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T

he design of living tissue to create specific shapes and forms
is arguably one of the main obstacles in the forward design of
engineered tissues, cellular systems, and biological machines.
Given the fact that 3-dimensional (3D) structures are critical to
recapitulate many physiologically relevant characteristics, a major goal of tissue engineering is to achieve customizable and viable 3D cell cultures. To an extent, this has been achieved by
engrafting cells of interest on synthetic structures (1), or more
recently providing cells with protein matrices such as Matrigel
and fibrin, which facilitate cell–cell and cell–extracellular matrix
(ECM) interactions (2–5). This approach creates a liquid state of
protein-rich solutions mixed with cells. After subsequent polymerization, 3D structures are formed and the cells are allowed to
grow and function (Fig. 1A).
Such an approach has been used to differentiate progenitor
cells toward developing functional organoids that mimic physiological morphologies and functions. For example, muscle cells
have been differentiated into actuating tissue for development of
biohybrid actuators for soft robotics (6, 7), to develop models for
drug discovery or therapeutic studies (2, 8), as well as for studies
on healing in 3D and tissue regeneration (9, 10). An interesting
observation has been that, by providing a mold during the culture, the cell–matrix solution can be compacted into stable geometries due to internal stresses generated by traction forces
generated by the engrafted cells (11). In other words, the shape
of the resulting construct can be determined by the 3D printed
molds, which are fabricated using bioprinting approaches, such
as a stereolithography apparatus (SLA) 3D printer (Fig. 1B).
Given the needs and interests in 3D neuroengineering, using this
approach of cell–matrix compaction for the formation of controlled 3D neural architectures could be highly beneficial.
www.pnas.org/cgi/doi/10.1073/pnas.1916138116

Currently, 3D neural tissue is often obtained from animal
models or from spherical embryoid bodies (EBs) spontaneously
formed during stem cell differentiation (12–14). These EBs are
currently unable to be scaled up due to diffusion limitations,
placing limitations on their compatibility with specific experimental platforms. For example, fabrication of such untethered
and mechanically strong neural tissue mimics (NTMs) could help
in the assessment of new electrodes for neural functionality,
neurotransmission, and the assessment of biocompatibility and
neural damage during implantation (15–17). On the other hand,
efforts to develop freestanding 3D tissue models in vitro that incorporate neuronal functionality, such as the formation of neuromuscular junctions in 3D muscle tissues, are limited when trying to
adhere the neurons on the overall 3D constructs (12, 18). Having
control of the size and geometry of a NTM that can be handled and
installed after neural development can facilitate the assembly of
neurodriven biological machines (19). Furthermore, continued advancements toward engineered in vitro neural tissues of various
shapes and sizes to develop better models are important to minimize the use of animal models (20) (Fig. 1C).
In this work, we utilized fibrin as a scaffold to engraft differentiated embryonic stem cell (ESC)-derived neurons prior to their
maturation in order to achieve untethered and geometrically stable
NTMs that could be molded into desired shapes. We demonstrated
and characterized three shapes: a rod, a cube, and a toroid (Fig. 1B
and SI Appendix, Fig. S1). By using mouse ESCs, we compared
seeding cell densities to determine a protocol for tissue formation of
various shapes. We also characterized development and functionality, first using mouse-derived ESCs (mESCs) due to their shorter
differentiation times and reduced costs compared to human stem
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Formation of tissue models in 3 dimensions is more effective in
recapitulating structure and function compared to their 2-dimensional
(2D) counterparts. Formation of 3D engineered tissue to control shape
and size can have important implications in biomedical research and
in engineering applications such as biological soft robotics. While
neural spheroids routinely are created during differentiation processes, further geometric control of in vitro neural models has not
been demonstrated. Here, we present an approach to form functional
in vitro neural tissue mimic (NTM) of different shapes using stem cells,
a fibrin matrix, and 3D printed molds. We used murine-derived
embryonic stem cells for optimizing cell-seeding protocols, characterization of the resulting internal structure of the construct, and
remodeling of the extracellular matrix, as well as validation of
electrophysiological activity. Then, we used these findings to biofabricate these constructs using neurons derived from human embryonic stem cells. This method can provide a large degree of design
flexibility for development of in vitro functional neural tissue models
of varying forms for therapeutic biomedical research, drug discovery,
and disease modeling, and engineering applications.
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Fig. 1. Development of 3D neural tissue mimic (NTM) for biomedical engineering applications. (A) Representative schematic of the NTM formation, consisting of differentiation, dissociation, and engrafting of differentiated neurons in fibrin hydrogel prior to maturation. (B) Diagram of SLA 3D printer used for
the fabrication of the 3 molds used to form different neural constructs: rod, cube, and toroid. (C) Representation of possible biomedical applications that
could benefit from control of the shape and size of neural tissue models.

