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Abstract

Multiple sclerosis (MS) is a chronic demyelinating disease of the central nervous system. This disorder may cause
progressive and permanent impairment, placing significant physical and psychological strain on sufferers. Each
progress in MS therapy marks a significant advancement in neurological research. Hydrogels can serve as a scaffold
with high water content, high expansibility, and biocompatibility to improve MS cell proliferation in vitro and
therapeutic drug delivery to cells in vivo. Hydrogels may also be utilized as biosensors to detect MS-related
proteins. Recent research has employed hydrogels as an adjuvant imaging agent in immunohistochemistry assays.
Following an overview of the development and use of hydrogels in MS diagnostic and therapy, this review
discussed hydrogel’s advantages and future opportunities in the diagnosis and treatment of MS.
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Background

Trauma, stroke, neurodegenerative or demyelinating dis-
eases, spinal cord injury, traumatic brain injury, Alzhei-
mer’s disease, Parkinson’s disease, and multiple sclerosis
(MS) may damage the central nervous system (CNS).
MS is a chronic inflammatory disease characterized by
perivenous lesions that eventually result in demyelinat-
ing plaques, oligodendrocyte destruction, and irreparable
damage to gray and white matter axons [1, 2]. The range
of MS comprises radiologically isolated syndrome (RIS),
clinically isolated syndrome (CIS), and clinically diag-
nosed MS. Clinically diagnosed MS may fall into the fol-
lowing categories based on the various aspects of the
disease course, which are relapsing-remitting multiple
sclerosis (RRMS as the most common type of MS),

* Correspondence: Chenbing2020@jlu.edu.cn; zhugs@jlu.edu.cn
’Department of Anesthesiology, China-Japan Union Hospital of Jilin
University, Xiantai Street No. 126, Changchun, TX 130031, PR China
'Department of Orthopaedics, China-Japan Union Hospital of Jilin University,
Xiantai Street No. 126, Changchun, TX 130031, PR China

B BMC

secondary progressive multiple sclerosis (SPMS), primary
progressive multiple sclerosis (PPMS), and progressive re-
lapsing multiple sclerosis (PRMS, the rarest in the course
of MS) [3]. MS is diagnosed using a combination of clin-
ical, radiographic, and laboratory data, including the pa-
tient’s history, cerebrospinal fluid (CSF) examination,
oligoclonal bands (OCB), immunoglobulin G (igG synthe-
sis), visual performance potential (VEP), and magnetic res-
onance imaging (MRI) [4, 5]. Additionally, MS diagnosis
necessitates a distinction between idiopathic inflammatory
disorders, such as neuromyelitis optica spectrum disorder,
and other recurrent diseases that mirror MS. Despite this,
MS may still be misdiagnosed owing to certain deceptive
imaging findings, resulting in around a quarter of individ-
uals receiving MS therapy being diagnosed with another
disease [6]. Anti-inflammatory and anti-immune treat-
ments are the primary therapies for MS. The most often
utilized therapies are adrenal glucocorticoids, immuno-
suppressor such as cyclophosphamide, azathioprine, and
cyclocytosine A, plasmapheresis, immunoglobulin, and
immunomodulators such as p-interferon, copolymer-1,
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and others [7, 8]. However, the effectiveness is less than
optimal. Additionally, new therapeutics such as stem cells
need ongoing management of cell selection, transplant-
ation modality, and differentiation direction [9]. Despite
significant advancements in the diagnosis and treatment
of MS, current approaches remain restricted, and new
ones are needed. One of the more intriguing solutions
under investigation is the use of hydrogel-based biomate-
rials. Hydrogels have played an increasingly essential role
in the biomedical area in various ways, including combi-
nations due to their growing complexity of function and
structure [10-14]. In the field of neurodegenerative dis-
eases such as multiple sclerosis, the entire process of diag-
nosis and treatment research, from examination to drug
administration, cell transplantation, in vitro disease simu-
lation, and even imaging to monitor disease progression,
requires the collaboration of medical and industrial disci-
plines. Hydrogel, being an exceptional representation of
bioengineering materials with superior performance, may
perform well in all of the aforementioned linkages. A
hydrogel is a three-dimensional network polymer with
hydrophilic structures that absorb thousands of times its
dry weight in water. Additionally, hydrogels exhibit highly
adjustable physical characteristics, including degradability,
mechanical strength, gelation duration, and gelation
temperature [11, 15]. Hydrogels have been extensively
employed in biosensing, cell encapsulation, drug delivery,
and tissue engineering scaffolds, among other applications,
including but not limited to the area of neurodegenerative
disease [16, 17].

