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, o . . o 1. Introduction
Controlling cellular organization in hydrogels is of great interest in tissue

engineering and regenerative medicine. In the body, cell organization is Hydrogels have been utilized ~exten-
regulated by aligned extracellular matrices, such as collagen fibers. However, sively in many biomedical applications,

; A . such as in 3D cell culturel'*l and tissue
generating patterned extracellular matrix fibers in hydrogels, such as

; : ) . . . engineering.[*®! Despite their biomimetic
microfabricated gels, is not easily accomplished. Here, filamented-light properties, hydrogels exhibit limitations

(FLight)—based 3D microfabrication is used to fabricate microgels with precise as injectable materials for cell delivery,
internal architecture to direct cellular organization. It is demonstrated that primarily due to their nanoporosity, which
fibrillated rod-shaped microgels encapsulating C2C12 muscle cells promote restricts diffusion and hinders effective

tissue infiltration and vascular ingrowth.
Thus, microfabricated hydrogels have been
increasingly used for tissue engineering

highly aligned myotube formation, offering potential as mini-injectable muscle
tissues for minimally invasive muscle loss therapies. Furthermore,

photoreceptor cells encapsulated in rod-shaped microgels generated as they can be made to have higher sur-
structures that mimicked the outer retina. Moreover, these microgels can be face area-to-volume ratios to enhance cell
used as injectable scaffolds, both in vitro and in vivo, where they facilitate infiltration and vascular formation after im-

plantation compared to bulk counterparts.
In the body, cells reside in a complex
niche that regulates their functions. For ex-
ample, cellular alignment, which is cru-
cial in various tissues like the heart,

angiogenesis when conjugated with QK peptide. Overall, this technique can
be used to generate microgels with precise internal architecture thus
providing a potentially significant tool for engineering tissue-like structures.
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muscle, and nerve,”! is regulated by extracellular matrix (ECM)
fibers. In 2D culture substrates, cells can be induced to align
using microarchitectural control, mechanical stimulation, or
aligned ECM.I'%!1] Control of cellular arrangement in 3D hydro-
gels is often not well structured due to the isotropic environ-
ment for cells. Some control on dictating cellular behavior can
be achieved by utilizing microfabricated hydrogels such as mi-
crogels, in which cells tend to align within microgels by pulling
on their surroundings.l'?l However, in these cases the nanofi-
brous polymers are often randomly oriented with no inherent
anisotropic properties.!*3]

Material anisotropic properties in hydrogels can be generated
by aligning polymer networks inside the hydrogels."l Conven-
tional approaches such as strain-induced cellular alignment,[1>-1¢]
fiber-reinforced cellular alignment,!'”! utilization of anisotropic
gel, 181 and other external stimulation-driven approaches(!® have
been used to direct cellular response in a 3D environment. How-
ever, such methodologies are complex and not scalable. Shape-
induced anisotropy in microgels can be achieved using microflu-
idics, however the control of such alignment is limited.!20?!] Re-
cently, microgel-based granular hydrogels have garnered signif-
icant attention for their potential in tissue repair and regenera-
tion applications.[?223] The majority of microgels have been syn-
thesized using techniques such as microfluidics,[?%! emulsion
processes,1?l and fragmentation methods.[?’! However, these ap-
proaches have notable limitations, particularly in their inability
to control or influence the internal architecture of the microgels.
In this study, we aim to overcome these challenges by utilizing
Filamented Light (FLight) biofabrication, a novel technique that
enables the precise organization of cellular alignment within the
microgels.

Recently deep vat photopolymerization (DVP) 3D printing ap-
proaches have gained much attention in 3D biofabrication. DVP
techniques such as volumetric bioprinting(?#2°! have allowed re-
searchers to create complex millimeter-scale tissue architectures
within a fraction of a seconds with uncompromised cellular via-
bility. Similarly, FLight biofabrication has been shown to gener-
ate millimeter-scale anisotropic hydrogel constructs that can pro-
vide filamentous niches to control cellular arrangement.[30-32] Al-
though these techniques have gone a long way in resolving many
issues associated with light-based biofabrication techniques, they
often are designed for macroscale constructs with their minimal
utilization for fabricating microgels. Although some recent re-
search have explored the potential of light-based biofabrication
at the microscale,**] the technique was unable to generate mi-
croparticles with anisotropies. Considering the need to direct cel-
lular response in microgels and to incorporate various designs
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of modular scaffolds, here, we aim to use the FLight microfabri-
cation technique to fabricate nonspherical microgels with inter-
nal anisotropy. The study demonstrates that FLight can be used
to make anisotropic microgels. Our newly developed system can
engineer anisotropic microgels with precise cellular organization
inside the microgel and their assemblies at microscales that can
be used for diverse tissue engineering applications. We believe
the developed fabrication modality can be utilized as a new ap-
proach for microgel synthesis and their unique assemblies.

2. Results and Discussion

Microgels were fabricated using gelatin methacryloyl (GelMA,
degree of methacrylation 75%)/polyethylene glycol diacrylate
(PEGDA, Mn 750 Da) based photoactive resins wherein the frac-
tion of two components were varied to prepare gels of different
stiffnesses. We used a customized 2D projector system to focus
collimated light beam of designed geometries using a digital mi-
cromirror device (DMD) onto a photoactive resin. The concept is
based on the OMI of the uniform light beam as it passes through
a nonlinear medium, breaking it into microfilaments.[*? This
can result in macroscale constructs that are highly filamentous
and can be utilized to control cellular arrangements in 3D. We
hypothesized that such behavior of light could be used in mak-
ing internal fibrillation in microgels (Scheme 1).