cells. We then implemented the protocol with human stem cells to
demonstrate the possibility for clinical and biomedical applications.
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Results and Discussion
Seeding Cell Density Affects the Structure of the NTM. Previous works
have studied the effects of changing the stiffness of the fibrin matrix
on the resulting viability of tethered NTMs by changing the
concentration of fibrinogen with respect to the added thrombin
(21–23). We build upon those studies, but due to our desire to
obtain mechanically stable and untethered functional 3D in vitro
constructs, we studied the effect of varying the seeding cell
concentration. For the purpose of our study, the day in which
seeding took place was labeled as D0 (SI Appendix, Fig. S2).
Prior work on developing untethered muscle tissue has reported
5e6 myoblasts per mL as the optimal cell seeding concentration
(7, 24). Due to the lower traction force per neurons compared to
myoblasts, we considered higher seeding cell concentrations
(25). The goal was to find a cell concentration that would result
in a mechanically strong structure while being low enough to
lower costs and have high sample throughput. For this purpose,
we studied 5e6 cells per mL (1×), 12.5e6 cells per mL (2.5×),
25e6 cells per mL (5×), and 50e6 cells per mL (10×) and observed them for the first 4 d of compaction (SI Appendix, Fig. S3
and Movies S1–S4). It was noticed that by D1 for all 4 concentrations, neurites were extending across the fibrin hydrogel.
However, for higher concentrations (5× and 10×), dark clusters
started to form by D4 (Fig. 2A). This spontaneous reaggregation
toward neural clumps could lead to heterogeneity across the
tissue mimic, and if the clusters become too large could also lead
to necrosis due to diffusion limitation (26). To investigate the
difference in NTM architecture, we measured high-resolution
confocal z stacks of the resulting constructs at the 4 seeding
densities stained for β-tubulin III, a general neural microtubule
marker (Fig. 2B). These images showed that higher seeding cell
densities caused the cells to recluster as EBs and extend processes
in clumps rather than homogenous neurite extensions, as also seen
clearly in the frequency domain (Fig. 2C). Due to the desire to
achieve a homogenous internal environment to avoid the risks of
clustering and optimize the consistency across the construct, we
further quantified these trends in heterogeneity. For this purpose,
the randomness of the images was measured using
P the MATLAB
function for entropy, e, defined as follows: e = − pðzi Þplog2 pðzi Þ,
where p contains the normalized histogram counts of the field of
view, zi (27) (Fig. 2C). We observed that the randomness of the
neurite structures was higher for lower concentrations and decreased
significantly for 10× cell concentration. To further understand these
observations, we performed continuous live quantitative phase imaging using gradient light interference microscopy, which allows for a
2 of 9 | www.pnas.org/cgi/doi/10.1073/pnas.1916138116

label-free method to estimate the dry cell mass, i.e., the protein
content of the cells (28). The rates were statistically insignificant
across the groups (Fig. 2D), hinting that the possible mechanisms
for the difference are due to the reorganization of the NTM rather
than the cellular growth itself.
Seeding Cell Density Affects the Compaction and Neurite Extension of
the NTM. We first utilized the rod-shaped NTM and observed the

