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1. Introduction

The Corona Virus Disease 2019 (COVID-19)  
pandemic emerged in December 2019,[1] 
and the research community still faces 
several challenges regarding the develop-
ment and testing of vaccines and antivi-
rals against the severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2). 
Although the global scientific and medical 
community achieved significant advances 
in vaccines and treatment,[2] the virus 
continues to spread, and many countries 
face new waves of the pandemic, with over 
6 million confirmed deaths as of April 
2022.[3]

The respiratory tract is the first target of 
SARS-CoV-2, and much evidence revealed 
the capacity of the virus to spread and 
infect other human organs expressing the 
angiotensin-converting enzyme 2 (ACE2), 
the primary receptor for SARS-CoV-2,[4] 
such as the liver,[5] the gastrointestinal 
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tract,[6] the heart,[7] and the central nervous system (CNS).[8] 
Clinical reports of patients infected with SARS-CoV-2 evidenced 
neurological manifestations, such as cerebrovascular events, 
ischemic stroke, intracerebral hemorrhage, and altered mental 
status.[9] Furthermore, the long-term effects of the disease in 
the brain and neurological sequelae are particularly worrying. 
Thus, the investigation of SARS-CoV-2 neurotropism is of high 
interest.

3D in vitro models are helpful to characterize the patho-
genesis of the virus in a complex organ such as the brain, 
in addition to validating therapeutics prior to clinical trials. 
Organoids, assembloids, and spheroids have been used to 
study the effects of SARS-CoV-2 infection in the CNS.[10–14] 
However, these structures lack reproducibility due to spon-
taneous and uncontrolled cellular aggregation. On the other 
hand, biofabrication techniques, such as 3D bioprinting, 
provide a more organized, controlled, and reproducible con-
struction of tissue-like structures, highly relevant for stud-
ying viruses’ infection in multiple organs and tissues.[15–17] 
Through a spatial and precise distribution of cells and bio-
materials, the extrusion-based 3D bioprinting technique 
allows the construction of structures that better mimic the 
complexity of the CNS microenvironment regarding cell-cell 
and cell-matrix interactions, as well as the natural patterns of 
infection.[17,18]

The brain is one of the softest tissues of the human body,[19] 
making the development of bioinks to bioprint brain-like 
structures challenging. It requires the combination of bioma-
terials and extracellular matrix (ECM) proteins that allow extru-
sion and maintenance of the 3D construct while contributing 
to high viability and functionality of neural cells. The bioink 
described here is composed of gelatin methacryloyl (GelMA), 
fibrin, and laminin and showed tunable biophysical properties 
suitable for bioprinting and culture of neural cells derived from 
C57Bl/6 mice.

Murine cells and animal models provide a wealth of infor-
mation about the effects of several viruses in the brain,[20] 
including SARS-CoV-2 infectivity.[21–23] However, due to the low 
affinity of SARS-CoV-2 to mouse ACE2, mice models are less 
susceptible to the human strain infection,[24] which has led to 
the use of transgenic mice expressing human ACE2.[25–27] Nev-
ertheless, SARS-CoV-2 mouse-adaptation is an alternative to 
assure the infection and replication in small, low cost, and well-
established animal models,[24,28,29] as well as in vitro models 
fabricated using murine cells, besides preventing lethality 
and distinct tropism that SARS-CoV-2 infection may cause in 
transgenic models.[30–33] This approach also enables the use 
of genetic knockout mice,[34] widening the range of studies 
involving the mechanisms of infection.

In this work, we report the in vitro generation of a mouse-
adapted strain of SARS-CoV-2 (MA-SARS-CoV-2), after four 
passages of the human strain (hSARS-CoV-2), through a 
more straightforward protocol compared to protocols of in 
vivo virus adaptation, aiming the infection of the 3D neural-
like tissue. The bioprinted model, biofabricated using murine 
cells and brain-featured bioink, represents a proof-of-concept 
platform for SARS-CoV-2 infection, being a valuable tool  
to understand the pathological effects of COVID-19 in the 
CNS.

2. Results and Discussion

2.1. Development and Optimization of Bioinks

To mimic the intricacy of the neural tissue, the mechanical 
and physical properties of the bioink must be optimized, as 
well as its bioprintability and rheology, crucial properties to 
allow the 3D bioprinting process. A combination of gelatin, 
GelMA, and fibrinogen, supplemented (GGFL) or not (GGF) 
with laminin, was used as the bioink composition for 3D extru-
sion, forming a hydrogel in a two-step crosslinking process 
(Figure 1A). GGF was composed of 5% (w/v) gelatin, 5% (w/v) 
GelMA, and 1.5 mg mL–1 fibrinogen, while GGFL of 4% (w/v) 
gelatin, 2% (w/v) GelMA, 3 mg mL–1 fibrinogen, and 2 µg mL–1 
laminin. Both compositions were tested in order to determine 
an optimized concentration of gelatin, to assure the bioink’s 
printability, GelMA, and fibrinogen, to assure mechanical and 
physical stability, and laminin, to stimulate cells’ biological 
behavior.

The presence of gelatin directly influences the bioink’s rhe-
ology and assures the printability of the composition when 
using an extrusion bioprinting method, due to its viscoelasticity 
and sol-gel transition capacity.[16,35] GGF and GGFL bioinks 
showed distinct sol-gel transition range, evaluated in terms of 
loss (G″) and storage (G′) moduli variation (Figure  1B). While 
transition of GGF was within the range of 25 °C to 19 °C, GGFL 
required lower temperature for the sol-gel transition during 
bioprinting, with this range being between 22  °C to 15  °C.  
GGF showed increased viscosity variation with shear rate as 
compared to GGFL (Figure  1C) and presented higher flow 
consistency index (K) (2.529 and 1.853, respectively) and lower 
power law index (n) (0.505 and 0.596, respectively) (Table S1,  
Supporting Information), calculated from the shear stress 
versus shear rate curves (Figure S1, Supporting Information). 
These results indicate a superior shear-thinning behavior of 
GGF, although both, GGF and GGFL, showed to be pseudo-
plastic fluids with non-Newtonian behavior, which is favorable 
for extrusion and maintenance of the 3D structure.[36] Further-
more, frequency sweep (0.1 to 300 rad s–1) showed that the elas-
ticity of both compositions was superior to viscosity (G′ > G″), 
emphasizing their gel-like behavior (Figure 1D).

After crosslinking and hydrogel’s incubation at 37 °C, GelMA 
and fibrin fibers formed interpenetrated polymer networks 
(IPNs), while gelatin was gradually diffused from the struc-
ture. Hydrogels’ physical stability was assessed by hydrolytic 
degradation, showing that mass loss increased exponentially 
in the first 8 h, due to the diffusion of non-crosslinked gelatin 
(Figure 1E). Then, degradation continued to increase gradually 
up to 7 d, stabilizing within 2 weeks, being significantly higher 
for GGFL as compared to GGF, probably due to the lower con-
centration of GelMA in the composition. However, both hydro-
gels were considered stable for cell culture.

