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Recent trends in the development of hydrogel
therapeutics for the treatment of central nervous
system disorders
Qing Li1,2, Xinxin Shao1,2, Xianglin Dai2, Qiong Guo1,2, Bolei Yuan1,2, Ying Liu 2 and Wei Jiang 1,2

Abstract
The central nervous system (CNS) controls the acquisition and processing of peripheral information to manage the
behaviors of organisms. CNS disorders, including CNS injuries, neurodegenerative diseases, and brain tumors, are
devastating and can cause life-long disabilities. Despite the advanced medical interventions in the modern era of
biomedical technology, noninvasive therapeutic strategies are still limited for the prevention or reversal of disease
progression. Such scarcity is mainly caused by intricate pathological mechanisms and the unique biological microenvi
ronment of the CNS. Thus, the development of a carrier that promotes the delivery of therapeutic agents into the brain
is vital. Hydrogels, as a synthetic or natural platform with a porous three-dimensional structure, can be applied as
desirable drug delivery vehicles and cell transportation platforms. This review focuses on the most recent advance
ments in hydrogel-based therapies for the treatment of CNS disorders, including brain injury, spinal cord injury,
neurodegenerative diseases, and brain tumors.

Introduction
The central nervous system (CNS) plays an irreplaceable

role in health and well-being1. The brain is one of the most
vital organs and a delicate organ of the CNS; it interrelates
the input from the external environment and processes the
information to enable responses2. The spinal cord is
another significant component of the CNS that performs
multiple important functions, such as motion, information
conduction and reflexes3. CNS disorders account for up to
6.3% of all diseases worldwide owing to the increasing
aging of the population, which causes major health issues
and increases costs for medical and nursing care3. Apart
from aging, several pathological states, such as neurode-
generative diseases (NDs), neurotraumas, and brain
tumors, can affect the CNS, leading to gradual cell

degeneration, neuronal death, severe disabilities, and ulti-
mately death4. Unfortunately, the limited regeneration
capability of CNS neurons can lead to permanent func-
tional loss, posing a major challenge in the treatment of
CNS injuries or disorders5,6. Regenerative medicine, which
has always been a popular topic in neurology and a key
treatment method for CNS injuries, aims to substitute or
regenerate cells, tissues, or even organs to restore func-
tions7. Two main strategies can be implemented in
regenerative medicine: (1) the delivery of stem cells into
the CNS and the realization of their differentiation and
integration with the host tissue8 and (2) the delivery of
therapeutic drugs to stimulate the regeneration of endo-
genous cells5,9–11. However, the unique anatomical and
physiological structure of the CNS could compromise the
therapeutic effect of current therapies12. For example,
difficulties are encountered in the traditional oral or
intravenous administration of therapeutic agents to the
CNS because of limited penetration through the
blood–brain barrier (BBB) and the blood–cerebrospinal
fluid barrier (BCSFB)13,14. The BBB impedes the entry of
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potentially harmful substances from the blood to the brain
and regulates the exchange of nutrients between the blood
and the CNS to maintain the nutritive and immune
environment of the CNS3,15. However, this delicate
mechanism that controls the homeostatic state of the
brain also restricts the passage of various therapeutic
molecules16. Before entering the CNS, molecules must
pass through the BCSFB, which controls the transfer of
molecules from the blood to the CSF17. The BCSFB is
located at the choroid plexuses, and numerous organic-
acid-based therapeutics, such as antiviral and antitumor
agents, are rejected outside the CSF before they diffuse
into the brain parenchyma18. Therefore, after systemic
administration of therapeutic cells or molecules, only
modest concentrations of the therapeutic agents reach the
CNS. Thus, high doses or frequent administration of
therapeutic agents is necessary to achieve the desired
therapeutic effect, but this may aggravate systemic toxi-
city19. To address this contradiction, the most frequently
used approach is invasive drug delivery, which includes the
disruption of the BBB and surgical methods20. The dis-
ruption of the BBB was proposed in the 1960s21 and can be
realized through hypertonic solutions such as mannitol,
pharmacological agents22 or focused ultrasound17. Inva-
sive methods can maximize the drug concentration at the
targeted site while minimizing the drug exposure of sur-
rounding tissues. For instance, due to the toxicity of che-
motherapeutic drugs for brain tumors, it is necessary to
use invasive methods to prevent drugs from entering the
systemic circulation23,24. In addition, by reducing the
injection area to a few millimeters, therapeutic agents can
be injected directly into the CNS in a diffusion-dependent
manner25. Unfortunately, these invasive strategies can
induce further neuronal damage and inflammatory reac-
tions. For example, pharmacological drugs such as hista-
mine for increasing the permeability of the BBB are prone
to induce inflammatory effects26. Therefore, novel delivery
methods and treatment strategies are needed for the
treatment of CNS disorders.
At present, owing to their excellent performance, inject-

able hydrogels have attracted the attention of researchers.
Hydrogels are polymeric materials crosslinked by physical
or chemical methods. They have high biocompatible
properties and water content and thus are suitable for tissue
regeneration applications27. Moreover, because of their
porous characteristics, hydrogels are ideal materials for drug
loading. By tuning the crosslink density of hydrogels, the
diffusion rate of drugs through the hydrogel matrix can be
controlled28. The design process of hydrogels should con-
sider some properties, such as thermal sensitivity, biode-
gradability, and injectability, because these properties are
vital for drug–hydrogel and hydrogel–tissue interactions.
Fortunately, these properties can be manipulated to better
meet the actual requirements of clinical applications.