effects of cell density on the compaction of the construct when
seeded in the PEGDA molds, and later, the neurite extension
from the compacted NTM when cultured after compaction.
Upon seeding, we measured the dimensions of the compacted
NTM for the 4 concentrations being tested with respect to the
size of the mold, to which the cell-hydrogel solution mimic initially conformed during the stage prior to cross-linking (Fig. 3A
and SI Appendix, Fig. S4). We observed that, for the lower 1×
concentration, the percent decrease compared to the original
dimension was below 10% by D4 for both the width and the
length of the rod (Fig. 3B). This translated in difficulty of handling the 1× NTMs as they would rupture very easily. When the
cell concentrations were increased to 2.5× and 5× concentrations,
the width decreased approximately by 30% and 40%, respectively,
and the length decreased by ∼50% for both. Interestingly, the
highest seeding density showed the least compaction, which could
possibly indicate reaching a saturation of cells within the mold
volume. NTMs from each group were placed at D4 on functionalized
substrates in order to observe the neurite extension, as it was important to ensure that these neural constructs were able to innervate
and communicate with downstream biological structures. For this
reason, we measured length and number of neurites extending
across the periphery of the neural construct. (Fig. 3C) After 2
d of the NTM being adhered, we observed numerous processes
extending from the NTM beyond an initial sheet of membrane layer
directly connected to the NTM. We observed that, for lower seeding
concentrations, the neurite length reached around 2 mm and significantly decreased for constructs of larger cell concentrations (Fig.
3D). Next, the number for neurites extending from the NTM was
measured by plotting the cross-sectional profile and counting the
peaks (Fig. 3E). The neurite numbers significantly increased between 1× and 2.5×, and then stayed constant for the subsequent
concentrations. The fact that the 3 highest concentrations seemed
to have similar neurite counts, while having such differences in
neurite length, could be related to the observed internal clustering
of cells (Fig. 2C). While observing the neurite extension over a
longer period of time, beyond the second day of adhesion (D6+),
would have been even more useful, we did observe neurons migrating from the NTM and into the substrate, extending their own
processes, and making it hard to distinguish from processes directly
Pagan-Diaz et al.
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extending from the NTM. Nevertheless, these observations led us to
select 12.5e6 cells per mL (2.5×) as an appropriate concentration
for the rest of the study.

microscopy, we observed that installed rings not only fitted tightly
around the cylindrical substrate but also extended a dense mesh of
processes (Fig. 4F).

NTMs Can Be Molded into Various Shapes. Upon establishing a reproducible cell culture protocol, we then fabricated molds of different
shapes to confirm that mechanical stability observed in the rods
would be preserved in other shapes. First, a cube was designed by
adjusting the dimensions of the mold to keep the seeding volume
constant as the rod design earlier (Fig. 4A). A similar compaction trend was observed for these cubes, where original volume
decreased by ∼60 to 70% (Fig. 4B). To show a possible applicability of cube-shaped NTMs for developing 3D neural circuits,
we fabricated a holding mold with slits between the enclosures in
which to place the compacted cubes. The goal was to add ECM
around the cubes and observe whether the cubes would extend
processes across it (Fig. 4C). After 4 d of “installation,” the cubes
were observed to localize toward the center, which would be
explained by remodeling of the ECM as neurites extend across
and pull on each other. We confirmed by confocal imaging the
presence of dense extension of processes between the slits.
In parallel, a mold for a toroid was fabricated in order to
obtain a neural ring (Fig. 4D). The compaction process here was
different, as a solid structure held the inner diameter constant,
while the outer diameter decreased due to the cell-driven hydrogel
compaction, resulting in the thickness decrease by ∼60% (Fig. 4E).
This shape was especially significant as it proved that the formation
of NTMs by these protocols resulted in stable geometries, even if
the NTM was cut in half (SI Appendix, Fig. S5). Furthermore, because the compaction occurred while an external structure kept the
cell-matrix liquid, we hypothesized that the structures could be removed and installed onto a cylindrical structure, and (because of the
built-in tension), would fit “tightly” (Movie S5). Using Lightsheet

