasal medium containing B27 supplement [1 ml/ 50 ml], 0.5 Mm
Glutamine Solution, 25 pM Glutamate (MW 147.13 g/Mol), and 1% antibiotic solution
containing 10 000 units penicillin (Gibco) and streptomycin.

Amyloid- aggregates preparation

Synthetic Ap (BioLegend) was dissolved to 1mM in 100% HFIP, aliquoted and evaporated
in Nitrogen gas. The aliquots were stored at —80 °C before use. For AP aggregates
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preparation, the peptide is first resuspended in dry DMSO to 5 mM. PBS was added to bring
the peptide to a final concentration of 100 uM, and shake the solution for 24 hours at 37 °C.

Cell viability assay

The live/dead staining was conducted using a LIVE/DEAD™ kit (Invitrogen) following the
manufacture’s instruction. For each test, about 100 neurospheroids were dissociated into
single cells using Trypsin-EDTA. Then, these single cells were stained in medium
supplemented with 2 pM of Carboxyfluorescein succinimidyl ester (CFSE) and 4 uM of
ethidium homodimer (EthD) for 4 hours. And the cells were washed twice and replaced with
a fresh medium, and then transferred to a well of 24 well plate for final measurement. Five
views were randomly chosen under 4x microscope (3.2 mm x 3.2 mm), and over 500 cells
were counted under each view. The staining results were visualized by an inverted
fluorescence microscope (1X81, Olympus). Final cell viability was analyzed using ImageJ to
account for the area of live/dead cells.

The label of amyloid-p and microglia

The prepared AP aggregates were stained with anti- Amyloid p (1:200, 6E10, Alexa 488,
Biolegend) for 30 minutes before our acoustic assembly experiment. The BV-2 microglial
cells were incubated in the serum-free culture medium supplied with red CMTPX dye
(1:1000, CellTracker™, Invitrogen) for 30 minutes. The labeled BV-2 microglial cells were
washed with fresh culture medium for 3 times before our acoustic assembly experiment.

Immunofluorescent staining

After 5 days of culture, the 3D neurospheroids were analyzed for neuronal and neural
progenitor markers using immunostaining following cryo-sectioning. Brain organoids were
washed three times with phosphate-buffered saline buffer (PBS) and fixed in 4%
paraformaldehyde (in PBS) at 4°C overnight. Fixed organoids were then cryoprotected in
30% sucrose overnight at 4°C. Cryoprotected organoids were embedded in cryomolds
(Sakura Finetek) with O.C.T compound (Fisher Healthcare) on dry ice. Embedded
neurospheroids were sectioned on a cryostat to 20um thickness slices. Spheroid slices were
then incubated with corresponding primary antibodies at 4°C overnight. Respectively, slices
were stained with anti-GFAP (1:500, BioLegend), anti-lbal (1:200, Biolegend) and anti-
MAP2 (1:500, Millipore). After primary antibody incubation, corresponding secondary
antibodies (Invitrogen, 1:500) were introduced, followed by Thioflavin-T staining. The
neurospheroid slices were incubated in a solution of 0.5% of thioflavin T in 0.1 N HCI for
15 minutes. The staining results were viewed using a fluorescent confocal microscope (SP8,
Leica).

Quantitative real-time PCR (qRT-PCR)

Neurospheroids were collected and lysed using RNeasy plus mini kit (Qiagen). The
extracted RNA was then reverse-transcribed into complementary DNA (cDNA) using the
gScript cDNA Synthesis Kit (Quantabio). Then gene expression of NeuN and IBA1 was
then analysed by SYBR green-based qRT-PCR (Life technologies). The primer sequences
were: NeuN forward: 5’-CCACTGAGGGAGACAAGAATA-3’, NeuN reverse: 5’
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AATTGCTGCAGAGACAGAGA-3’, IBA-1 forward: 5°-
TGAGGAGCCATGAGCCAAAG-3’, IBAl reverse: 5°- GCTT
CAAGTTTGGACGGCAG-3'.

