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Spinal cord injury (SCI) can lead to iron overloading and subsequent neuronal ferroptosis,
which hinders the recovery of locomotor function. However, it is still unclear whether
the maintenance of neuronal iron homeostasis enables to revitalize intrinsic neurogenesis.
Herein, we report the regulation of cellular iron homeostasis after SCI via the chelation of
excess iron ions and modulation of the iron transportation pathway using polyphenol-based
hydrogels for the revitalization of intrinsic neurogenesis. The reversed iron overloading can
promote neural stem/progenitor cell differentiation into neurons and elicit the regenerative
potential of newborn neurons, which is accompanied by improved axon reinnervation and
remyelination. Notably, polyphenol-based hydrogels significantly increase the neurological
motor scores from ~8 to 18 (out of 21) and restore the transmission of sensory and motor
electrophysiological signals after SCI. Maintenance of iron homeostasis at the site of SCI
using polyphenol-based hydrogels provides a promising paradigm to revitalize neurogenesis
for the treatment of iron accumulation-related nervous system diseases.
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Spinal cord injury (SCI) is a severe central nervous system issue that often leads to irreversible
dysregulation in motor and sensory functions and is associated with high rates of mortality
and disability (1, 2). Regeneration of neurons and axons after SCI is typically inhibited due
to inflammatory cascades and oxidative stress (2-5). Recent studies have shown that ferrop-
tosis, an iron-dependent cell death pathway, exists in the pathological conditions of SCI and
induces the deterioration of locomotor function (6, 7). Genetically, ferroptosis is mainly
related to the genomic change of iron homeostasis and lipid peroxidation metabolism, which
can be inhibited by preventing the iron-catalyzed Fenton reaction using iron chelators (e.g.,
deferoxamine) and/or reducing lipid peroxidation using antioxidants (e.g., ferrostatin-1,
liproxstatin-1) (8-10). However, the systemic administration of iron chelators for the SCI
treatment suffers from a relatively short half-life time of circulation and a low utilization rate.
Although the presence of ferroptosis in the impairment of motor function after SCI has been
revealed, the detailed implication of iron overloading in subsequent axon disruption and
neuronal regeneration failure has not yet been elucidated (11). Additionally, iron overloading
is associated with neurodegenerative diseases, such as Parkinson’s and Alzheimer’s diseases.
Therefore, it is of significance to address the issue of iron in regenerating neurons.
Phenolic compounds containing catechol and/or gallol groups are widely distributed
in organisms and are generally involved in various biological functions (12-14). One of
the most profound features of polyphenols is their potent antioxidant properties, which
can help prevent various oxidative stress-associated diseases, such as cancer and Alzheimer’s
disease (15). Furthermore polyphenols (e.g., tannic acid, TA) can coordinate with metal
ions (e.g., Fe**, Fe*) to form metal-phenolic networks, which have been used for the
engineering of ﬁlms and particles (16, 17). Additionally, when the Fe" is complexed with
polyphenols, it is hard to participate in Fenton reactions for the productron of harmful
hydroxyl radicals (18-20), which could be due to the fast oxidization of Fe** into Fe’* in
the polyphenol complexes (19, 21). Since phenolic compounds can chelate iron ions and
scavenge reactive oxygen species (ROS), it is hypothesized that they can simultaneously
inhibit iron accumulation and lipid peroxidation to prevent SCI-induced ferroptosis.
Herein, we demonstrate that iron overloading in the spinal cord is not only indicative
of impaired motor function but also crucially contributes to axonal disruption and failure
of neuronal regeneration. Polyphenol-based hydrogels can restore neuronal iron homeo-
stasis to improve the differentiation and proliferation of progenitor cells and neurite
outgrowth. Composed of TA, arginine-doped polydopamine (PDAR) nanoparticles (NPs),
and carboxymethyl chitosan (CC), polyphenol-based (TPC) hydrogels were used to ame-
liorate the pathological iron overloading of SCI (Fig. 14). TPC hydrogels significantly
revitalized the intrinsic neuro-regenerative potential by suppressing the degeneration of
injured neurons and their axons and by regulating the fate of neural stem/progenitor cells
(NSPCs). Notably, hydrogel-mediated iron homeostasis resulted in newborn neurons,
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which could contribute to the reconstruction of functional neural
networks and the transmission of electrophysiological signals for
improving coordination motor recovery in SCI rats. This research
demonstrates that locoregional implantation of an iron-chelating
system to maintain iron homeostasis and the redox balance is a
promising strategy for SCI treatment.