Maturation within the Exogenous ECM Supports Development of
Neural Populations. When presenting this tissue model as a sub-
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stitute for intact EBs for neural studies, we wanted to determine
the effect of disrupting EB cells and then reconstructing them in
an exogenous matrix. For this purpose, we focused on common
neural populations such as excitatory and inhibitory phenotypes,
as well as motor neurons and supporting populations such as
astrocytes and oligodendrocytes. Initially, we performed confocal
imaging of NTM slices and observed that between D4 and D7,
neural populations seemed to be developing as expected (29–31)
(Fig. 5A). The staining for vesicles of the excitatory neurotransmitter, glutamate, showed a wider propagation of these
markers across the slice, while markers that stained for the enzymes responsible for synthesis of GABA, a primary inhibitory
neurotransmitter, did not show any significant signal. Motor
neurons were monitored through the ChAT stain and showed an
increase in ChAT+ neurons across the slice between D4 and D7,
an observation that was similar for the astrocytes and oligodendrocytes
stained for GFAP and CNPase, respectively. These observations were
confirmed and quantified by qPCR and normalized for comparison
across targets with respect to the housekeeping gene GAPDH using
standard curves (SI Appendix, Fig. S6). We compared 3 known targets
for excitatory populations: ADORA2a (AD), Grin1 (GR), and TH; 2
targets for inhibitory populations: PVALB (PA) and GAD1 (GA);
2 targets for motor neurons: MNX1 (MN) and ChAT (CH); and 2
targets for supporting cells: GFAP (GF) and CNPase (CN) (Fig. 5B).
At D0, as expected, MN is expressed various fold higher than most
other markers as it is the transcription factor for the differentiation of
motor neurons. By D4, MN still expressed highly (with respect to other
PNAS Latest Articles | 3 of 9
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Fig. 2. Cell seeding density affects homogeneity of
internal neuronal architecture of NTM. (A) Phase
contrast image of the neurons engrafted in fibrin
hydrogel at D4 of compaction after neural construct
formation for the different seeding cell densities
from D0: 5e6 cells per mL, 12.5e6 cells per mL, 25e6
cells per mL, and 50e6 cells per mL. (Scale bar:
50 μm.) (B) 3D rendering of confocal z stacks across
15 μm of neurites (β-TubIII: green) and nuclei (DAPI:
blue), with the corresponding representation in the
frequency domain obtained through fast Fourier
transform for the 4 cell seeding densities. (Scale bar:
20 μm.) (C) Entropy of neurite alignment for 4
seeding densities at D4 (n = 12, *P < 0.05, ANOVA
with Tukey’s post hoc). (D) Cell dry mass change for
the 4 seeding densities between D0 and D4 (n = 4).

almost any of the markers at both days of study (Fig. 5C). This served
as an indication that the initial disruption and reconstruction of
a foreign ECM did not affect the differentiation and development of general neuronal populations. While this initially was
surprising, given the constructs’ millimeter-scale sizes, which
greatly surpassed the EB size and were past the diffusion limit
for most tissues, upon imaging the tissues through a scanning
electron micrograph, we observed that the ECM on the outside
had pores that were much larger than macromolecules in the
media. This would indicate that nutrients were able to diffuse in
and out of the tissue (SI Appendix, Fig. S9).
Finally, hematoxylin and eosin stains were performed in histology slices to determine the distribution of cells within the
NTM (Fig. 5D). After processing the images, they were segmented in 200 × 200-μm-sized bins and cells were counted within
each bin to have a spatial notion of local cell concentrations (Fig.
5E). Upon observation, it was apparent that cells, while still alive
and distributed across the NTM (which was clear by close inspection of the histology slices), would concentrate closer to the
edges, and 75% of all cells seemed to be distributed within the
first 150 μm from the edge. Furthermore, quantifying the expression of the principal ECM proteins in primary neural tissue
and comparing between the intact EBs and the in vitro NTM
showed again no significant disruption of expression during development (34–37) (SI Appendix, Fig. S10). These observations
would suggest that the fabrication of in vitro NTM as demonstrated by this work could serve as a model to study various
developmental phenomena despite the disruption of EB development during the formation of the 3D neural constructs.
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Fig. 3. Cell seeding density affects compaction and neurite extension from
the neural tissue mimic (NTM). (A) Representative fluorescent image of a
compacting NTM (rod) in the mold at D4. (Scale bar: 1 mm.) (B) Percent
change of the width (WidthD4/WidthD0 × 100) and length (LengthD4/
LengthD0 × 100) of NTMs (rods) resulting from the 4 cell seeding densities
(n = 5; *P < 0.05, ANOVA with Tukey’s post hoc). (C) Representative confocal
image of tissue seeded on functionalized substrate showing neurite extension from the NTM (β-TubIII, green; F-actin, red). (Scale bar: 500 μm.) (D)
Zoom of neurites from C across the perimeter of the NTM. Fluorescent intensity profile was used to detect and count neurites. (Scale bar: 50 μm.) (E)
Length of neurites extending from the membrane extension from the NTM
for the 4 cell seeding densities (n = 5; *P < 0.05, ANOVA with Tukey’s post
hoc). (F) Number of neurites per millimeter of NTM perimeter for the different cell seeding densities (n = 5; *P < 0.05, ANOVA with Tukey’s post hoc).