Initially, we demonstrated the ability of our approach to fabri-
cate microgels of varying chemistries, shapes, and sizes ranging
from 300 to 900 pm with a range of photoresin formulations, as
shown in Figure 1Ai-iii. Different photoresins were utilized com-
posed of GelMA (7.5% w/v, G7.5) or GeIMA blended with vary-
ing concentrations of PEGDA (P2.5G7.5, P5G7.5, where num-
bers represent w/v concentration of each polymer). We demon-
strated that these formulations have mechanical properties that
ranged from 10-50 kPa (Figure 1B,C), allowing us to target tis-
sues of varying stiffnesses. Moreover, we confirmed that these
microgels were injectable, envisioning their applications for min-
imally invasive therapeutics (Figure 1D; Figure S1, Supporting
Information).

We subsequently investigated the degree and pattern of fibrilla-
tion in microgels synthesized from various pre-polymer concen-
trations (Figures S2 and S3, Supporting Information). Our ob-
servations revealed that microgels with a low aspect ratio (shapes
such as square, star, and triangle) lacked filamentous structures,
while those with a high aspect ratio, such as rod-shaped micro-
gels, exhibited an internal fibrillated architecture. This could be
probably due to the depth of penetration of light in photoresins,
with deeper penetration enhancing the waveguiding effects (as
observed in the case of high aspect ratio microgels such as rods)
whereas the phenomenon could be greatly suppressed when the
penetration depth was lesser (as in the case with flattened micro-
gels such as squares, triangles, and any other 2D shapes). Cross-
sectional analyses of the higher aspect ratio microgels revealed
a dotted grid-like arrangement of filaments, with microchannels
interspersed throughout. Conversely, the microgels with lower
aspect ratios displayed a smooth architecture, indicating the ab-
sence of fibrillation (Figure S3, Supporting Information). We also
collected additional Z-stack images to analyze the filament ar-
rangement within microgels of high aspect ratios fabricated us-
ing different pre-polymer compositions, to analyze the role of
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Scheme 1. FLight-based fabrication of microgels with fibrillar architecture. A) Bioink composed of varying concentrations of GelMA/PEGDA as a pre-
cursor can be used to fabricate microgels. B) The customized DMD setup can selectively fabricate microgels of different shapes with or without fibrillar
architecture based on optical modulation instability (OMI). C) Fibrillation of microgels can control cellular arrangement in 3D.

polymer composition in controlling fibrillation. All formulations
displayed an internal filamentous architecture with interspersed
microchannels. Notably, reducing the PEGDA concentration re-
sulted in an increase in both the diameter of the filaments and the
size of the corresponding microchannels (Figure S4, Supporting
Information).

Cellular arrangement is an important factor that can mod-
ulate tissue functionality.?*35] We demonstrated the capability
of our biofabricated microgels to influence cellular alignment
(Figure 2A; Figure S5, Supporting Information). We hypothe-
sized that the internal fibrillation in elongated geometries, such
as rods, offers directional cues for cell alignment, while the ab-
sence of fibrillation in low aspect ratio geometries, like square
modules, leads to random organization of cells. We fabricated
microgels encapsulating human dermal fibroblasts (HDFs) with
varying aspect ratios—rods representing high aspect ratio ge-
ometries (~ 500 um) and squares representing low aspect ratio
geometries (~ 500 pum) to assess cellular arrangement over time.
Live/dead staining results (Figure 2B) showed that cells remained
viable within both rod and square microgels. However, the or-
ganization of the cells differed between the two microgel types.
Cells within rod-shaped microgels exhibited alignment over five
days (Figure 2Bi), while those in square-shaped microgels main-
tained a random orientation (Figure 2Bii). The Alamar Blue as-
say conducted over five days indicated a significant increase in
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metabolic activity (““p < 0.0001) (Figure 2C), confirming the
absence of toxicity from the bioink formulation and light expo-
sure during fabrication. Importantly, the observed cellular align-
ment was attributed solely to internal fibrillation, rather than the
external architecture of the microgels (Figure S6, Supporting In-
formation). High-resolution confocal imaging of the cytoskeleton
further illustrated the ability of our fabricated micro-units to reg-
ulate cellular arrangement at the microscale (Figure 2D; Figure
S7, Supporting Information). Thus, our findings support the hy-
pothesis that the newly developed microgel system is not only
anisotropic in shape but also features an internal architecture
that can be tailored to modulate cellular arrangements in various
configurations.

Next, we tested the utility of FLight-based microgels in fabri-
cating anisotropic tissues like muscle.**%”] Although microgels
have been researched recently as injectable cell carriers for the
treatment of volumetric muscle loss,*®3% the isotropic nature
of such systems restricts their potential for efficient cell-based
therapies. Given that our FLight microgels with fibrillation can
provide directional cues, we envisioned their use as cell-laden
injectable microfillers in regenerative medicine (Figure 3A).
We fabricated rod-shaped microgels ~300 um in diameter and
assessed their potential to align muscle cells. As demonstrated
(Figure 3B), there was no observed impact on cell metabolic
activity following injection. Cells demonstrated an increase in

© 2025 Wiley-VCH GmbH
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Figure 1. FLight-based fabrication of microgels. A) Different microgel shapes were fabricated using different hydrogel compositions. (i) GelMA 7.5%,
(if) PEGDA2.5% | GelMA 7.5%, (iii) PEGDA 5% | GelMA7.5%. B) Frequency sweep analysis of different hydrogel compositions demonstrating different
storage moduli. C) Stiffness of different hydrogel compositions. D) Injectability of fabricated microgels through a 21G needle. Scale bars: 500 pm,

% p < 0.0001.

metabolic activity over 7 days (“**p < 0.0001), with no significant
differences noted before and after injection. Live/dead staining
confirmed that cells remained viable and aligned throughout
5 days of culture (Figure 3Ci,ii; Figure S8, Supporting Infor-
mation), with no visible effects of injection on cell viability or
organization. Cytoskeleton staining (Figure 3Di,ii; Figure S8,
Supporting Information) indicated that cells began to align
by day 1 and populated the microgels over 5 days, with fused
cytoskeleton structures observed at day 5. We did not detect
any adverse effects of injection on the arrangement of the
cytoskeleton (Figure 3Di,ii; Figure S9, Supporting Information).