Results and Discussion

Detriment of Iron Deposition to Neural Regeneration In Vitro.
TPC Hydrogels were prepared by integration of TA and PDAR NPs
with CC, while TA/CC (defined as TC) hydrogels were composed

of TA and CC based on noncovalent interactions (SI Appendix,
Figs. S1-S4). Resonance Raman spectra demonstrated that
the hydrogels could sequester Fe’* from the FeCl, solution
(SI Appendix, Fig. S5). TC and TPC hydrogels both showed
negligible cytotoxicity and biodegradable in vivo (87 Appendix,
Figs. S6 and S7). The regulation of intracellular iron levels and
neural regeneration using polyphenol-based hydrogels was
investigated in vitro. A ferroptosis model of PC12 cells was
established using RSL3 (an inhibitor of glutathione peroxidase
4, GPX4), which could cause ROS accumulation and lipid
peroxidation (22, 23). After the incubation of PC12 cells
with RSL3, the intracellular concentrations of Fe, H,O,,
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Fig. 1. Polyphenol-based hydrogels for the treatment of SCI. (A) Schematic illustration of TPC hydrogels for SCI repair. The hydrogels implanted on the SCI
sites can chelate overloaded iron ions, scavenge ROS, and suppress inflammation, resulting in neural regeneration, attenuation of glial scar, and locomotor
recovery in rats. (B) Representative fluorescence images of RSL3-treated PC12 cells incubated with different materials. Fe?*, membranes, and nuclei were strained
with FerroOrange (yellow), Alexa Fluor 633-wheat germ agglutinin (WGA-AF633, red), and DAPI (blue), respectively. (Scale bar: 10 um.) (C) Quantification of Fe
in PC12 cells, which were normalized against the control (PBS) group (n = 4). (D) Quantification of the percentages of TUJ-1" cells derived from NSPCs (n = 5).
() Representative fluorescence images of NSPC-derived cells treated with Fe** and CC, TC, or TPC at day 7, and stained with anti-TUJ-1 antibodies (green) and
DAPI (blue), respectively. (Scale bar: 50 pm.) (F) Representative fluorescence images of cultured DRG neurons, stained with anti-NF200 antibodies (green). (Scale
bar: 50 um.) (G and H) Branching complexity (G) and Sholl analysis (H) of neurite outgrowth in DRGs incubated with different materials, which were normalized
against the control group (n = 3). All data represent the mean + SD. (C, D, and G) One-way ANOVA followed by Tukey's post hoc test. *P < 0.05, **P < 0.01, ***P <
0.001, and ****p < 00001 compared with the RSL3 or mFe?" groups. #P < 0.05, ##P < 0.01 and ###P < 0.001 compared with the TPC group. n.s. = not significant.
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and malondialdehyde (MDA, a lipid peroxidation marker)
significantly increased (Fig. 1B and SI Appendix, Fig. S8).
However, the accumulation of Fe was alleviated when PC12
cells were treated with CC, TC, or TPC hydrogels due to the
metal-chelation of the carboxy groups in CC and the phenolic
groups in the TC and TPC hydrogels (Fig. 1C). Notably, only
the TC and TPC hydrogels could rescue the cells from the
RSL3-induced ferroptosis, which could be due to protection
from free-radical damage via the internalization of disassembled
hydrogels (SI Appendix, Fig. S9). The antioxidant effects of
the polyphenol-based hydrogels were further demonstrated by
exposing PC12 cells to external oxidative stress induced by
H,0, and Rosup (87 Appendix, Figs. S10 and S11).

Further, the effect of iron deposition on neurogenesis at the
cellular level, including differentiation of NSPCs and axonal
regrowth, was investigated by adding additional moderate Fe**
(mPFe, 0.4 pmol) and excess Fe** (eFe, 4 pmol) to simulate systemic
iron overloading. The cells expressed with f3-tubulin (TUJ-1,
neuronal marker) in the mFe group were hardly detectable (1.5 +
1.1%) compared to control (39.0 + 2.0%), TC (16.2 + 7.3%), and
TPC (33.4 + 12.7%) groups (Fig. 1 D and E). This indicated that
the mFe significantly impeded NSPC differentiation towards the
neuronal lineage, which could be reversed by the polyphenol-based
hydrogels. Subsequently, dissociated dorsal root ganglion (DRG)
neurons of neonatal rats were used to determine the impact of iron
overloading on neurite outgrowth (Fig. 1F) (24, 25). Sholl analysis
demonstrated that mFe significantly reduced the length of neurites
and the number of the neuritic branches of DRG neurons (Fig. 1
Gand H). Importantly, over 10-fold and twofold increase in DRG
branching complexity was observed after TPC treatment compared
to the mFe and TC groups, respectively. Moreover, the mRNA
levels of neuronal markers (i.e., Neurodl and Tuj-1) dramatically
increased and astrocyte marker (i.e., Gfap) decreased in the TPC
and TC groups (S Appendix, Fig. S12). In addition, when the
metal ions surpassed the chelation ability of TPC hydrogels, no
effective TU]J-1" cells and available axonal regrowth of DRG neu-
rons were observed in the eFe, eFe/CC, eFe/TC, and eFe/TPC
groups (81 Appendix, Fig. S13). Moreover, a remarkable iron accu-
mulation was detected in all the groups. The inhibitory neurogen-
esis induced by the excess ferrous ions cannot be rescued by
hydrogels. Overall, the TPC hydrogels can ameliorate the inhibi-
tory microenvironment induced by iron ions within the coordina-
tion ability and thus promote NSPC differentiation into neurons
instead of astrocytes, while significantly enhancing the axon regen-
eration of DRG neurons.