markers) while CH also expressed highly, indicating maturation of the
motor neurons, as CH is critical in the synthesis of the motor neuronal
neurotransmitter, acetylcholine. Furthermore, GR, a gene that encodes for the receptor for excitatory neurotransmitter glutamate, became highly expressed, while the high expression from D0 of TH,
which encodes for dopamine-synthesizing enzymes in dopaminergic
neurons, showed to be only transient. Prior studies have shown this to
be a common occurrence in many developing neurons from the
central nervous system (32, 33). More importantly, expression of astrocytes and myelinated oligodendrocytes also increased, almost as
much as that of functional motor neurons. On D7, the same trends
from D4 were observed; however, the expression of the supporting
cells surpassed the expression of other markers. Since both astrocytes
and oligodendrocytes are mitotic while neurons are generally considered to be amitotic, it would be worth considering how a large neuronto-glial ratio would affect 3D culture viability and how this would affect
the lifetime of these NTMs. Nevertheless, we also observed the same
expression of markers during development in intact EBs that were
grown in parallel (SI Appendix, Fig. S7). We then compared these
observations between NTM and EBs for the targets that reported
cycle threshold (Ct) values above 35 by D7 (SI Appendix, Fig. S8).
When both NTM and EBs were compared at D4 and D7 with respect
to predissociation EBs at D0, no significant differences were found for
4 of 9 | www.pnas.org/cgi/doi/10.1073/pnas.1916138116

In Vitro Neural Tissue Mimic Develops Spontaneous Electrical Activity
and Shows Spatial Connectivity. While we are able to control the