Hydrogels may be classified according to their origin
(natural or synthetic), composition (homopolymer or co-
polymer), reaction circumstances, the crosslinking
mechanism (chemical or physical crosslinking), and
charge. Many publications and reviews are available on
the synthesis, characteristics, and uses of hydrogels, and
the following review is highly suggested for interested
readers [18-25]. The recent decade has witnessed ad-
vancements in mixing diverse components and methods
to prepare hydrogel with enhanced properties. These
novel excellent physicochemical qualities have estab-
lished hydrogels as advanced biomaterials, prompting a
host of research on their ultimate translation into thera-
peutic applications [26]. Hydrogels made of diverse ma-
terials are extensively utilized; only a few have been
studied in MS. These hydrogels have the potential to
play a critical role in the diagnosis and treatment of MS,
such as supporting the growth of MS-related cells, im-
proving the delivery of therapeutic agents including cells
in vivo. Hydrogels may also be utilized as biosensors to
detect MS-related biomolecule, and recent research have
shown that hydrogels can be employed as auxiliaries in
immunohistochemistry investigations to aid in imaging,
and other aspects. This review primarily covered the use
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of hydrogel in the diagnosis and treatment of MS aims
to generate new ideas and references for the confluence
between MS diagnostic and treatment and hydrogel
biomaterials.

Multiple sclerosis

Chronic inflammation of the brain and spinal cord, de-
myelination, and neurodegeneration are the symptoms
of MS, which diminishes the patient’s physical perform-
ance progressively [27]. MS affects an estimated 2.5 mil-
lion individuals globally, and its incidence has grown in
recent decades [28, 29]. Gender could impact the mor-
bidity of MS: women are more vulnerable than men,
with a female-to-male morbidity ratio ranging between
2:1 and 3:1 depending on the geographic area [30]. Also,
the unequal frequency distribution suggests that both
environmental and genetic variables contribute signifi-
cantly to MS progression [31]. Several identified envir-
onmental risk factors include Epstein-Barr virus (EBV)
infection, teenage obesity, smoking, insufficient vitamin
D, and sun exposure [32]. Most research on genetic fac-
tors focuses on the human leukocyte antigen (HLA) re-
gion on the short arm of chromosome 6 (6P21).
Changes in this area may be positively or negatively as-
sociated with disease risk and course [33]. MS is caused
by a combination of environmental, genetic, and epigen-
etic factors, which may combine with various identified
modifiable risk factors [34]. MS pathological markers in-
clude demyelination across the blood-brain barrier by
autoreactive T and B cells, neuronal and axonal damage
and loss, and astrocyte growth [35, 36]. In severe MS,
axonal damage progresses slowly to axonal transection
inside demyelinated plaques, eventually culminating in
irreparable damage [36, 37]. However, the mechanism
by which the immune response to CNS antigens is initi-
ated and maintained in MS remains unexplained. MS in
its early stages is often characterized by an immediate
onset of recurring neurological impairments, depending
on the area of the central nervous system affected by the
acute inflammatory demyelinating disease and the in-
flammatory process severity. Some significant symptoms
include but are not limited to optic neuritis, tremor, nys-
tagmus, slurred speech, incoordination and gait instabil-
ity, limb numbness or weakness, weariness, subacute
motor loss, diplopia, and discomfort [38, 39]. McDo-
nald’s criteria for MS amended in 2017 reinstated the
significance of cerebrospinal fluid abnormalities in the
diagnosis [40]. On the other hand, it has been proposed
that standardized MRI methods be used to evaluate indi-
viduals with suspected or clinically proven MS [41]. MS
therapy may be classified into two groups: symptomatic
treatments and disease-modifying therapies (DMT) that
seek to change the disease’s course, and the route of ad-
ministration classifies DMT into self-injection, oral or
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intravenous preparations [42]. Improvements in MS
therapy are unparalleled in any other field of neurology,
and stem cell treatment and immunotherapy offered
promise, but there has been no “magic bullet” capable of
entirely curing the condition, which is currently deemed
incurable [43-48]. The priority now is to limit the dis-
ease’s effect throughout the disease course, enhance the
quality of life, and promote a healthy philosophy for MS
patients [34, 49].

Hydrogels applied in MS and its characteristics
Biosensing

Hydrogels are increasingly being utilized to fabricate
electrochemical sensors, and researchers are starting to
investigate their biological applications [50]. Electro-
chemical sensors are a kind of sensor in which a sensing
element interacts with the target analyte to produce a
sensing signal. For qualitative or quantitative investiga-
tion, these specialized sensors transform data to
recognizable electrical signals proportional to the con-
centration of the target analyte [51]. Due to the unique
microwater environment created by hydrogels, they may
function as substrates for biomolecules to sustain their
biological activity. Simultaneously, hydrogels have a very
high specific surface area owing to their three-
dimensional structure. As a result, hydrogels are primar-
ily exploited in electrochemical sensor research as a sub-
strate for immobilizing biomolecules [52]. These
biomolecular hydrogels are capable of identifying ana-
lytes with high specificity, which is very useful in the
diagnosis of MS.