The brain is one of the softest tissues in the human body, 
with mechanical modulus of 0.1–3  kPa.[19,37] This is a cru-
cial feature to be mimicked, as matrix stiffness plays a key 
role in directing neural cells behavior,[38] with several pre-
vious works reporting that matrix stiffness <10  kPa provides 
a more favorable microenvironment to preserve neural cells’ 
functionality.[39–41] Mechanical properties were assessed by 
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compressing the hydrogel’s up to their rupture, with results 
showing increased stiffness and slightly less elasticity of GGF 
than GGFL, with elongation capacity of 156% and 158%, respec-
tively (Figure 1F). Increased stiffness of GGF was corroborated 
by the Young’s modulus evaluation, calculated from the stress 
versus strain curves, being 7.9  ± 0.9  kPa, significantly higher 
than GGFL (0.6  ± 0.1  kPa) (Figure  1G). These results indicate 
that GelMA networks contributed significantly to the hydro-
gel’s stiffness, while the increase in fibrinogen concentration 
from 1.5 to 3  mg mL–1 maintained the material’s softness. As 
we recently reviewed, fibrin is commonly used to mimic soft 
tissues.[42] Its mechanical properties can be tuned when fibrin-
ogen concentration is increased to a wider range, as shown by 
Duong et al., that modulated fibrin networks stiffness to 5.5 kPa 
by increasing fibrinogen concentration to 50 mg mL–1.[43] Nev-
ertheless, for brain-like tissue, achieving mechanical modulus 
<1 kPa is highly favorable for neural cells scaffolding.

Each scaffold was analyzed for their morphology, pore size, 
and porosity via scanning electron microscopy (SEM). SEM 
images showed porous structures, with GGFL presenting 
larger and more round pores, while for GGF, pores were flat 
and consequently, of smaller size (Figure 1H). Despite the mor-
phological differences, porosity did not change significantly 
between the hydrogels, although GGFL showed a tendency 
to an increased porosity (51.9  ± 13.3%), as compared to GGF 
(32.2  ± 15.0%) (Figure  1I), which is highly favorable for cells 
interconnection, homogeneous distribution, and nutrients and 
gaseous exchange.[44]

2.2. Characterization of Bioinks’ Biological Properties

The biocompatibility of the mimetic microenvironment 
with the neural cells is crucial to obtain a functional neural-
like tissue responding to SARS-CoV-2 infection similar to 
the in vivo model. For this, we used murine astrocytes mixed 
with GGF and GGFL, forming the bioinks, which were used 
to test cell viability, adhesion, spread, and expression of 
specific cell markers. Primary culture of astrocytes derived 
from C57Bl/6 mice is well established in the literature and 
has been a target cell type in regenerative neurobiology 
studies, including the biofabrication of 3D in vitro neural 
models.[45,46]

Initially, cells were mixed to the biomaterials’ solution, bio-
printed, and cultured at 37  °C and 5% of CO2 (Figure  2A). 
The bioprinted structure possessed a squared shape, and cells 
were homogeneously distributed within the bioprinted layers 
(Figure 2B). Cell viability was assessed for 14 d using live/dead 
reagent, and results showed a significantly higher viability for 
astrocytes bioprinted and cultured in GGFL, as compared to 
GGF during the entire experiment (Figure 2C). After bioprinting 

(day 0), viability of astrocytes embedded in GGF was signifi-
cantly lower than in GGFL (54.9 ± 0.5% and 78.1 ± 5.8%, respec-
tively). During extrusion, cells will inevitably undergo shear 
stress, due to the cells-nozzle contact.[47,48] Besides, bioink’s vis-
cosity also directly influences on cell shear stress,[47] and then, 
controlling its rheology is crucial to assure proper cell func-
tionality, once shear stress affect cell proliferation, signaling, 
and differentiation.[49,50] Our results showed that GGFL, which 
presented lower viscosity, was capable to protect the cells from 
a higher shear stress, assuring increased viability. With time, 
cell viability increased for both conditions, being 66.2  ± 4.9%  
(GGF) and 85.4 ± 3.3% (GGFL) on day 7 and 84.25 ± 4.5% (GGF) 
and 93.0  ± 2.9% (GGFL) after 2 weeks in culture. Although 
astrocytes viability reached 84% for GGF condition, cell adhe-
sion and spread were poor (Figure  2D-i). On the other hand, 
astrocytes in GGFL presented higher adhesion, with an elon-
gated and star-like shape, which is characteristic of astrocytes 
in 3D microenvironments,[51] suggesting higher matrix recog-
nition and anchorage (Figure 2D-ii). This was corroborated by 
analyzing the presence of glial fibrillary acidic protein (GFAP), 
a specific marker expressed in mature astrocytes.[52] After 7 d of 
bioprinting, cells in GGF hydrogel expressed GFAP but main-
tained a rounded morphology (Figure  2E–i), which could be 
an indicative of functionality loss, a hallmark in many neural 
pathologies.[51] Differently, astrocytes in GGFL expressed GFAP 
(Figure 2E–ii) and presented a typical astrocyte morphology,[53] 
with circularity closer to zero (Figure  2F). These findings 
showed to be specifically due to the presence of laminin, an 
ECM component, used as a supplement in GGFL bioink, that 
contributed to neural cells adhesion and spread in scaffolds.[18] 
Although the IPN was composed of GelMA chains and fibrin 
fibers, two natural biopolymers commonly used in 3D cell 
culture that possess the specific recognition domain RGD 
(Arg-Gly-Asp) with high cell affinity, the presence of laminin 
seemed to be crucial to stimulate astrocyte native-like behavior. 
Therefore, the bioink GGFL was chosen for the biofabrication 
of the neural-like tissue, due to its favorable mechanical, phys-
ical, and biological properties.

2.3. In Vitro Serial Adaptation of SARS-CoV-2 Using Murine 
Neurospheres

Aiming to increase the permissiveness of the 3D bioprinted 
mice neural cells to SARS-CoV-2, a mouse-adapted virus was 
generated. A previous study demonstrated that induced pluri-
potent stem cell (iPSC)-derived neurospheres are permissive 
to SARS-CoV-2 infection and support productive virus replica-
tion.[10,12] In addition, neurospheres have being largely used 
as in vitro model in a variety of infection studies, including 
Zika virus (ZIKV) brain infection.[54,55] Thus, in this work, we 

Figure 1. Optimization of bioink. A) Scheme of 3D bioprinting and crosslinking of gelatin-GelMA-fibrinogen bioinks. B) Temperature-dependent 
behavior of GGF and GGFL bioinks affecting the storage (G’) and loss (G”) moduli. C) Change of viscosity with shear stress of the bioinks. D) Variations 
in G’ and G” of the bioinks with angular frequency showing their elastic behavior. E) Mass loss of GGF and GGFL hydrogels with time. F) Stress–strain 
curves of hydrogels up to fracture point. G) Young’s modulus of hydrogels calculated from stress–strain curves (n = 3). *p < 0.05. H) SEM images of 
hydrogels at a magnification of 500 x, showing the materials’ porosity (i) microscopy of GGFL, (ii) pore size histogram of GGFL, (iii) microscopy of 
GGF, and (iv) pore size histogram of GGF. Pore size was measured from at least 3 different images using ImageJ software. I) Porosity of hydrogels 
calculated from SEM images (n = 3). Statistical significance was analyzed by means of one-way ANOVA with Tukey’s test.
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used mice-derived neurospheres to adapt SARS-CoV-2 in vitro 
(Figure 3A).

