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ABSTRACT
Developing thick three-dimensional (3D) scaffolds remains challenging due to oxygen depletion and limited cell viability. Calcium
peroxide (CaO2)-catalase-based oxygen-releasing biomaterials are a common solution, but the uncontrolled release of oxygen
bubbles often leading to structural damages is rarely discussed. Herein, we present a strategy to control the site of bubble formation
in an oxygen-releasing hydrogel, by applying a catalase nanocoating to its surface. CaO2 undergoes hydrolytic decomposition
with water, generating hydrogen peroxide (H2O2), subsequently converts into O2 and H2O. Because H2O2 can induce cytotoxicity,
direct catalase incorporation into hydrogel systems may accelerate O2 bubble formation, leading in hydrogel collapse within 1 h of
aqueous immersion. In comparison, catalase-coated hydrogels exhibited improved structural stability, showing a 5.9-fold smaller
bubble size than hydrogels with mixed catalase after 24 h in ambient air. Under hypoxic conditions (O2< 0.1%), centimeter-
scale constructs containing catalase-coated hydrogels preserved up to 86% viable human fibroblast cells after 5 days of culture,
compared with only 47% in non-catalase coated hydrogels. Furthermore, the incorporation of catalase-coated hydrogels promoted
cell survival and neurite outgrowth of human neural stem cells cultured in neuronal differentiation conditions under severe
hypoxia. These findings suggest the potential of the proposed strategy for oxygen-supportive tissue engineering applications.
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Introduction

rgan damage and failure are among the leading causes of death
orldwide [1]. Organ transplantation remains one of the most
ffective treatment options but the availability of compatible
onors often fails tomeet the demand. Therefore, tissue engineer-
ng, particularly the fabrication of three-dimensional (3D) tissues
r organs has emerged as a promising alternative for organ and
issue regeneration [2–4]. Cell survival inside these 3D tissue-
ngineered constructs is essential for proliferation, functional
aintenance, and metabolic processes. Nevertheless, several
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edium, provided the original work is properly cited and is not used for commercial purp
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challenges remain in both the pre- and post-fabrication stages
of engineered tissues, including maintaining high cell viability
in thick constructs [5, 6], achieving sufficient cell proliferation
[7], and sustaining adequatemetabolic activitywithin the scaffold
[8]. Numerous studies have demonstrated that constructs thicker
than 100 µm often suffer from limited oxygen and nutrient
diffusion, compromising cellular function [9]. While mild oxygen
deprivation can alter cell behavior, extreme hypoxia can lead to
irreversible damage and cell death. Therefore, supplying oxygen
in a thick tissue constructs, for example through introduction of
vascular network, is essential for maintaining cell viability and
ommercial License, which permits use, distribution and reproduction in any
oses.
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issue function [10]. The initial research in this area relied on
ngiogenesis from the host side to generate a vascular network
n the grafted tissue after transplantation [11]. Although this
pproach can promote vascularization during the initial phase,
omplete formation of a functional network within a 3-mm tis-
ue construction typically requires 1–2 weeks post-implantation.
uring this period, the inner regions of the scaffold remain
xygen-deprived, often leading to extensive cell apoptosis and loss
f viability [12].

eroxide-based compounds are promising agents for localized
xygen generation within tissue-engineered constructs, helping
omeet the oxygen demands of encapsulated cells [13–15]. Among
hese, calcium peroxide (CaO2) is one of the most widely used
aterials [16, 17]. When CaO2 reacts with water, it undergoes
ydrolytic decomposition to produce hydrogen peroxide (H2O2)
hich subsequently breaks down into oxygen and water [18]. The
nteraction between a solid peroxide and an aqueous solution
an occur rapidly, generating an initial burst release of oxygen
nd reactive oxygen species (ROS) which could be deleterious
o cells [19]. To prevent this direct interaction, most studies
ave reported the encapsulation of the solid peroxide within a
ydrophobic polymer matrix such as polycaprolactone (PCL),
olylactic co-glycolic acid (PLGA), or poly(vinyl pyrrolidone)
PVP) [20]. However, these matrices are still limited by poor
ell attachment [21] or risk of cell toxicity [22], restricting their
se in tissue engineering to some extent. Beyond hydrophobic
ncapsulation, the use of Ca2+ ions derived from CaO2 dissoci-
tion as ionic crosslinkers for hydrogel formation has also been
eported [23]. Although this strategy minimizes direct contact
etween CaO2 and its aqueous surroundings, it remains crucial
o enhance the conversion of H2O2 into oxygen. Because H2O2
s cytotoxic, its excessive accumulation can induce oxidative
tress and lead to cell apoptosis [24]. To prevent this, catalase
as been widely applied to catalyzed H2O2 decomposition into
ater and oxygen, thereby promoting sustained oxygen release
hile preserving cell viability [25, 26]. To address this, most
tudies incorporate catalase enzyme using various approaches
ncluding covalent modification of the alginate backbone [27],
ddition in culturemedium [28], or directmixing during hydrogel
ormation [23, 29, 30]. This catalase-mediated oxygen generation
ften induces a rapid burst release, resulting in bubble forma-
ion that is indicative of H2O2 decomposition. However, this
dditional bubble formation may compromise hydrogel integrity,
drawback that remains largely overlooked in the literature.
lthough we previously demonstrated sustained oxygen release
hrough hydroxyapatite (HAp) surface modification of CaO2
articles [31], embedded HAp-CaO2 microparticles in gelatin
ydrogel together with catalase still led to noticeable bubble
ormation, whichmay limit their applicability in fabricating thick
issue scaffolds. Considering these challenges, we emphasize the
mportance ofminimizing direct contact betweenCaO2 andwater
nd mitigating bubble formation during catalase mediated H2O2
ecomposition.

erein, we report the fabrication of an oxygen-releasing hydrogel
hrough the selective interaction between CaO2 and a func-
ionalized biodegradable polymer, further incorporating catalase
ia a nanocoating strategy on the hydrogel surface. Inspired
y previous CaO2-mediated oxygen-releasing hydrogel [23],
long with earlier work on HAp-CaO2 microparticle [31] and
of 25
on the development of a stabilized ionic-crosslinked hydrogel
based on biodegradable poly(γ-glutamic acid) (γ-PGA) conju-
gated with alendronic acid (Aln) and L-phenylalanine (Phe)
resulting in γ-PGA-Aln-Phe [32], we sought to integrate these
concepts into a single system. By exploiting the bisphosphonate
(BP) groups on Aln, known for their strong affinity to HAp
[33], we then designed an oxygen-releasing hydrogel formed
through specific interactions between HAp-coated CaO2 and
Aln moieties, which enabled sustained oxygen generation from
CaO2 decomposition. To enhance binding efficiency and gela-
tion kinetics, nanoscale CaO2 particles were used (Figure 1a).
In parallel, recognizing that catalase plays a critical role in
decomposing ROS [34] yet can induce structural instability
when directly mixed into a hydrogel matrix [35], we devel-
oped a surface nanocoating strategy for catalase immobilization.
Unlike conventional mixing, this localized approach allows
controlled H2O2 decomposition, minimizes bubble formation,
and preserves hydrogel integrity (Figure 1b). The material was
initially assessed for its ability to support cell viability of normal
human dermal fibroblasts (NHDFs) cultured within millimeter-
and centimeter-scale fibrin scaffolds under hypoxic conditions.
Having demonstrated its feasibility as an oxygen-supportive
platform for thick tissue constructs, the system was further
evaluated using human neural stem cells (hNSCs) cultured
under neuronal differentiation conditions, where differentiating
cells become increasingly dependent on oxidative phosphory-
lation for maturation [36–38]. The enhanced cell survival and
increased neurite complexity observed under severe hypoxia
condition in the presence of the catalase-coated hydrogel further
support the potential of the materials as an oxygen-supportive
platform for hNSC neuronal differentiation under deficient
conditions.

This work describes a dual strategy combining selective polymer-
particle interactions and catalase nanocoating to develop a
structurally stable oxygen-releasing hydrogel platform capable of
supporting cell survival under hypoxic conditions. In addition
to its potential application for thick tissue engineering, the
findings from this study may also advance the development of
oxygen-supportive biomaterials capable of sustaining neural stem
cell survival and neuronal differentiation under oxygen-deficient
environments relevant to stroke and ischemic conditions [39].

2 Results and Discussion

2.1 Fabrication and Selective Interaction of
Oxygen-Releasing Hydrogel

CaO2 NPs were successfully prepared via hydrolysis precipita-
tion method, yielding particle size of 150 ± 30 nm confirmed
by scanning electron microscopy (SEM) and X-ray diffraction
(XRD) presenting the characteristic CaO2 reflections (Figure
S1a,b). Bisphosphonate-functionalized γ-PGA polymers (γ-PGA-
Aln) polymers with 10% to 40% [32] (Table S1) and examined for
gelation with CaO2 NPs. Upon mixing a CaO2 dispersion with
polymer solution, gelation occurred within 10 s (Supplementary
Video S1), suggesting strong interactions between CaO2 NPs
and the γ-PGA-Aln polymer. This behavior is likely driven by
Aln’s high affinity for calcium ions and hydroxyapatite [40],
which facilitated gel formation by promoting interactions on
Advanced Materials, 2026
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FIGURE 1 Overview of work. (a) Schematic illustration of the preparation of oxygen-releasing hydrogels composed of γ-PGA-Aln polymer in
phosphate buffer (PB) and dispersed of CaO2 nanoparticles (NPs) in absolute ethanol. Gelation is initiated by vortexing, which promote CaO2 NPs
reaction with PB. This reaction forms a hydroxyapatite (HAp) surface that facilitates the interaction with γ-PGA-Aln, resulting in rapid gel formation.
(b) Schematic representing different catalase incorporation techniques and their effect on the hydrogel structure. (i) A control oxygen-releasing hydrogel
without catalase content. The decomposition of CaO2 NPs generates hydrogen peroxide (H2O2) andO2 within the hydrogel, which can induce toxicity. (ii)
General mixing approach of catalase within the hydrogel. This approach can disrupt the material’s stability and affect its swelling, due to the formation
of additional O2 within the hydrogel. (iii) Catalase coating strategy used in this study. This method allows catalase to localize at the hydrogel’s surface,
which effectively suppresses H2O2 accumulation within the hydrogel and assures the retention of the hydrogel stability over time.
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he NP surface. Additionally, the partial dissociation of CaO2
Ps during mixing may release Ca2+ ions, further reinforcing
ydrogel network formation through ionic crosslinking [23, 41].
ystematic variation of grafting degree and CaO2 NP content
rom 0.5 to 4 wt% revealed that hydrogel formation highly
ensitive to the stoichiometry between the crosslinking sites
Aln) and the crosslinker (CaO2 NPs) (Figure 2a,b). Excessive
rosslinker concentration led to overly rapid aggregation, non-
niform network formation, and resulted in a decrease in the
oung’s modulus (Figure 2c). Therefore, the formulation of 10%
/w γ-PGA-Aln10 with a suspension of 1 wt% CaO2 NPs was
dentified as optimal and used for further studies.

o assess selectivity, γ‑PGA‑Aln10 was compared with other
olysaccharides, divalent cations, and peroxide compounds. As
hown in Table S2, neither polysaccharide formed a uniform
el upon mixing with 1 wt% CaO2 NPs, demonstrating the
isphosphonate groups from Aln are essential for initiating
rosslinking. Unlike previous reports in which CaO2 NPs were
sed as a secondary crosslinker in alginate-based systems [42],
ur strategy involves dissolving the polymer in phosphate buffer,
hich facilitates the formation of HAp on the surface of CaO2
Ps [31]. This in situ HAp formation was hypothesized to be
major interaction for gelation followed by ionic crosslinking
rom released Ca2+. The presence of HAp by XRD analysis of the
ried hydrogel (Figure S2), supporting the HAp-bisphosphonate
inding hypothesis (Figure 1a). The resulting CaO2 NPs-based
ydrogel exhibited superior properties compared to systems
rosslinked with different divalent cations. Comparing between
ommon divalent cations, only the mixture of γ-PGA-Aln10
ith MgCl2 resulted in a uniform, transparent hydrogel without
esidual unreacted polymer (Table S3). This observation aligns
ith findings from Topuz et al. [43]. suggesting that the slower
nteraction kinetics between Mg2+ and polysaccharides allow
or the formation of more homogeneous hydrogel networks.
ritically, at 1min post-gelation, theCaO2 NPs hydrogel displayed
0 times higher in Young’s modulus than the CaCl2-based system
Figure 2d), suggesting that the gelation base on CaO2 NPs
nteraction could reinforce stronger binding within the hydrogel
tructure. While a reduction in Young’s modulus of the oxygen-
eleasing hydrogel over time, likely due to internal oxygen
ubble formation disrupting the gel structure and compromising
echanical integrity. Furthermore, we found that gelation was
ighly dependent on the peroxide type andparticle size.As shown
n Figure 2e, the use of micron-sized CaO2 particles resulted in
markedly longer gelation time and 10-fold lower mechanical
trength than the nanoscale particles. These findings emphasized
hat the nanoscale of CaO2 and specific bisphosphonate-HAp
nteraction are key to achieving rapid and mechanically robust
or fabrication of an oxygen-releasing hydrogel.