form and shape of the NTM, the electrical functionality must also be
validated. Multiple studies of EBs differentiated to various neuronal
phenotypes have shown the development of spontaneous electrical
activity (38–40). To assess the electrical activity, the NTMs were
placed on functionalized microelectrode arrays (MEAs). The electrodes that recorded the most activity were directly under the NTM
compared to electrodes away from the construct (Fig. 6A). This activity was quantified primarily by the spike rate and was shown to
gradually increase with time, as expected for maturing neural networks (Fig. 6B and SI Appendix, Fig. S11). Synchronized bursting can
be appreciated by the spike raster plots, which showed some random
firing from various outside electrodes from migrating neurons but
showed structured firing for the electrodes that were under the NTM
(Fig. 6C). Furthermore, quantifying synchronicity of the firing by
calculating the average cross-correlation values per electrode with
respect to the rest of the electrodes showed synchronous behavior
across the length of the construct (Fig. 6D and SI Appendix, Fig. S12).
Given the conventional perspective that “neurons that fire
together, wire together,” we inferred that the synchronous
bursting observed in the spontaneous activity should indicate a
strong connectivity across the tissue. To prove this, we formed
NTMs from optogenetic mESCs, placed the construct on the
MEA after compaction, and used a focused light with a small
spot size (∼2.5 mm) to stimulate the section of the NTM that was
not on the MEA sensing area. This experiment was performed
for the rod and the toroid, as the cube dimensions did not allow
for the stimulation to be done only on sections that were removed from the recording electrodes (Fig. 6E). The average
firing rates of the 20-s intervals corresponding to before, during,
and after stimulation were mapped to their respective electrodes
(Fig. 6F and SI Appendix, Fig. S13). During stimulation away
from the measuring electrodes, an increase in firing rate clearly
indicates that the processes are electrically connected across the
entire NTM. As expected, there would be some variation in the
response as the interface between the construct and the measuring electrodes might not be identical and hence result in a
Pagan-Diaz et al.
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Fig. 4. Formation of neural tissue mimics (NTMs) of different shapes. (A) Compaction of cube-shaped construct during the first 4 d, and percent change of
side length [(Average Length at D4)/(Average Length at D0) × 100]. (Scale bar: 1 mm.) (B) Confocal of compacted cube NTM. (Scale bar: 500 μm.) (C) Installation of cube NTMs (D4) on 3D printed holders embedded in Matrigel solution after compaction in the molds. To the Right, confocal image of neurites
extending between 2 installed cube NTMs. (Scale bar: 1 mm; 50 μm.) (D) Compaction of toroid-shaped NTM during the first 4 d, and percent change of
thickness [(Outer Radius at D4 – Inner Radius)/(Outer Radius at D0 – Inner Radius) × 100]. (Scale bar: 1 mm.) (E) Confocal of compacted toroid NTM. (Scale bar:
1 mm.) (F) Installation of toroid NTMs (D4) on functionalized glass cylinders after compaction in the mold. To the Right, a LightSheet image of neurites
extending throughout the glass rod (β-TubIII, green; F-actin, yellow). (Scale bar: 1 mm; 500 μm.)

difference in the magnitude of the measured signal. This stimulation was repeated 4 times for 2 samples of each shape, and the
average firing rate for all of the electrodes showed a consistent
increase in activity from electrodes away from the stimulation
Pagan-Diaz et al.

(Fig. 6G). Using a small spot size and stimulating the rod and the
toroid on a section of the neural construct away from the electrodes and still detecting the evoked response at the electrodes
proved that these NTMs were not only spontaneously active but
PNAS Latest Articles | 5 of 9
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Fig. 5. Engrafting neuronal populations within fibrin hydrogen did not disrupt phenotypical maturation. (A) Confocal images of 5-μm-thick cryosections for
key neural populations at D4 and D7. (Scale bar: 25 μm.) (B) Fold expression of RNA expression across normalized population targets with respect to
housekeeping gene, GAPDH, for D0, D4, and D7 (n = 5) (targets for excitatory neurons [blue]: AD, Adora2a; GR, Grin1; TH, tyrosine hydroxylase; targets for
inhibitory neurons [yellow]: PV, parvalbumin; GA, Gad1; targets for motor neurons [green]: MN, Mnx1; CH, ChAT; targets for supporting cells [purple]: GF,
GFAP; CN, CNPase). (C) Comparison between mouse EBs (gray) and NTMs (red) of RNA expression for the population targets with Ctadj < 35 at D7 and with
respect to GAPDH, normalized to D0 (nMEB = 4, nmT = 5; *P < 0.05, t test). (D) Histology of NTM slices at D7. (Scale bar: 200 μm.) (E) Histograms of cell position
from the nearest edge of the slice, shown in cumulative percentage (Top) and percentage of total per 20-μm bins (Bottom).