It is well known that SARS-CoV-2 host entry depends on 
ACE2,[4] which expression was demonstrated to be lower in brain 
as compared to other tissues, such as lung, intestine, liver, and 
heart.[56] Despite the similarities of ACE2 distribution in human 
and mouse brains,[21] ACE2 structure differs significantly 
between these two species, resulting in lower infection capacity 

of hSARS-CoV-2 in mice cells.[57] Murine neurospheres express 
ACE2 (Figure  3B), suggesting permissiveness to SARS-CoV-2,  
data consistent with Zhang et  al. results.[12] This was cor-
roborated by incubating neurospheres with hSARS-CoV-2. 
Forty-eight hours postinfection (hpi), a significant amount of 
infectious virus particles (4.3 ± 0.31 × 102 plaque-forming units 
(PFU) mL–1) was released to the culture medium. However, the 
amount of infectious virus particles released by the murine 

Figure 2. 3D bioprinting of astrocytes. A) Schematic illustration of astrocytes-laden GGFL bioink for 3D bioprinting. B) Image of a 3D bioprinted tissue 
and astrocytes homogeneously distributed within the structure. C) Viability of astrocytes bioprinted using GGF and GGFL bioinks (n = 3). *p < 0.05 
and ***p < 0.01. D) Images of astrocytes bioprinted in (i) GGF and (ii) GGFL bioinks and stained with live/dead reagent. E) Immunofluorescence of 
bioprinted astrocytes using (i) GGF and (ii) GGFL bioinks, stained for GFAP (red) and 4′,6-diamidino-2-phenylindole (DAPI) (nuclei, blue). F) Circularity 
of astrocytes calculated from immunofluorescence images of at least 3 images using ImageJ software. *p < 0.05. Statistical significance was analyzed 
by means of one-way ANOVA with Tukey’s test.
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Figure 3. Mouse adaptation of SARS-CoV-2. A) Schematic illustration of the SARS-CoV-2 adaptation, in which the neurospheres were initially iso-
lated from the SVZ of mice pups, and incubated with hSARS-CoV-2 until the generation of MA-SARS-CoV-2 after 4 passages. B) Immunofluorescence 
staining for DAPI (blue) and SARS-CoV-2 receptor ACE2 (green) in the mice-derived neurosphere. C) Titer of hSARS-CoV-2 48 hpi in Vero E6 cells 
and neurospheres (n  = 2). ***p  <  0.01. D) Titer of adapted SARS-CoV-2 for each passage 7 dpi in neurospheres (n  = 2). *p <  0.05 and ***p <  0.01. 
Statistical significance was analyzed by means of unpaired two-tailed Student’s t test. E) Alignment of mutated regions of MA-SARS-CoV-2 (i) and 
(ii) mutations located at nsp6 (Orf1a) region, and (iii) mutations located at ORF3a region. In red, the putative amino acid substitutions in MA-SARS-
CoV-2 and hSARS-CoV-2 used in the in vitro experiments. *Reference 1) Wuhan_CH (RefSeq) (NC_045512_2), 2) MA-SARS-CoV-2, 3) hSARS-CoV-2, 4) 
SARS-CoV-2_BR (EPI_ISL_413016), 5) SARS-CoV-2_BR_P.1 (EPI_ISL_1068292), 6) BatCoV_RaTG13 (MN996532.2), and 7) PCoV_GX-P5L (MT040335.1).  
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neurospheres was significantly lower than that released by Vero 
cells (8.9 ± 0.24 × 107 PFU mL–1) (Figure 3C), indicating a lower 
permissiveness of the hSARS-CoV-2 to the mice-derived neural 
stem cells (NSCs).

hSARS-CoV-2 was then submitted to mouse adaptation, 
aiming to increase the specificity of the virus to murine cells. 
Differently from previous works that used in vivo models for 
mouse adaptation,[24,28,29] here we generated a mouse-adapted 
strain in vitro, which is a much simpler and a highly effective 
protocol. Neurospheres were incubated with hSARS-CoV-2 for  
7 d, and the amount of virus particles recovered from the culture 
medium after this incubation period was 9.2 ± 2.1 × 102 PFU mL–1,  
a twofold increase in the amount detected at 48 hpi (Figure 3D). 
This passage was defined as P1, which was serially inoculated 
in a new batch of neurospheres. The level of infectious virus 
particles of SARS-CoV-2 at passages 2 and 3 (P2 and P3, respec-
tively) increased significantly as compared to P1, remaining in 
the range of 2–5 × 103 PFU mL–1. At passage 4 (P4), virus par-
ticles reached 104 PFU mL–1, significantly higher than previous 
passages and P4 was used as the mouse-adapted SARS-CoV-2 
(MA-SARS-CoV-2).

According to the maximum-likelihood phylogenetic analysis of 
the two sequenced genomes, MA-SARS-CoV-2 and hSARS-CoV-2  
are closely related to the original Wuhan strain (reference 
sequence-NC_045512.2) (Figure S2, Supporting Information). 
Interestingly, MA-SARS-CoV-2 showed fewer mutations than 
the hSARS-CoV-2 (Figure 3E and Figures S3 and S4, Supporting 
Information) and we found three nonsynonymous mutations 
in MA-SARS-CoV-2 sequence. The same mutations are present 
in hSARS-CoV-2: two of them in ORF1a, specifically at nsp6 
regions (Figure 3E–i,ii) and one in ORF3a region (Figure 3E–iii).  
However, hSARS-CoV-2 strain presents many other synony-
mous and non-synonymous mutations, including at the N 
protein region (Table S2, Supporting Information), which were 
reverted in the MA-SARS-CoV-2 genome, which is closer to the 
Wuhan reference sequence (NC_045512.2). These data reveals 
that MA-SARS-CoV-2 reverted some nonsynonymous muta-
tions that the hSARS-CoV-2 virus probably acquired throughout 
its evolution in humans since the beginning of the pandemic 
when compared to the original Wuhan isolate.

Immunofluorescence analysis showed that neurospheres 
infected with MA-SARS-CoV-2, expressed the viral pro-
tein S (spike) (Figure  3F). In addition, growth kinetics of  
MA-SARS-CoV-2, measured by total area of spike+ over DAPI+ 
cells (Figure 3G) and viral load in cell and supernatant quanti-
fied by RT-qPCR (converted to PFU mL–1) (Figure 3H), revealed 
significantly the capacity of virus production by the neuro-
spheres over time.

These results evidenced that the mouse-adapted virus strain 
we generated in vitro using murine neurospheres was able to 
efficiently infect and reproduce in mice neural cells. The viral 
adaptation via passages in neurospheres could be critical, as it 

may result in the selection of a more neurotropic SARS-CoV-2 
variant. For this work, the methodology was precisely chosen 
aiming the development of a model with tropism for CNS cells, 
suitable to study the mechanisms of pathogenesis in the tissue 
and cells of the nervous system. Currently, it is known that 
brain tropism and post-COVID-19 sequelae impair CNS func-
tions, which appears to be the newest and emerging concern 
regarding COVID-19, in addition to the pathogenesis mecha-
nisms responsible for post-COVID neurological sequelae[58–60] 
that are far from being well established.[61] Since the genome 
of the adapted virus is very similar to that of the virus isolated 
from humans used in the generation of MA-SARS-CoV-2, virus-
host cell interactions are relevant to the in vivo context on which 
novel SARS-CoV-2 variants are selected. Many in vivo interac-
tions between the virus and host cells do not depend only on 
mutations in the spike protein, which occur in the highest fre-
quency in the majority of naturally selected variants among the 
human population.[62]

2.4. MA-SARS-CoV-2 Infection of Neural Cells in 2D and  
3D Conditions

Aiming to validate the specificity of MA-SARS-CoV-2 towards 
murine cells, Vero E6 cells were infected with both mouse 
adapted and human strains. Immunolocalization of spike 
showed low infection capacity of MA-SARS-CoV-2, as com-
pared to hSARS-CoV-2, indicating low specificity with the 
mouse-adapted virus to infect a primate cell line (Figure S5A,B, 
Supporting Information). Subsequently, MA-SARS-CoV-2 neu-
rotropism was evaluated by infecting 2D culture of murine 
astrocytes and mature neurons. Microglia was not incorporated 
in the study design, as previous works reported a significantly 
lower expression of ACE2 in these cells as compared to primary 
human astrocytes,[63] in addition of no infection capacity[64] and 
lack of influence on SARS-CoV-2 survival and replication[65] 
being observed in 2D cultures of this glial cell type.