.2 Mechanical Optimization and
ime-Dependent Bubble Formation in
xygen-Releasing Hydrogel

he long-term functional stability of oxygen-releasing scaffolds is
hallenged by excessive bubble formation, which several studies
sed as an indicator of oxygen generation [35]. We first optimized
he mechanical properties by comparing hydrogels formed from
0% w/w γ-PGA-Aln10 with varying concentrations of CaO2 NPs
of 25
(0.5, 1, and 2 wt%). Initial compression testing, after 1 min
of fabrication, hydrogel containing 1 wt% CaO2 NPs exhibited
the highest strength of 33 kPa, followed by 30 and 14 kPa of
2 and 0.5 wt% CaO2 NPs (Figure 2f). At longer incubation
times, the Young’s modulus of the oxygen-releasing hydrogel
containing 1 wt% and 2 wt% gradually decreased over time, with
values of 11 and 3 kPa after 24 h incubation. Interestingly, the
hydrogel containing 0.5 wt% CaO2 NPs showed a slight increase
in Young’s modulus after 1 h at room temperature, followed by
a reduction after 24 h of incubation. These results support the
hypothesis that a uniform oxygen-releasing hydrogel depends
on carefully optimized conditions. A low concentration of CaO2
NPs may be insufficient for complete gelation, while a high
concentration may lead to excessive oxygen release. This can
disrupt the hydrogel network and reduce its compressive strength
over time. Since the hydrogel with 1 wt% CaO2 NPs demonstrated
a greater Young’s modulus both initially and after 24 h than the
other conditions, it was selected as the optimal concentration
for the fabrication of oxygen-releasing hydrogels throughout the
remainder of the study.

Accordingly, the effect of oxygen release on the polymer network
over time was further evaluated through observations of the
gel’s macroscopic appearance using phase-contrast images, and
SEM imaging, as shown in Figure 2g. After 24 h, the material
showed visible swelling and surface bubbling, indicating ongoing
oxygen release. Phase-contrast imaging of cross-sections further
revealed the development of larger internal bubbles over time,
suggesting increased oxygen accumulation within the hydrogel.
Similarly, SEM imaging supported these findings. The presence
of CaO2 NPs within the material (indicated by yellow arrows)
was clearly observed immediately after gelation butwas no longer
visible after 24 h, suggesting conversion of the particles. These
observations were confirmed by SEM-EDS analysis (Figure 2h)
where calcium signals were distinctly detected at 1 min post-
gelation but only faintly present after 24 h. The bubbling size and
the pore size within thematrix was then evaluated and calculated
using ImageJ software (Figure 2i). Bubble size obtained from
phase contrast imaging resulted in an average size of 132 µm
initially and 177 µmafter 24 h of incubation, representing a 1.3-fold
increase in bubble size. Similarly, porosity measured from SEM
images also reporteda corresponding increase of 1.4-fold after
24 h, from 0.71 µm to 0.99 µm. The increase in bubble diameter
and pore size within the matrix indicates the success of oxygen
conversion. However, this internal gas formation may disrupt
and affect the compactness of the materials, leading to reduced
material’s stability.

2.3 Influence of Phosphate Buffer and
Conjugation of Hydrophobic Moieties for Long-Term
Structural Stability

Considering the critical role of HAp layer in promoting
bisphosphonate-mediated binding, we further evaluated the gela-
tion ability of the system under different phosphate buffer (PB)
concentrations, specifically comparing 500 mM and 1 M. XRD
and SEM-EDS elemental mapping confirmed that preparation in
1 M PB enhanced HAp formation on the CaO2 NP surface, evi-
denced by a more prominent phosphate peak and characteristic
star-shaped crystalline structures (Figure S3a–d). These results
Advanced Materials, 2026
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FIGURE 2 Formation and characterization of oxygen-releasing hydrogels. Hydrogel construction using γ-PGA-Aln was evaluated under varying
formulation conditions (a–i). (a) Gelation map of γ-PGA-Aln at different Aln grafting degrees and CaO2 NPs concentrations, where red areas indicate
successful gel formation. (b) Representative images of hydrogels under each condition (scale bar = 5 mm). (c) Compressive strength of hydrogels
crosslinked with varying grafting degrees and CaO2 NPs content. (d–e) Young’s modulus of hydrogels crosslinked with different divalent ions and
summary of peroxide-based gelation outcomes. (f) Time-dependent Young’s modulus of 10% w/w γ-PGA-Aln10 hydrogels with 0.5–2 wt% CaO2 NPs.
(g) Representative macroscopic, phase contrast, and SEM images of cross-sectioned 10% w/w γ-PGA-Aln10 with 1 wt% CaO2 NPs hydrogel at 0 h and
24 h. (h) Elemental composition from SEM-EDS analysis within the constructed hydrogels at the site of the SEM image (yellow arrow) at 0 h and 24 h.
(i) Quantification of bubble sizes within hydrogels at 0 h and 24 h using phase contrast and SEM imaging. Data are summarized from three independent
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upport the hypothesis that the Aln group selectively interacts
ith HAp-coated CaO2, promoting gelation via bisphosphonate-
ediated binding.

uilding on the need for stability in aqueous environment, we
ntroduced phenylalanine grafts into the polymer backbone,
ielding γ‑PGA‑Aln10‑Phe polymers with varying degrees of sub-
titution, ranging from Phe30 to Phe70 (Table S4). Interestingly,
ydrogels formed from γ‑PGA‑Aln10‑Phe in 1 M PB showed
mproved mechanical strength compared to those formed in
00 mM PB, while non-hydrophobically modified γ‑PGA‑Aln10
xhibited a reduction in mechanical performance (Figure 2j). At
igher phosphate buffer (PB) concentrations, the formation of a
tar-shaped HAp layer, combined with different polymer config-
ration due to hydrophobic group incorporation, may enhance
inding efficiency and improve mechanical performance [44,
5]. In contrast, the linear γ‑PGA‑Aln10 polymer may align
ore effectively with less sterically hindered particles, resulting
n higher compressive strength under lower PB concentration.
ased on the observed homogeneity and increased Young’s mod-
lus of γ‑PGA‑Aln10-Phe hydrogels in 1 M PB, this formula was
elected and used for further stability andmorphological analysis.
o assess long-tern structural integrity, the stability of materials
ith and without hydrophobic modification in aqueous media
as evaluated. The specific diameters of individual samples at
ifferent immersion times were measured and are summarized
n Figure 2k. The non-conjugated γ-PGA-Aln10 hydrogel showed
tructural collapse after 24 h, while the hydrophobic conjugated
ramatically improved stability. Higher Phe grafting degree was
ound to be critical for stability as Phe grafting degrees of 30%
ed to structural instability after 3 h, while grafting degree of
5% and 70% maintained structural integrity for up to 24 h
Figure 2l). Based on these results, γ-PGA-Aln10-Phe55 formed
n 1 M PB with 1 wt% CaO2 NPs was selected for subsequent
tudies.

imilarly to the γ-PGA-Aln10 oxygen-releasing hydrogel, the bub-
le effect on morphological structure of the γ-PGA-Aln10-Phe55
ydrogel was also examined. Figure 2m shows the macroscopic
ppearance of the hydrogel at 0 and 24 h, along with cor-
esponding phase-contrast and SEM of cross-sectional images.
hese results confirmed the stabilizing effect of the hydrophobic
omain, as no notable swelling was observed. Phase-contrast and
EM images at both time points showed no notable changes in
ubble size within the gel, and CaO2 NPs remained visible at both
ime points, as confirmed using elemental mapping (Figure 2n).
ubbling size from each analysis method was summarized in
igure 2o. The bubble size obtained from phase-contrast images
howed a 1.1-fold increase after 24 h of incubation (61 µm to
xperiment (n = 3). For each experiment, at least three images were analyzed
mageJ. Two-tailed unpaired t-test was used for the analysis. Next, polymer w
bility and mechanical properties (j–o). (j) Young’s modulus of hydrogels un
ndependent experiments). Data are analyzed using a two-tailed unpaired t-tes
hanges in material diameter in aqueous media overtime (n = 3 independent
mm). Structural analysis of 10% w/w γ-PGA-Aln10-Phe55 1 wt% CaO2 NPs (1
EM imaging of cross-sectioned fabricated gel. (n) SEM-EDS analysis at the y
istribution at 0 h and 24 h from phase contrast and SEM imaging. Data are
mages were analyzed per each independent experiment, with a minimum of 2
sing a two-tailed unpaired t-test. Representative images from at least three in

of 25

r

70 µm), and the average pore size measured from SEM images
showed 1.4-fold increase (0.66 µm to 0.93 µm). Although it shows
a similar increasing trend compared with non-conjugated γ-
PGA-Aln10 hydrogel, the hydrophobic Phe conjugation confirms
long-term stability in aqueous conditions, making it suitable to
use as the oxygen-releasing hydrogel for the construction of thick
tissue scaffolds.

2.4 Suppression of Bubble Formation: Catalase
Mixing versus Coating

The general mixture of catalase with CaO2 NPs and polymer
solution for hydrogel formation is shown in Figure 3a. When
catalase was mixed directly within the hydrogel, visible swelling
could be clearly observed after leaving at room temperature for
1 min, however, the structure collapsed after 1 h incubation in
aqueous solution. A photograph taken at 1 min after fabrication
is shown in Figure 3b. The bubbling formation and position of
catalase via phase contrast and fluorescence signal from FITC-
catalase was observed using fluorescence microscopy as shown
in Figure 3b(i,ii). Compared with the hydrogel without catalase
(Figure 2m), the presence of catalase resulted in prominent
swelling and noticeable bubble formation also visible in both
images, suggesting active oxygen release throughout the hydrogel
matrix. Similarly, SEM imaging of the same region (white box)
shown in Figure 3b(iii) revealed porosity distributed across both
the inner and outer regions of the hydrogel. This porous mor-
phology is attributed to oxygen formation during gelation, as well
as excess oxygen generated via catalase activity. Such excessive
oxygen evolution is likely to disrupt the polymer network, leading
to increased porosity, reduced structural integrity, and a more
fragile hydrogel.

Coating efficiency and structural assessment of the catalase coat-
ing method was further evaluated (Figure 3c). The coating was
performed at 4◦C tominimize enzyme activity during the process.
Coating efficiency was first evaluated by immersion in different
concentrations of FITC-labeled catalase, specifically from 10 to
200 U/mL. As expected, after 1 h of coating, higher catalase
concentrations were found to yield greater coating efficiency on
the hydrogel surface, resulting in the highest fluorescence signal
(Figure 3d). The effect of coating time was also evaluated. Using
a constant catalase concentration of 200 U/mL, the fluorescence
signal was observed at different time points, from 1 min up to
1 h. As shown in Figure 3e, fluorescence intensity increased
approximately 10-fold after 10 min of immersion compared
to the 1 min condition. Subsequently, the signal plateaued at
, with a minimum of 20 bubbles or pores quantified per condition using
ith Phe conjugation, γ-PGA-Aln10-Phe, was further assessed for gelation
der different phosphate buffer concentrations (500 mM and 1 M) (n = 3
t. Stability assessment of fabricated hydrogels was evaluated through (k)
experiments). (l) Representative images at each time point (scale bar =
M PB) oxygen-releasing hydrogel via (m) whole-gel, phase contrast, and
ellow arrow position in the SEM image at 0 h and 24 h. (o) Bubble size
summarized from three independent experiments (n = 3). At least three
0 bubbles or pores measures per image using ImageJ. Data are analyzed
dependent experiments are shown.
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FIGURE 3 Impact of the catalase incorporation method on bubble formation, hydrogel structure, and stability. (a) Schematic illustrating the
fabrication procedure of incorporating of catalase via a direct mixing technique. Scale bar = 5 mm. (b) Representative image of the hydrogel after 1 min
leaving at room temperature. Scale bar = 5 mm. Cross-sectioned samples were analyzed for bubble formation and catalase distribution using (i) phase-
contrast imaging, (ii) fluorescence microscopy, and (iii) SEM. (c) Schematic illustrating the catalase coating technique developed in this study. Scale bar
= 5mm. (d) Coating efficiency quantified as relative fluorescence intensity at different catalase concentration,maintaining a 1 h coating time. (e) Relative
fluorescence intensity as a function of coating time, maintaining catalase concentration of 200 U/mL (n = 3 independent experiments). Representative
images of hydrogels after (f) 1 min and (g) 1 h of catalase coating. Scale bar = 5 mm. The cross-sectioned hydrogels were similarly examined for bubble
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0 min and showed only a slight increase at 1 h. Based on
hese findings, hydrogels were subsequently immersed in the
atalase-containing solution at a concentration of 200 U/mL for
h.Notably, this formulationwas confirmed tomaintain hydrogel
tructural stability in aqueous solution for over 24 h.