Maintenance of Iron Homeostasis for Promotion of Neurogenesis
In Vivo. The surgical procedure and experimental timeline for
endogenous neurogenesis in the injured spinal cords are shown in
Fig. 24 and SI Appendix, Fig. S14, respectively. Magnetic resonance
imaging (MRI) showed acute intraspinal hemorrhage and cord
edema at 3 days postinjury (dpi), which were readily relieved in the
TPC group (SI Appendix, Figs. S15 and S16). Massive hemorrhages
are usually associated with iron overloading, which leads to
ferroptosis after SCI (22, 26). A significant iron accumulation at
lesion sites was observed from both the qualitative and quantitative
analysis at 3 dpi (Fig. 2 B and C). More importantly, the iron
concentrations were reduced to the normal level after TPC treatment
(SI Appendix, Fig. S17). It is attributed to that polyphenol-based
hydrogels can penetrate into the injured spinal cords to regulate
the microenvironments of SCI (SI Appendix, Fig. S18). The
expression of growth-associated protein 43 (GAP43)", a marker
of neural growth and newborn fibers, was significantly increased

at 7 dpi when TC and TPC hydrogels were utilized. Significantly,
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TPC was more potent than TC in supporting axonal outgrowth
in the injured spinal cords (Fig. 2 D and E). The expression of
doublecortin (DCX), a reliable marker for adult neurogenesis,
was examined to demonstrate the regenerative response of injured
spinal cords, and Ki67, a cell proliferation marker, was performed
to assess the proliferative activity of neurons and stem cells within
the lesions (Fig. 2 F~M) (27, 28). In the SCI group, most DCX"
neuroblasts surrounded the lesion border and failed to differentiate
into neurons. Conversely, the TPC hydrogels promoted the
developmental progression of DCX" cells into neurons, leading to
higher DCX'/TU]J-1" immunofluorescence intensity at the lesion
epicenter compared with the SCI group (Fig. 2H). A dramatic
increase in the number of DCX" and Ki67" cells was observed after
the TC and TPC hydrogel treatment, indicating that these newborn
neuroblasts were in a cycling state at 7 dpi (Fig. 2 £, 7, and ).
We further analyzed whether such improvements were related to
regulation at the level of stem cell pools, where Ki67 and SOX2
were used to identify type-1 stem cells (Ki67~ SOX2") and type-2
amplifying progenitor cells (Ki67" SOX2") (28). The percentages of
both type-1 (~threefold) and type-2 stem cells (~eightfold) in the
TPC group were significantly higher than those in the CC and SCI
groups (Fig. 2 G, K~M), which suggests that the TPC hydrogels
not only support endogenous NSPC recruitment and retention but
also promote their conversion from quiescent type-1 to amplifying
type-2 stem cells. Taken together, these results indicate that excess
iron, simulated in vitro by RSL3 and Fe** additives, and in vivo
by SCI, is an important cause of neural regenerative failure.
Importantly, the polyphenol-based hydrogels can maintain iron
homeostasis and thus regulate endogenous NSPC fate to enhance
intrinsic neurogenesis after SCI.