Immunostaining showed that MA-SARS-CoV-2 was efficient 
in infecting both murine cell types (Figure 4A), with mean pixel 
intensity of spike protein stain showing a significantly higher 
specificity for cells with the adapted virus as compared to 
hSARS-CoV-2 (Figure S6, Supporting Information). These find-
ings suggest that mutations acquired by hSARS-CoV-2 along its 
evolutionary trajectory in the human host were lost or reversed 
after the in vitro adaptation in murine cells, giving rise to  
MA-SARS-CoV-2, which would explain its highest adaptability 
and ability to infect murine cells. The capability of the adapted 
virus in infecting murine astrocytes and neurons was expected, 
as we observed expression of ACE2 by both cells, analyzed by 
immunofluorescence (Figure S7A, Supporting Information) 
and mRNA expression, which showed no significant difference 
between both cell types (Figure S7B, Supporting Information). 

F) Immunofluorescence staining for DAPI (blue) and SARS-CoV-2 spike protein (red) in neurospheres for mock condition (anti-spike negative control) 
and infected with MA-SARS-Co-2, from P4. G) Growth kinetics of MA-SARS-CoV-2 in neurospheres, measured from the total area of spike+ over DAPI+ 
cells, using the ImageJ software from at least three images of each replicate. (n = 2). *p < 0.05 and ***p < 0.01, related to 24 h. H) Viral load cell (blue) and 
supernatant (gray) of growth kinetics of MA-SARS-CoV-2 in neurospheres, measured by RT-qPCR, using N viral primer. Data were shown in PFU mL−1 
after linear regression analysis between PFU mL−1 titration results and Ct values from RNA curve constructed with each point of the serial dilution of the 
viral stock (Figure S5D). (n = 2) *p < 0.05, **p < 0.001 and ***p < 0.0001. Statistical significance was analyzed one-way ANOVA with Tukey’s test.
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Despite this evidence, it was not possible to determine whether 
the mechanism of entry and infection of MA-SARS-CoV-2 in 
murine cells was actually due to the spike-ACE2 interaction, 
since the murine ACE2 protein has a lower affinity for the viral 
spike than its human counterpart.[66] However, similarly, ACE2 
expression by murine primary astrocytes and mature neurons 
was also reported by Chen et  al. in a study of the spatial dis-
tribution of ACE2 in mouse and human brain.[21] Other works 
suggested that neurons are not a primary site of infection in 
humans due to their low expression of ACE2,[67,68] while astro-
cytes were considered to be directly involved in SARS-CoV-2 
neuropathogenesis, with an increased capacity to express the 
SARS-CoV-2 receptor.[21,69]

In addition to use ACE2 as for cell entry, SARS-CoV-2 
needs a co-factor for spike priming, such as the transmem-
brane serine protease 2 (TMPRSS2) that facilitates the virus 
entry into host cells.[4] More recently, it was reported that 
neuropilin-1, a protein that binds furin-cleaved substrates, is 
also used by SARS-CoV-2 as spike priming,[70] enhancing the 
entry of the virus in the CNS.[71] Both cofactors, TMPRSS2 
and neuropilin-1, were expressed by astrocytes and neurons 
(Figure S7B, Supporting Information), as also observed in pre-
vious works.[72,73]

Neuronal infection by MA-SARS-CoV-2 led to cell–cell fusion 
and the formation of neuronal syncytium (Figure  4A), cor-
roborating the specificity of the mouse-adapted virus to this 
cell type, once this behavior was not observed for cells infected 
by hSARS-CoV-2 (Figure S6B-ii, Supporting Information). 
Spike protein present at the plasma membrane of cells is able 
to trigger syncytia formation, in which the cell–cell fusion is 
mediated by TMPRSS2.[74] As previously reported, syncytia 
formation was also observed in pneumocytes infected with  
SARS-CoV-2.[75] This behavior, similarly observed for neu-
rons infected by Varicella-zoster virus,[76] suggests that  
SARS-CoV-2 infection might lead to neuronal malfunction. 
Infection of 2D cultures indicates that both cell types could 
potentially be used by the virus to infect the CNS, through  
ACE2/TMRPSS2 and ACE2/neuropilin-1 routes, contributing 
to virus spread in the brain.[77,78]

Results of immunostaining suggest that astrocytes pre-
sent higher susceptibility to infection than neurons, with 
quantification of immunofluorescence for spike+ cells over 
DAPI showing that 15.7 ± 2.9% of astrocytes were infected by  
MA-SARS-CoV-2, while for neurons, this value corresponded 
to 10.3 ± 2.1% (Figure S6A, Supporting Information). Similarly, 
Jacob et al. reported the ability of hSARS-CoV-2 to preferentially 
infect 2D culture of human primary astrocytes as compared to 
neurons, being observed sparse infection after 48 h.[64] Astro-
cytes also showed a significantly higher capacity to replicate 

the mouse-adapted virus than neurons, being analyzed 48 hpi. 
Results showed that astrocytes produced approximately 30-fold 
MA-SARS-CoV-2 virus particles than neurons, with values 
being 4.5 ± 1.2 × 105 and 1.6 ± 0.6 × 104 PFU mL–1, respectively 
(Figure  4B). Here, mature neurons were able to replicate the 
virus, evidence also observed by Song et al., which suggested that 
SARS-CoV-2 may use neuron cell machinery for replication.[14] 
On the other hand, different works have reported a poor or no 
capacity of neurons to actively replicate the virus, even though 
they expressed ACE2[72] and were susceptible to SARS-CoV-2  
entry.[11] However, it is relevant to point out the use of different 
cell sources and protocols of infection among these studies, 
which directly affect viral response.

Given the significantly higher infectivity of astrocytes as 
compared to neurons, our results suggest that astrocytes may 
play a major role in SARS-CoV-2 mechanisms of neurological 
manifestations of COVID-19,[79] contributing to virus spread 
and permanence, neurotoxicity, and reduction of metabo-
lites, impairing neuronal viability and functionality, behavior 
observed when brain was infected by other viruses.[80,81]

In face of an injury, including viral infection,[82–84] astrocytes 
respond with reactivity, a mechanism that leads to the produc-
tion of several inflammatory cytokines.[77] In order to evaluate 
the regulation of inflammation mediators by astrocytes after 
MA-SARS-CoV-2 infection, we characterized the expression of 
the inflammatory cytokines IL1-β and TNF-α, in addition to the 
expression of the chemokine CXCL12 and its receptor CXCR4. 
Results showed that MA-SARS-CoV-2 infection upregulated 
the expression of CXCL12 and CXCR4, while the inflammatory 
cytokines were downregulated in the infected astrocytes condi-
tion (Figure  4C). The increased expression of CXCL12 and its 
receptor CXCR4 in infected astrocytes as compared to mock, 
shows the response of astrocytes to MA-SARS-CoV-2 in control-
ling the inflammatory signals, as the main function of CXCL12 
is to attract immune cells to injury sites.[85]