or comparison with the direct mixing technique as discussed
arlier, the same evaluation protocol was applied. Initially, the
abricated gel coated with catalase for 1 min did not show
otable swelling compared to the mixing technique (Figure 3f).
urthermore, phase-contrast imaging also showed only slight
ubble formation at the periphery of the hydrogel (Figure 3f(i)).
onsistent with this observation, the fluorescence signal in
igure 3f(ii) confirmed the presence of catalase on the hydrogel
urface. However, due to the short immersion time, only a partial
ignal could be observed. SEM images taken at two different
ositions, specifically, the outer and inner parts of the coated
ydrogel revealed the presence of CaO2 NPs in both regions, sug-
esting that the coating process did not interrupt CaO2 within the
ydrogel structure (Figure 3f(iii)). Next, 1 h coating was further
valuated. A hydrogel image capture after 1 h immersion is shown
n Figure 3g, where no distinct swelling was observed. However, a
mall bubble formation around the periphery of the hydrogel was
oticeably increased compared to 1 min coating (Figure 3g(i)).
his could have resulted from the enzymatic reaction of catalase
hat happens on the surface of the hydrogel. This hypothesis
as confirmed by the increasing strength of the fluorescence
ignal near the gel surface (Figure 3g(ii)). It is once again
onfirmed that longer coating time allows for higher coating
fficiency, resulting in greater enzymatic activity predominantly
t the hydrogel’s surface. This is supported by SEM images,
hich show a distinct morphology at the surface area compared
o the inner region (Figure 3g(iii)). The penetration ability of
atalase into the hydrogel under different coating times was
lso evaluated using fluorescence intensitymapping (represented
y the yellow line across the hydrogel). As demonstrated in
he fluorescence mapping in Figure 3h, a longer coating time
esulted in a higher fluorescence signal. For the 1 h coating
ime, the signal was clearly observed predominantly around
mm from the outer surface before gradually declining toward
he inner regions. In the same region, the 10 min and 30 min
onditions showed progressively lower fluorescence signals. This
esult further supports the assertion that enzymatic reaction is
oncentrated near the hydrogel surface, potentially preserving
mbedded CaO2 NPs and extending their functional lifespan.

ubble size from the catalase-mixing and coating techniques was
omprehensively analyzed and summarizedusing phase contrast,
orphology using (i) phase-contrast imaging, (ii) fluorescence microscopy, and
cross a cross-sectioned hydrogel (mapping area indicated by the yellow line),
ize quantified from phase-contrast image, fluorescence, and SEM image. Cata
0 U catalase and left in ambient air for 1 min or 24 h, as samples collapsed
ydrogels were immersed in catalase solution for 1 h before being exposed to
rom three independent experiments (n= 3). For each experiment, at least three
er condition using ImageJ. Independent samples were used at each time poi
f hydrogels incorporating catalase via mixing or coating methods, measured
xperiments). Data analyzed using two-tailed unpaired t-test. (k) H2O2 relea
ndependent experiments). Data represent mean ± SD. *p < 0.05, **p < 0.01,
xperiments.

of 25
fluorescence, and SEM analysis (Figure 3i). Because catalase-
mixed hydrogels rapidly collapse in aqueous solution, therefore,
all samples were maintained under ambient air for 1 min and
24 h after catalase incorporation (Figure S4). Catalase-coated
conditions were coated for 1 h and subsequently left in ambient
air for 1 min or 24 h before further analysis. Quantitative analysis
showed that the mixing method caused a pronounced increase
in bubble size and porosity after 24 h, with 2.1-, 1.6-, and 6.6-
fold increases across the three imaging techniques. In contrast,
the coating method showed only modest changes of 0.84-, 3.5-,
and 0.92-fold, respectively. Direct comparing between the two
techniques after 24 h demonstrated that the coating approach
yielded 3.8-, 2.3-, and 5.9-fold smaller in bubble size than the
mixing technique. These results indicate that surface immobi-
lization of catalase more effectively preserves hydrogel structural
integrity than the mixing method. This preservation may prolong
the oxygen-releasing activity of CaO2 NPs and minimize burst
release caused by rapid catalase activity. Taken together, these
results confirm the surface-localized coating of catalase demon-
strating its effectiveness in preserving hydrogel morphology,
potentially contributing to prolonged structural stability over
time.

Following the confirmation of catalase coating efficiency,
the mechanical properties were further evaluated. Hydrogels
prepared using catalase mixing or surface-coating methods,
with equivalent catalase content, were freshly fabricated and
immersed in serum- and phenol red-free DMEM prior to further
analysis. After mixing or coating of catalase, compression testing
was performed immediately to assess the initial mechanical
integrity of each method. As shown in Figure 3j, the Young’s
modulus of the coating method was 3 kPa, which was 2-
fold higher than the mixing method. However, after 24 h
of immersion, the catalase-mixed method had completely
degraded, preventing furthermechanical assessment. In contrast,
the coated samples retained their structure and preserved their
mechanical strength at 3 kPa. These findings align with earlier
morphological observations, where the mixing method resulted
in pronounced porosity throughout the gel immediately after
fabrication, compromising structural integrity.

2.5 Enzymatic Activity and Cytotoxicity
Assessment

Next, the release of H2O2 was measured by collecting the incu-
bation medium at a defined time point. Owing to the enhanced
structural stability of the coated hydrogel, measurements could
(iii) SEM. (h) Fluorescence intensity mapping of different coating times
maintaining catalase concentration of 200 U/mL. (i) Summary of bubble
lase-mixing condition, hydrogels were analyzed after incorporating with
upon immersion in aqueous solution. While catalase-coating condition,
ambient air for 1 min or 24 h prior image analysis. Data are summarized
imageswere analyzed, with aminimumof 20 bubbles or pores quantified
nt and analyzed using a two-tailed unpaired t-test. (j) Young’s modulus
before and after 24 h immersion in aqueous solution (n = 3 independent
se and (l) O2 release profile under hypoxic conditions over time (n = 3
***p < 0.001. Representative images are from at least three independent
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e consistently performed over 5 days, while the mixed hydrogel
egraded within 1 day, limiting only a single time point. Showing
n Figure 3k, both the mixing and coating strategies effectively
uppressed H2O2 as no detectable levels were found in the
espective medium. Conversely, the control hydrogel without
he presence of catalase exhibited continued H2O2 release of
µM overtime, which could lead to oxidative stress and affect
he cell viability due to reactive oxygen species (ROS) genera-
ion [46, 47]. These findings confirm that the coating method
rolongs hydrogel stability while sustaining H2O2 suppression
ver time. Oxygen release profile of the hydrogel was assessed
Figure 3l). Control hydrogel without catalase released oxygen
or up to 24 h before the oxygen level dropped to 0%. The
ydrogel mixed with catalase released oxygen for approximately
0 h before complete depletion. However, the catalase-coated
ydrogel demonstrated sustained oxygen release for up to 3
ays. These results align with the structural stability and H2O2
easurements, which indicated that the mixing method led
o faster degradation in aqueous media. Interestingly, catalase
oncentration during coating influenced the initial oxygen release
rofile. A pronounced burst was observed within the first hour
or hydrogels coated with 10 U/mL catalase, whereas 200 U/mL
xhibited a more gradual and attenuated peak. This difference
ay reflect early surface reactions during the coating process,
s more catalase may have adhered at higher concentrations,
onsistent with the fluorescence data in Figure 3f. A lower
nitial oxygen spike, as seen with 200 U/mL, could be advanta-
eous for cell viability by avoiding burst release of oxygen and
he associated oxidative stress [48]. Collectively, these results
emonstrate that strategic catalase positioning not only sup-
resses H2O2 accumulation but also modulates oxygen release
inetics, validating its potential as a controlled oxygen-releasing
trategy. However, compared to other reports where oxygen
elease was sustained for up to 10 days or even 1 month [49,
0], a shorter release duration in this study is expected. This
s due to the use of CaO2 NPs as the primary crosslinking
ite in hydrogel fabrication, without additional crosslinking
ources.

rior to scaffold construction, the cytotoxicity of the material
as first evaluated under hypoxic conditions (5% CO2, O2< 0.1%,
7◦C). Normal human dermal fibroblasts (NHDFs) were seeded
ith or without the presence of catalase-coated hydrogels placed
n cell culture inserts (Figure S5a). After 3 days, phase-contrast
mages showed enhanced cell spreading and a 1.8-fold increase
n cell number in the catalase-coated condition compared with
ontrols (Figure S5b,c). Because H2O2 is a by-product of CaO2
ecomposition and is known to induce oxidative stress and
poptosis [51, 52], intracellular ROS were quantified by Detection
ell-Based Assay Kit (Figure S6a,b). ROS fluorescence in absence
f catalase were approximately 8-fold higher than in catalase-
oated samples. In contrast, catalase coated samples exhibited
nly 1% of the ROS signal relative to controls, indicating effective
uppression of oxidative stress. ConsistentwithH2O2 release data,
hese findings demonstrate that catalase coating mitigates cyto-
oxic by-products and ensures material safety for thick scaffold
abrication.
dvanced Materials, 2026
2.6 Cell Response to Catalase-Coated
Oxygen-Releasing Hydrogel Scaffolds in a Hypoxic
Environment

Millimeter-scale scaffold embedded with a catalase-coated
oxygen-releasing hydrogel was further fabricated (Figure 4a).
NHDFs were used to evaluate cell viability and behavior
within scaffolds containing fibrin gel alone and hydrogel
coated with 0, and 200 U/mL of catalase. To assess the
impact of catalase-coated oxygen-releasing hydrogels on
cell behavior, the constructs were cultured under hypoxic
conditions for up to 10 days. The total DNA content at days
5 and 10 of culture was expressed as a percentage relative
to the initial DNA content on day 0 of culture as shown in
Figure 4b. After 5 days of culture, the relative DNA content
increased to 115%, 133%, and 150% for the fibrin gel alone, 0
U/mL, and 200 U/mL catalase-coated hydrogel, respectively.
These values further increased by day 10 to 157%, 145%, and
172%, respectively. Interestingly, even in the fibrin gel alone,
DNA content increased over time, likely due to cellular
adaptation to hypoxia and greater space for cells to continue
to proliferate. Under low oxygen conditions, cells tend to
shift their metabolism toward glycolysis, thereby maintaining
ATP production to support survival and proliferation [53]. In
contrast, oxygen-releasing hydrogels, especially with a catalase
coating, supported enhanced cell proliferation rate, despite
occupying physical space within the scaffold that may modestly
limit cell expansion. This suggests that oxygen availability,
rather than space alone, plays a dominant role in sustaining
cell growth under hypoxic stress. While hydrogels without
catalase also supported increased DNA content, the growth
rate began to plateau by day 10, showing only a 1.09-fold
increase compared to a 1.15-fold increase with catalase-coated
hydrogels. This difference suggests that gradual accumulation
of H2O2 in the absence of catalase may inhibit long-term cell
proliferation.