Moreover, when integrating hydrogels with other drug
delivery systems, such as liposomes and microspheres,
carriers with better performance can be created by syner-
gism29. Hydrogels enhance particles to reach the injury site
and prevent burst release, which is commonly seen with
delivery systems, while liposomes and microspheres can
extend the release times of hydrophilic agents30.
This review aims to summarize the most recent

advances in the design and synthesis of hydrogel systems
and their application in CNS disorders, including brain
injury, spinal cord injury (SCI), NDs, and brain tumors.
This review presents the benefits of novel drugs devel-
oped based on hydrogels for the treatment of CNS
disorders (Fig. 1).

Hydrogels with various components for the
treatment of brain injury and nerve damage
Traumatic brain injury (TBI) and SCI usually occur

after incidents such as combat, sports, or strokes, result-
ing in permanent or chronic damage to the brain and
spinal cord. Hydrogels have various advantages when used
in the treatment of TBI and SCI, such as sufficient filling
of irregular damage sites and the provision of a three-
dimensional (3D) cell growth environment31. Hydrogels
with various components, including collagens, hyaluronic
acid (HA), chitosan, self-assembled peptides, and decel-
lularized extracellular matrices (ECMs), have been applied
in nerve cell regeneration32. For a better therapeutic
effect, these hydrogels are generally incorporated with
drugs, bioactive agents, or even cells33.

TBI
TBI is one of the main causes of disability and death at

all ages, and it has long been the focus of brain injury

Fig. 1 Hydrogel-based therapies with therapeutic drugs or stem
cells for CNS disorders. This review focuses on the most recent
advancements of hydrogel-based therapies with therapeutic drugs or
stem cells on their applications to the treatment of CNS disorders,
including brain injury, spinal cord injury, neurodegenerative diseases,
and brain tumors.
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research. After the initial trauma, secondary injury occurs,
which can elicit a severe inflammatory response and the
breakdown of the BBB, leading to continuous neuronal
damage34. Recent studies have suggested that TBI-related
brain injury is mainly caused by the reactive oxygen
species (ROS) induced by secondary damage35. Off-the-
shelf therapeutics, such as the administration of ROS
scavengers or growth factors, are restricted because of
their poor ability to diffuse across the BBB. Qian et al.
reported the use of post-TBI microenvironment-respon-
sive and ROS-eliminating hydrogels encapsulated with
curcumin for ROS removal to promote neuron regen-
eration36. In the nanosystem, triglycerol monostearate

(TM) was used to embed hydrophobic molecules, and
hydrophobic poly(propylenesulfide)120 (PPS120) was used as
an H2O2-sensitive and ROS-removing material (Fig. 2a, b)36.
Synthesized TM/PC hydrogels that contained TM, PPS120,
and curcumin could be injected into the wound cavity to
treat TBI. In TBI models, TM/PC hydrogels efficiently
decreased ROS levels and enhanced nervous system func-
tions, showing a desirable protective effect against brain
injury (Fig. 2c, d).
In addition to using hydrogels for drug delivery, stem

cell replacement treatment (CRT) also has great potential
in TBI therapy when designing a suitable microenviron-
ment such as injectable hydrogels for transplanted stem

Fig. 2 The use of post-TBI microenvironment-responsive and ROS-eliminating hydrogels encapsulated with curcumin for ROS removal to
promote neuron regeneration. a PPS120 changed from a hydrophobic polymer to the hydrophilic poly (propylene sulfone)120 in an ROS
environment and TM was cleaved by MPPs. b The synthesis process of a TM/PC hydrogel and their degradation in a ROS and MPP environment.
c Injection of hydrogels into TBI models after surgery. After TM degradation, PPS120 scavenges ROS to release Cur, inhibiting neuroinflammation and
neuronal death. d Without hydrogel treatment, severe neuroinflammation occurred, aggravating secondary injury. Reproduced with permission from
ref. 30. Copyright 2021 Elsevier.
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cells37. Zhang prepared an HA and sodium alginate (SA)
scaffold by a tissue engineering method38. The high water
content made HA/SA hydrogels suitable structures for
loading human umbilical cord mesenchymal stem cells
(hUC-MSCs). In vivo tests suggested that HA/SA
hydrogels are a perfect scaffold for both hUC-MSC sur-
vival and the regeneration of endogenous nerve cells,
promoting the recovery of nerve functions in patients
with TBI. Similarly, Sultan synthesized silk fibroin-based
hydrogels for the encapsulation of human mesenchymal
stem cells (hMSCs) to treat brain injury39. When TBI rat
models were treated with the composite via a transseptal
approach, encapsulated hMSCs could produce brain-
derived neurotrophic factor (BDNF) (BDNF–hMSCs),
enhancing neuronic functional recovery by reducing the
neuronal death rate in the hippocampus. Therefore, stem
cell transplantation by hydrogels could be a potential
strategy for the clinical treatment of brain disorders.
Compared with direct cell transplantation, ECMs from