Due to the higher susceptibility of the glial cells to infec-
tion, bioprinted astrocytes were infected with MA-SARS-CoV-2, 
aiming to compare cellular and molecular behavior of 2D and 
3D culture models after virus exposure. After 7 d of bioprinting 
and 48 hpi, immunostaining assay showed the presence of 
spike protein in the infected bioprinted tissue (Figure  4D), 
with an increased permissiveness as compared to the mock-
infected cells and infection with hSARS-CoV-2, as showed by 
measures of mean pixel intensity (Figure S8A,B, Supporting 
Information). Quantification of spike+ cells over DAPI revealed 
that 13.4  ± 2.9% of bioprinted astrocytes were infected by  
MA-SARS-CoV-2, slightly lower than astrocytes in 2D culture, 
while for the human strain, this value was 8.9 ± 0.2% (Figure S8C,  
Supporting Information). Similarly, Jacob et al. used an organotypic 

Figure 4. Infection of 2D and 3D neural cultures with MA-SARS-CoV-2. A) Immunofluorescence images of (i) astrocytes stained for nuclei (DAPI, blue), 
GFAP (green), and spike protein (red) and (ii) neuronal 2D culture stained for nuclei (DAPI, blue), MAP2 (green), and spike protein (red), infected with 
mock and MA-SARS-CoV-2, 48 hpi. B) Titer of MA-SARS-CoV-2, 48 hpi (n = 2). *p < 0.05 and ***p < 0.01. C) Chemokines and inflammatory cytokines 
expressed by astrocytes infected with MA-SARS-CoV-2, 48 hpi (n = 3). *p < 0.05 and ***p < 0.01. B,C) Statistical significance was analyzed by means of 
unpaired two-tailed Student’s t test and one-way ANOVA with Tukey’s test. D) Immunofluorescence images of 3D bioprinted astrocytes infected with 
mock and MA-SARS-CoV-2 stained for nuclei (DAPI, blue), GFAP (green), and spike (red). E) Virus titration in cells and supernatant for 3D bioprinted 
astrocytes infected with MA-SARS-CoV-2, 48 hpi, (n = 3). ***p < 0.01. Statistical significance was analyzed by means of one-way ANOVA with Tukey’s test. 
F) Chemokines and inflammatory cytokines expressed by 3D bioprinted astrocytes infected with MA-SARS-CoV-2, 48 hpi (n = 3). *p < 0.05. Statistical 
significance was analyzed by means of unpaired two-tailed Student’s t test.
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model to evaluate the infective capacity of the virus in astro-
cytes within a 3D structure, observing sparse infection, with no 
significant difference from that of 2D culture.[64] These findings 
indicate a lower capacity of the virus to infect 3D bioprinted 
astrocytes as compared to the 2D culture. This is probably due 
to the physical barrier the IPNs provided in the 3D model, not 
present in the monolayer, where cells are directly exposed to the 
virus. Therefore, results found for the 3D bioprinted tissue may 
be more representative of the in vivo system. Furthermore, virus 
titration for bioprinted astrocytes infected with MA-SARS-CoV-2  
revealed the presence of 4.4 ± 2.5 × 103 PFU mL–1 virus particles 
on cells, with 5.7 ± 1.5 × 106 PFU mL–1 being produced after 48 
hpi (Figure 4E).

Aiming to characterize the neuroinflammation potential 
of bioprinted astrocytes after MA-SARS-CoV-2 infection, the 
expression of the inflammatory cytokines IL1-β and TNF-α and 
the chemokine CXCL12 and its receptor CXCR4, was also evalu-
ated. For the 3D samples, results showed a similar behavior to 
that of 2D culture (Figure  4F). Nevertheless, it was observed 
an increase in the expression of both inflammatory cytokines, 
especially TNF-α, as compared to the 2D culture. The ECM 
plays important role in astrocytes functionality, including 
directly affecting the cellular response to inflammatory sig-
nals.[86] Therefore, the 3D microenvironment of the bioprinted 
structures seemed to regulate inflammation after infection, 
suggesting a better recapitulation of astrocytes response in vivo.

2.5. MA-SARS-CoV-2 Infection of Biofabricated Neural-Like 
Tissue

In order to increase the complexity of the 3D neural-like tissue, 
mature neurons (MAP2+) (Figure S9, Supporting Information) 
were seeded on the top of the bioprinted astrocytes, being incor-
porated into the structure during tissue maturation (Figure 5A). 
Due to the inherent sensitivity of neurons, the extrusion of this 
cell type leads to low viability, assessed by testing different bio-
printing and crosslinking conditions, such as speed (Figure 5B) 
and time of UV exposure (Figure  5C), with significantly 
lower viability when compared to bioprinted astrocytes. As it 
is well known, mature neurons do not proliferate,[87] and the 
low number of cells could compromise response to infection. 
Therefore, commonly used strategies to biofabricate platforms 
for neuronal studies in vitro is to bioprint neural stem cells and 
stimulate their neuronal differentiation within the structure,[18] 
or to seed neurons on previously bioprinted and crosslinked 
samples.[88] In this work, we used the second approach, aiming 
to construct a heterogeneous neural-like tissue to be used as an 
in vitro model suitable for MA-SARS-CoV-2 infection.

After 7 d of astrocytes bioprinting, 1 × 104  mature neurons 
were seeded on the top of the structure, that previously received 
an extra coating with laminin in order to increase neuronal 
adhesion, cultured in a 1:1 ratio of astrocytes and neurons media. 
Immunostaining performed after 7 d of culture showed that 
neurons were incorporated into the bioprinted structure, con-
necting with astrocytes on the top (Figure 5D-i) and z direction 
(Figure  5D-ii), with cells expressing GFAP and β-tubulin III,  
specific markers for astrocytes and neurons, respectively. These 
images show that we were able to biofabricate a heteroge-

neous neural-like tissue using murine primary astrocytes and 
neurons.

As reported in previous works, 3D models such as neural 
organoids and assembloids showed to be suitable platforms 
to study SARS-CoV-2 infection in the brain.[8,12,13,64] However, 
these models are formed from the spontaneous aggregation 
of embryonic stem cells or iPSCs, in an uncontrolled and 
unpredictable manner. Biofabrication strategies, such as 3D 
bioprinting, allows greater control and assembly, directing cell 
organization.[89]

The biofabricated neural-like tissue was infected with  
MA-SARS-CoV-2, and immunostaining images showed a sig-
nificant increase of spike protein presence for the sample 
infected with the mouse-adapted virus, as compared to the 
mock-infected cells (Figure 5E) and human strain, determined 
by mean pixel intensity (Figure S10A,B, Supporting Informa-
tion). Values obtained from immunofluorescence quantifi-
cation of spike+ cells over DAPI revealed that 15.9  ± 2.6% of 
cells were infected by MA-SARS-CoV-2, a value slightly higher 
than that of bioprinted astrocytes, indicating a lower contribu-
tion of neurons to increase the infectivity of the biofabricated 
tissue. Besides, infection of the 3D tissue with MA-SARS-CoV-2 
did not lead to neuronal syncytium formation, differently from 
what we found for the 2D model and from that observed previ-
ously in organotypic models.[64]

Cells infected by hSARS-CoV-2 and mock-infected cells rep-
resented 4.1 ± 2.0% and 2.7 ± 1.0%, respectively (Figure S10C,  
Supporting Information). Besides, the neuronal popula-
tion in cortical organoids showed to be only minimally 
infected by SARS-CoV-2, with astrocytes being the main tar-
geted cells.[90] MA-SARS-CoV-2 particles found in cells were  
0.85 ± 0.3 × 103 PFU mL–1, being able to replicate 48 hpi, with 
virus particles in the supernatant being 1.96 ± 0.2 × 103 PFU mL–1  
(Figure 5F). Bauer et al. reported low presence of the virus in 
neurons/astrocytes coculture.[72] Here, the presence of neurons 
in the 3D structure seemed not to affect the capacity of the 
virus to infect the tissue, when comparing to results obtained 
for bioprinted astrocytes.