To evaluate whether TPC hydrogels are able to restore neuro-
genesis in the presence of excess Fe™* (eFe, 4 pmol, exceeded the
in vitro maximum absorption of Fe in TPC hydrogels (3.8 pmol
of Fe* in 20 pL hydrogel) based on inductively coupled plasma
mass spectrometry, ICP-MS, ST Appendix, Fig. S19), an iron-
overloaded SCI model was established bg injection of eFe. The
iron deposition occurred after SCI and Fe** injection, while TPC
hydrogels were competent to maintain neuronal iron homeostasis
after SCI but unable to chelate the additional iron ions in eFe/
TPC groups. Additionally, excess iron ions contributed to mac-
rophage recruitment and enhanced inflammation after SCI, which
were not rescued by TPC hydrogels (S7 Appendix, Figs. S$20-S22).
Further, to exclude the impact of SCI, normal spinal cords were
injected with saline, moderate Fe** (mFe, 0.4 pmol), and eFe,
respectively, followed by TPC hydrogel treatments. Normal spinal
cord tissues were damaged severely by excess iron ions, resulting
in a large number of activated glial fibrillary acidic protein
(GFAP)" astrocytes and chondroitin sulfate proteoglycan (CSPG)
signals of glial scars in the eFe and eFe/TPC groups. In addition,
the lesion area of the eFe group (36.4 + 3.2%) was significantly
larger than that of the mFe group (27.6 + 3.8%), indicating that
excess ferrous ions were more disruptive to normal spinal cords.
TPC hydrogels were able to restore the damage induced by mFe
instead of eFe (SI Appendix, Figs. S23 and S24). These findings
suggest that iron accumulation promotes the destruction of spinal
cords and TPC hydrogels protect spinal cords against iron dysho-
meostasis via chelating iron ions. When the iron ions surpassed
the chelation ability of TPC hydrogels, iron homeostasis is
destroyed, therefore resulting in tissue inflammation and neuronal
impairment.

Iron Regulation Mechanism of Hydrogels after SCI. To explore
the underlying mechanism of neural regeneration after SCI, which
was promoted by polyphenol-based hydrogels, the expression of
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Fig. 2. Iron overload mitigation and neurogenic reprogramming in vivo. (A) Experimental design of iron detection after SCI. IHC, immunohistochemistry.
(B) Representative images of the transverse sections of spinal cord lesions at 7 dpi. Iron ions (brown) were stained with diaminobenzidine-enhanced Prussian
blue. (Scale bar: 400 pm.) (C) Quantification of iron levels in injured spinal cords measured by an iron colorimetric assay kit, which were normalized against the
sham group (n = 3). (D) Representative immunofluorescence staining images of the longitudinal spinal cord sections co-labeled with anti-GAP43 (red) and anti-
TUJ-1 (green) antibodies. Cell nuclei were stained with DAPI (blue). White dashed lines indicate the border of lesion areas. (Scale bar: 500 pm.) () Quantification
of the percentage of GAP43" areas in the focal areas. (F-H) Representative immunofluorescence staining images of lesion areas in different groups at 7 dpi,
stained with antibodies against DCX (red)/Ki67 (green) (F), SOX2 (red)/Ki67 (green) (G), DCX (red)/TUJ-1 (green) (H), respectively. Cell nuclei were stained with
DAPI (blue). Enlarged images of the box regions are shown in the right (F and G) or bottom (H) panels. (Scale bars: 500 pm and 50 pm [enlarged images].) (/I-M)
Quantification of the percentage of DCX" (/), DCX" Ki67" (J), SOX2" (K), Ki67~ SOX2" (L), and Ki67" SOX2" (M) cells in the focal areas. All data represent the mean +
SD. One-way ANOVA followed by Tukey's post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 compared with the SCI groups. #P < 0.05, ###P

<0.001, and ####P < 0.0001 compared with the TPC group. n.s. = not significant.

iron metabolism-related molecules was investigated. At 3 dpi,
ROS and MDA were significantly increased in the injured spinal
cords, both of which could be alleviated after polyphenol-based
hydrogel treatment (Fig. 3 A and B). Glutathione (GSH), a major
intracellular antioxidant, was reduced by SCI and restored to
the sham level after TPC treatment (Fig. 3C), which suggested

https://doi.org/10.1073/pnas.2220300120

that polyphenol-based hydrogels can effectively reduce GSH
depletion and scavenge lipid ROS. Moreover, the expression of
Gpx4 mRNA was down-regulated after SCI and regulated by
TPC hydrogels. The dysregulation of iron-responsive elements-
binding protein 2 (/reb2), divalent metal transporter 1 (Dmrl),
and transferrin receptor 1 (7fR1) implicated that SCI significantly
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impaired the iron homeostasis but could be readily improved
by TPC hydrogels. Especially, ferroptosis suppressor protein 1
(Fsp1), a glutathione-independent ferroptosis suppressor, was also
up-regulated by TPC hydrogels (S7 Appendix, Fig. $25). mRNA