The viability of cells within the scaffold was also assessed via
Live/Dead staining (Figure 4c,d), focusing on the scaffold’s upper
regionwhere hydrogel exposurewasmost direct. Surface imaging
revealed minimal cell death in control samples, likely due to
higher nutrient accessibility. In contrast, catalase-free hydrogels
showed elevated cell death, consistent with increased ROS and
reduced viability. Quantification confirmed that catalase-coated
hydrogels preserved 95% cell survival, compared to just 47%
without coating (Figure 4e). Cytoskeletal staining (Figure S7)
revealed that cells exposed to catalase-coated hydrogels exhibited
elongated morphology and well-organized F-actin, comparable
to controls. This spread phenotype is associated with enhanced
adhesion, cytoskeletal tension, andmechanotransduction, factors
known to promote proliferation and migration. In contrast,
cells without catalase appeared rounded, indicative of poor
substrate interaction and reduced viability, which can impair both
proliferative capacity and motility. These findings confirm the
strong potential of catalase coated oxygen-releasing hydrogels
to support both cell proliferation and viability under hypoxic
conditions.
9 of 25
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FIGURE 4 3D tissue constructs for evaluating cell viability under hypoxic conditions. (a) Schematic illustration of the fabrication of the fibrin
scaffold NHDFs that were incorporated into the fibrin hydrogel, followed by the embedding of the catalase-coated quarter hydrogel The entire construct
was then cultured in a 6-well plate under hypoxia conditions, 37◦C, and 5% CO2 for 5 days. (b) Relative DNA content of scaffolds collected at different
time points, expressed as a percentage of initial DNA content on day 0 (n= 3 independent experiments). Data analyzed by one-way ANOVAwith Tukey’s
post-hoc test. (c) Representative Live/Dead fluorescence images of fibrin gels after 5 days of culture. (Z-stack projections showing images from different
positions within each sample. Scale bar = 500 µm. (d) 3D fluorescence reconstructions of representative regions from each condition. (e) Quantitative
analysis of Live/Dead images for cell viability within scaffolds after 5 days of culture, data are calculated with respect to the total nuclei. Data are
presented as mean ± SD from four independent experiments (n = 4). For each experiment, values were averaged from three images. Statistical analysis
was performed using one-way ANOVA with Tukey’s post-hoc test. Representative images are from at least three independent experiments.
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.7 Fabrication of a Centimeter-Scale 3D Tissue

o evaluate the potential of the catalase-coating strategy proposed
n this study for supporting cell viability in thick scaffolds, we
abricated centimeter-scale fibrin scaffolds using a sandwich
ethod. Each scaffold encapsulated a total of 15 × 106 NHDFs
nd incorporated the oxygen-releasing hydrogels either with
0 of 25

i

or without the catalase coating. The resulting scaffold, shown
in Figure 5a, was 1 cm in diameter and 1.5 cm in height,
with the hydrogel positioned at the center. The scaffolds were
subsequently cultured for 5 days under hypoxic conditions. A
light-sheet fluorescence microscope (LSFM) was used to capture
whole-scaffold images (Figure 5b, Supporting Video 2a–c), where
f-actin and nuclei staining suggested a uniform distribution of
Advanced Materials, 2026
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FIGURE 5 Fabrication of centimeter-scale fibrin gel scaffolds. (a) Schematic illustration of the centimeter-scale scaffolds for cell culture. The
three conditions included scaffold without oxygen-releasing hydrogel (control), with non-catalase-coated oxygen-releasing hydrogel, and with catalase-
coated oxygen-releasing hydrogel. Constructs were cultured under hypoxic conditions (O2 < 0.1%), 37◦C, 5% CO2 for 5 days. (b) Light-sheet microscopy
image of the entire scaffold showing immunofluorescence staining of nuclei (cyan) and F-actin (green), used to evaluate cell distribution and
localization throughout the construct. Scale bar = 2000 µm. (c) Live/Dead images of cross-sectioned scaffolds. Scale bar = 2000 µm. (d) 3D fluorescence
reconstructions of representative regions from each condition. (e) Quantification of cell viability from Live/Dead staining, calculated with respect to the
nuclei (n = 15 independent areas), data are presented as mean ± SD within a single representative experiment.
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ells throughout the construct. To further assess cell viability,
caffolds from each condition were bisected and stained using
ive/Dead assay (Figure 5c). In the control sample, noticeable
ell death was observed in the inner regions of the scaffold
Figure 5d), consistent with limited nutrient and oxygen diffusion
54]. Embedding oxygen-releasing hydrogels improved oxygen
vailability, but in the absence of catalase, excessive H2O2 accu-
ulation led to widespread cytotoxicity. In contrast, scaffolds
ncorporating catalase-coated hydrogels showed a good distribu-
ion of viable cells, confirming that enzymatic decomposition of
2O2 not only mitigated oxidative stress but also enabled deeper
xygen release for supporting cell survival within thick, hypoxic
caffolds (Figure S8).

uantitative analysis of Live/Dead cells was then conducted from
0×magnification images throughout the scaffold (Figure S9 and
igure 5e). Quantitative image analysis performed on a represen-
ative scaffold demonstrated a trend similar to that observed in the
illimeter-sized scaffolds. Under the complete absence of oxy-
en, the control scaffold resulted in 63% viable cells. Viability was
urther reduced to 47%with the incorporation of the non-catalase-
oated hydrogel. Conversely, our catalase-coatedmaterial showed
p to 86% viable cells, which is 1.3- and 1.8-fold higher than the
ontrol and the non-catalase-coated conditions, respectively. To
urther assess hypoxia distribution within the thick scaffold, a
hosphorescent and cell-permeable hypoxia probe (LOX-1) was
sed [55]. Strong LOX-1 signals were detected throughout the
ontrol scaffold at Day 1, as expected due to the exposure of
mbedded cells to low oxygen levels (Figure S10a). In contrast,
caffolds containing the catalase-coated oxygen-releasing hydro-
el exhibited lower LOX-1 phosphorescence intensity levels at
he same time point. Although a slight increase in the LOX-
signals was detected on Day 3, the scaffold’s inner region
ontinued to display lower fluorescence intensity compared with
he control group (Figure S10b,c). Quantitative analysis of higher-
agnification images showed approximately 30% and 48% LOX-1
ositive cells in scaffolds containing the catalase-coated oxygen-
eleasing hydrogel at Day 1 and Day 3, respectively, whereas
he control scaffold exhibited approximately 94% LOX-1-positive
ells at Day 1 (Figure S10d,e). This trend was consistent with
he oxygen-release profile of the material, which showed higher
xygen generation during the initial stage followed by a gradual
ecrease over time. These findings suggest that the catalase-
oated oxygen-releasing hydrogel could provide localized oxygen
o centimeter-scale cell-laden scaffolds in a hypoxic environ-
ent, supporting and sustaining the survival of embedded
ells.

.8 Effect of Catalase-Coated Oxygen-Releasing
ydrogel on Cell Survival and Neuronal
ifferentiation of Human Neural Stem Cells in a
evere Hypoxia Environment

.8.1 Cell Metabolic Activity and Viability

fter confirmation of its feasibility for centimeter-scale scaffold
abrication,we further investigated the performance of the system
sing a cell type more sensitive to oxygen stimulus, specifically
uman neural stem cells (hNSCs) cultured under neuronal
ifferentiation conditions. The study was designed to evaluate
2 of 25
the potential of the oxygen-releasing hydrogel to sustain cell
viability and neuronal differentiation of hNSC under severe
hypoxic conditions, inspired by the translational potential of
this system for NSC transplantation therapies targeting ischemic
brain injuries (Figure 6a). The cytocompatibility of the material
toward hNSCswas first evaluated. Results demonstrated less than
10% of cytotoxicity in the LDH assay and approximately 70% of
cell metabolic activity retention in the resazurin reduction assay,
indicating that the oxygen-releasing hydrogel is non-cytotoxic
toward hNSCs, according to ISO 10993–5 criteria (Figure S11b,c)
[56]. The oxygen content within the modified fibrin gel construct
was then validated, where the fibrin-embedded oxygen-releasing
hydrogel exhibited sustained oxygen release for up to 30 h,
compared to approximately 15 h for the non-embedded group
(Figure 6b). Subsequently, hNSC-laden fibrin gels were cultured
under neuronal differentiation and severe hypoxic conditions
(O2< 0.1%), and cell metabolic activity was longitudinally mon-
itored (Figure 6c). Both groups exhibited comparable metabolic
activity profiles throughout the culture period. Although inter-
mittent exposure to ambient air (∼21% oxygen) during media
exchange may have partially reduced the differences between
groups, the observed trend remained consistent with previous
reports describing the metabolic adaptation of cells exposed to
sustained hypoxic conditions [57, 58].

Oxygen-releasing hydrogels supported cell survival in severe
hypoxic environment, as shownby theLive/Dead assay and viable
cell quantification, respectively (Figure 6d,e). Live/dead staining
of cells at Day 1 and Day 12 of differentiation demonstrated
pronounced dead cell accumulation within the inner region of
the fibrin gel in the absence of the oxygen-releasing hydrogel,
whereas lower dead cell staining was observed within the inner
region in the presence of the hydrogel. Subsequent analysis of the
projected CLSM stacks revealed higher live cell percentages in the
presence of the oxygen-releasing hydrogel, showing 83% and 71%
viability at Day 1 and Day 12, respectively, compared to 62% and
38% in the absence of the hydrogel. Similarly, quantification of
viable cells using the trypan blue dye exclusion assay after cell
isolation from the cell-matrix constructs revealed 1.5-, 1.2-, 1.3-,
and 1.4-fold increases atDay 1, 3, 5, and 12, respectively, presenting
higher numbers of viable cells in fibrin gels embedded oxygen-
releasing hydrogel, as compared to the control group (Figure 6f).
Total DNA quantification showed a trend for an increase in DNA
content over the culture period for both conditions, and higher
DNA content at Day 12 of culture in the control condition than in
fibrin gels containing the oxygen-releasing hydrogel (Figure 6g).
This increase may be associated with hypoxia-induced metabolic
adaptation and the maintenance of hNSC self-renewal, as the
native NSC niche is physiologically hypoxic [59, 60]. In fact,
the formation of cellular spheroids resembling neurospheres
observed after 8 days of cell culture suggests that hNSC + pro-
liferation continued throughout the culture period. Nevertheless,
despite the higher DNA content observed in the control group,
sufficient oxygen availability remains critical for maintaining
long-term cell survival and supporting neuronal differentiation
[36, 61, 62]. Although the oxygen-releasing hydrogel sustained
oxygen release for only approximately 2 days, these findings
suggest that oxygen release supplementation during the initial
culture stage may play an important role in preserving cell
viability and influencing subsequent cellular behavior under
prolonged severely hypoxic conditions. As such, the influence
Advanced Materials, 2026
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FIGURE 6 3D culture of humanneural stem cells (hNSCs) in fibrin gel under severely hypoxic (O2 < 0.1%) and neuronal differentiation conditions,
in the absence or presence of catalase-coated oxygen-releasing hydrogel. (a) Schematic illustration of the 3D-hNSCs-fibrin gel construct. (b) O2 content
within fibrin gel (average ofn= 3 independent experiments). (c) Cellmetabolic activity as a function of culture time, determined using the resazurin assay
(n = 3 independent experiments). (d) Representative 2D projections of CLSM image stacks of the cell-laden fibrin gels showing viable/dead cells around
the inner region of the fibrin gel. Scale bar = 200 µm. (e) Cell viability quantification, as determined by image analysis of CLSM 2D projections (mean ±
SD, n = 3 independent experiments). (f) Percentage of viable cells quantified using the Trypan blue dye exclusion method and (g) Total DNA, assessed
using a Qubit dsDNA Assay kit, expressed as Total DNA (ng). Both data are summarized per fibrin gel (n = 3 independent experiments). Statistical
analysis was performed using two-way ANOVA followed by the Holm-Šídák multiple comparison test. (h) Distribution of mature neurons after 12 days
of neuronal differentiation, assessed by immunofluorescence labelling of MAP2 (red) and nuclei counterstaining (blue). Scale bar= 300 µm and 100 µm.
(i) Quantitative cell expression of βIII-Tubulin (developing andmature neurons) andMAP2 (mature neurons) at day 12, as determined by flow cytometry
analysis of cells pooled from 10 replicate fibrin gels (n = 1 independent experiment). (j) Average volume of cellular spheroids (neurospheres) at day 12
of differentiation (n = 3 independent experiments). (k) Maximal neurite branching level, (l) average number of neurites sprouting per neurosphere, and
(m) maximal neurite length at day 12 of culture. Data are presented as mean ± SD (n = 3 independent experiments). Statistical analysis was performed
using the unpaired Mann-Whitney test.
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FIGURE 6 (Continued)
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f the oxygen-releasing hydrogel on neuronal differentiation and
aturation was subsequently addressed.

.8.2 Oxygen Support for Neuronal Maturation Under
evere Hypoxic Conditions

ransplantation of NSCs has been considered a promising thera-
eutic strategy for ischemic stroke due to their neuroprotective
ffects and ability to replace lost neurons [39]. However, post-
ransplantation cell survival and efficient differentiation into
ature neurons remains a major challenge [63]. Previous studies
ave reported that transplanted NSCs often preferentially differ-
ntiate into astrocytes, while neuronal differentiation after stroke
emains very limited [64, 65]. In this study, to evaluate the influ-
nce of the oxygen-releasing hydrogel on neuronal differentiation
nd maturation under severe hypoxic conditions, we performed
mmunofluorescence labelling of Nestin (neural stem/progenitor
ells), βIII-Tubulin (developing and mature neurons), and MAP2
mature neurons marker), after 12 days of differentiation culture.
rojected CLSM stacked images of Nestin and βIII-Tubulin
ouble staining showed comparable marker expression between
oth groups (Figure S13a,b). However, βIII-Tubulin staining in
4 of 25
the presence of the oxygen-releasing hydrogel exhibited more
pronounced neurite extension from neurospheres compared to
the control group, as highlighted by the white arrows in the
images. A similar trend was observed in samples processed for
MAP2 staining (Figure 6h). Consistent with the imaging results,
flow cytometry studies revealedmore than 80% of cells expressing
both βIII-Tubulin and MAP2 in both groups (Figure 6i), as
expected at this time point of neuronal differentiation culture
[66, 67].