These findings support the evidences that astrocytes might 
be directly involved in SARS-CoV-2 neuropathogenesis,[77,91] 
although the literature remains controversial. Organoids have 
been the most used 3D model to study SARS-CoV-2 neu-
rotropism, with some results indicating that astrocytes were 
preferentially infected by the virus with poor neuronal infection 
capacity,[64,90] while other works reported neurons as the main 
target of SARS-CoV-2.[11,92] Notably, the heterogeneity of orga-
noids due to self-organization may contribute to the reported 
variability among studies.[90] Therefore, the 3D bioprinting 
technology can overcome this challenge and contribute to a 
more standardized neural-like tissue biofabrication to study  
SARS-CoV-2 neurotropism. The optimization of bioink, IPN 
characterization, and standardization of bioprinting proce-
dure presented here paves the way for the biofabrication of 
more complex neural-like structures, which will allow the 
incorporation of other cell types and important components 
of the brain tissue, such as the blood-brain barrier (BBB) and 
blood-cerebrospinal fluid barrier (BCSFB). As several studies 
have reported, the components of BBB and BCSFB, such as 
pericytes, endothelial cells, and choroid plexus epithelium, 
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Figure 5. MA-SARS-CoV-2 infection of biofabricated neural-like tissue. A) Schematic illustration showing the construction of the 3D neural-like plat-
form, by seeding murine neurons on the top of 3D bioprinted astrocytes, cell maturation, and MA-SARS-CoV-2 infection. B) Viability of 3D bioprinted 
neurons at different bioprinting speeds, (n = 3). C) Comparison of viability of bioprinted astrocytes and neurons after GelMA crosslinking using different 
UV exposure times, (n = 3). *p < 0.05 and ***p < 0.01. Statistical significance was analyzed by means of one-way ANOVA with Tukey’s test. D) Immu-
nofluorescence showing (i) x-y and (ii) z-x images of the neural-like tissue stained for nuclei (DAPI, blue), GFAP (green), and β-tubulin III (red) after  
7 d of culture. E) Immunostaining of 3D neural-like tissues infected with mock and MA-SARS-CoV-2, 48 hpi, stained for nuclei (DAPI, blue), β-tubulin 
III (green), and spike protein (red). White arrows are pointed to astrocytes. F) Virus titration in cells and supernatant for neural-like tissue infected with 
MA-SARS-CoV-2 strain, 48 hpi, (n = 3). *p < 0.05. Statistical significance was analyzed by means of one-way ANOVA with Tukey’s test.
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primarily express ACE2, being the main target of SARS-CoV-2 
in the CNS, especially, the choroidal epithelium.[8,13,64,93] The 
incorporation of microglia in further biofabricated neural-like 
tissues would also contribute to the generation of a more com-
plex model, and although these cells are poorly infected by the 
virus, they might contribute to the understanding of the overall 
impact of SARS-CoV-2 brain infection.[77]

Furthermore, evidences have suggested that CNS SARS-CoV-2  
invasion occurs at the neural-mucosal interface, with the virus 
being transported along the olfactory tract via axonal trans-
port.[94] Analysis of the olfactory mucosa of deceased COVID-19 
patients showed that sustentacular cells, which possess glial-
like properties, are major SARS-CoV-2 target cells.[95] In 
line with this, even more complex systems can be developed 
using the 3D bioprinting strategy proposed here, such as the 
engineering of interconnected neural-mucosal interface, for 
ultimately understand the mechanisms of infection and neu-
rotropism of SARS-CoV-2 in the CNS.

3. Conclusions

The complexity of the CNS poses a major challenge for the 
assessment of the neurological effects of SARS-CoV-2. The use 
of animal models and in vitro platforms are powerful tools for 
elucidating the underlying mechanisms governing brain infec-
tion, which remains inconclusive. In this work, we reported the 
biofabrication of a 3D neural-like tissue using bioinks with tun-
able biophysical properties and murine neural cells, useful as a 
proof-of-concept to study SARS-CoV-2 neurotropism. The virus 
specificity was obtained by in vitro adaptation, that lead to the 
generation of the MA-SARS-CoV-2 strain, using a protocol firstly 
reported in this work. The mouse-adapted SARS-CoV-2 showed 
high specificity to murine cells, being valuable to characterize 
the pathological effects of the virus in brain and other organs. 
Notably, MA-SARS-CoV-2 was effective to infect the 3D neural-
like tissue. In future works, we aim to increase the complexity of 
the neural-like tissues using the 3D bioprinting technology and 
hiPSCs-derived neural cells. In addition, the engineering strategy 
proposed in this study allows the incorporation of BBB and 
BCSFB systems to mimic specific neurogenic niches, and the 
neural-mucosal transport interface, which will contribute to the 
understanding of the CNS virus entry. We envision that the use 
of 3D bioprinting to biofabricate highly complex systems under 
controlled conditions will improve research regarding the effects 
of COVID-19 in the CNS and allow the understanding of impor-
tant cell behavior during brain infection, potentially contributing 
to the development of new treatments.

4. Experimental Section
Cell Lines: Simian kidney cell line Vero E6 (ATTC # CRL1586; P2), was 

kindly provided by Professor José Luiz Proença Módena from University 
of Campinas (UNICAMP), São Paulo, Brazil. Cells were cultured in MEM 
(Gibco, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco) 
and 1% ampicillin/streptomycin antibiotics (Gibco) at 37 °C in a 5% CO2 
atmosphere until reaching 90% confluence.

Primary Cultures: C57Bl/6 mice pups were obtained from the 
Animal Facility (CEDEME/UNIFESP) and were manipulated following 

internationally approved protocols and in accordance with the Ethics 
Committee for Animal Research at UNIFESP (CEUA n. 2063220420). 
The number of animals and their suffering were reduced at its lowest. 
Neural stem cells were obtained from the SVZ of neonate C57Bl/6 
pups (postnatal days 4–6) according to a protocol adapted from ref. [96].  
Briefly, the animals were decapitated, and after carefully removing 
the brain from skull, the SVZ was microdissected and cells were 
enzymatically dissociated by incubation with Accutase (Gibco), followed 
by mechanical dissociation using a pipette. Then, the neural stem 
cells were plated on a six-well plate precoated with poly(2-hydroxyethyl 
methacrylate) (PolyHema) (Sigma-Aldrich, USA) at a density of  
2 × 106  cells per well.  Neural stem cells were cultured in DMEM/F12 
(Gibco) supplemented with 2%  glutamine (Sigma-Aldrich), 2%  B27 
(Invitrogen, USA), 20  ng mL–1 EGF (Sigma-Aldrich), 20  ng mL–1 
FGF (Gibco), 5  µg mL–1 heparin (Sigma-Aldrich), and 1%  penicillin/
streptomycin (P/S) (Gibco). Neurosphere formation takes up to 10 d to 
occur, and during that time, culture medium was changed every 4 d by 
centrifugation, with half of the medium being replaced by fresh medium. 
Neurospheres were kept in an incubator at 37  °C and 5%  CO2. When 
neurospheres achieved a diameter of 50–100  µm after the P3, they 
were used in the infection studies. For primary astrocytes and neurons 
isolation, C57Bl/6 neonate pups (postnatal day 1) were decapitated, 
and after carefully removing the brain, the cortex was dissected and 
enzymatically digested with 0.005% trypsin (Gibco), followed by 
mechanical dissociation using a pipette. After enzyme inactivation, cells 
were centrifuged and the supernatant containing neurons was separated 
and cultured in a six-well plate at the density of 2 × 106 cells per well with 
Neurobasal medium (Gibco) supplemented with 2% B27, 1% glutamine, 
and 1% P/S. The pellet containing astrocytes were suspended in DMEM/
F12 culture medium supplemented with 2%  glutamine, 10%  FBS, and 
1% P/S. Cells were kept in an incubator at 37 °C and 5% CO2. On the 
following day, medium was completely replaced, then half-medium was 
changed every third day. After 7 d in culture, neurons were used in the 
infection studies. Astrocytes from passages 2–3 at 90% confluency were 
used in the infection studies.