decellularized tissues may have high treatment potential
because of their homologous composition and structure
to native tissues and easier transplantation process40.
More importantly, ECMs from decellularized tissues can
be fabricated as injectable gels. A study suggested that
hydrogels constructed from brain-tissue-based ECMs
could stimulate neurite outgrowth, promoting the tissue-
specific functions of ECM-based hydrogels33. However,
the functions of hydrogels based on different ECMs from
nerve tissues are still unknown. Therefore, Zou believed
that bioactive factors in nerve tissue ECMs could promote
functional recovery after peripheral nerve injury. They
constructed hydrogels based on ECMs of decellularized
porcine peripheral nerves (DPPNs) and evaluated their

efficacy in nerve regeneration compared with Matrigel
and collagen I hydrogel33. The study illustrated that
DPPN-derived hydrogels were more effective in promot-
ing nerve regeneration than Matrigel and collagen I
hydrogel, which was consistent with the physiological
function of peripheral nerves and the bioinformatics
analysis of the system. Based on the above findings, they
established a connection between the functions of ECM-
based hydrogels and the origins of ECMs. Therefore, they
believed that hydrogels containing ECMs of the CNS
could be a promising matrix material for the repair of
CNS disorders.
Injectable hydrogels based on self-assembled peptides

are becoming interesting materials in regenerative medi-
cine because they possess some unique performance
advantages. For example, peptide hydrogels can avoid
undesirable outcomes by changing the peptide sequence
or secondary structure, which cannot be realized by
hydrogels based on collagen, chitosan, or HA38. In addi-
tion, these biopolymer-based hydrogel scaffolds usually
have a high molecular weight, which makes them difficult
to characterize by physical methods. Nevertheless,
peptide-based hydrogels show varying performances
because of their facile synthetic route, flexible modifica-
tion, and engineering. Therefore, several studies have
suggested the high potential of hydrogels crafted from
short peptides and peptide derivatives. For example,
Wang et al. developed peptide hydrogels self-assembled
by the peptide sequences RADA16 and SVVTGLR, which
could form nanofibers and gel-like scaffolds (Fig. 3a)41.
Owing to the angiogenic performance of the SVVYGLR
motif, peptide-based hydrogels could promote the for-
mation of the interconnected network of endothelial cells,

Fig. 3 Peptide hydrogels with angiogenic performance for the therapy of brain injury model using adult zebrafish. a Schematic showing the
injectable self-assembling peptide hydrogel in a damaged brain to elicit neovascularization for the regeneration of wounded brain tissue. b, c The
growing status and survival rate of zebrafish treated with RADA16-SVVYGLR at various points in time. d, f The phenotype of intersegmental vessels of
zebrafish treated with culture medium and RADA16-SVVYGLR, respectively. DLAV Dorsal longitudinal anastomotic vessel, DA dorsal aorta, ISVs
intersegmental vessels. Reproduced with permission from ref. 35. Copyright 2017 The Royal Society of Chemistry.
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thus enhancing the migration, proliferation, and differ-
entiation of endogenous neural stem cells (Fig. 3d, e). In
vivo experiments suggested an ideal therapeutic effect on
a brain injury model using adult zebrafish (Fig. 3b, c).

SCI
SCI, a devastating neurological condition, is closely

related to various events, such as ROS formation, vas-
cular changes, and the inflammatory response42,43. SCI
is associated with complications, such as edema, con-
stipation, and dysuria44. Because hydrogels have a
structure similar to that of the ECM and can promote
axonal growth, the application of hydrogels has enabled
regeneration after injury. In addition, hydrogels can
load and deliver therapeutic agents, including small-
molecule drugs, chemical drugs, and stem cells, into the
injury site45.
Combination therapies may be more efficient than single

therapies owing to the complex pathology of SCI. Given
the neuroprotective effect of minocycline hydrochloride
(MH) and the neuroregeneration-promoting effect of
paclitaxel (PTX), Nazemi et al. developed alginate hydro-
gels for the codelivery of MH and PTX to promote tissue
regeneration in an SCI rat model46. Neural stem cells
(NSCs), multipotent cells that play major roles in the
production of neural lineage cells, can produce neuronal
progeny for SCI therapy47. Therefore, the activation of
endogenous NSCs for nerve repair and neuroregeneration
is anticipated. Yang et al. prudently screened four small
molecules, namely, LDN193189 (an inhibitor of activin
receptor-like kinase 2/3 (ALK 2/3)), SB431542 (an inhi-
bitor of ALK 5 and TGF-β type I receptor), CHIR99021