Interestingly, distinct differences in the morphology of cellular
spheroids were observed between the two groups, particularly in
terms of neurosphere size and neurite extension. hNSCs cultured
in the presence of the oxygen-releasing hydrogel exhibited an
approximately 1.8-fold smaller neurosphere volume compared to
the control group (Figure 6j). This result aligns with the higher
DNA content found in the control group (Figure 6g), where
the oxygen‑deficient environment possibly promoted hNSC pro-
liferation and the formation of larger neurospheres. Larger
neurospheres may be associated with increased nutrient and
oxygen limitations within the inner region, potentially affecting
cell survival and neuronal maturation [68]. Enhanced of neurite
outgrowth was observed in the oxygen-releasing hydrogel group,
Advanced Materials, 2026
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hich showed 1.5-, 1.8-, and 2.1-fold higher maximal neurite
ranch level, average number of neurites per neurosphere,
nd maximal neurite length, respectively (Figure 6k,m). The
ncreased neurite complexity and branching indicate enhanced
euronal maturation and structural development, both of which
re essential characteristics for neuronal connectivity and func-
ional neural network formation. Altogether, these findings
uggest that our material can support hNSC mature neuronal
ifferentiation under severe hypoxic conditions.

Conclusion

n this study, we developed a rapid, selective, and biocompatible
trategy for constructing oxygen-releasing hydrogels through
he interaction between a γ-PGA-Aln-based polymer and CaO2
Ps together with catalase-coating strategies on the hydrogel
urface to minimize bubble formation within its structure. The
ystem integrates chemical precision with structural robustness,
nabling stable oxygen delivery while minimizing H2O2 accu-
ulation and bubble-induced disruption. By localizing catalase
ctivity at the hydrogel surface, the design achieved sustained
xygen generation under hypoxic conditions and preserved
echanical integrity across multiple scales. This points to the
otential role of spatial enzyme localization in regulating oxygen
elease dynamics and material stability. Along with pointing to
he potential role of the spatial enzyme localization in regulating
xygen release dynamics and preserving mechanical integrity,
his study has proven these materials’ cytocompatibility toward
HDFs and ability to promote cell survival when applied to thick
ell-laden scaffolds.

n addition, this study addressed the potential of the catalase-
oated oxygen-releasing hydrogels to support cell survival and
euronal differentiation of hNSCs in oxygen-deprived environ-
ents (O2< 0.1%). Although no impact was observed at the
evel of neuronal marker expression in the absence or presence
f the oxygen-releasing hydrogel, early oxygen supplementation
ignificantly enhanced hNSCs survival and neuronal structural
omplexity, the latter evidenced by increased neurite extension
nd branching. These findings suggest that oxygen availabil-
ty during the early stages of hNSC neuronal differentiation
mpacts neuronal maturation, which is a key aspect in neu-
onal replacement therapies. In summary, this work provides a
roof-of-concept for the use of catalase-coated oxygen-releasing
iomaterials as supportive platforms for oxygen supply to thick
issue-engineered constructs for application in severe oxygen-
imited environments.

Experimental Section

.1 Materials

olyethylene glycol 200 (PEG200), disodium hydrogenphosphate
CAS RN: 7558-79-4), sodium dihydrogenphosphate (CAS RN:
558-80-7), poly-(γ-glutamic acid) sodium salt (γ-PGA, Mw = 550
00 kDa), and phosphate buffer saline (D-PBS) were purchased
romFUJIFILMWako Pure Chemical Corporation, Osaka, Japan.
ydrogen Peroxide (35%) and ammonia Solution (28%) was
urchased from Kishida Chemical Co., Ltd. (Japan). Alendronic
dvanced Materials, 2026
acid (Aln) and ethyl-L-phenylalaninate hydrochloride (Phe) were
purchased fromTokyo Chemical Industry Co., Ltd., Tokyo, Japan.
The 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride n-hydrate (DMTMM, 97.5%) was purchased fromWatan-
abe Chemical, Japan. Sodiumhydrogen carbonate (NaHCO3) was
purchased from Nacalai tesque. Dialysis tube (MWCO 12 000
∼ 14 000 kDa) was picked up from Fisher band. Deuterium
oxide (99% atom % D). Calcium peroxide (CaO2) (particle size
< 200 mesh (74 µm)), catalase (from bovine liver, 2000 ∼ 5000
U/mg), fibrinogen (from bovine plasma Type I-S, 65 ∼ 85%
protein), and thrombin (from bovine plasma 40 ∼ 300 NIH
units/mg protein) were purchased from Sigma-Aldrich. Fetal
bovine serum (FBS) (10270), antibiotics (50 U/mL penicillin
and 50 µg/mL streptomycin), and 4’,6-diamidino-2-phenylindole
(DAPI) were purchased from Thermo Fisher Scientific (MA).
Normal human dermal fibroblasts (NHDF, CC-2509) were pur-
chased from LONZA (Basel, Switzerland).

4.2 Synthesis and Characterization of Calcium
Peroxide Nanoparticles (CaO2 NPs)

The synthesis of CaO2 NPswas prepared as reported fromHuet al.
and Tomioka et al. [69, 70]. based on the hydrolysis precipitation
method, using the equation

CaCl2 +H2O2 → CaO2 + 2HCl

2HCl + 2HN3 → 2NH4 Cl

The reaction was conducted with slight modifications. Briefly,
0.9 M (or 3 mg) of CaCl2 was dissolved in 3 mL of water,
followed by the addition of 12 mL of PEG-200. The solution was
continuously stirred at 600 rpm in an ice bath. Next, 100 µL of 28%
ammonia solution was added, and then 1.5 mL of 30% hydrogen
peroxide was introduced into the mixture at a rate of one drop
every 10 sec. The reactionmixturewas stirred in an ice bath for 2 h
before being quenched to a pHof 11.5 using 0.5MNaOH.Achange
in the color of the suspension from slightly cloudy to completely
white indicated the formation of CaO2 NPs. The suspension
was centrifuged at 15 000 rpm 4◦C for 5 min, and the resulting
white precipitate was identified as CaO2 NPs. The particles were
washed twice with 0.5 M NaOH, followed by two washes with
distilled water and two washes with absolute ethanol. To ensure
the collected NPs were homogeneously dispersed, the suspended
CaO2 NPs in ethanol were sonicated using a sonication machine
(Bioruptor BR-II) under 30 sec “on;” 30 sec “off,” 20 KHz for 1 h in
a 50mL tube kept at 4◦C.Afterward, thewhite color suspension of
synthesized nanoparticles was obtained. Evaluation of obtained
yield was further studies, 1 mL of the suspended CaO2 NPs in
ethanol was centrifuged at 5000 rpm for 3 min. The supernatant
was removed, and the remaining precipitate was dried under
vacuum overnight. The weight of the nanoparticles in 1 mL
of solution was averaged from three different test tubes. The
synthesized nanoparticles were confirmed using X-ray diffraction
analysis (XRD; Malvern Panalytical, Malvern, U.K.), and the
surface morphology was visually investigated after treatment
with osmium for 30 sec using a scanning electron microscope
(SEM; JSM-7601F, JEOL Ltd., Tokyo, Japan) at an accelerating
voltage of 10 kV.
15 of 25
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.3 Synthesis of γ-PGA-Aln and γ-PGA-Aln-Phe

he synthesis of γ-PGA-Aln and γ-PGA-Aln-Phe was synthesized
imilar to previous reported [32]. For γ-PGA-Aln, 1.0 g of γ-PGA
7.7 mmol) was dissolved in 100 mL of 0.20 M NaHCO3 (aq.)
ollowing with the addition of 2.1 g of DMTMM (7.7 mmol) and
et it react for 10 min before adding 1.9 g of Aln (7.7 mmol).
he pH of the reaction was adjusted to pH 8.2 using 5 M NaOH
aq.) and stirred for 24 h at room temperature. The reaction
as collected and purified via dialysis against absolute ethanol
MWCO 12 000 ∼ 14 000 Da) for overnight and water for 3 days.
hite product was obtained after lyophilization for 3 days. The
atio of the synthesis was as summarized in Table S1. Similarly,
he synthesis of γ-PGA-Aln-Phe was performed using γ-PGA-
ln as a starting material. The reaction was carried out starting
rom the ratio of 1.0:1.0:1.0 molar ratio between γ-PGA-Aln,
he, and DMTMM based on the remaining carboxyl group on
he γ-PGA-Aln. The reaction was begun with dissolving 0.30 g
f γ-PGA-Aln10 (2.1 mmol) in 30 mL of 0.20 M NaHCO3 and
ixed with 0.59 g of DMTMM (2.1 mmol) for 10 min. 0.49 g
2.1 mmol) of Phe was then added and allow the reaction to react
or 24 h at room temperature. The solution was then purified
nder precipitated in EtOH solution and centrifuge at 10 000 rpm
or 10 min thrice before redissolved in DMSO/water (50/50) and
ialysis against DMSO/water (50/50) for 2 days and water for 3
ays, respectively (MWCO 12 000 ∼ 14 000 Da). White product of
-PGA-Aln-Phe was obtained after lyophilization. The products
rom both synthesized polymers were then further characterized
nd calculate its grafting degree using 1H-NMR (400 MHz, D2O,
pm) 25◦C under 64 scans. Various grafting degrees of the Phe
roup were synthesized based on the reaction ratios provided in
able S4.

.4 Fabrication of Oxygen-Releasing Hydrogel

he hydrogel was formed by mixing a polymer solution with
dispersed CaO2 nanoparticle (NPs) solution using the vortex
ethod. To prepare the hydrogel, a stock solution of 10% w/w
-PGA-Aln polymer in 500 mM phosphate buffer (PB) (pH 7.0)
as prepared. A sample bottle (Product code 84–0721, model No.
2) with a diameter of 12 mm was used as the container for
he hydrogel formation. For a final hydrogel volume of 400 µL
volume ratio of γ-PGA-Aln: CaO2 NPs = 8:2), 320 µL of the
olymer stock solution was added to the sample bottle. Then,
0 µL of suspended CaO2 NPs absolute EtOH containing different
oncentration of 0.5, 1, 2, 3, and 4 wt% was added in to the
ixing bottle, respectively. Due to the optimization, volume ratio
etween polymer solution and NPs content will keep constant
t 8:2 throughout the study. The mixture was vortexed using
Taitec Presentmixer 2013 (No. 3050319) at a fixed vibration
peed of 2800 r/min for 10 sec (supplementary video 1). Next,
ffect of polymer concentration, polymer solution in different
B concentration, different Aln grafting degree, and varying
aO2 NPs concentrations toward fabrication of oxygen-releasing
ydrogel was evaluated using the same preparation method. The
onfirmation of the gelation of each condition was performed
sing vial-tilting method.
6 of 25
4.5 Compression Analysis

A cylindrical hydrogel prepared in the previous step, with a
diameter of 10 mm and a height of 4 mm, was subjected to
mechanical testing using a universal testingmachine (Autograph
AGS-X, Shimadzu Corp., Kyoto, Japan) equippedwith a 20N load
cell. Each sample was placed on the lower plate and compressed
by the upper plate at a strain rate of 5 mm min−1. The elastic
modulus of the samples was calculated as the slope of the stress-
strain curve within the 5% to 10% strain range. In addition,
to understand the effect of oxygen released from the oxygen-
releasing material on the hydrogel, the mechanical properties of
the gel were analyzed at different time point. Specifically, after the
hydrogel was formed using the vortex method, it was left at room
temperature for intervals of 30, 60, 120, and up to 1440min before
undergoing compression testing using the described set-up.

4.6 Scanning ElectronMicroscope Imaging and
X-Ray Diffraction Analysis

The morphological characterization of hydrogel was observed
under a SEM (Phenom ProX G6 Desktop SEM, Thermo Fisher
scientific). Subject hydrogel was frozen in liquid N2 for 15 min
before lyophilized for 24 h or until completely dry (FDU-2200,
EYELA, Tokyo, Japan). Dried hydrogel was vertically sections
and osmium (HPC-30 Plasma Coater, Vacuum Device, Ibaraki,
Japan) on cross-sectioned surface for 30 sec and observed under
high vacuum conditions at an accelerating voltage of 10 kV
for Desktop SEM and their composition were analyzed with an
X-ray energy dispersive spectroscope (EDS) (Phenom ProX G6
Desktop SEM, Thermo Fisher scientific). Crystalline structure
of dried hydrogel was analyzed using X-ray diffraction (XRD)
analysis. The obtained oxygen-releasing hydrogel was first dried
under lyophilization for 2 days and crushed into small pieces
before further XRD measurement (AERIS, Malvern Panalytical,
Malvern, U.K.).