PNAS 2023 Vol.120 No.46 2220300120

sequencing to analyze differentially expressed genes (DEGs) of
the injured spinal cord at 7 dpi between SCI and TPC groups
demonstrated that 312 genes were up-regulated and 527 genes
were down-regulated after TPC treatment (S/ Appendix, Fig. S26).
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Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis were used to thoroughly investigate
the signaling pathways modulated by the TPC hydrogels. As a
result, the up-regulated genes associated with the transmembrane
transporter activity of metal ions, especially iron ions, in the SCI
group were down-regulated in the TPC groups, which indicated
that TPC hydrogels affected iron ion absorption (Fig. 3D). GO
enrichment analysis revealed that TPC hydrogels maintained local
iron homeostasis not only by the chelation ability of polyphenols
to iron ions, but also by the regulation regional metabolism of
metal ions (Fig. 3F and SI Appendix, Fig. S27). Additionally,
TPC treatment could also suppress lipid peroxiadation, facilitate
microtubule motor, remodel the extracellular matrix, promote cell
proliferation, and increase the resistance to iron ions (S/ Appendix,
Fig. $28). Together, the SCI-induced iron ion over-transportation
and its subsequent pathological processes were generally prevented
by TPC hydrogels on the mRNA level.

The expression of proteins involved in regulating iron levels was
then evaluated at 3 dpi (Fig. 3 Fand G and SI Appendix, Fig. S29),
where it was found that the expression of xCT and GPX4 in the
TPC group was higher than that in the SCI group. This suggested
that TPC hydrogels inhibited the typical ferroptosis pathway of
the xCT-GSH-GPX4 axis to reduce peroxide lipids after SCI.
Moreover, SCI resulted in a significant increase in the expression
of the iron storage protein ferritin, which is a surrogate marker
for intracellular iron concentrations (29). The TPC hydrogels
restored ferritin expression to normal levels, which could be due
to the extracellular binding of iron ions and inhibition of its intra-
cellular importation. The internalized phenolic complexes could
also coordinate with iron ions, which could curtail the labile iron
state of cells (29-31). Thus, TPC treatment induced an elevated
level of iron regulatory protein 2 (IRP2), which was negatively
correlated with the concentration of cellular iron ions (29).
Specifically, as a chief iron sensor, high-level IRP2 caused the
increase of transferrin receptor 1 (TfR1) and transferrin (TF)
expression, protected mRNA of TfR1 from cleavage, and restricted
increases in ferritin by inhibiting its translation initiation. Overall,
TPC hydrogels reversed iron accumulation and inhibited ferrop-
tosis, which regulated iron transport and metabolism and activated
oxidant scavengers. A proposed mechanism of TPC-regulated
cellular iron metabolism is demonstrated in Fig. 34.

Neurological Function Recovery Following SCI and Hydrogel
Treatment. The neurological function recovery of the SCI rats
following implantation of polyphenol-based hydrogels was
monitored for 8 wk (Fig. 44) and the Basso—Beattie—Bresnahan
(BBB) score was used to evaluate the locomotor recovery of SCI
rats (Fig. 4B). As expected, the TC and TPC groups presented
significantly improvement of locomotor function compared
to the SCI and CC groups at 1 week postinjury (wpi), which
demonstrated that the polyphenol-based hydrogels could
promote function recovery at an early stage of SCI (Movies S1
and S2). In addition, a significant difference of the maximum
angle in the inclined plane test was observed between the SCI
(50.8 + 1.4°) and TPC (66.0 + 4.9°) groups at 4 wpi (Fig. 4C),
which suggests that the TPC hydrogels hold great potential for
improving hindlimb grip. Remarkably, the SCI rats treated with
the TPC hydrogels showed the best improvement in coordinated
locomotor function and regular crawling (18.3 + 1.6 score), and
the TC-treated rats exhibited plantar placement with support
but stepped without coordination (15.7 + 0.9 score), while rats
in the SCI (8.3 + 3.0 score) and CC (11.6 + 2.3 score) groups
still dragged their hindlimbs at 8 wpi (Fig. 4D and Movie S3).
Quantification of footprints revealed that the treatment with TPC

https://doi.org/10.1073/pnas.2220300120

hydrogels dramatically reduced the rotation angle, base of support,
and relative position of SCI rats at 8 wpi, and elevated the stride
length, indicating the notable recovery of locomotor coordination
between the fore- and hindlimbs (Fig. 4 £~H). Motor-evoked
potential (MEP) and somatosensory-evoked potential (SEP) tests
were performed to assess the electrophysiological conductivity and
the integrity of neural circuits (Fig. 4 /-0). Sluggish recovery of
electrical conduction was observed in the SCI group with notably
distorted waveforms, declining amplitude, and extended latency
of both MEP (Fig. 4 /~L) and SEP (Fig. 4 M-0O). In comparison,
the TPC hydrogels significantly enhanced electrophysiological
recovery with increased amplitude and dropping latency compared
to other groups. These results demonstrate that the TPC hydrogels
are superior in improving neurological function after SCI compared

to the CC and TC groups.