Moreover, the advantages of FLight microgels were high-
lighted by their ability to support muscle maturation. Following
cell fusion observed in cytoskeleton staining, cells were cultured
for another 7 days in induction media, to induce muscle forma-
tion and maturation. To confirm the commitment of cells toward
myogenesis, Desmin staining was conducted, specifically 4 days
post-induction in differentiation media (early time point). The re-
sults revealed a significant number of cells that tested positive for
Desmin, indicating their differentiation toward the muscle lin-
eage (Figure S10, Supporting Information). By day 7 following
induction, FLight microgels exhibited remarkable effectiveness
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in promoting cell differentiation, leading to the development of
highly aligned myotubes within the microgel (Figure 3E; Figure
S11, Supporting Information). In contrast, cultures maintained
in 2D environments showed significantly less successful differ-
entiation, largely due to their inability to facilitate the directional
growth of the cells.

Further quantitative analysis of myotube parameters—such as
their length and width, as depicted in Figure 3F—reinforced the
superior capability of FLight microgels in fostering positive cel-
lular responses. These findings underscore the importance of
the 3D architecture provided by the microgels, which effectively
mimics the natural extracellular environment. This environment
is essential for supporting the complex interactions and align-
ment that drive optimal muscle cell development, ultimately en-
hancing the functionality and maturity of the engineered muscle
tissue.

To assess the effectiveness of FLight-based biofabrication in
replicating the intricate cellular structures typically found in
tissues such as the retina, we fabricated a Janus-type assembly
(Figure 4A), wherein photoreceptors (PRs) loaded fibrillated
microrods were biofabricated on top of GelMA membranes that
contained a confluent monolayer of retinal pigment epithelial

© 2025 Wiley-VCH GmbH

85U8017 SUOWIWIOD A0 3|cedljdde aup Aq peusenob ae ssjoiie YO ‘8sn Jo Sa|nu oy Ariqi]8UIIUO 8|1 UO (SUOTPUOD-pUe-SLLIBYLI0D A3 | 1M ARe1q 1 eU1|UO//:SANY) SUORIPUOD pue Swie | 8L 88S *[6202/90/60] Uo A%eiqiauliuo (1M ‘uopuoafe|jod AseAIUN AQ T92005202 1IWS/Z00T OT/I0P/W00" A8 1M ARe.d 1 jpuljuo//Sdny wouy pepeo|umoq ‘0 ‘6Z89ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED. Sl

www.advancedsciencenews.com www.small-journal.com

(A)

Aligned orientation

(B) (i) Rods
Dead

Day 3 Day 1

Day 5

Cytoskeleton arrangement

€ .. (D)

= Rods
B Squares
204
2
<
=4 e
o l J
5 1.5
® e
[}
o
S 1.0
Q
=
[*]
7
Fel
< 0.5+
0.0 200 pm
Day1 Day3 Day7 200 Hm

Figure 2. Biofabricated microgels can impact the cellular organization by controlling OMI. A) Schematic representation demonstrating how OMI can
be modulated to control cellular arrangement in microgels of different shapes by controllmg internal architecture. B) Live-dead staining showed high
cellular viability of HDF cells over 5 days with (i) microrods providing an elongated cellular arrangement due to their fibrillar architectures inside the
microgels, whereas (ii) cells organized randomly in square-shaped microgels. C) Presto blue assay demonstrating cellular growth in both shapes over
7 days. D) High-magnification staining for cytoskeleton (Phalloidin staining) demonstrating how internal structures can impact cellular arrangement in
microgels. Scale bars: 200 um, ***p < 0.0001.
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Figure 3. Fibrillated rods can provide guided cellular growth. A) Schematic illustration demonstrating the possible application of fibrillated microgels for
cell-based therapeutics, wherein microgels can help in a cellular organization that can be utilized as fillers for the treatment of muscle loss. B) Metabolic
activity of C2C12 cells encapsulated in microgels before and post-injection. No significant difference was observed in metabolic activity post-injection.
C) Live/dead staining demonstrating high cellular viability and cell alignment during 5 days of culture. (i) Before injection, (ii) After injection. No impact
on cellular viability nor cellular alignment was observed post-injection. D) Phalloidin/DAPI staining showing the alignment of the cytoskeleton on
microgels. (i) Before injection, (ii) After injection. No impact on cellular alignment was observed post-injection (Scale bar: 200 um). E) Microgels stained
positive for Myosin after 7 days of culture in differentiation media (Scale bar: 100 um). Prior to switching to differentiation media, the microgels were
cultured in growth media for 7 days, followed by an additional 7 days of induction. While cells in 2D cultures exhibited some capacity for differentiation,
their effectiveness was notably inferior compared to the 3D culture in FLight microgels (Scale bar: 200 um). F) Quantitative assessments of myotube
length and thickness. “*p < 0.0001.
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Figure 4. Janus-type modular assembly mimicking physiology of retina. A) Schematic representation showing fabrication of Janus-type units with the
capacity to control cellular arrangements. Epithelial monolayer (RPEs) surrounding the pillar of Janus Assembly loaded with photoreceptors (PRs) can
mimic the physiology of cellular arrangement in the retina. B) Microscopic observation of Janus Type assembly showing fibrillated pillars biofabricated

IF staining demonstrating cells positive for ZO-1 (Red: ZO-1, Blue: Nuclei, Green: Phalloidin; Scale bars: 100 um) and recoverin (Red: Recoverin, Blue:

Nuclei, Scale bars: 200 um) respectively in base and pillars of Janus Assembly.