4.7 Fabrication of γ-PGA-Aln Hydrogel With
Alternative Polysaccharides, Divalent Cations and
Peroxide Sources

To investigate the role of polymer-nanoparticle interactions,
γ-PGA-Aln was substituted with alternative polysaccharide poly-
mers known for their divalent cation crosslinking capabilities,
including sodium alginate (CAS 9005-38-3, Sigma-Aldrich) and
κ-carrageenan (CAS 1114-20-8, Sigma-Aldrich). Specifically, a 5%
(w/v) solution of each polysaccharide was prepared in 500 mM
phosphate buffer (PB, pH 7.0). 320 µL of the polymer solution
was subsequently mixed with 80 µL of a 1 wt% suspension
of CaO2 NPs. Each polymer solution was further vortexed for
10 sec. The obtained gel was further evaluated using the vial-
tilting method. To understand the selectivity of the CaO2 NP
interaction, γ-PGA-Aln was further mixed with different cations
and peroxide compounds. For divalent cation testing, 1 wt% of
CaCl2, BaCl2, MgCl2, and MnCl2 were slowly added to a 10%
w/w of γ-PGA-Aln solution prepared using deionized (DI) water,
vortexed for 1 min and checked for gelation through tube-tilting
Advanced Materials, 2026
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ethod. Similarly, γ-PGA-Aln was mixed with different peroxide
ompounds, including commercially available micron-size CaO2
articles, BaO2 andMgO2 to observed gelation ability. Any sample
hat successfully formed a hydrogel was subsequently analyzed
or its compressive strength using the same set-up described in
he compression analysis section.

.8 Fabrication γ-PGA-Aln-Phe-Based
xygen-Releasing Hydrogel and Stability
ssessment

he conjugation of a hydrophobic segment onto the polymer
hainwas expected to enhance the stability of the fabricatedmate-
ial in aqueous solution over time. Therefore, γ-PGA-Aln10-Phe
as further evaluated for its gelation ability and stability. γ-
GA-Aln10-Phe-based oxygen-releasing hydrogel was fabricated
ollowing the procedure as described above with slight modifica-
ions. Specifically, 320 µL of 10%w/w γ-PGA-Aln10-Phe in 1 M PB
pH 7.0) was prepared and mixed with 80 µL of 1 wt% CaO2 NPs
or 10 sec. The stability of the oxygen-releasing hydrogel, with and
ithout the hydrophobic segment, was assessed by monitoring
hanges in diameter during incubation in serum-free Dulbecco’s
odified Eagle’s medium (DMEM) (08458-45, Nacalai Tesque,
yoto, Japan) at 37◦C. Cylindrical samples (10 mm diameter,
mm height) were initially measured at 0 min, and changes

n diameter were recorded at various time points to evaluate
tructural stability over time.

.9 Conjugation of Fluorescein Isothiocyanate to
atalase

o keep track of catalase in the experiments, the conjugation of
ITC [71] with catalase was first prepared. Briefly, 1 mg/mL of
atalase was dissolved in 20 mL phosphate buffer (pH 8). Next,
.5 mL of 1 mg/mL FITC (3326-32-7, Sigma-Aldrich) in dimethyl
ulfoxide (DMSO) was mixed with 20 mL catalase solution for
h at room temperature. The FITC-labeled catalase was purified
nd separated from unreacted FITC through dialysis against 3 L
f 500 mM PB (pH 7.4) (MWCO 3500 Da) for 2 days. Dialysis
edia was changed once a day. The dialyzed solution was then
yophilized to obtain a yellowish product.

.10 Positioning of FITC-Label Catalase and
orphological Analysis

o achieve clearer imaging of fluorescence signals within con-
tructed hydrogel, the hydrogel either coated for 1 h or mixed
or 10 sec with FITC-labeled catalase was further evaluated
o determine the positioning of catalase through fluorescence
maging. After confirmation of stability of γ-PGA-Aln10-Phe-
ased oxygen-releasing hydrogel. The formulation of 10% w/w
-PGA-Aln10-Phe55 in 1 M PB with 1 wt% CaO2 NPs was selected
s an optimal for remainder study. For mixing method, freshly
repared 200 µL hydrogel consisting of 160 µL of 10%w/w γ-PGA-
ln10-Phe55 (1M PB) and 40 µL of 1 wt% CaO2 NPs, together with
0 U FITC-labeled catalase was fabricated. Constructed hydrogel
as then horizontally sectioned in half and placed on a 24-well
dvanced Materials, 2026
plate. Fluorescence imaging of each condition was taken using
CQ1 (confocal quantitative image cytometer). On the other hand,
for the coating method, confirmation of coating efficiency under
different catalase concentration was first evaluated. Different
catalase concentrations ranging from 0, 10, 50, 100, and 200
U/mL in phenol red and serum free DMEM (1% antibiotics) was
prepared for the coating. In addition, optimization of the coating
process under different incubation times was also evaluated.
After optimization, the oxygen-releasing hydrogel was immersed
in 200 U/mL catalase at 4◦C for 1 h and used for further
evaluation. Phase contrast image and fluorescence intensity
across the sectioned gel was analyzed and averaged using ImageJ
software. Furthermore, the same condition was replicated, and
the sample were lyophilized for 24 h before being horizontally
sectioned. The sectioned gel was treated with osmium for 30 sec
and further observed for morphological structure using Desktop
SEM (Phenom ProX G6 Desktop SEM, Thermo Fisher scientific)
under accelerating voltage of 10 kV.

4.11 Effect of Coating andMixing Catalase to
Mechanical Property

A total of 200 µL of constructed hydrogel that prepared in
round bottom safe-lock Eppendorf tube, given a hydrogel with
a diameter of 7 mm and a height of 3 mm was fabricated.
The mechanical properties of the hydrogel were then evaluated
after mixing and coating with 10 U catalase. Next, catalase-
coated (immerse at 4◦C for 1 h) and catalase-mixed sample
(10 sec mixing) were then incubated in phenol red- and serum-
free DMEM (1% antibiotics). Mechanical testing was performed
either immediately after catalase incorporation (defined as 0min;
immediately after mixing or after 1 h coating) or after 24 h
incubation at 37◦C.

4.12 Evaluation of H2O2 Release

To explore the catalase activity on inhibiting hydrogen perox-
ide (H2O2) release, the remaining of H2O2 concentration in
phenol red- and serum-free DMEM (08489-45, Nacalai Tesque)
containing hydrogel was evaluated using Oxiselect Hydrogen
Peroxide/ Peroxidase Assay Kit (Fluorometric) (STA-344, Cell
Biolabs Inc., San Diego). 100 µL of oxygen-releasing hydrogel
was further coating and mixing with 10 U catalase before rinsing
with PBS and incubated in 1 mL of phenol red- and serum-
free DMEM (1% antibiotics) in a 24-well plate at 37◦C. Samples
were incubated in different time points, including 1 h, 1, 2, 3,
4, and 5 days. According to the detection limit specified in the
assay kit protocol, each sample was diluted 1000 times using
assay buffer. A 50 µL aliquot of the diluted sample from each
time point was mixed with 50 µL of the assay kit’s working
solution in a black 96-well plate. The samples were left at room
temperature for 30 min before measuring fluorescence intensity
using a microplate reader (SYNERGY/HTX multimode reader,
BioTek Instruments, Winooski) with excitation and emission
wavelengths of λex = 540 nmand λex = 590 nm, respectively. Result
from the measurement was compared and calculate according to
standard curve of known concentrations of hydrogen peroxide
(0 ∼ 1.56 µM).
17 of 25
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.13 Oxygen Release Profile Under Hypoxic
onditions

00 µL oxygen-releasing hydrogel as mentioned in previous
ection was prepared. 10 and 200 U/mL catalase in 1 mL
henol red- and serum-free DMEM (1% antibiotics) was used
s medium for coating method. While 10 U of catalase was
pplied for the mixing condition, as the concentration of 200
caused instability and collapse of the hydrogel after 1 h

f incubation. The dissolved oxygen levels in DMEM includ-
ng hydrogel were measured under a hypoxic condition using
s SDR SensorDish Reader (SDRSensorDishReader, PreSens,
egenburge, Germany), following the set-up and analysismethod
etailed in a previous report [31]. Freshly prepared 100 µL
amples of hydrogels coated with 10 U/mL and 200 U/mL
atalase, as well as hydrogels mixed with 10 U catalase were
lace in a 24-well sensor dish (OxoDishOD24, PreSens, Regen-
urge, Germany). Each sample was then immersed in 1 mL of
henol red- and serum-free DMEM (1% antibiotics). Medium
ithout hydrogel immersion was used as a control. To create
hypoxic environment, the SensorDish Reader and the 24-
ell sensor dish were placed in a hypoxia cell culture airtight
ag (6-8669-03, As One, Osaka, Japan) containing three Anaero
ack O2 absorbers (Mitsubishi Gas Chemical Company Inc.,
okyo Japan) and sealed with parafilm. The dissolved oxy-
en levels were monitored at 37◦C every 15 min for 3 days.
he obtained data were averaged from triplicate independent
easurement.

.14 2D-Cytotoxicity Toward NHDF Cells

ytocompatibility of the oxygen-releasing hydrogel was assessed
sing the WST-8 (CCK-8) assay. Normal human dermal fibrob-
asts (NHDFs) were seeded into 24-well plates at a density of 1.25
104 cells/cm2 and incubated overnight in 500 µL supplemented
MEM (10% FBS and 1% antibiotics) at 37◦C in 5% CO2 to allow
ell adhesion. 100 µL of oxygen-releasing hydrogels with and
ithout catalase coating were prepared. For catalase coating,
ydrogels were treated with 200 U/mL catalase, rinsed three
imes with PBS, and placed into cell culture inserts (Grenier bio-
ne ThinCert, pore size 0.4 µm). Inserts containing hydrogels
ere transferred to wells containing adhered NHDFs (Figure
5a) and incubated in the same volume of 500 µL supple-
ented DMEM (10% FBS and 1% antibiotics) inside and outside
he insert. Cultures were maintained under hypoxic conditions
O2< 0.1%) using a gas barrier box (As One, GB-2.0 L, Osaka,
apan) containing two AnaeroPack O2 absorbers at 37◦C, 5%
O2. WST reagent was prepared by mixing transparent DMEM
ith Cell Count Reagent SF (08458-16, Nacalai Tesque, Kyoto,
apan). After 3 days, cells were washed with PBS, treated with
00 µL of WST reagent, and incubated for 1 h under standard
ulture conditions. Subsequently, 100 µL of the supernatant was
ransferred to a 96-well plate, and absorbance was measured
t 450 nm using a microplate reader (Model 680, Bio-Rad
aboratories, Inc, Japan). Cell numbers were calculated based
n a standard curve generated from the relationship between
bsorbance values and known cell counts. Phase-contrast images
f each sample were obtained after 3 days of culture using an
VOS XL Core Imaging System (Thermo Fisher Scientific, MA,
SA).
8 of 25
4.15 Intracellular Reactive Oxygen Species (ROS)
Assay

Intracellular ROS levels were measured using the ROS Detection
Cell-Based Assay Kit (DCFDA) (Cat. 601520, Cayman Chemical).
Cell seeding density and hydrogel conditions were prepared as
described in the cytotoxicity assay. NHDFs were seeded at 1.25 ×
104 cells/cm2 into 24-well plates and cultured overnight in 500 µL
supplemented DMEM (10% FBS, 1% antibiotics) at 37◦C in 5%
CO2 incubator to allow cell attachment. On the following day,
100 µL of oxygen-releasing hydrogel, with or without 200 U/mL
catalase coating, was fabricated and placed into a cell culture
insert (Grenier bio-one ThinCert, pore size 0.4 µm) positioned
over the pre-attached NHDFs. Cultures were maintained under
normoxic conditions (O2> 21%, 37◦C, 5% CO2) for 24 h. Cells
that did not exposed to hydrogels was use as controls. After
incubation, cells were washed with cold PBS and lysed with
250 µL/well of 1% Triton X-100 in PBS, followed by a 10 min
incubation on ice. Samples were collected by scraping, sonicated
for 10 min, and centrifuged at 12 000 rpm for 5 min. 50 µL of the
supernatantwas transferred into a black 96-well plate,while 20 µL
was collected for DNA quantification. For ROS detection, 100 µL
of 10 µMDCFDA in PBSwas added to eachwell of the black plate.
The plate was incubated for 30 min at 37◦C, 5% CO2, protected
from light. Fluorescence intensity was measured at an excitation
wavelength of 485 nm and an emission wavelength of 538 nm
using a microplate reader (Model 680, Bio-Rad Laboratories,
Japan). Total DNA content was determined according to the
Qubit manufacturer’s instructions (Qubit 1X dsDNA HS Assay
Kit, Cat. Q33230, Thermo Fisher Scientific). Briefly, 20 µL of
supernatant was mixed with 180 µL of Qubit working solution,
incubated at room temperature for 3 min, and measured with a
Qubit 3.0 Fluorometer (Thermo Fisher Scientific,Waltham,MA).
ROS levels were normalized to DNA content and expressed as a
percentage relative to the control. Results were reported as mean
± SD from triplicate independent experiments.