Reprogramming of the SCl Inflammatory Microenvironments.
Dysregulation of neuronal iron homeostasis is usually accompanied by
neuroinflammation, which could further aggravate a secondary injury
cascade after SCI (32—-34). Since the SCI-induced iron accumulation
and lipid peroxidation could be reversed by the TPC hydrogels, their
effects on inflammatory responses and macrophage polarization
were investigated. At 3 dpi, there was a significantly difference in the
expression of proinflammatory and antiinflammatory cytokines in
the injured spinal cords of SCI and TPC groups. Moreover, the up-
regulated cytokines in the SCI group were responsible for inflammatory
responses, which were down-regulated after TPC treatment (Fig. 54).
Consistently, the high expression of proinflammatory cytokines,
including TNF-a, IL-1B, and IL-6 at focal areas after SCI were
significantly inhibited in the TPC group, while the expression of IL-10,
a typical anti-inflammatory cytokine, was higher in the TPC group
than that in the SCI group (Fig. 5 B-E).

To investigate the responsive pattern of local immune cell sub-
types after TPC treatment, the pro- and anti-inflammatory phe-
notypes of microglia/macrophages were stained with CD86"
CD11b" (an M1 marker) and CD206" CD11b" (an M2 marker),
respectively (35). The TPC hydrogels not only significantly cur-
tailed the proportion of the CD86" CD11b" population (Fig. 5F)
but also boosted the CD206" CD11b" population compared to
the SCI group (Fig. 5G and SI Appendix, Fig. S30). The results
suggest that microglia and macrophages in the injured spinal cord
retained a predominantly proinflammatory M1 phenotype, while
the polyphenol-based hydrogels could reduce the number of M1
macrophages and enhance M2 polarization after SCI, which alle-
viated inflammation and promoted functional recovery after
injury. Furthermore, the distribution of microglia/macrophage
cells in the injured spinal cords was examined by immunofluores-
cence staining (Fig. 5 H-K). A large amount of IBA1" CD11b"
microglia/macrophages were distributed at rostral boundaries,
epicenter, and caudal boundaries in the SCI and CC groups, while
the TC and TPC groups showed significantly alleviated local
recruitment of IBA1" CD11b" cells (Fig. 5 H and ). Besides,
implantation of the hydrogels, especially for the TPC group,
resulted in a larger population of ARG-1" (an M2 marker) cells
at rostral, epicentral, and caudal lesions compared to the SCI
group (Fig. 5 7and K). Overall, the polyphenol-based hydrogels
can reprogram the inflammatory microenvironment arising from
SCI by suppressing inflammatory cytokines and modulating the
polarization of microglia/macrophages, which is favorable for
neural regeneration and neural circuit reconstruction.

Reconstruction of the Neural Network after SCI. To investigate

how an iron overloading environment effects NSPC differ-
entiation after SCI, the fate of newborn neural cells with or
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Fig. 4.

Improvement of neurological function recovery after SCI. (A) Experimental timeline of spinal cord contusion to induce SCI and treatment, behavioral

testing, histological evaluation, and electrophysiological tests. (B) BBB locomotor scores of the sham, SCI, CC, TC, and TPC groups during treatments for 8 wk
in the open field (n = 8). The scores were calculated ranging from 0 (complete paralysis) to 21 (normal locomotion). (C) Inclined plane tests in the sham, SCI, CC,
TC, and TPC groups at 4 and 8 wpi (n = 4). (D) Representative footprints with forelimbs (red) and hindlimbs (blue) at 8 wpi. (E-H) Quantitative analysis of rotation
angle (E), base of support (F), relative position (G), and stride length (H) based on footprint patterns (n = 4). (/) Experimental design for electrophysiological
analysis. (J-0) MEP (/) and SEP (M) signals, quantification of the SEP (K'and L) and MEP (N and O) amplitudes and latency at 8 wpi (n = 4). All data represent the
mean + SD. (B and C) Two-way ANOVA followed by Tukey's post hoc test. (E-H, K, L, N, and O) One-way ANOVA followed by Tukey's post hoc test. *P < 0.05, **P
<0.01,***P<0.001, and ****P < 0.0001 compared with the SCI group. ###P <0.001, and ####P <0.0001 compared with the TPC group. n.s. = not significant.

without polyphenol-based hydrogel treatments was determined
in vivo. SCI rats were intraperitoneally administered with 5-bro-
modeoxyuridine (BrdU, a thymidine analogue for the labeling
of newly generated cells) until scarified (Fig. 6 A and B).
Immunostaining of the lesion sites showed that about 54.3%
of newborn cells (BrdU") differentiated into neurons (TUJ-1%)
at 4 wpi in the TPC group. Meanwhile, only 27.5% of SCI-
induced newborn cells were neurons without axon-like and
dendritic structures around cell bodies (Fig. 6C). In addition,
few GFAP" BrdU" astrocytes were observed around the lesion
border after TPC hydrogel treatment (Fig. 6D). This indicated
that TPC hydrogels could significantly promote newborn NSPC

PNAS 2023 Vol.120 No.46 2220300120

differentiation into neurons in vivo, which was highly consistent
with the in vitro results.