(RPE) cells. These assemblies can replicate the retinal structure,
with such cellular arrangements being crucial for ensuring
proper functionality.**] Microscopic analysis of the Janus-type
assembly (Figure 4B) reveals filamentous microrods biofabri-
cated atop GelMA membranes. To delineate distinct cell-laden
regions within the Janus-type assembly, cells were labeled with
green and red fluorescence trackers (Figure 4Ci). Initially, RPE-
seeded GelMA membranes were observed for 14 days to verify
the formation of a viable monolayer of RPEs (Figure S12, Sup-
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porting Information). Subsequently, the RPEs were cultured for
an additional 7 days to promote the maturation of the established
monolayer. Following this maturation period, photoreceptor-
loaded fibrillated rods were biofabricated on top of the GelMA
membranes containing the matured RPE monolayer. Observa-
tion of the microrods indicated that PRs could align and sustain
high viability over a 7-day culture period (Figure S13, Supporting
Information). Immunofluorescence staining on day 7 further
demonstrated that encapsulated PRs retained expression of
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Recoverin, a phototransduction-related protein (Figure 4Cii). Ad-
ditionally, base-level microscopic analysis revealed a monolayer
of RPEs with tight junction formation, as evidenced by im-
munofluorescence staining for ZO-1 (Figure 4Ciii). These Janus-
type microtissue constructs have potential applications in tissue
engineering and regenerative medicine. Specifically, the fabri-
cated retina-mimicking assembly could be employed in the treat-
ment of age-related macular degeneration, with PR-loaded as-
semblies and supportive RPEs potentially serving as implantable
microtissues.

We further explored the adaptability of our fabrication sys-
tem by configuring these modules into various setups to recre-
ate microtissue-like assemblies. In the body, tissues typically pos-
sess a well-organized vascular pattern essential for their func-
tion and development. While many studies have shown that co-
culture models can accelerate the anastomosis process, most
have struggled to control or pattern these cellular arrangements
effectively.[*1*2] Moreover, these studies did not consider that tis-
sues are a collation of micromodules connected through a well-
organized vasculature. To illustrate this, we created a modu-
lar microgel sheet featuring an array of microsquares intercon-
nected by perfusable microchannels (Supplementary Video V1).
As demonstrated (Figure S14A, Supporting Information), we hy-
pothesized that these microchannel-embedded sheets could be
used to culture human donor-derived endothelial cells selectively
within the channels. This would result in scaffolds with pat-
terned, well-organized vascular networks around the micromod-
ules, suitable for housing tissue-specific cells. Figure S14Bi,ii
presents both the macroscopic and microscopic views of the
micro-modular assembly, highlighting the connection of mi-
crosquares and the presence of microchannels. We investigated
the potential of these micro-modular units for creating patterned
cellular arrangements. Endothelial cells derived from induced
pluripotent stem cells (iECs) seeded onto the micro-modular scaf-
folds, as shown in Figure S14Ci,ii demonstrated their ability to
confine themselves to the channels. By day 7, these cells formed a
well-defined patterned architecture with high viability and signif-
icant expression of the canonical vascular endothelial cell marker
CD31/PECAM-1 (Platelet Endothelial Cell Adhesion Molecule-
1). These micro-modular hydrogel sheets effectively replicate the
arrangement of micro-units connected by vasculature, akin to the
structure found in native tissues.

Next, we assessed the capacity of microgels to support host tis-
sue growth and vascularization when employed as injectable ma-
terials. To demonstrate this, we utilized microgel assemblies, re-
ferred to as microporous scaffolds (MAPs), which exhibited dis-
tinct in vitro and in vivo cellular infiltration patterns that were
influenced by the geometry of the microgels. In vitro, we an-
nealed square- and rod-shaped microgels into MAPs and eval-
uated the impact of microgel shape on cellular infiltration. While
MAPs made from square and rod-shaped microgels exhibited
similar overall porosity, their internal 2D architecture differed,
with square-based MAPs displaying a higher degree of pore
interconnectivity compared to rod-based MAPs (Figure 5Aiii).
Mechanical property analysis revealed significant differences in
storage modulus (G’) between the two MAP types ("p < 0.05)
(Figure 5A-iii; Figure S15, Supporting Information). This varia-
tion in pore structure and mechanical stiffness influences cellu-
lar infiltration. To test this hypothesis, human dermal fibroblasts

Small 2025, 2500261

2500261 (8 of 14)

www.small-journal.com

(HDFs) were cultured on the MAPs, and cell growth and infiltra-
tion were monitored for 5 days. Cell confluence increased on both
MAP types from day 1 to day 5, with cells infiltrating the pores
(Figure 5Bi,ii). Volumetric Z-stack images confirmed that cells
began infiltrating both MAPs from day 1, with peak infiltration
observed by day 5 (Figure S16, Supporting Information). How-
ever, the depth of infiltration was shape-dependent, with signifi-
cantly greater infiltration occurring in square-based MAPs com-
pared to rod-based ones ("p < 0.0001) (Figure 5C,D). Overall,
we demonstrated that regardless of the particle shape, both types
of assemblies enabled efficient cell growth and infiltration, owing
to their porous architecture. These findings are crucial for under-
standing the potential of such injectable assemblies to support
cellular infiltration, highlighting their advantage over traditional
bulk hydrogels.