(an inhibitor of glycogen synthase kinase 3), and P7C3-
A20 (a highly active analog of P7C3 that has a neuropro-
tective effect and may promote endogenous repair after
TBI), which promote neuronal proliferation and differ-
entiation of spinal cord NSCs48. After loading these small
molecules into a collagen hydrogel, they can enhance
neurogenesis and promote the recovery of locomotion in
SCI mouse and rat models.
Similar to TBI, stem cell transplantation to the lesion

site is a desirable strategy for SCI treatment. In the past
two decades, NSC transplantation technology has been
used to treat SCI49. However, this method lacks
mechanical support, resulting in the formation of large
cavities due to mismatches in mechanical strength.
Moreover, the permeability of these transplanting mate-
rials has rarely been approved. Considering these issues,
Yuan used DNA supramolecular hydrogels with high
permeability50. DNA hydrogels were used to carry
homologous NSCs, repairing a 2-mm-long spinal cord
gap in rats (Fig. 4a). The presence of newly generated
neurons (Fig. 4b–d) and synapses (Fig. 4e, f) at the injury
site indicated the proliferation and differentiation of stem
cells after hydrogel administration, reflecting functional
recovery in SCI mouse models.

Other types of nerve damage
Concerning CNS-targeted drug or stem cell delivery,

intranasal (IN) administration is a more ideal route than
conventional injection methods or the oral route because
IN administration can bypass the BBB and improve drug
bioavailability51. Among various IN delivery formulation
components, such as lipid emulsions52, surfactants53, and

Fig. 4 A kind of DNA supramolecular hydrogels carrying homologous NSCs for functional recovery in SCI mouse models. a Schematic
illustration of a newly generated neural network benefited by DNA-based hydrogel at the injury site. b Sagittal section of the spinal cord
(coimmunolabeling of GFP, MAP-2, and DAPI) postgrafting. b1, b2 are enlarged pictures from (b). c TEM of a neuron at the injury site postgrafting.
d Regenerated motor neuron at the injury site (immunolabeling of GFP, MAP-2, Chat, and DAPI) postgrafting. Scale bars: 20 μm. e Sagittal section
of the spinal cord with GAP-43 and DAPI immunolabeling, Scale bars:1000 μm. e1, e2 are the enlarged images from (e) Scale bar: (e1) 50 μm, (e2)
20 μm. f Synapse formation at the damaged site with immunolabeling by GFP, Tuj1, SYN, and DAPI. Scale bars: 5 μm. Reproduced with permission
from ref. 44. Copyright 2021 John Wiley and Sons.
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polymers54, thermoresponsive hydrogels are promising
because of their temperature-responsive performance to
achieve slow release in the body.
Posttraumatic disorder (PTSD), as a psychiatric illness

that can affect brain function, is often experienced by
patients after abnormal catastrophic events, such as war
and earthquakes55. Selective serotonin reuptake inhibi-
tors, which are used to treat PTSD clinically, usually have
severe side effects. Pang utilized poloxamer as the
temperature-sensitive compound and cannabidiol inclu-
sion complex (CBD) as the therapeutic drug to construct
temperature-sensitive hydrogels for PTSD therapy56. The
Hydrogels could extend the retention time of CBD in the
nasal cavity, enhancing the brain distribution of CBD and
gaining better anti-PTSD effects. Similarly, Wang et al.
loaded berberine/hydroxypropyl-β-cyclodextrin (HP-
β-CD) into a poloxamer-based thermoresponsive hydro-
gel57. After IN delivery of this system, a high concentra-
tion of berberine in the brain and an enhanced
bioavailability were noted compared with oral adminis-
tration of berberine/HP-β-CD. Therefore, IN delivery of
the thermoresponsive hydrogel system could elicit a
comparative antidepressant effect even at a lower dosage
than oral administration of berberine/HP-β-CD.

Hydrogels as carriers for ND treatment
NDs, including Parkinson’s disease (PD) and Alzhei-

mer’s disease (AD), seriously affect the health and quality
of life of middle-aged and elderly people58. Despite
remarkable progress in the localization of the pathology of
NDs, the release of therapeutic agents to the pathological
site remains difficult in ND treatment59. Although stem
cell transplantation is a therapeutic strategy, the survival
rate after transplantation is unsatisfactory60. Therefore,
suitable delivery systems are urgently needed. Implanting
therapeutic drugs or functional cells in hydrogels for
effective delivery to organisms is a modern therapeutic
option for the treatment of NDs.