Next, the contribution of the newborn neurons to neural regen-
eration and alleviation of scar formation was investigated. A large
number of NeuN" (a marker of mature neurons) cells crossed the
scar border and infiltrated into the lesion core in the TPC group,
which provided the histological prerequisites to connect the
ascending and descending neural circuits (Fig. 6 £ and F).
Treatment with TPC hydrogels also significantly decreased GFAP*
astrocytes and CSPG" in the extracellular matrix, which are the
main components of glial scars (Fig. 6G and SI Appendix, Figs. S31
and $32). Hematoxylin-eosin (H&E) staining also revealed that
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Fig. 5. Regulation of SCI inflammatory responses. (A) Heatmap obtained from qRT-PCR assays showing mRNA levels of inflammatory and antiinflammatory
cytokines in SCl and TPC groups at 3 dpi (n = 3). (B-E) Enzyme-linked immunosorbent assay (ELISA) results of TNF-a (B), IL-6 (C), IL-1p (D), and IL-10 (E) of spinal
cord specimens at 3 dpi (n = 3). (Fand G) Proportion of CD206" CD11b" (F)and CD86" CD11b" (G) cells in injured spinal cords quantified by flow cytometry at 7 dpi
(n=3).(H and /) Quantification of IBA1" (H), ARG-1" (/) area percentages (n = 4) according to the immunofluorescence images in (/) and (K). (/ and K) Representative
images of lesion areas in different groups at 7 dpi, which were stained with anti-IBA1 (red)/anti-CD11b (green) antibodies (/) and anti-ARG-1 (red)/anti-CD11b
(green) antibodies (K), respectively. Cell nuclei were stained with DAPI (blue). Enlarged images of the box regions are shown in the bottom panel. (Scale bars: 500
um [Top] and 100 um [Bottom].) All data are mean + SD (B-/) One-way ANOVA followed by Tukey's post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****p <
0.0001 compared with the SCI group. #P < 0.05, ###P < 0.001, and ####P < 0.0001 compared with the TPC group. n.s. = not significant.

the cavity area in the TPC group was the smallest compared to
that of the other groups (Fig. 6/ and SI Appendix, Fig. S33),
indicating better tissue preservation and more integrated histolog-
ical continuity compared with other groups. The reduction of glial
scars showed a remarkable increase in neurofilament-200 (NF200)*
axons at the lesion site of TPC groups (Fig. 6 / and J and
SI Appendix, Fig. S34), which is associated with neurite growth
(36). It is worth noting that the regenerated axons in the TPC
group also exhibited the most robust remyelination capacity,
which aided axon metabolism and signal conduction according

https://doi.org/10.1073/pnas.2220300120

to luxol fast blue (LFB) staining (Fig. 6K and SI Appendix, Fig. S35)
(37, 38).

Synaptic signal conduction is the basis of the neural function.
To evaluate whether the differentiated neurons could transduce
sensory or locomotor signals, immunofluorescence staining was
performed for synapsin-1 (Syn-1, mainly serving as a coating pro-
tein on synaptic vesicles) and microtubule-associated protein 2
(MAP2, specifically localized in dendrites of mature neurons) (39).
Syn-1" vesicles were invisible at the lesion sites in the SCI group,
while intensive Syn-1" puncta were wrapped around the MAP2"
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to focal areas (n = 3). (L) Representative immunostaining images of lesion areas in the SCl and TPC groups at 8 dpi, which were stained with anti-Syn-1 (red)/anti-
MAP2 (green) antibodies and DAPI (blue). (M) Quantification of the percentages of Syn-1+ areas to focal areas (n = 5). (N and O) Representative immunostaining
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(F, G, H, |, K, R-T) One-way ANOVA followed by Tukey's post hoc test; (C, D, M, P and Q) Student's two-tailed unpaired ¢ test. *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001 compared with SCI group. #P < 0.05, ###P < 0.001, and ####P < 0.0001 compared with TPC group. n.s. = not significant.
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cells in the TPC group (Fig. 6 L and M), suggesting robust synap-
togenesis and the spontaneous synaptic activity of neurons.
Dopaminergic neurons and serotonergic neurons play important
roles in regulating locomotor and sensory functions, where tyrosine
hydroxylase (TH) and serotonin (5-HT) are the respective markers
(40). The TPC hydrogels significantly promoted the regrowth of
locomotor and sensory neurons at the lesion sites (Fig. 6 N-Q).
The average fluorescence intensity of TH" and 5-HT" in the TPC
groups were about 30-fold and ninefold higher than those in the
SCI group, respectively. Importantly, qRT-PCR confirmed that
the mRNA expression of Chat and Scnla involved in locomotor
recovery, Hoxc10 and Efna 3 involved in chemical synaptic trans-
mission, and 7ipc5 and Hapln4 involved in neural system recovery
were strongly enhanced after TPC treatment (Fig. 6 R-7). H&E
staining of the main organs and blood testing demonstrated that
the CC, TC, and TPC hydrogels had negligible toxicity (S Appendix,
Fig. $36). Collectively, these results suggest that the TPC hydrogels
provide a suitable microenvironment for promoting spontaneous
neurogenesis and synaptogenesis.