Matrix metalloproteinase-9 (MMP-9) is a significant
peripheral biomarker of neuroinflammation in MS [53,
54]. In the diagnosis and detection of MS, the measure-
ment of protease level by the electrochemical sensor
may eliminate the tedious methods of biochemical ana-
lysis such as ELISA and reduce the personnel and finan-
cial cost of detecting instruments such as MRI. More
crucially, it can not be confined by the monitoring envir-
onment [55, 56]. Many electrochemical sensors with
various identification components have been developed,
including immune or active sensors. A disposable bio-
sensor monitoring the degradation of hydrogel films is a
promising platform capable of monitoring protease ac-
tivity, which is small, affordable, and simple to operate
and has the potential of mass manufacturing [57]. Biela
et al. [58] synthesized it by coating electrodes with
oxidized-dextran and then cross-linking with peptides
having particular cleavage sites of MMP-9. Exposure to
enzymes induces film degradation, which may be tracked
via impedance measurements. Results indicated effective
detection of MMP-9 in the clinically relevant range of
50 to 400 ng/ ml. Except for reacting within 5 min, the
sensor exhibited high selectivity to MMP-9 in the
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presence of MMP-2. However, reaction delays at low en-
zyme concentration and low stability of quartz crystal
microbalance (QCM) signal before introducing enzyme
existed. Ahmad et al. further employed poly (2-oxazo-
line) crosslinked with protease-specific lytic peptides as
raw materials to construct hydrogel membranes on
gold-plated quartz crystals using thiol-ene click chemis-
try and improve the crosslinking density. They measured
the degradation rate of the hydrogel using a quartz crys-
tal microbalance (QCM), which indicated a considerable
dependence on MMP-9 concentration. Experiments ex-
amined the concentration range of 0-160 nM MMP-9
and identified the detection limit of 10 nM MMP-9 [59].
In addition, the materials utilized to build disposable
MMP-9 sensors are universal and can detect various
proteases by modifying the peptide sequence.

On the other hand, hydrogels have been extensively
studied for their multiple functions in wearable devices
due to their exceptional flexibility, inherent electrical
conductivity, biocompatibility, and rapid stimulus-
response, as well as their unique mechanical properties
(excellent stretchability, adjustable toughness, and low
elastic modulus), see Fig. 1 [61]. Wearable devices can
quantify biochemical analytes, monitor physiological pa-
rameters, detect human movement, and interact with ex-
ternal environmental stimuli. Sensing devices that
monitor physiological signals and quantify disease bio-
markers are critical for the early detection and interven-
tion of neurodegenerative illnesses, as well as for the
administration of medicine and correct evaluation of
treatment effects [62]. The present need for bio sensing
systems that can detect physiological signals consistently
and precisely, as well as biocompatible surface chemistry
and device-human interface interactions, is driving con-
tinuous research into enhanced sensing materials, sens-
ing techniques, and device designs [63]. Hydrogels are
hydrophilic polymers that contain a significant amount
of water and so resemble human tissue. They may not
only serve as polymer substrates for the loading of func-
tional materials for biological signal transduction, but
can also react to stimuli in conjunction with filling mate-
rials to further improve sensing performance [64].

Bionic hydrogels employed in wearable devices and
biosensing include ionic conductive hydrogels, conduct-
ive polymer hydrogels, and conductive micro/nanocom-
posite hydrogels [60]. Materials and manufacturing
processes may enable hydrogel with varying ionic and
electrical conductivity, biocompatibility, biodegradability,
antibacterial activity, self-healing and injectability, self-
viscosity, transparency, and long-term stability extensi-
bility, compressibility, and fatigue resistance, among
other properties [65-68]. Currently, wearable technolo-
gies in MS are primarily used to monitor mobility and
balance, and they may eventually play a more prominent
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Fig. 1 Bionic hydrogel materials and their applications in recently developed wearable devices [60]. Copyright 2021 American Chemical Society

role in assessing tiredness, tremor, and spasm [69, 70].
Wearable devices may give critical information for track-
ing the course of MS and evaluating the therapeutic ben-
efits of disease-modifying and symptomatic medications
[69, 71]. Despite few examples of hydrogel-type wearable
sensors being explicitly used for MS, they have been uti-
lized to detect changes in neurophysiological activity
such as tremors in neurodegenerative disorders such as
Parkinson’s disease [72]. Many aspects impacting the
quality of life of multiple MS are expected to be simply
and accurately recorded with the development of
hydrogel-related wearable devices and biosensing.