Hydrogel-based drug delivery
Hydrogels based on peptide self-assembly are promising

biomaterials for biomedicine, particularly in treating cer-
ebral disease, because they can form 3D scaffolds for the
survival and growth of neurons61. An interesting study
demonstrated that adjusting the amino acid (AA)
sequences and introducing more positively charged AAs
lead to the formation of dense fibrillary hydrogel net-
works, which could simulate the ECM to provide a
desirable scaffold for nerve cell regeneration, blood vessel
formation, and brain injury recovery61,62. Adak developed
hydrogels containing microtubule (MT)-stabilizing and
neuroprotective residues63. Hydrophobic palmitic acid
(PA) and hydrophilic residues were also involved in the
system. A well-defined hydrogel could be obtained given

the amphiphilic characteristics, resulting in crosslinked
networks entrapping water molecules. Importantly, a
study suggested that the hydrogel could encapsulate anti-
AD and anti-PD drugs for wider applications in addition
to neuroprotective peptides. Introducing bioactive agents
or therapeutic drugs into hydrogels increases the effec-
tiveness in simulating the ECM, contributing to better cell
adhesion and proliferation. Activins, as the main trans-
forming growth factors, influence neuroprotective effects.
Li et al. used poly(N-isopropyl acrylamide), a typical
thermosensitive polymer64, to construct injectable ther-
mosensitive hydrogels to slowly release activin B and
stereotactically injected the system into the striatum of
PD mice65. As a result of the desired drug release kinetics
of activin B, the hydrogel system greatly contributed to
substantial cellular protection and symptomatic remission
in PD mice.
Clinically, L-dopa is the most effective drug for PD

therapy. However, L-dopa has a short half-life and poor
bioavailability in vivo, and high-dose and long-term
administration will lead to biological resistance, motor
complications, movement disorders, and other severe
side effects66. To obtain the best outcomes of L-dopa
therapy, Wang et al. used self-assembling hydrogels to
deliver L-dopa for the treatment of PD66. Hydrogels
with soft rheological performance and self-healing
properties are synthesized by mixing a glutamine
amide derivative and benzaldehyde in water, which is
compatible with active drugs such as L-dopa. As a result
of the appropriate rheological characteristics of the L-
dopa-encapsulated hydrogel, IN administration is quite
appropriate and has several advantages, such as rapid
L-dopa release, prolonged residence times in the nose,
and enhanced brain uptake (Fig. 5a). These results were
confirmed by animal studies that suggested a better
brain distribution and therapeutic efficacy after L-dopa-
loaded hydrogel administration than after simple
L-dopa treatment (Fig. 5b, c).

Functional cell delivery based on hydrogels
For decades, dopaminergic cell grafts from fetal donors

have shown improved neurological recovery in PD
models because of their ability to integrate and function
after transplanting them into the brain67. Nevertheless,
the modest survival and regeneration ability after cell
transplantation halts clinical progression. As studies have
demonstrated that biomaterials can improve the effi-
ciency of tissue regeneration after biomaterial-based cell
delivery in PD, Moriarty et al. loaded dopaminergic grafts
of younger fetal donors in GDNF-encapsulated hydrogels
for their survival, reinnervation, and functional efficacy in
PD rats, illustrating the potential of hydrogel biomaterial
in neuron protection and repair68. Undeniably, the lim-
ited graft survival that severely hampers CRTs is mainly
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caused by undesirable biochemical and/or immunological
stress in vivo and changes in the environment from a 2D
in vitro environment to a 3D in vivo environment after
cell transplantation. To address these challenges, Schaf-
fer’s team transplanted human pluripotent stem cell
(hPSC)-derived neurons loaded into optimized HA-based
hydrogels functionalized by peptide chain GRGDNP
(RGD) and heparin to target brain inflammation67.
Compared with unencapsulated neurons, hydrogel-
encapsulated neurons exhibited approximately fivefold
survival after implantation. In the second year, the team
incorporated key biochemical cues such as neurotrophic
factors or mitogenic factors into the hydrogel biomaterial
and experimentally identified these factors after incor-
porating them into HA-based hydrogels for the

construction of a dispersion-generating implantation
platform (Fig. 6a, b)69. The introduced bioactive factors
and well-designed hydrogels promoted the survival and
dispersion of hPSC-derived neurons (Fig. 6c, d), med-
iating increased neurite outgrowth and graft innervation
(Fig. 6g–i), alleviating the pathological symptoms in PD
mice (Fig. 6e, f) and thus promoting the clinical transla-
tion of CRT for PD.

Multifunctional hydrogels for brain tumor therapy
Glioblastoma (GBM) is the most malignant tumor in

the CNS and accounts for 16% of all tumors in the
brain, leading to high mortality70,71. Most patients will
experience disease progression within 12 months and
die between 14 and 20 months after diagnosis72.