In conclusion, this work demonstrates that the regulation and detox-
ification of overloaded iron ions can be achieved using polyphenol-based
hydrogels to revitalize neurogenesis after SCI. Iron overloading signif-
icantly inhibited neural regeneration and axon outgrowth, increased
the risks for neuronal death, and thereby limited locomotor functional
recovery after SCI. Polyphenol-based hydrogels were able to restore
the iron homeostasis of neurons via the upregulation of the xCT/
GPX4 axis, inhibition of GSH depletion, and modulation of iron
transportation and metabolism. More importantly, hydrogels inte-
grated with metal-chelating and antioxidant properties fostered the
expandable differentiation of newborn NSPCs into neurons and the
formation of functional synapses, which contributed to neural net-
work reconstruction and electrophysiological signaling transmission.
Polyphenol-based hydrogels as a protective shield for neuronal iron
homeostasis represent a promising locoregional therapeutic system
to facilitate neurogenesis and function restoration after SCI or iron-
accumulating neurological diseases.

Materials and Methods

Preparation and Characterization of Polyphenol-Based Hydrogels. For
the preparation of TC hydrogels, CC (M,, 20 to 30 kDa, degree of carboxyla-
tion ~80%, Beijing Solarbio Science & Technology Co., Ltd.) was dissolved in
TA (Sigma-Aldrich) solution under vortexing. The mixture was homogenized
by stirring, resulting in the formation of hydrogels. For the preparation of
the TPC hydrogels, TA solution was mixed with the suspension of PDAR NPs
before the dissolution of CC. Specifically, CC (100 mg) was dissolved in 1 mL
of TA solution (6 mg/mL) with or without the addition of PDAR NPs (100 pg).
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Supercritical-dried hydrogels were prepared by dehydrating with a gradient
concentration of ethanol and puttered with gold for 180 s at 2 mA before obser-
vation by SEM (Zeiss G300).

The Spinal Cord Injury Model. During the surgical procedures, animals were
anesthetized with isoflurane. Following laminectomy, the dorsal surface of the
T10 spinal cord was exposed. Spinal contusion injury was inflicted using the
spinal cord impactor (#68093, RWD, China) with 10 g cylindrical rods (diameter
of 2.5 mm, drop height of 50 mm, and hitting depth of 2 mm). Subsequently,
different materials were applied onto the dorsal surface of the injured spinal
cord, followed by incision close. After the operation, all rats routinely received
necessary nursing care, including bladder massage, defecation assistance, and
ceftiofur sodium (Amicogen) injection for 7 d. Adult female SD rats (220 to 250 g,
SPF Biotechnology) were used in this study, which were divided into five groups:
Sham group (removal of the vertebral plate without damage to the spinal cord),
SCl group (no treatment except for necessary nursing care), CC group (injection
of 20 pL CC scaffold), TC group (injection of 20 uLTC hydrogel), and TPC group
(injection of 20 uLTPC hydrogel).

Animals. All animal experiments were approved by the Animal Care and
Experiment Committee of Qilu Hospital affiliated to Shandong University
(approval No. DWLL-2021-003) and carried out following the local animal care
guidelines.

The details of the materials and methods including Cell Cultures, Intracellular
Iron Detection, Immunofluorescence Analysis, MRI Evaluation, Locomotor Function
Assessments, RNA Sequencing and Bioinformatics Analysis, Immunohistochemical,
and Statistical Analysis are described in SI Appendix.

Data, Materials, and Software Availability. All sequencing data generated
in this study have been deposited in the Sequence Read Archive (SRA) under
accession number of PRINA1030756 (41). All study data are included in the
article and/or supporting information.
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