Statistical analysis

Data presented are quantified from at least three independent experiments. Student’s t-test
was employed to determine the statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001)
of experiment groups. All values are presented as mean + standard error of the mean (s.e.m).
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Mimic an AD brain

4 Disease microglia
X AD neuron
Astrocyte

AB plaque

Microglia
i Healthy neuron
Astrocyte

Acoustic assembly

Figure 1. Acoustofluidic assembly of 3D neurospheroids to model Alzheimer’s disease.
(a) Schematic of the acoustic assembly device. The rainbow color maps the numerical

simulation results of the acoustic Gor’kov potential field in the acoustic assembly chamber.
Red and blue colors indicate anti-pressure and pressure nodes, respectively. (b) The acoustic
assembly process of 3D neurospheroids. (c) Schematics of the acoustically-assembled 3D
neuronal cultures to model AD. The 3D neurospheroids were generated via acoustic
assembly with uniform size. By controlling the cellular and environmental components, the
acoustically-assembled 3D neurospheroids can mimic the cell interaction and their
microenvironment in normal and AD brain.
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Figure 2. Acoustic cell clustering.
(a) The acoustic assembly process of N2A cell clusters. When applied with acoustic waves,

randomly distributed cells (“Acoustics =) migrate and form arbitrary patterned cell clusters
(“Acoustics +”). (b, ¢) The measured brightness of pattern image along the X and Y-axis
corresponding to the red and blue area in (a). The brightness result was normalized to the
maximum brightness of the image. (d) Acoustic patterned N2A cell clusters after a 5-day
culture. Assembled N2A cells aggregated together and formed firm neurospheroids. ()
Detailed view of single acoustic assembled N2A cell cluster after 5-day culture. (f) The cell
viability was measured by LIVE/DEAD™ Kkit, before and right after acoustic assembly, and
during cell culture after the acoustic assembly. Data represent means + s.e.m. (Scale bar =
500 pum)
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Figure 3. Amyloid-p Neurotoxicity tests in 3D neurospheroids.
(a) Time-lapse images of primary 3D neurospheroids with or without Ap aggregates from

day 1 to day 5. The AP aggregates were labeled with a green fluorescent antibody against
AB. (b) The size distribution of 3D neurospheroids with or without AR aggregates over time.
Data represent means £ s.e.m. of 3 independent experiments (n=20, *p < 0.01). (Scale bar =
100)
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Figure 4. Modeling Alzheimer’s Disease.
(a) Schematic of acoustically assembled 3D culture model of AD. Primary neurons (Blue),

microglia (Red), and Ap aggregates (Green) were acoustically assembled into 3D
neurospheroids patterns. (b) The acoustically assembled 3D neurospheroids of AD. (c)
Separate 3D reconstructed confocal images of the primary neuron (Blue) stained with CFSE
dye, microglia (Red) labeled with CMTPX dye, Ap aggregates (Green) stained with anti-Ap
6E10 antibody, and merged images of these three colors. Microglia (Red) and AP aggregates
(Green) were randomly distributed in the acoustically-assembled primary 3D neurospheroids
(Blue). (Scale bar = 200 um)
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Figure 5. Accumulation of microglia around Amyloid-g aggregates within a 3D neurospheroid.
(a) Representative confocal time-lapse images of a red fluorescent dye (CMTPX)-labeled

microglia (BV-2) around AP aggregates (green) stained with anti-Ap 6E10 antibody in an
acoustically assembled neurospheroid. (b) Quantification of microglia accumulation around
AP aggregates over time. Microglia accumulation was quantified as the microglial cell
numbers within 20 um distance from AP aggregates. N > 10 aggregates (1 — 40 um in
diameter) from different acoustic assembled 3D neurospheroids. Bars represent mean +
s.e.m. (Scale bar = 20 pm)
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Figure 6. Coverage of microglia to Amyloid-p aggregates within a 3D neurospheroid.
Representative confocal time-lapse images of small (a), medium (b), and large (c) sized Ap

aggregates (green) stained with anti-Ap 6E10 antibody covered by microglia (stained by
CMTPX dye in red) in an acoustically assembled neuronal spheroid. (d) Quantification of
microglia coverage in an acoustically assembled 3D neurospheroids. Microglia coverage
was quantified as the percentage of aggregate perimeter contacted by the microglia process.
Black bars represent mean + s.e.m. (Scale bar = 20 um)
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Figure 7. Microglia activation in 3D neurospheroids.
(a) Representative confocal images of immune-stained acoustically-assembled 3D

neurospheroids after a 5-day culture without (top panel) or with (bottom panel) Ap
aggregates. (b) Merged fluorescence confocal images of neurospheroids without or with AB
aggregates. (¢) gRT-PCR results of Iba-1 and NeuN expression in acoustically assembled 3D
neurospheroids after a 5-day culture without or with Ap aggregates. Black bars represent
mean + s.e.m. (Scale bar = 20 pm)
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