Virus Strain: The strain was originally isolated from the 
nasopharyngeal sample of a Brazilian patient (EPI_ISL_413016) with 
the sequence deposited in GenBank (accession no. MT 126808). The 
donated from P2 was amplified in a BSL3 laboratory to the P3 in Vero 
E6 cells, and virus titration was determined by plate-dilution assay as 
described.[97] A titer of 5  ×  107 PFU mL–1 was obtained and stored at  
−80  °C. The generation of MA-SARS-CoV-2, in vitro passaging, and 
infection experiments were performed under BSL3 environment, 
following Pan American Health Organization (PAHO) and WHO 
recommendations.

Adaptation of SARS-CoV-2: The hSARS-CoV-2 P3 was used for 
viral adaptation in murine SVZ-derived neural stem cells culture 
as neurospheres. SVZ-derived neurospheres (approximately 800 
neurospheres of 100–150  µm) were infected with a MOI of 0.2 of 
SARS-CoV-2, diluted in MEM with 1%  FBS and incubated for 2 hours 
at 37 °C and 5% CO2. Next, the neurospheres were rinsed with PBS for 
removal of attached viral particles and MEM with 10% FBS was added 
to the cultures. Infected cells were incubated for 5  d and then, the 
supernatants were harvested. After viral quantification, the harvested 
from first murine-passage supernatant was used to infect a new batch 
of neurospheres, generating the second murine-passage of SARS-CoV-2, 
and successively, until the generation of the fourth murine-passage 
(MA-SARS-CoV-2 P4).

Infection of Neural Cells with SARS-CoV-2: Murine cortical 
astrocytes and mature neurons, isolated from murine cortex (P4-6), 
in a concentration of 1×104  cells, were infected with a MOI of 0.2 of 
SARS-CoV-2 (P3) or MA-SARS-CoV-2 (P4). Infected cultures were kept 
for 2 h at 37 °C and 5% CO2 in MEM with 1% FBS. Then, the cells were 
rinsed with PBS 1× to remove attached viral particles and fresh MEM 
with 10% FBS was added to the cultures. The cultures were interrupted 
after 24 or 48 h for subsequent analysis.[4]

Growth Kinetics of Infection of Neural Cells with SARS-CoV-2: 
Neurospheres, isolated from murine cortex (P4-6), in a concentration of 
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1 × 104  cells, were infected with a MOI of 0.2 of MA-SARS-CoV-2 (P4). 
Infected cultures were kept for 2 h at 37 °C and 5% CO2 in MEM with 
1% FBS. Then, the cells were rinsed with PBS 1× to remove attached viral 
particles and fresh MEM with 10% FBS was added to the cultures. The 
cultures were interrupted after 24, 48, 72, and 96 h for subsequent viral 
cell and supernatant analysis.[4]

Viral Titer Assessment and Tissue Viability: Viral titer in Vero E6 
and viral load was evaluated by plaque assay and quantitative 
RT-PCR (qPCR) respectively (Figure S5C,D, Supporting Information), 
using the assay previously described by.[98] The cycle threshold (Ct) 
values were converted to PFU mL–1 using a quantitative RNA curve 
constructed with each point of the serial dilution of the viral stock 
used to determine PFU mL–1 titer. RNA was extracted from the culture 
supernatants using viral QIAamp Viral RNA Mini Kit (Qiagen, USA). 
Total RNA was extracted from cells using RNA total RNeasy Micro Kit 
(Qiagen). Already in plaque assay, Vero E6 were infected untitled or 
titled (10–1, 10–2, 10–3, and 10–4) MA-SARS-CoV-2. After 1 h of infection, 
2% of CMC (Carboxymethyl Cellulose) was added to the supernatant 
and cultures were interrupted after 72 h of incubation, by PFA 4% 
fixing. Then, cells were stained by blue methylene, and quantification 
was made visually (Figure S5C, Supporting Information). Viral load of 
untitled MA-SARS-CoV-2 was made in parallel by RT-qPCR (Figure S5D,  
Supporting Information).

MA-SARS-CoV-2 Sequencing and Gene Expression: RNA of infected 
samples was extracted from an aliquot of 500 µL using the QIAamp Viral 
RNA Mini Kit (Qiagen) according to manufacturer’s instructions, and 
its quality was assessed with the spectrophotometer NanoVue Plus (GE 
Healthcare, UK). SARS-CoV-2 was detected by real-time RT-PCR utilizing 
the Allplex 2019-nCoV Assay (Seegene Inc., Korea) and inflammatory 
genes detected by qPCR were performed using Fast SYBR Green 
Master Mix (Applied Biosystems, USA) in a 7500 real-time PCR System 
(Applied Biosystems). RNA was subjected to reverse transcription 
with the SuperScript III First-Strand Synthesis System (Thermo Fisher 
Scientific Inc., USA), and then incubated with the Ion AmpliSeq 
SARS-CoV-2 Research Panel (Thermo Fisher Scientific Inc.). The number 
of amplification cycles was adjusted based on the Ct of the N genes. 
For sequencing, products generated by target amplification reactions 
were subjected to a library preparation using the Ion AmpliSeq Library 
Kit Plus (Thermo Fisher Scientific Inc.), according to manufacturer’s 
instructions. GAPDH or ARBP were used as a normalizer for gene 
expression and the 2ΔΔCt method was used for relative quantification 
analysis of the transcripts.[99] The primer sequences are presented in 
Table S3 (Supporting Information).

Sequence Data, Spatial Distribution and Assignments for SARS-CoV-2: 
Briefly, newly-sequenced FASTQ data from distinct strains were 
submitted to the augur-based workflow, Nextstrain,[100] a viral genome 
database hosting a bioinformatics toolkit for evolutionary analyses based 
on sequence alignment by MAFFT,[101] followed by maximum-likelihood 
phylogenetic (IQ-Tree),[102] and phylodynamics analyses (TreeTime).[103] 
In order to compare the results to the data about SARS-CoV-2 variants 
across the world and their respective references (n = 2752), phylogenetic 
placement and clade assignments were performed using Nextclade 
v.0.13.0 (https://clades.nextstrain.org/), an interactive visualization 
platform for real-time tracking of pathogen evolution (https://nextstrain.
org/). Mutations calling along the genome, which encompass major 
nucleotide and amino acid substitutions, were mapped and compared 
with the emerging SARS-CoV-2 variants through Sequence and 
Genome annotation views, a schema of the corresponding sequence 
by highlighting the differences to the reference Wuhan-Hu-1 strain 
(GenBank accession no. NC_045512.2), and rectangular phylogeny. Less 
frequently mutated residues were also explored.