Fig. 5 Self-assembling hydrogels delivering L-dopa for the treatment of PD. a Schematic of the synthetic process of gelator with glutamine
amide derivative and benzaldehyde, molecular structure of L-DOPA and superiorities of the gelator for nasal delivery. b Dorsal view of the brain and
dissection locations of various brain parts including the olfactory bulbs (OB), the cerebrum (CB 1and 2), trigeminal nerves (TN), the brain stem (BS) and
cerebellum (CE). c % of [3H] L-DOPA taken by different brain segments. Whole body was perfused with 0.9% saline, and the studied tissues were
dissected for liquid scintillation counting. Experimental results are expressed as % uptake normalized to total [3H] L-DOPA. Data are expressed as the
mean ± SD, n = 3. Reproduced with permission from ref. 60. Copyright 2021 John Wiley and Sons.
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Current treatment methods for GBM include surgical
resection followed by radiotherapy with temozolomide
(TMZ) or TMZ-based chemotherapy. Unfortunately,
these therapies have a modest effect on the inhibition of
tumor recurrence and are at risk for eliciting systemic
toxicity and off-target effects73. Given the cellular het-
erogeneity of GBM, alternative therapeutic methods are
needed to strengthen clinical outcomes. Thus, the past

decades are notable for the rapid development of hydro-
gels in GBM therapy because of some advantages of
hydrogels, such as their noninvasiveness and sustained
release of therapeutic agents after administration12. More
importantly, these multifunctional hydrogels can be con-
structed with therapeutic agents and used as carriers
for the drugs or as research models of the tumor
microenvironment.

Fig. 6 HA-based hydrogels with key biochemical cues for the construction of a dispersion-generating implantation platform, and its
application for the alleviation of pathological symptoms in PD mice. a Schematic of cell dispersion concept. b Schematic illustration for
studying the efficacy of dispersion factors in 3D. c Representative immunocytochemistry pictures illustrating encapsulated D35 hESC-derived mDA
neurons with the expression of TH (cyan), LMX1A (yellow) and FOXA2 (red). Scale bars: 100 μm. d Representative images illustrating mDA neurons
after treatment with dispersion factors in 750 Pa hydrogels. Top panels show dispersed DAPI-labeled nuclei and the bottom panels show neurite
extension after staining of TUJ1 (red) and DAPI(blue). Scale bars: 200 μm. e Schematic showing the six groups used for in vivo experiments. f Study of
apomorphine-induced rotations. g Representative brain section illustrating striatal 3DGF graft after staining with NCAM-DAB. h Amplification of (g)
illustrating the graft. i Amplification of (h) illustrating dense innervation in the graft periphery. Reproduced with permission from ref. 63. Copyright
2018 John Wiley and Sons.
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Hydrogels constructed with therapeutic agents
Owing to the highly infiltrative properties, GBM margins

are usually unclear, precluding complete resection of the
GBM and causing recurrence in the vicinity of the surgical
resection74,75. Early studies have found that tris(2-carbox-
yethyl) phosphine (TCEP) could regulate the oxidoreduction
of cell surfaces to realize thiol-mediated cell adhesion, in
which the disulfide bonds of cell surfaces could be reduced
into free thiols to strengthen the adhesion between GBM
and the ECM76. Based on these findings, Cha and Kim
proposed a cancer cell-sticky hydrogel (CSH) by immobi-
lizing TCEP to modify the cell membrane of GBM77. The
cancer cells could adhere to the CSH given the abundance of
thiols at the cell surface, causing limited mobility and
increased adhesion. In vivo xenograft models revealed that
the fabricated hydrogels could decrease the invasiveness of
GBM by trapping cancer cells. Chemical drugs can also
inhibit the migration of GBM cells after surgical resection,
but they have modest efficacy with exclusive use78. Bastia-
nich et al. developed lauroyl-gemcitabine lipid-based
(GemC12–LNC) hydrogels that could be administered in the
resection cavity to bypass the BBB, realizing high con-
centrations of the chemical drugs in the lesion site71.
Research results suggested that after perisurgical injection in
the resection cavity, GemC12–LNC hydrogels effectively
inhibited tumor recurrence and increased mouse survival.
Brain tumor-initiating cells (BTICs) are one of the infil-
trative cells that play a vital role in recurrence after tumor
resection. Although camptothecin (CPT)-based che-
motherapy eradicates residual BTICs, CPT has several lim-
itations, including a short half-life and uneven tissue contact.
To solve these problems, Schiapparelli et al. developed CPT
prodrug-based hydrogels by the self-assembly method
that can be used after tumor resection for local treatment
(Fig. 7a, b)79. In vivo studies revealed that the CPT prodrug
could be released into the brain parenchyma steadily in a
resection mouse model, inhibiting tumor recurrence and
prolonging the survival rate of mice (Fig. 7c). Peptide
amphiphiles have provoked great interest in peptide-based
drug composites because of their desirable self-assembling
abilities. The delicate design has been applied to several
therapeutic drugs, including CPT, doxorubicin (DOX), and
PTX. Cui et al. have been working on drug–peptide con-
jugates over the past decade. They found that these
amphiphiles exhibited excellent properties and wide appli-
cations in disease treatment and allowed the encapsulation
of therapeutic agents for synergistic effects80,81. In 2019,
Chakroun et al. fabricated PTX–peptide amphiphiles that
could be spontaneously assembled into injectable supra-
molecular hydrogels82. Importantly, system disruption and
molecular dissolution could regulate drug release. In addi-
tion, through molecular engineering of the hydrogels, such
as changing the incorporation of hydrophobic segments, the
drug release rate could be modified accurately. In cell