4.16 Fabrication of Millimeter-Size Scaffold and
Culture Under Hypoxic Conditions of NHDF Cells

The construction of fibrin gel for 3D tissue was adapted from
a previous study by M. Piantino et al. [72]. Briefly, 100 µL of
24 mg/mL fibrinogen (Ref. F8630-5G, Sigma-Aldrich, St. Louis,
MO, USA) was dispersed in 100 µL of non-supplemented DMEM
in an Eppendorf tube. In a separate tube, 1.5 × 106 NHDF cells
were dissociated in 100 µL of 12 U/mL thrombin (T4648-10kU,
Sigma-Aldrich, St. Louis, MO, USA) with an additional of 100 µL
of supplemented DMEM (10% FBS and 1% antibiotics). The final
concentrations of fibrinogen and thrombin in a total 400 µL
fibrin gel were 6 mg/mL and 3 U/mL, respectively. Prior to fibrin
gel formation, total volume of 100 µL oxygen-releasing hydrogel
was prepared. The hydrogel was cut into four equal pieces,
washed three times with serum- and phenol red-free DMEM (1%
antibiotics), and incubated in 1 mL of serum- and phenol red-free
DMEM containing 200 U/mL catalase for 1 h at 4◦C. In a separate
Eppendorf tube, equal volumes of fibrinogen solutions were
mixed to a final volume of 400 µL and immediately transferred
into a 48-well plate. Subsequently, a quarter segment of the
catalase-coated oxygen-releasing hydrogel was placed into fibrin
solution. As a control, fibrin gels with 1.5 × 106 NHDF cells alone
Advanced Materials, 2026
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nd those embedded with non-catalase-coated oxygen-releasing
ydrogels were prepared. All samples were incubated at 37◦C,
% CO2 for an additional 1 h to ensure complete gelation. Then,
ach sample was individually place into 6-well plate containing
mL supplementedDMEM(10%FBS, 1% antibiotics) and 5 µg/mL
protinin (CAS 9087-70-1, 50 000 KIU, Fujifilm Wako) to prevent
ibrin degradation. The samplewas further culture under hypoxic
onditions using a gas barrier box (GB-2.0 L, As One, Osaka,
apan) containing two AnaeroPack O2 absorbers at 37◦C, 5% CO2.
ssessment of total DNA number was measured at day 5 and day
0 of culture.

.17 Assessment of Total DNA Number

fter 5 and 10 days of culture of millimeter-size scale scaffolds
nder hypoxic condition, scaffolds were rinsed with PBS before
erforming cell viability by quantifying total DNA content. The
caffold was first lysed by addition 900 µL of ATL lysis buffer
Qiagen) and 100 µL of Proteinase K, followed by incubation at
6◦C for 2 h until the fibrin gel was completely degraded. 10 µL
f sample was then mixed with 190 µL Qubit working solution
nd incubate for 3min at room temperature before quantify using
ubit 3.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA)
ith the Qubit 1× dsDNA HS Assay Kit (catalog no. Q32854,
hermo Fisher Scientific). A 2D culture of initial cell seeding (1.5
106 cells of NHDF) in 6-well plate was prepared in parallel to
etermine relative cell viability and the cell pallets was collected
nd lysed after 8 h of culture. Total DNA number in 3D scaffold
as expressed relative to the DNA amount of the initial seeding
opulation. Results are presented as the mean ± SD from three
ndependent experiments.

.18 Live/Dead Analysis and
mmunofluorescence Staining of Millimeter-Size
caffold

he distribution of viable/dead cell within construct scaffold
as assessed after 5 days of culture. Samples were rinsed with
BS and incubated in 1000 µL of PBS containing 1 µL of
alcein AM (Invitrogen), 4 µL of ethidium homodimer (EtHD-
, Sigma), and 1 µL of Hoechst 33342 (Invitrogen) at room
emperature for 1 h. After incubation, samples were washed
wice with PBS and observed using a confocal laser scanning
icroscope (CLSM), FluoViewFV3000 (Olympus, Tokyo, Japan).
btained image was used for further quantitative analysis for
valuation of viable cells within each condition of scaffold using
lastik (v1.4.1) and CellProfiler (v4.2.8). Total viable cells were
alculated and expressed relative to nuclei number. For each
ample, three fields of view specifically inside the matrix and
ear to hydrogel region was captured, with a consistent z-stack
hickness of 150 µm. Results are presented as mean ± SD from
our independent experiments. In addition, cell morphology was
emonstrated using immunofluorescence staining. After 5 days of
ulture, scaffolds were fixed with 4% paraformaldehyde (PFA) for
0 min at 4◦C. After being rinsed twice with PBS, sample were
ermeabilized in with 0.2% Triton X-100 in PBS for 15 min at
oom temperature under gently agitation (50 rpm). Samples then
ashed three times with PBS before being incubated overnight at
◦C with PBS containing 1% bovine serum albumin (BSA; Sigma-
dvanced Materials, 2026
Aldrich), Alexa Fluor 488 Phalloidin (1:800 dilution; Invitrogen)
for F-actin filaments and 4’,6-diamidino-2-phenylindole (DAPI)
(1:1000 dilution; Gibco) for nuclei staining. The imagewas further
observed by CLSM.

4.19 Fabrication of Centimeter-Sized Scaffold

Construction of large-scale scaffold, specifically, centimeter-size
scale scaffold was further fabricate using sandwich approach.
Prior formation of fibrin gel, 6 mg/mL fibrinogen solution in
serum free DMEM (1% antibiotics) and 3 U/mL of thrombin
containing 15 × 106 NHDFs/ mL in supplemented DMEM (10%
FBS, 1% antibiotics)was individually prepared.A cylindricalmold
(5 mm diameter and 2 mm height) was autoclaved prior use.
Unlike millimeter-size scaffold, full size of 100 µL catalase-coated
oxygen-releasing hydrogel (5 mm diameter and 1.25 mm height)
was fabricated. Scaffold assembly was performed by sequentially
layering fibrinogen and thrombin solutions into the mold. First,
500 µL of fibrinogen solution and 500 µL of thrombin solution
were mixed in the mold, followed by placement of the full-
size hydrogel in the center, and allowed to gel for 5 min at
room temperature. Next, an additional 500 µL each of fibrinogen
and thrombin solutions were added to form the second layer.
The entire construct was polymerized for 1 h at 37◦C in a
humidified incubator (5% CO2) before being transferred to a 6-
well plate containing 10 mL of supplemented DMEM (10% FBS,
1% antibiotics) and 5 µg/mL aprotinin. Scaffolds without oxygen-
releasing hydrogels and with non-catalase-coated hydrogels were
prepared as controls. Cultures were maintained for 5 days in
a gas-barrier box with two AnaeroPack O2 absorbers to estab-
lish hypoxic conditions. The culture medium was refreshed on
day 3 using DMEM pre-equilibrated overnight under hypoxia
conditions to minimize reoxygenation effects. After 5 days of
culture, scaffolds were analyzed for cell distribution using light-
sheet fluorescencemicroscopy (LSFM) and determine viable cells
via Live/Dead staining. To acquire complete Live/Dead staining
within thick constructs rather than only at the outer regions of the
scaffold, the scaffolds were vertically sectioned prior to staining,
following the procedure described earlier. Fluorescence imaging
was performed above the cutting plane to minimize potential
artifacts or false-positive signals arising from cell damage at the
cut surface. This enabled accurate evaluation of cell distribution
and viabilitywithin the inner regions of the construct. Total viable
cells were calculated and expressed relative to nuclei number.
Results are presented as the mean ± SD from 15 independent
areas.

4.20 Hypoxia Analysis by LOX-1 Hypoxia Probe

Hypoxia within the centimeter-scale scaffold was evaluated using
the LOX-1 hypoxia probe (Medical & Biological Laboratories,
Japan). Centimeter-sized scaffolds were prepared as described
previously, with scaffolds in the absence of the oxygen-releasing
hydrogel used as the control group. The samples were cultured
under hypoxic conditions, and LOX-1 staining was performed
according to the manufacturer’s protocol. Briefly, the culture
medium was first pre-equilibrated under hypoxic conditions
overnight. Fresh 2 µM LOX-1 was then added to the pre-
hypoxia-calibratedmedium, and the sampleswere cultured for an
19 of 25
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dditional 24 h prior to detection. On the day of imaging, the
caffolds were vertically sectioned into halves to enable observa-
ion of the internal region. Full-size LOX-1 fluorescence mapping
cross the scaffold was observed using an FV3000 confocal
icroscope. The fluorescence intensity settings and acquisition
hickness (50 µm) were kept constants for all samples. LOX-
fluorescence intensity throughout the scaffold was quantified
sing the “Raw Intensity Heatmap Grid” macro in ImageJ with
window size of 200 × 200, and the obtained data were further
nalyzedusing Prism software. In addition, fluorescence intensity
radient profiles within the hydrogel were quantified using
mageJ. Analysis was performed along the dotted line indicated
n the fluorescence images, extending from the oxygen-releasing
ydrogel region toward the peripheral region of the scaffold.
uantification of LOX-1-positive cells was performed using
MARIS. 10 random images from the inner region of the scaffold
ere selected and analyzed for LOX-1-positive cells, which were
ormalized to the total number of nuclei. Data are presented
s mean ± SD from three biological replicates, except for the
ontrol group, which is presented from one fabricated biological
ample.

.21 Light-Sheet Fluorescence Microscopy

ull image analysis of centimeter-scale scaffolds was performed
fter 5 days of culture under hypoxic conditions. Whole-scaffold
maging was conducted using a ZEISS Lightsheet 7 system.
caffolds from each condition were fixed and permeabilized
ollowing the same procedure described for immunofluorescent
taining, with extended incubation times to accommodate the
arger scaffold size. Scaffolds were fixed in 4% paraformaldehyde
or 1 h at 4◦C, rinsed three times with PBS, and incubated
vernight at room temperature with gentle agitation in PBS
ontaining 1% (w/v) BSA, Alexa Fluor 488 Phalloidin (1:800
ilution), and DAPI (1:1000 dilution). After three additional PBS
ashes, scaffolds were incubated in RapiClear 1.47 (SUNjin Lab)
t 37◦C overnight for optical clearing. The cleared scaffolds were
hen positioned within the ZEISS-provided holder, embedded
n RapiClear CS mounting gel (SUNjin Lab), and allowed to
olidify at 4◦C for 30min. Fluorescence imageswere subsequently
cquired using LSFM.

.22 Culture of Human Neural Stem Cells
aintenance

uman neural stem cells (hNSCs) derived from the NIH-
pproved H9 (WA09) human embryonic stem cell line was
btained from Life Technologies as a commercially available
roduct (N7800-200). Cells were handled and culture accordance
o manufactured protocol and as mentioned in previous protocol
73] Briefly, prior cell seeding, polystyrene plates (Corning) were
irst coated with 20 µg/mL poly-L-ornithine (Sigma-Aldrich) fol-
owing by 10 µg/mL of Laminin (L2020, Sigma-Aldrich). hNSCs
ere cultured in expansion medium, namely StemPro NSC SFM
edium supplementedwith basic fibroblast growth factor (bFGF,
0 ng mL−1), epidermal growth factor (EGF, 20 ng mL−1), (all
ibco), and 1% v/v penicillin-streptomycin (pen-strep). Cells were
nitially seeded at a density of 1 × 105 cells/cm2 and subsequently
assaged when they reached approximately 90% confluence.
0 of 25
4.23 Indirect Cytotoxicity Tests Using hNSCs

To evaluate the cytocompatibility of catalase-coated oxygen-
releasing hydrogel toward hNSC, indirect cytotoxicity tests were
performed using resazurin (Sigma-Aldrich) and LDH release
analysis (Invitrogen). hNSCs were seeded in 24-well plates at a
density of 3 × 104 cells/cm2 and cultured overnight to allow cell
adhesion. Full-sized catalase-coated oxygen-releasing hydrogels
were prepared as described above and washed prior use. The
hydrogels were placed into transwell inserts (Grenier bio-one
ThinCert, pore size 0.4 µm) (one hydrogel/insert), followed by
the addition of 500 µL of supplemented culture medium to the
inner part of the inserts. The inserts were then transferred to the
hNSC-seeded wells and incubated under normoxia (O2 > 21%)
and severe hypoxic (O2< 0.1%) conditions for 24 h. After 24 h of
culture, the inserts were removed, and 50 µL of cell supernatant
were transferred to the wells of a 96-well plate for subsequent
LDH release assay. The remaining culture medium in each well
was removed and replaced with culture medium containing 20%
(v/v) resazurin sodium salt (Sigma-Aldrich) in PBS. The plates
were incubated for an additional 2-h period under the same
oxygen conditions. Afterward, 100 µL of the supernatant were
transferred into the wells of black 96-well plates (Greiner Bio-
one), and fluorescence intensity was measured using microplate
plate reader (BioTek Synergy Mx) with an excitation wavelength
of 530 nm and an emission wavelength of 590 nm. The relative
fluorescence unit (RFU) was expressed as percentage of the
correspondent control, namely cells cultured in the absence of the
oxygen-releasing hydrogel (Figure S11a)