Bioinks Preparation and Crosslinking: GelMA was synthesized 
according to the recently published protocol.[45] Two bioinks were 
prepared: GGFL, composed of gelatin (Sigma-Aldrich) 4% (m/v), GelMA 
2% (m/v), fibrinogen (Sigma-Aldrich) 3 mg mL–1, and laminin 2 µg mL–1,  
and GGF, composed of gelatin 5% (m/v), GelMA 5% (m/v), and 
fibrinogen 1.5 mg mL–1. Briefly, gelatin and GelMA were diluted in PBS  
1×, and fibrinogen previously prepared in saline solution was mixed 

to the gelatin-GelMA emulsion until the established concentrations. 
Photoinitiator Irgacure 2959 (Sigma-Aldrich) was added to the 
bioinks at the concentration of 0.5%. GelMA crosslinking was made 
by exposing the construct to ultraviolet (UV) light at 2 mW cm–2 for  
2 × 60  s (up and down), being followed by fibrin crosslinking by 
soaking the construct in a solution composed of 1 U mL–1 thrombin 
(Sigma-Aldrich) and CaCl2 (10%, m/v) in a ratio of 90:1 (thrombin to 
Ca2+).

Rheology Assays: Rheological properties of bioinks were measured 
by using a cone-and-plate measurement geometry (CP50-1) with a 
50 mm diameter and 0.9815° cone angle in an Anton Paar MCR-102 
Modular Compact Rheometer. The thermal ramp rate decreased from 
38 °C to 3 °C in a cooling rate of 1 °C min–1, carried out at an angular 
frequency of 10  rad s–1 and tension within the linear regime. The 
shear viscosity curves were obtained in a range of shear rate from 
0.01 to 1000 s–1. The frequency sweep measurements were performed 
within the linear viscoelastic region (LVER) in an angular frequency 
ranging from 0 to 180 rad s–1. The tests were performed in triplicate 
(n = 3).

Mechanical Characterization: Crosslinked materials were submitted 
to mechanical compression using a TA.XT.Plus Texture Analyzer, 
equipped with 50 N load cell and a cylindrical probe of 12  mm 
diameter. Constant speed of 1  mm s–1 was applied in the hydrated 
samples measuring 10×10×3  mm,  until the rupture point. Young’s 
modulus was calculated from the slope of the stress-elongation curve 
between 1 and 1.5 loading. The tests were performed in triplicate (n = 3)  
at room temperature.

SEM Analysis: The microscopic structure of crosslinked hydrogels was 
carried out by freezing the samples at -80 °C for at least 2 d and drying 
them in an L-101 lyophilizer (Liotop, Brazil). After treating the samples 
with gold coating on POLARON Sputter Coater, SC7620 (VG Microtech, 
England), images were obtained using a LEO Electron Microscopy/
Oxford microscope (Zeiss, Germany).

Physical Characterization: For degradation assay, crosslinked samples 
were lyophilized, and the dry weights (Wi) were measured. Afterward, 
samples were immersed in PBS 1× and at predetermined times, samples 
were lyophilized and weighted (Wf). Degradation was expressed as 
mass loss by (%) = (Wf − Wi)/Wi × 100. Porosity was determined by 
immersing lyophilized samples in ethanol overnight, and measuring the 
ratio between the void volume (Vv) and the volume of dried samples  
(Vd): (%) = Vv/Vd × 100. The pore size of hydrogels was determined 
by measuring at least 100 pores of at least 3 different SEM images, by 
using the ImageJ software. All experiments were performed in triplicate  
(n = 3).

Bioprinting Neural-Like Tissue: For bioprinting, 1 × 106 murine astrocytes 
(P1-P3) were mixed to 1 mL of bioink and transferred to a 5 mL syringe, 
avoiding bubbles formation. A 22-gauge blunt needle was connected 
to the syringe, which was placed in the printhead of a 3D bioprinter 
(3D Biotechnology Solutions, Brazil). Bioprinting was performed using 
a speed of 400  mm min–1 and 25  °C, under G-code control, using 
extrusion code (E) to 0.01  mm. After bioprinting and crosslinking, 
the constructs were transferred to a 24-well plate and cultured with 
astrocytes culture medium at 37 °C and 5% CO2, changing the medium 
every three days. After 7 d of culture, the medium was removed, and 
the bioprinted constructs were soaked on 30 µg mL–1 laminin solution. 
Then, 1 × 104  murine mature neurons were seeded on the top of the 
bioprinted constructs. The culture medium was composed of astrocytes 
and neuronal medium in a ratio of 1:1. The constructs were incubated at  
37 °C and 5% CO2, with medium being changed every 3 d.

Infection of 3D Bioprinted Structures: A MOI of 0.2 of SARS-CoV-2 
or MA-SARS-CoV-2 was used to infect the 3D bioprinted structures 
containing approximately 1 × 104  bioprinted primary astrocytes and  
1 × 104 seeded mature neurons, both isolated from cortex of mice pups 
(P4-6) in each construct. Infected cultures were kept for 2 h at 37  °C 
and 5%  CO2 in astrocytes-neuronal medium (ratio of 1:1). Then, the 
constructs were rinsed with PBS 1× to remove attached viral particles 
and fresh medium was added to the culture, being interrupted after 48 h 
for subsequent analysis.
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Immunocytochemistry Analysis: The 2D cultured cells were fixed in 
paraformaldehyde (PFA) 4% for 20 min, and 3D bioprinted cells were fixed 
for 2 h. Fixed cells were incubated with 0.1 mol L–1 glycine (Sigma-Aldrich)  
for 15  min and permeabilized with 0.1%  Tween 20 (Sigma-Aldrich) for 
10  min. Then, cells were blocked with 5%  FBS in PBS for 1 h at room 
temperature and then incubated with primary antibodies at 4  °C  
overnight. Incubation with the appropriate secondary antibody and DAPI 
(1:10000, Molecular Probes, USA) was performed at room temperature 
for 1 h. Glass slides were mounted using Fluoromount  G mounting 
medium (Electron Microscopy Sciences, USA). Bioprinted constructs 
were placed on a confocal dish for analysis. Images were captured on 
a Leica TCS SP8 confocal microscopy using LASAF software (Leica, 
Germany). Primary antibodies: mouse anti-spike S1 (1:100, Genetex, 
USA); rabbit anti-MAP2 (1:500, Millipore, USA); rabbit anti-βtubIII 
(1:500, Millipore, USA), chicken anti-GFAP (1:500, Abcam); goat 
anti-ACE2 (1:500). Secondary Antibodies (Invitrogen, USA): Alexa Fluor 
488-conjugated goat anti-mouse IgG (1:500); Alexa Fluor 488-conjugated 
goat anti-chicken IgG (1:500); Alexa Fluor 488- conjugated goat anti-
rabbit IgG (1:500), Alexa Fluor 594-conjugated goat anti-mouse IgG 
(1:500), and Alexa Fluor 594-conjugated goat anti-chicken IgG (1:500). 
Anti-spike specificity was assured by using mock-infected mice-derived 
neurospheres as the negative control and Vero E6 cells as the positive 
control.

Statistical Analysis: All experiments were repeated three times, 
unless when mentioned, and data were analyzed using Origin software 
(OriginLab Co., USA), in order to generate the p-values and all graphs. 
Results are shown as mean ± S.D, and statistical significance was 
analyzed by means of one-way ANOVA with Tukey’s test for multiple 
comparison test using Origin software, and two-tailed Student’s t 
test for single variable experiments using Microsoft Excel (Microsoft, 
USA).
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