studies, these PTX–peptide hydrogels exhibited tumor
penetration in the tumor spheroid model, thus showing
enhanced cytotoxicity against GBM.
In 2020, the team reported two CPT drug units linked

with RGD for tumor tissue penetration that could
associate with supramolecular polymers and form
supramolecular tubustecan (TT) hydrogels following
injection into tissues83. The hollowness of tubular
assemblies allows the loading of DOX or curcumin for
synergistic chemical therapy. In vivo studies have sug-
gested that TT hydrogels with drug encapsulation pro-
mote tumor tissue penetration, allowing combination
therapy to inhibit tumor metastasis and recurrence with
reduced off-target side effects.

Hydrogels as carriers for therapeutic agents
Previous carriers of therapeutic drugs for GBM treat-

ment may have had a high stiffness matrix, which is not
good for prolonged release84. Higher stiffness will elicit
side effects such as the sudden release of inclusions and
the maladaptation of injected tissues85. Therefore, delivery
devices with release timescales are needed for efficient
clinical translation. Hydrogels are clinically effective vehi-
cles for local delivery, in which HA-based hydrogels show
notable potential in drug delivery because of their built-in
biocompatibility and flexibility in composition and struc-
ture86. Parkins et al. developed peptide-functionalized HA-
based hydrogels as drug delivery reservoirs87. The assess-
ment of the mechanical matching properties revealed a
favorable adjustment of the designed hydrogels to local
tissue stiffness, increasing the survival rate in human GBM
models. Liposome-templated hydrogels (LHNs) have
become an efficient vehicle for drug delivery. For example,
Chen et al. designed an LHN nanoparticle for the code-
livery of the clustered regularly interspaced short palin-
dromic repeat (CRISPR)/Cas9 protein and nucleic acids88.
Using polo-like kinase 1 as a model gene, in vivo studies
have shown that LHNs are capable of delivering CRISPR/
Cas9 for tumor rejection.
Designing novel combination therapies that involve

more than one drug for synergistic treatment has received
increasing attention. To further improve the postsurgical
treatment of GBM, Zhao developed photopolymerizable
hydrogels for the codelivery of PTX and TMZ89. Com-
bination therapy delivery could be realized by the system,
and PTX in the hydrogel had sustained release for
1 month in mouse brains, eradicating tumors more sig-
nificantly than single-drug therapy in the cancer model.
Given the chronological order of biochemical pathways90,
the temporal resolution of drugs in synergistic treatment
greatly affects efficacy. A recent report demonstrated that
the administration of erlotinib (ERL) and DOX in a time-
staggered manner successfully depleted A549 lung cancer
and BT-20 breast cancer cells, indicating that sequential
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administration of DOX and ERL may be efficacious for
GBM. Therefore, Majumder et al. fabricated multi-
compartment hydrogels composed of self-assembled
peptides for the encapsulation of DOX and ERL and the
delivery of these drugs in a time-resolved ERL-to-DOX
manner91. The synergistic effect and sequential release of
these two therapeutic agents exerted unparalleled efficacy
in eliminating GBM.

Hydrogel-based tissue engineering approaches
Tissue damage and defects can lead to dysfunction.

Since scientists first put forward the concept of “tissue
engineering” in the 1980s, the possibility of its use in the
treatment of patients with tissue defects or organ failure
has been considered. Nevertheless, tissue engineering
approaches include not only tissue regeneration but also
tissue replacement and tissue-microenvironment simula-
tion. For instance, tissue engineering approaches are
typically used in the treatment of bone defects by pro-
moting bone regeneration92. However, there are no
effective therapies for the regeneration of injured cardiac
tissue. Therefore, substitutes for engineered heart tissues
were developed using tissue engineering approaches93.
For GBM, tissue engineering approaches may be bene-
ficial in simulating the tumor microenvironment, that is,
the association between tumor tissue and the ECM.

Although some therapeutic agents, such as ERL, have a
therapeutic effect on GBM, the efficacy is not durable for
GBM with epidermal growth factor receptor (EGFR)
mutations94. The intractable difficulties lie in the limited
understanding of the relationship between the ECM and
biophysical signals of the GBM with acquired resistance95.
At present, signals from the ECM are involved in tumor-
acquired resistance, motivating researchers to replicate
the complex tumor microenvironment to examine the
processes related to EGFR resistance using tissue engi-
neering approaches96. For example, to examine how
combined signals of the ECM respond to ERL exposure,
Pedron et al. used 3D gelatin hydrogels to simulate the
GBM ECM, EGFR mutation status, and signals in
response to ERL exposure97.
As GBM is highly vascularized, the internal influence of

endothelial and cancer cells is actively involved in sti-
mulating tumor growth98. Transwell assays are a common
strategy for investigating tumor–endothelium interac-
tions, but they insufficiently reflect the complex bio-
chemical and physical microanatomical architecture in
the tumor niche99. Recently, Wang et al. developed poly
(ethylene glycol)-based hydrogels that can stimulate
patient-derived GBM cells and mouse brain endothelial
cells in a coculture model100. Alginate fibers were applied
as porogens for the formation of vessel-like structures of