In addition, LDH assay was quantified using CyQUANT LDH
cytotoxicity assay kit according to the manufacturer’s instruc-
tions. The cell supernatants collected previously were mixed
with the LDH reaction reagent and incubated for 30 min at
room temperature, protected from light. After incubation, the
optical density at 490 nm and 690 nm was measured using
a microplate reader. Cytotoxicity was quantified according to
the manufacturer’s protocol. Cells cultured without the oxygen-
releasing hydrogel were lysed with the kit’s Lysis Buffer to
establish the maximal LDH activity:

%cytotoxicity

(
Compound treated LDH activity − Spontaneous LDH activity

Maximum LDH activity − Spontaneous LDH activity

)
× 100

4.24 Oxygen Content Within Fibrin Gel

To validate oxygen release under the fibrin gel configuration, the
dissolved oxygen content was re-evaluated using an embedded
hydrogel setup. To maintain the oxygen-releasing hydrogel at
the center of the fibrin gel construct, a polydimethylsiloxane
(PDMS) mold was used to create a cavity within the central
region of the gel. Briefly, a first layer of acellular fibrin gel was
deposited as illustrated in Figure S12a(i) and incubated at 37◦C
for 1 h. After complete gelation, the PDMS mold was removed.
One-quarter of the oxygen-releasing hydrogel coated with 200
U/mL catalase at 4◦C for 1 h was subsequently positioned within
the central cavity of the first fibrin gel layer. A second layer
of fibrin polymerizing solution was then added to fully embed
Advanced Materials, 2026
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he material (Figure S12a(ii)), followed by incubation at 37◦C
or an additional 1 h to allow complete gelation. Catalase-coated
xygen-releasing hydrogels merely immersed in 400 µL of the
uffer used for fibrin gel preparation (1× TBS, pH 7.4) were
lso assessed. Dissolved oxygen measurements for both fibrin-
mbedded and non-embedded samples were performed under
he same experimental setup described above. The reported data
epresent the net increase in dissolved oxygen after subtraction
f the deoxygenation profile obtained from the medium-only
ontrol.

.25 Culture of hNSCsWithin Fibrin Gel in the
resence of Catalase-Coated Oxygen-Releasing
ydrogel

NSCs were dissociated into single cells using StemPro accutase
ell dissociation reagent (Gibco) and resuspended in the fibrino-
en solution before the addition of equal volume of thrombin
olution containing CaCl2. A PDMS mold (3 mm diameter ×
mm height) was placed at the center of each well in a 48-well
late, and 200 µL of the fibrin polymerizing solution containing
issociated cells (1 × 106 cells/mL) were added to the each well
or the formation of the hNSC-laden fibrin gel layer. This step
enerated a central cavity for subsequent addition of the oxygen-
eleasing hydrogel (Figure S12a). The fibrin gels were incubated
n 37◦C in a 5%CO2 humidified incubator for 1 h to allow fibrin gel
ross-linking by factor XIIIa. After gelation, the PDMS mold was
emoved and 400 µLof supplemented StemProNSCSFMcontain-
ng 5 µg/mL aprotinin were added to each well. Constructs were
ultured for 2 days under humidified conditions at 37◦C and 5%
O2 to allow initial cell proliferation. On day 2, the medium was
spirated, and a quarter section of the catalase-coated oxygen-
eleasing hydrogel prepared as described for the millimeter-scale
caffold, was transferred to the central cavity. An additional
00 µL of acellular fibrin polymerizing solution were then added
o each well, to ensure the central positioning of the embedded
ydrogel. The crosslinking of the second fibrin layerwas achieved
s described above. Once fully set, the entire construct was
ransferred to the wells of a 6-well plated previously filled with
mL of neuronal differentiation medium, which consisted of a
1:1) mix of StemPro NSC SFMmedia without growth factors and
eurobasal/B27 medium (Neurobasal medium supplemented
ith 2% v/v B27 and 1% v/v L-glutamine, all Gibco), containing
µg/mL of aprotinin. On day 8 of culture, half of the culture
ediumwas replaced by StemProNSC SFM: Neurobasal/B27 (1:3
ix), supplementedwith 10 ng/mLof recombinant humanBDNF
Peprotech), 500 µM of dibutyryl cAMP (Sigma), and 5 µg/mL of
protinin. Cell-laden hydrogels were cultured for periods up to
2 days, half of medium being renewed every other day (Figure
12b). The cultures were kept in a controlled severely hypoxic
nvironment using a humidified PhO2X Box cell culture chamber
Baker Ruskinn) with a controlled atmosphere of 0.1% O2 and 5%
O2, which was placed in the 37◦C incubator.

.26 Cell Metabolic Activity and Live/Dead
ssay in hNSC-Laden Fibrin Gels

he metabolic activity and the distribution of viable/dead cells
ithin fibrin gel were assessed using resazurin and a Live/Dead
dvanced Materials, 2026
assay, respectively. The cell metabolic activity of embedded
hNSCs, in the absence or presence of catalase-coated oxygen-
releasing hydrogels, was evaluated on day 1, 3, 5, and 12 of
differentiation. At each time point, the cell-constructs were
transferred to fresh neuronal differentiation medium contain-
ing 20% (v/v) resazurin sodium salt and incubated for 2.5 h
at 37◦C, 5% CO2, under the same severe hypoxic conditions
used during culture. Subsequently, 100 µL of the supernatants
were collected for spectrophotometric analysis, and the samples
transferred back to the initial wells to continue the culture
until day 12. Results are presented as mean ± SD from three
independent experiments, each performed with four technical
replicates.

The Live/Dead assay was performed on day 1 and day 12 of cell
culture. Samples were rinsed with PBS and incubated for 30 min
at 37◦C, 5% CO2, in pre-warmed PBS containing Calcein-AM
(4 µg/mL, Thermo Fisher Sci.), ethidium homodimer (2 µg/mL,
Sigma), and 2.5 µg/mLHoechst 33342 (Thermo Fisher Sci.). Fluo-
rescent image stacks covering a thickness of 150 µmwere acquired
using Leica TCS SP5 confocal Microscope (Leica Microsystems).
At least 6 fields of view were acquired at different positions
throughout the gel. The percentage of viable cells was calculated
in relation to the total nuclei per image. Results are presented as
the mean ± SD from three independent experiments. For each
experiment, six images were analyzed and the average percentage
of viable cells was determined.

4.27 Isolation of hNSCs From Fibrin Gel

The constructs werewashedwith PBS and sequentially incubated
with 3 mg/mL nattokinase solution (NSK-SD) for 1 h at 37◦C,
followed by incubation in 1× trypsin-EDTA (30 min at 37◦C;
Gibco), both steps under mild agitation (70 rpm). After trypsin
inactivation with serum-containing media cells were mechani-
cally dissociated by pipetting and pelleted by centrifugation. After
being resuspended in 1× PBS, cells were counted using the trypan
blue exclusion dye, centrifuged, and the cell pallets stored at
−80◦C.

4.28 Total DNA Quantification in hNSC-Laden
Fibrin Gels

Cell pellets isolated from fibrin gels were lysed with 250 µL of 1%
Triton X-100 in PBS and incubated on ice for 10 min, followed by
sonication for 10 min and centrifugation at 12 000 rpm for 5 min.
Subsequently, 10 µL of the supernatant was mixed with 190 µL of
Qubit working solution, and total DNA content was quantified
using the same Qubit 2.0 Fluorometer protocol described above.
DNA content was expressed as total DNA (ng) per fibrin matrix.
Results are presented as mean ± SD from three independent
experiments.

4.29 Immunostaining of hNSC-Laden-Fibrin
Gels

At the end of the culture time, the cell-laden fibrin gels were
processed en-bloc for immunofluorescence labelling of Nestin,
21 of 25
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III-Tubulin, and MAP2. Briefly, samples were washed trice with
BS and fixed with 4% (w/v) paraformaldehyde (PFA, Sigma-
ldrich) for 20 min, at room temperature. After rinsing with
BS, they were permeabilized in PBS containing 0.2% (v/v) Triton
-100 (PBS-T, Sigma-Aldrich) for 45 min at room temperature
nder gentle stirring on an orbital shaker. Following perme-
bilization, the cell-constructs were washed trice with PBS and
locked for 60 min at room temperature in PBS buffer containing
% (w/v) Normal Donkey Serum (NDS), 3% (w/v) BSA, and
.05% Tween-20 (Sigma-Aldrich). Samples were then incubated
vernight at 4◦C under stirring with the primary antibod-
es, namely Mouse monoclonal anti-NESTIN [10C2] (Ab22035,
bcam; 1:200), Rabbit anti-βIII-Tubulin (ab18207, Abcam; 1:500),
nd Mouse monoclonal anti-MAP2 (Invitrogen, 13–1500; 1:200),
iluted in PBS containing 1% NDS, 1% BSA, and 0.05% tween.
fter being rinsed trice with PBS containing 1%NDS, 1% BSA, and
.05% tween, the samples were incubated with species-specific
econdary antibodies (Alexa Fluor 647 donkey anti-mouse IgG.
H+L), Alexa Fluor 488 donkey anti-mouse IgG (H+L), and
lexa Fluor 647 donkey anti-rabbit IgG (H+L), all Invitrogen),
iluted 1:500 in PBS containing 1% NDS, 1% BSA, and 0.05%
ween for 60 min in the dark at room temperature. Finally,
he samples were washed and counterstained with 0.15 µg/mL
oechst 33342 in PBS for 20min andmounted with Fluoromount
queous Mounting Medium (Sigma-Aldrich). Images were
cquired using a Leica TCS SP5 Confocal Microscope, and sub-
equently analyzed using IMARIS software (version 10.2, Oxford
nstruments).

.30 Immunocytometry Analysis of Developing
ndMature Neurons

he expression of βIII-Tubulin and MAP2 after 12 days of
ifferentiation under severely hypoxic environment in an absence
nd presence of catalase-coated oxygen-releasing hydrogel was
ssessed by immunocytometry [74]. Cells were isolated using
attokinase and Trypsin EDTA as described above and suspended
n PBS. After counted, cells were stained with Zombie Aqua
iability dye (BioLegend) for 15 min at room temperature. Sub-
equently, cells were washed and fixed in 1% w/v PFA in PBS for
0 min at 4◦C, followed by incubation in blocking buffer (5% v/v
ormal goat serum; NGS, Biosource, in PBS) for 20 min. Cells
ere then incubated with primary antibodies, namely Rabbit
nti-beta III tubulin (ab18207, Abcam) andMouse anti-MAP2 (13-
500, Invitrogen) diluted 1:500 in PBS containing 1% v/v NGS
or 30 min. After washing, cells were incubated with second
ntibodies, namely Alexa Fluor 488 donkey anti-mouse IgG
H+L) andAlexa Fluor 647 donkey anti-rabbit IgG (H+L), diluted
:500 in PBS containing 1% v/vNGS for an additional 30min. Cells
ere then washed trice, resuspended in FACS buffer (2% fetal
ovine serum (FBS) and 0.1%w/v sodium azide), and analyzed by
low cytometry using a BDFACSCanto II, BDBiosciences (Becton
ickinson). Cellular debris was excluded on the basis of forward
catter (FSC) and side scatter (SSC) parameters. Viable cells
ere identified by exclusion of non-viable events using Zombie
qua Fixable Viability Dye. Unstained samples and secondary
ntibody–only controls were included to define fluorescence
ating strategies and to evaluate background signal and non-
pecific antibody binding, respectively (Figure S14). For each
ample, at least 60 000 events were acquired. Quantification of
2 of 25
marker-positive populationswas performedwithin the gated live-
cell population using software FlowJo v10.10 (BD Life Sciences,
Ashland, OR, EUA).

4.31 IMARIS Analysis

3D stack images of samples processed for Hoechst/ MAP2
labelling were used for analysis of neurosphere volume and
neurite morphometry using Imaris (version 10.2, Oxford Instru-
ments). The average volume of neurospheres was identified using
Surfaces module (Figure S15). The Filament Tracer module was
used to analyze neurite branching from individual neurospheres.
The maximal neurite length was manually traced and measured
using distance data from x-y plane in slice view, where at least 10
different neurites per image were analyzed. Filament full branch
depth, and filament full branch level value were collected from
the software (Figure S16). The averaged results were summarized
from three independent experiments, with at least five different
imaging positions analyzed for each experiment, and aminimum
of 10 neurospheres were analyzed per image.

4.32 Statistical Analysis

Statistical analysis was performed usingGraphPad prism (version
10.1.2; GraphPad Software, Inc.) and ezANOVA software. Data
are presented as mean ± standard deviation (SD). Comparisons
between two related groups were performed using a two-tailed
paired t-test. One-way or two-way analysis of variance (ANOVA)
was used, followed by post hoc analysis with Tukey’s, or Holm-
Šídák multiple comparison tests. Comparison between two
independent groups were performed using the non-parametric
Mann-Whitney test using a 95% confidence interval was applied.
A p value ≤ 0.05 was considered statistically significant.
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