Further, we conducted subcutaneous implantation of square-
and rod-shaped microgel plugs in a mouse model. To en-
hance the therapeutic potential of the microgels, they were
loaded with QK peptide, an angiogenic factor known to promote
angiogenesis.[*>*!] The study involved four experimental groups
(Figure 6A): Rods and Squares, each with and without QK peptide
(200 uL of each microgel plug), where QK- represents microgels
without peptide and QK+ denotes those loaded with the angio-
genic peptide (500 ug mL~! of microgel). Histological analysis
at 14 days post-injection revealed that both microgel plugs facil-
itated cellular infiltration and neo-vascularization at the implan-
tation site due to their microporous architecture (Figure 6Bi-iv).
Notably, peptide-loaded microgels exhibited a more pronounced
effects, with square-shaped microgels showing a significantly
greater degree of infiltration and neo-vessel formation compared
to rod-shaped microgels (“p < 0.01) (Figure 6B,C). This finding
aligns with our in vitro results, suggesting that microgels allowed
cellular infiltration because of an interconnected pore network.
Also, the results can infer the importance of pore interconnec-
tivity in governing the phenomenon of cellular migration, giving
our technique an edge to fabricate microgels of unique shapes
and sizes. While the internal architectures can well control the
arrangement of the loaded cells, external structures can provide
a diverse range of porosities, thus allowing us to control cellular
response to a greater extent.

Immunofluorescence staining for CD31, a marker for en-
dothelial cells, was performed to assess new vessel formation.
The CD31-stained tissue sections (Figure 6Di-iv) indicated that
peptide-loaded microgels stimulated greater vessel formation
compared to non-peptide-loaded microgels, with squares show-
ing superior vascularization compared to rods. This underscores
the significant role of microgel shape in promoting neo-tissue
growth and vascularization. Quantitative analysis of new vessel
formation and CD31* cell counts further supported these ob-
servations, showing significantly enhanced neo-vascularization
in peptide-loaded microgels (Figure 6E,F; “p < 0.05) and notably
more in square-shaped microgels compared to rod-shaped ones
(Figure 6E,F; “p < 0.0002 for neo-vessels and ™*p < 0.0001 for
CD31+ cells).

Overall, our study demonstrates that microgels can effectively
support tissue regeneration and neo-vascularization, with micro-
gel shape playing a crucial role in their performance. By mod-
ifying the shape of microgels, the scaffold’s ability to promote
tissue growth and vascularization can be optimized, allowing for
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Figure 5. Anisotropic MAPs can be fabricated using nonspherical microgels. A) (i-iii) MAP composed of rods and squares showing different internal ar-
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tailored responses depending on the specific tissue and extent of
new tissue formation required.

3. Conclusion

We developed a FLight-based microfabrication technique for cre-
ating anisotropic microgels that can effectively influence cellu-
lar behavior. By tuning the OMI of light during its interaction
with hydrogels, we demonstrated that we can modify the inter-
nal structure of these microgels. This innovative approach allows
for the design of microgels with tailored internal architectures
that can steer a cellular organization in 3D space. Our research
illustrates how this precise control over cellular behavior can ad-
dress the complexities found in various tissues, including mus-
cle and retinal tissues. The injectability of these microgels, com-
bined with their ability to regulate cellular arrangement, posi-
tions them as promising tools for regenerative medicine appli-
cations. In essence, this microfabrication method paves the way
for the development of modular tissue engineering platforms. By
enabling the production of anisotropic microgels, our approach
holds significant potential for advancing regenerative therapies.
These tailored microgels could lead to more effective treatments
by providing an environment that closely mimics the native tis-
sue architecture and functionality, ultimately enhancing tissue
repair and regeneration. By tailoring the polymer compositions
and minimizing light scattering for photo resins loaded with high
cell density/organoids,*! the technique can be further employed
to generate microgels with high cellular densities, further explor-
ing its potential to develop complex micro-niches mimicking in
vivo physiologies.

4. Experimental Section

Synthesis of GelMA: GelMA was synthesized as reported
previously.[“6#”] Briefly, 10 gm of Gelatin Type A (Sigma-Aldrich)
was dissolved in carbonate buffer (pH: 9.0) at 40 °C under constant
magnetic stirring. Following complete dissolution after 2 h, methacrylic
anhydride (1 mL, Sigma-Aldrich) was added gradually, and the reaction
was allowed to proceed for 4 h. The reaction was terminated by adjusting
the pH to 7.0, and the solution underwent dialysis for 3 days using a
14 kDa dialysis membrane, with water changes occurring every 12 h.
Subsequently, the solution was lyophilized for 2 days to yield GelMA
flakes, which were stored at —20 °C for future applications. The degree
of functionalization (DoF) was quantified using a Ninhydrin assay.[*®]
(Figure S17, Supporting Information).

Preparation of Photoresins: Photoresins were formulated using either
pure GelMA (7.5% w/v) or by blending GelMA with varying concentrations
of PEGDA (Mn 750 Da, Sigma—Aldrich). Specifically, GelMA, PEGDA, and
0.1% Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, Sigma-—
Aldrich) were dissolved in PBS at 40 °C for 30 min to achieve a homo-
geneous solution. Three distinct types of photoresins were prepared for
the fabrication of microgels: GelMA at 7.5% w/v; GelMA at 7.5% w/v com-
bined with PEGDA at 2.5% w/v (denoted as P2.5G7.5); and GelMA at 7.5%
w/v combined with PEGDA at 5% w/v (denoted as P5G7.5).