Fig. 7 Design and intended application of self-assembling CPT prodrug hydrogels for local therapy of cerebroma. a Schematic of the
monomeric prodrug assembling into supramolecular filaments before the addition of counterions to form a hydrogel. b Structures of the CPT
prodrug and the C-terminus with one, two or three carboxyl groups. c Schematic illustrating the design of an orthotopic GBM mouse model by
human-derived brain tumor-initiating cells (BTICs) and the main mechanism of the hydrogel in inhibiting tumor recurrence after resection.
Reproduced with permission from ref. 73. Copyright 2020 Elsevier.
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endothelial cells in 3D hydrogels (Fig. 8a). Using the
hydrogel system that could mimic the spatial organization
of GBM and endothelial cells, researchers found that the
growth of GBM cells was considerably increased (Fig. 8b),
while the expression of cell adhesion proteins in endo-
thelial cells was decreased (Fig. 8c, d) after the coculture.
Therefore, the hydrogel system may help in the future
design and development of tumor microenvironment
simulations that are physiologically more similar to the
actual microenvironment.

Conclusions and perspectives
CNS damage has long been an intractable challenge to

tissue engineers because of the special physiological
structure and complex pathophysiology that arise after
injury101. Clinical strategies, including intrathecal drug

delivery and stem cell transplantation, usually elicit the
risk of local inflammatory responses and tissue damage.
At present, CNS regenerative biomaterials focus on the
local delivery of anti-ROS drugs and growth factors or the
implantation of NSCs in a supporting scaffold. Therefore,
the use of hydrogels is becoming unparalleled for drug
delivery, as they realize high drug concentrations at the
lesion site of the brain or spinal cord even with a low
administration dose and minimal invasiveness. Hydrogels
have various advantages that make them desirable mate-
rials for disease treatment, drug delivery, and even stem
cell transplantation to the CNS.
This review summarizes how the special performance

of hydrogels has achieved positive outcomes in many
CNS disorders, such as brain injury, nerve damage,
NDs, and brain tumors. For example, thermoresponsive

Fig. 8 Poly(ethylene glycol)-based hydrogels that can stimulate patient-derived GBM cells and mouse brain endothelial cells in a coculture
model. a Schematic showing the experimental group design. Using degradable alginate microfibersas porogens, endothelial cells of mouse brain are
made into vessel-like structures in a 3D biomimetic hydrogel. GBM patient-derived glioblastoma, ENDO endothelial cells. b Immunostaining with
Ki67+ for proliferating tumor cells on Day 7. Human nuclear antigen (HNA), Ki67, and DAPI are stained to red, green and blue, respectively. Scale bar:
100 μm. c, d Expression of cell adhesion proteins in endothelial cells. Mouse specific primers are applied for the measurement of gene expression
levels of claudin-5 and ZO-1 using RT-PCR. Reproduced with permission from ref. 92. Copyright 2019 Elsevier.
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hydrogels can be used as carriers of therapeutic drugs
and functional cells for the treatment of NDs. Moreover,
hydrogels can be constructed with therapeutic agents
and used as carriers for therapeutic drugs, leading to
localized drug release without systemic toxicity. Despite
the satisfactory results of hydrogels for CNS delivery,
better treatment outcomes should be pursued for the
treatment of CNS diseases.
(1) Bionic concepts should be incorporated into the

design of hydrogels. For example, some sophisticated
chemical conjugations could be adopted to integrate
biological ligands in the hydrogel scaffold. In this
way, the elaborately designed hydrogel system will
integrate well with the surrounding tissue, promoting
cell migration, adhesion, and proliferation and thus
exerting a better effect by promoting nerve injury
recovery.

(2) Some of the latest technologies, such as artificial
intelligence, should be used in the future design of
smart hydrogels. In addition, bioinformatics and
computational biology can help in the development
of hydrogels because these tools can adjust the
hydrophilicity of hydrogels, the hierarchical
organizations of molecules, and the responses of
hydrogels under various biological and mechanical
stimuli.

(3) In the future, the release of the inclusions should be
optimized by integrating hydrogels with other types
of carriers, including liposomes and ionic polymers.
This means that hierarchical drug delivery systems
can be constructed to inhibit the rapid release in
the initial hours after surgery, optimizing the
pharmacodynamics of therapeutic agents.

In conclusion, hydrogels are potential scaffolds for both
the treatment and the investigation of the mechanisms of
CNS disorders. We anticipate the widespread use of this
technology for the revolution of regenerative medicine
and drug delivery systems.
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