also forming connected networks that extended across the
NTM geometry.
NTM Formation with Human ESCs. While utilization of mESCs can
still provide an experimental platform for many studies within
6 of 9 | www.pnas.org/cgi/doi/10.1073/pnas.1916138116

tissue engineering research, the demonstration of alternative biofabrication methods in human-derived stem cells is highly attractive for
the development of translational research models. Using the protocol
described earlier in this paper, human ESC (hESC)-derived neural
cubes were fabricated (41–43) (Fig. 7A). For these NTMs, the same cell
Pagan-Diaz et al.
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Fig. 6. Optogenetic neural tissue mimics (NTMs) are spontaneously active and also develop connectivity across the construct. (A) Phase contrast image of a
rod NTM on an MEA with electrodes colored for the corresponding averaged measured firing rate (FR) (spike [SP]/s) for D16. Expansions show overlay of all
action potentials recorded in 2 s for an electrode far from the NTM (Top) and an electrode directly under the NTM (Bottom). (B) Firing spike and burst rate for
20 highest recording electrodes for 2 NTM samples (red and blue) across 16 d (installed on MEA at D4, started recording 2 d later). (C) Raster plot showing
active seconds (seconds where electrodes recorded activity) across all electrode channels for rod NTM for D16. Left legend corresponds to electrode position.
(D) Phase contrast image of a rod NTM on an MEA with electrodes colored for the corresponding averaged cross-correlation value normalized to unity for
D16. (E) Representative image of focused stimulating incident beam size on the NTM with respect to the section of the structure that is over the recording
electrodes for the cube (Top), rod (Middle), and toroid (Bottom). (F) Matrix showing firing rate per electrode, where each element corresponds to each
electrode on the MEA for the cube (Top), rod (Middle), and toroid (Bottom). Matrix on the Left corresponds to the average firing rate during 20 s prior to
stimulation, matrix in the Center corresponds to the firing rate during 20 s of pulsed stimulation illuminated in the section of the NTM farthest from the
sensing electrodes (for rod and ring), and matrix on the Right corresponds to the average firing rate during 20 s after stimulation. (G) Firing rate prior (Pre;
red), during (Stim; blue), and after (Post; red) stimulation for 4 stimulation repetitions done on 2 separate NTMs for the 3 shapes: cube (Top), rod (Middle),
and toroid (Bottom) (nCube = 4, nRod and Toroid = 8; *P < 0.05, ANOVA with Tukey’s post hoc).

Pagan-Diaz et al.
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seeding concentration used for the mouse NTM were mixed with the
protein solution used previously and poured into the mold. These
NTMs proceeded to compact, showing similar percent volume decrease as the mouse-derived NTMs (Fig. 7B). Furthermore, histology
sections showed again similar cell distribution patterns as seen for the
mouse-derived NTMs and effective differentiation of excitatory neuronal populations as shown by positive staining of vGlut (44) (Fig. 7C
and SI Appendix, Fig. S14). Moreover, we placed and seeded hESCderived NTMs on MEAs to validate spontaneous activity from the
neural constructs (Fig. 7D and SI Appendix, Fig. S15). These humanderived constructs showed spontaneous bursting along the action potential firing (Fig. 7E). More importantly, we measured the response to
known neural antagonists from the seeded NTMs. Following MEA
studies with hESC-derived neuronal cultures, spontaneous activity was
measured followed by the addition of D-AP5 (30 μM), an NMDA
receptor antagonist, followed by a washout to determine whether the
samples would return to baseline firing (40). Afterward, the inhibitory
neurotransmitter GABA was added (100 μM), followed by the GABA
receptor antagonist bicuculine (30 μM). The firing rate responded as
expected: Addition of D-AP5 decreased the firing rate with respect to
the spontaneous activity and returned back when washed away (Fig.
7F). When GABA was added, a more acute inhibitory response was
observed, only to reverse upon the addition of bicuculine. Furthermore,

effects to these drugs were also observed in the bursting (Fig. 7G).
Several electrodes had been recording spontaneous bursting, and dissipated when adding the NMDA receptor antagonist, D-AP5, and the
inhibitory neurotransmitter GABA. Both washing away the D-AP5 and
blocking GABA receptors with bicuculine, resulted in the return of this
bursting phenomena, with the latter increasing the number of bursts
being recorded. However, while bicuculine did cause more than a 2fold increase of the number of bursts recorded, observing the structure
of the burst themselves, there seemed to be no significant difference
between the burst duration (Fig. 7H) or the spike frequency within the
burst (Fig. 7I). These observations led us to conclude that these NTMs
could be utilized in translational studies while also taking advantage of
the capability of molding the neural constructs in the desired shapes for
optimized bottom-up experimental design.
Conclusion
This work demonstrated the fabrication of untethered functional
NTMs that can be molded into a variety of 3D shapes and sizes.
mESC-derived neurons, when mixed with fibrin and ECM and
allowed to differentiate in a 3D printed mold, resulted in a compaction of the cells and matrix. This ultimately resulted in a NTM
that did not perturb the development of the neural populations
when compared with the standard environment of the EB while