FLight Based Fabrication of Microgels: Microgels were fabricated using
a FLight setup that transmitted 405 nm light from an LED to a Texas In-
struments DMD (Light Crafter 4500), illuminating a cubic vial (5T mm X
51 mm) filled with photoactive resins using various geometrical light pat-
terns, achieving a maximum irradiance of 20-25 mW cm~2 at the image
plane. Different microgel shapes were designed using a greyscale format,
where each shape corresponds to 100% light intensity. The designed im-
ages were converted to |PEG format for projection. The photoactive resins
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were poured into cubic vials and maintained at 4 °C to allow thermal gela-
tion, after which they were placed on the print platform where the projector
selectively cross-linked the resin at specific locations, forming distinct mi-
crogel shapes. This thermal gelation facilitated high OMI, enabling the for-
mation of fibrillated structures. After 50 s of exposure, the cubic vials were
stored at 37 °C to reverse thermal gelation and to remove uncross-linked
photoactive resin, with microgels collected using a 100 um cell strainer
for subsequent processing. For fabrication with cells (1.5 million mL~" of
photoresin), all protocols were conducted in a sterile environment, and
the photoresin was mixed with cells prior to being placed in the cubic vial.
A 7.5% GelMA-based bioink was employed for all cell-related experiments.

Rheological Evaluation of Photo Resins:  For rheological analysis, pho-
toresin discs (8 mm diameter, 1 mm thickness) were fabricated using
FLight. Rheological properties were evaluated using frequency sweep anal-
ysis between 0.1 to 10 Hz at 1 mm plate gapping using MCR Anton Paar.
G’ values were utilized for stiffness calculations.

Injectability Evaluation: To assess the injectability of the microgels, mi-
crogels measuring ~500 pum were fabricated and collected using a cell
strainer. The collected microgels were then transferred into a 5 mL syringe
and injected through a 21G blunt nozzle. To visualize the microgels within
the channel, transparent 21G glass channels were employed, and images
were captured using a fluorescent microscope (Keyence Inverted Fluores-
cence Microscope, Trinocular, Halogen Light).

Fabrication of MAPs: For fabrication of MAPs, collected microgels
(rods and squares) were resuspended in 0.1% LAP solution, centrifuged
at 10 000 rpm for packing, and placed in Polydimethylsiloxane (PDMS)
molds (2 mm thick, 8 mm diameter). They were further stabilized by ex-
posure to 405 nm light, and the fabricated MAP discs were then utilized
for cell seeding. All procedures were performed in a sterile environment.
Rhodamine solution (0.01%) was used for microgel fabrication for their
easy observation under a confocal microscope.

MAP Characterization: MAP discs were synthesized to evaluate the
stiffness of MAPs composed of rods and squares, as stated above. Rheo-
logical properties were evaluated using frequency sweep analysis between
0.1 to 10 Hz at T mm plate gapping using an MCR Anton Paar Plate
rheometer. G’ values were utilized for stiffness calculations. For porosity
calculation, 2D slices from z-stacked images were obtained and the poros-
ity was calculated as reported previously.?%! For cell infiltration in MAPs,
cell-seeded MAPs (microgels tracked with FITC, HDF cells tracked green,
20 000 cells/ MAP disc) were imaged at different time points. 3D images
were used to calculate the depth of penetration. At each time point, at least
3 samples were imaged, and at least 3 independent experiments were per-
formed.

Fabrication of Modular Hydrogel Sheets:  To fabricate modular hydrogel
sheets, a design consisting of microsquares (=500 um) was initially
created in greyscale format. The spacing between adjacent microsquares
was maintained at 200-400 um, resulting in microchannels of similar
dimensions. GelMA photoresins were poured into rectangular vials and
kept at 4 °C to promote physical gelation. The vials were then exposed to
a FLight setup to selectively cross-link the projected micro-areas, yielding
hydrogel sheets. After exposure, the embedded hydrogel sheets were
retrieved by melting the photoresin at 37 °C for 10 min. The resulting
sheets were thoroughly washed with PBS and stored for future use.

For seeding iECs onto modular scaffolds, on Day 11 of the experiment,
iECs were gently added in a drop-wise manner at a density of 100 000 cells
per 10 mL in an iEC differentiation medium. After a 30-min incubation,
the plate was filled with additional differentiation medium. The iECs were
fed every other day, and cell analysis was conducted on Days 3 and 7 post-
seeding. The viability of the iECs was assessed using the LIVE/DEAD Vi-
ability/Cytotoxicity Kit (Thermo Fisher Scientific), which differentiates be-
tween live and dead cells. Live cells were identified by green fluorescence
from Calcein-AM, while red fluorescence from ethidium homodimer-1 in-
dicated cell death.

To characterize the seeded cells, immunostaining was performed. The
iECs were first fixed with 4% paraformaldehyde. After washing with PBS,
the cells were blocked and permeabilized in a PBS/0.1% Triton-X (Bio-
Rad) and donkey serum (Millipore) solution for 1 h at room temperature.
Immunostaining was carried out using antibodies against the endothelial
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marker CD31 (Cell Signaling) at a dilution of 1:100 for 1h at room temper-
ature. Following thorough washing with 0.1% Tween 20 (Thermo Fisher) in
PBS, the cells were incubated with secondary antibodies targeting mouse
(excitation wavelength 647) for 1 h at room temperature. Finally, the cell
nuclei were stained with DAPI.

Fabrication of Janus Assembly: GelMA membranes were initially fabri-
cated using the FLight technique and subsequently seeded with RPEs at a
density of 2700 cells per membrane. These membranes were cultured for
14 days to develop a mature epithelial layer (indicated by green tracking).
After this period, fibrillated microrods were biofabricated atop the previ-
ously constructed GelMA membranes, which contained encapsulated PRs
at a concentration of 1 million cells mL derived from dissociated retinal
organoids. The cell-loaded Janus Assembly was then maintained in cul-
ture and monitored over a span of 7 days.

Cell Culture—HDF and C2C12: HDFs were cultured in Dulbecco’s
Modified Eagle Medium supplemented with GlutaMAX (Gibco), 10% fetal
bovine serum (Gibco), and 1% penicillin-streptomycin (Gibco) at 37 °C
in a humidified atmosphere with 5% CO,. Once the cells reached conflu-
ency, they were trypsinized using TrypLE (Gibco) for use in subsequent
experiments. Similar protocols were employed for C2C12 cells.

Cell Culture—Human IPSCS and IECS Culture: iECs were generously
provided by our collaborator at Cedars-Sinai Biomanufacturing Center. The
iEC differentiation methodology has been previously documented.[*] In
brief, undifferentiated iPSCs, originally reprogrammed from healthy donor
peripheral blood mononuclear cells (PBMCs) were seeded and cultured
in mTeSR+ medium (STEMCELL Technologies) on recombinant human
laminin 521 (BioLamina)-coated plates. The differentiation of iECs from
iPSCs was conducted over three distinct phases. During phase 1, iPSCs
were induced toward mesodermal lineage using CHIR99021 (Xcess Bio)
for a period of 2 days. Subsequently, vascular progenitors were gener-
ated through treatment with a combination of bone morphogenic protein
4 (BMP4; R&D Systems), fibroblast growth factor 2 (FGF2; PeproTech),
and vascular endothelial growth factor (VEGF165; PeproTech) in STEMd-
iffAPEL2 (STEMCELL Technologies) for an additional 2 days during phase
2. Finally, iECs were replated onto recombinant laminin 421 (BioLamina)-
coated plates and cultured in EC growth medium MV2 (ECGM-MV2; Pro-
moCell) supplemented with VEGF165 to facilitate endothelial cell induc-
tion over a period of 7 days, with media changes performed every other
day.

Stem Cells and RPE Differentiation: The differentiation of H9 human
embryonic stem cells (hESCs) into RPE cells and the generation of reti-
nal organoids entail several crucial steps. The hESCs, sourced from Wi-
Cell (Madison), were initially cultured in mTeSR1 medium supplied by
STEMCELL Technologies. Over a period of 12 weeks, these cells underwent
differentiation into RPE cells in the XVIVO 10 medium (Lonza).l’%l The
pigmented RPE-like cells that developed were then enriched through me-
chanical isolation. Following isolation, these cells underwent further pro-
cessing, including dissociation with TrypLE (Life Technologies) and sub-
sequent culture on plates coated with human vitronectin (AMS Biotech-
nology) in XVIVO 10 medium. Cells at passage 3 were then prepared for
additional experiments.[>°l

To generate retinal organoids, hESCs were genetically modified to ex-
press a green fluorescent protein (GFP) tagged CRX gene, a generous
contribution from Majlinda Lako at Newcastle University, UK. The CRX-
GFP cells, derived from H9 (NIH 0043), were cultured at the University
of Southern California (USC, Los Angeles, CA) under a material transfer
agreement with the University of Newcastle’s Biosciences Institute. The
CRX gene encodes the cone-rod homeobox protein, specifically expressed
in photoreceptor cells. The CRX-GFP H9 cells were maintained in mTeSR1
medium (STEMCELL Technologies) and passaged at 80% confluency us-
ing ReLeSR (STEMCELL Technologies). These media and supplements
were selected for their effectiveness in supporting cell growth and differ-
entiation. Cells were expanded on plates coated with BD GFR Matrigel and
incubated in a humidified atmosphere of 95% oxygen, 5% CO,, and 37 °C.

When cultures became confluent, they were dissociated into single cells
using Accutase (Nacalai Inc) to initiate retinal organoid differentiation.
The cells were then transferred to 800-um micro-well EZSPHERE 6-well
plates and centrifuged at 100 g for 3 min, allowing embryoid bodies (EBs)
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to form over the first 7 days. On day 8, the EBs were transferred to cul-
ture dishes coated with 1% growth factor-reduced Matrigel (Corning). The
medium was gradually shifted from mTeSR1 to neural induction media
(NIM) containing DMEM/F12 (1:1) (Gibco), 1% N2 supplement (Gibco),
1x nonessential amino acids (NEAA) (Gibco), 1x L-glutamine (Gibco), and
2 ug mL~" heparin (Sigma—Aldrich), with daily media changes. These for-
mulations were selected for their capacity to induce neural differentiation.
The EBs adhered and began differentiating into eye field structures. From
days 19 to 41, the media was switched to NIM supplemented with 2%
B27 supplement (minus vitamin A, Gibco), 1x NEAA, 1x L-glutamine, and
2 mg mL™" heparin (Sigma). These supplements were chosen to enhance
cell survival and growth. Between days 40 and 50, retinal eye fields were
manually dissected from the dish and transferred to ultralow attachment
24-well plates (Corning). From day 42 onward, the organoids were cultured
in DMEM/F12 (1:1) with 10% FBS, supplemented with 2% B27 Plus Sup-
plement (Gibco), 1x NEAA, 1x L-glutamine, 2 ug/ml heparin, and 100 uM
taurine (Sigma).

Dissociation of Retinal Organoids: To dissociate the retinal organoids,
advanced equipment and techniques were utilized. A papain solution
(10 mg mL~") was prepared by diluting 1:100 in an activation buffer and
incubated in an open tube in a cell culture incubator set to 7% CO, for
30 min to activate the enzyme. The organoids were collected into a tube
and washed with Hanks’ Balanced Salt Solution (HBSS) prior to digestion.
For dissociation, the organoids were incubated at 37 °C with the activated
papain solution for 15 min, with agitation every two min. The organoids
were then pipetted to resuspend the cell clusters, washed with OC media,
and strained through a 0.4-um cell strainer.