Fig. 7. hESC-derived neural tissue mimics (NTMs) compact similar to mESC-derived and respond to drugs. (A) Compacted cube NTM formed from hESCs at D4.
(B) Percent of compaction of the sides [(Average Length at D4)/(Average Length at D0) × 100] (n = 4). (Scale bar: 1 mm.) (C) Histology of hESC-derived NTM
slices at D10 alongside percent of cell count in 100-μm bins to total cell count from histology slices, normalized to 1 [%i = Cell Count in Bini =Total Cell Count;
%* = %i =maxð%i Þ ]. (Scale bar: 200 μm.) (D) hESC-derived cube NTM on MEA, extending processes with representative action potentials recorded from
spontaneously firing. (Scale bar: 200 μm.) (E) Average spike and burst rate during recording of spontaneous activity at D10. (F) Representative electrode
recording for NTMs firing in different conditions (Top to Bottom): spontaneous, D-AP5, spontaneous post-washout, GABA, and bicuculline. (G) Fold change of
average firing rates across active electrodes ðlog½FRpost =FRpre Þ for 6 samples between post and pre states corresponding to either addition of drug or washes
(AP5:SP → firing rate after adding D-AP5 with respect to the spontaneous firing rate; SPpw:AP5 → firing rate after washout with respect to the firing rate
during the presence of D-AP5; GABA:SPpw → firing rate after adding GABA, with respect to the firing rate post washout; BICU:GABA → firing rate after
washing out GABA and adding bicuculline, with respect to firing rate during the presence of GABA) (n = 6; *P < 0.05, t test). Effect of drugs on bursting was
evaluated for the recorded bursts through (H) burst duration and (I) spike frequency within each burst.
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Optogenetic mESC line ChR2H134R-HBG3 Hb9-GFP (27), generously gifted by
Prof. Roger Kamm from Massachusetts Institute of Technology (Cambridge, MA),
and hESCs (H9) (WiCell, WA09) were cultured and differentiated following
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established protocols (44, 45). Molds were fabricated using a 3D printed using a
SLA Asiga Pico 2 (Asiga) and following standard protocols provided by the
company, and were sterilized through a sequential bath of bleach, IPA, and PBS,
prior to UV illumination. Tissue mimic seeding was performed by embedding
dissociated EBs in a mixture of fibrinogen, thrombin, and Matrigel (Corning).
Electrophysiological studies were performed using functionalized 60-electrode
chip using a MEA 2100-Lite Amplifier (Multi Channel Systems MCS) for recording
and a laser diode with an integrated driver set at 450 nm (Doric Lenses) for
stimulation. Further details of our experimental methods can be found in
SI Appendix.

ENGINEERING

overcoming geometrical limitations of the spherical EB, which at
many times restricts experimental design and applications. By providing this reproducible protocol to obtain dense and modular
neuronal tissue models, development of platforms to assess neural
function in 3D can be advanced, since electrophysiological activity
and connectivity that extended across the NTM were demonstrated.
Finally, we validated our protocol with human stem cell-derived
neurons to achieve these functional NTMs. These findings could be
enhanced by expanding control of the biofabrication protocol to include higher precision of neuronal population ratios as well as patterning these populations in 3 dimensions in order to achieve
phenotype-specific spatial arrangements and functionality as
found in in vivo tissues. The ability to recapitulate neural morphology, both internally and externally, could improve translational applicability as well as present a better model for the study of
emergence of neurological phenomena. Overall, these NTMs
can have profound applications in drug discovery and screening,
as biomedical neural implants, and use in biological robotics and
engineering applications.