Cell viability, Proliferation, and Cytoskeleton Staining: Cell viability was
assessed using calcein AM (1 pm, Invitrogen) and ethidium homodimer
(1 um, Invitrogen) staining at room temperature for 20 min. Following
staining, the samples were washed with 1X DPBS and visualized using
confocal microscopy (Zeiss LSM 700) at 488 nm for calcein AM (green,
indicating viable cells) and 561 nm for ethidium homodimer (red, indicat-
ing dead cells).

Cell proliferation was quantified using PrestoBlue cell viability reagent
at various time points. Briefly, a working solution of PrestoBlue (Invitro-
gen) was prepared by diluting it 1:10 with complete media according to the
manufacturer’s protocol. The complete media was removed from the sam-
ples, and PrestoBlue solution was added before incubating for 3 h at 37 °C
in a 5% CO, incubator. After incubation, the solution was collected from
each sample, and absorbance was measured at 570 and 600 nm using a
Varioskan Lux plate reader (Thermo Fisher Scientific). The cell proliferation
rate, which was directly proportional to the percentage of dye reduction,
was calculated from the absorbance data and presented as a bar graph
with standard deviations, using triplicate samples for each time point.

Cell morphology was examined through actin staining. At specified time
points, cells were fixed overnight at 4 °C with 4% formaldehyde solution,
then washed with 1X DPBS and treated with 0.1% Triton X-100 for 10 min.
These permeabilized samples were washed three times with 1X DPBS and
blocked with 1% bovine serum albumin for 30 min, followed by additional
washing with 1X DPBS. Alexa Fluor 594 phalloidin (Invitrogen) was then
added for a 30-min incubation at room temperature. The fluorescently
stained microgels were washed with 1X DPBS, and the nuclei were stained
with DAPI (Invitrogen) for 5 min. Finally, the fluorescently stained micro-
gels were imaged using confocal microscopy (Zeiss LSM 700) for the fluo-
rescent channels at 594 nm (cytoskeleton, red) and 405 nm (nuclei, blue).

IF Staining:  For C2C12 staining, microrods loaded with cells were fixed
for 20 min in a 4% paraformaldehyde solution after 4 days of culture in
the differentiation media. This fixation was followed by a 10-min perme-
abilization step using Triton X-100 and a 30-min blocking step with a 1%
BSA solution. The blocked samples were then incubated overnight at 4 °C
with the primary antibody Anti-Desmin [ab15200, Abcam] to assess the
formation of heavy chain myotubes. After overnight incubation, the sam-
ples were treated with a secondary antibody (Goat Anti-rabbit Alexa Fluor
488, Abcam) for 1 h. Following this incubation, the samples were washed
three times with PBS, counterstained with DAPI, and observed under a
confocal microscope. For Myosin Heavy Chain staining (MYHC) similar
protocol was adopted at 7 days post-induction in differentiation media.
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The primary antibody used was anti-myosin (MYH, ab37484, host species
mouse). A secondary antibody was selected based on the primary (Rabbit
anti-mouse, Alexa Fluor 488, Invitrogen).

For staining of CD31, Recoverin, and ZO-1 in modular assemblies, a
similar procedure was followed. The primary antibodies used included
Rabbit polyclonal to CD31 (ab28364, Abcam), Rabbit polyclonal Recoverin
antibody (6a55cd6, Abcam), and ZO-1 Monoclonal Antibody (ZO1-1A12,
Abcam) for CD31, Recoverin, and ZO-1, respectively. The secondary anti-
bodies were selected based on the source of the primary antibodies.

Subcutaneous Implantation:  All surgeries were conducted in an aes-
thetic environment, adhering to standard ethical protocols. Briefly, male
C57BI/6 mice aged 6 months were anesthetized with isoflurane vapors.
The mouse abdomen was sterilized with 70% isopropyl alcohol, and two
200 pL plugs were injected into the abdomen using a 21G syringe and for-
ceps. A total of 4 animals were used for each injection, with two plugs
injected into each animal (left and right cavities), resulting in 8 subcuta-
neous injections per shape across the four animals. Following microgel
plugs were injected: 1. Rod-shaped microgels, 2. Rod-shaped microgels
with QK peptide, 3. Square-shaped microgels, and 4. Square-shaped mi-
crogels with QK peptide. After 2 weeks, the animals were euthanized, and
the tissue plugs were isolated and embedded in OCT for cryosectioning.
Hematoxylin and eosin (H&E) staining was performed on the cryosections
from the isolated plugs to assess tissue infiltration, and sections were also
stained for CD31 to evaluate neovascularization following standard proto-
cols.

Statistical Analysis:  Quantitative variables were evaluated for normal-
ity using statistical tests such as Shapiro-Wilk or Kolmogorov-Smirnov,
along with descriptive statistics and graphical analyses, including QQ
plots. For parametric data, analysis of variance (ANOVA, one-way or two-
way) was conducted, followed by Tukey’s post hoc test to assess differ-
ences between groups and time points in both in vitro and in vivo experi-
ments. Unpaired t-tests were used for comparisons involving two groups.
Nonparametric data were analyzed using the Kruskal-Wallis test to exam-
ine differences between groups and time points. For nonparametric com-
parisons between two groups, the Mann—\Whitney test was applied for un-
paired samples. Statistical significance was set at p < 0.05, with signifi-
cance levels indicated by asterisks (“ p < 0.05, ™ p < 0.01, ™" p < 0.001,
7 p < 0.0001). All statistical analyses were performed using GraphPad
Prism version 9 for Windows.
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