In summary, these hydrogels and their composites are
increasingly enabling the detection of neurodegenerative
disease biomarkers, physiological signals, and macro-
scopic symptom presentations such as MS. Simultan-
eously, hydrogel sensors provide some benefits in terms
of repeatability and quality guarantee period [73].
Hydrogels combined with various functional materials
and device designs are expected to provide wearable or
implantable multifunctional healthcare platforms capable
of diagnosis and treatment in the future.

In vitro cell culture
MS is a degenerative demyelinating disease of the CNS.
One of the most significant unresolved issues in MS re-
search is the development of neuroprotective and myelin
regeneration strategies for treating progressive MS pa-
tients [74]. Myelin production and regeneration need a
sufficient number of OPCs to be dispersed appropriately
throughout the CNS and differentiation of these pro-
genitor cells into myelin-forming OLs. The precondition
for these investigations is the differentiation of stem cells
and progenitor cell lines capable of generating oligoden-
drocytes in culture and modeling the normal brain
microenvironment. Due to their permeability, biocom-
patibility, transparency, inert behavior, similarity to the
extracellular matrix (ECM), controllable degradation
rate, and adjustable stiffness, hydrogels can be potential
matrix to mimic the functional structure of neural tis-
sues and to create a suitable microenvironment for cell
growth and proliferation [75].

A decade ago, using polyacrylamide hydrogels as two-
dimensional culture substrates enabled the establish-
ment of OPCs’ baseline mechanical sensitivity. The
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findings indicated that the mechanical stiffness of the
environment to which these stem cells adhere had a sig-
nificant effect on their survival, proliferation, migration,
and differentiation in vitro. It provides a foundation for
investigating the pathological alterations associated with
MS and other demyelinating disorders [76]. However,
the extracellular environment significantly influences
nerve cells’ morphology and electrophysiological prop-
erty. It is challenging to simulate the characteristics of
this type of environment in vitro two-dimensionally.
Compared to the monolayer culture of cells, the behav-
ior of cells cultured in a three-dimensional environment
is more representative of normal body conditions, neces-
sitating the development of a new generation system to
provide a more accurate representation of the intricacy
of brain tissue [77]. Russell et al. [78] further investi-
gated the influence of hydrogel characteristics on the
survival and proliferation of two different OPC systems
enclosed in 3D structures. The results indicated that the
two cells’ activity and proliferation depended on the
hydrogel’s stiffness and meshed size (see Fig. 2). They
stated that this was the first research to establish the im-
pact of hydrogel-mediated proliferation on glia limiting
progenitor cells in a three-dimensional environment.
These findings show that hydrogels derived from PEG
may potentially expand OPCs and control cell destiny in
demyelinating illnesses such as MS. Along with their
proliferation-promoting properties, elastin-like hydrogels
degradable with urokinase plasminogen activator have
been shown to stimulate the maturation of oligodendro-
cyte progenitors, but not enough to differentiate into oli-
godendrocytes [79]. Meanwhile, Baisiwala et al.
established a 3D hydrogel model based on hyaluronic
acid that may be utilized to explore the influence of tis-
sue stiffness and inflammation on neural progenitor cell
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(NPC) development into myelin oligodendrocytes during
acute and chronic MS brain damage [80]. A recent piece
of research revealed the use of a 3D enzymatically cross-
linked gelatin hydrogel system in a microfluidic device
to investigate the impact of hypoxia-induced oxidative
stress (associated with MS) on the reactivity and myelin
sheath of rat glia and human astrocytes [81]. Similarly,
there is evidence that 3D HA hydrogel might examine
OPC activity, and the low-stiffness microenvironment
imitating brain tissue dynamics might promote OPC de-
velopment and metabolism [82]. Apart from studying
the mechanism of gelatin series cells, cultivating oligo-
dendrocytes self-assembling peptide hydrogel system
could also yield a conditioned medium rich in neuro-
trophic factors, which has therapeutic potential in the
mouse model of experimental autoimmune encephalo-
myelitis by preventing demyelinating and glial prolifera-
tion [83].

In any case, hydrogel culture is expected to complete
the cell adhesion, cytoskeleton, migration, signal trans-
duction, cell differentiation, and morphogenesis of the
physical model [84]. Its development is critical to
achieve more accurate agents discovered through cell
and sensitivity analysis and to investigate the growth and
development of cells and tissues in vivo and in vitro
mechanisms [85-87]. Organoids and microplatforms
based on water coagulation machines aid in the bridge-
building between models and clinical practice [88].

In vivo delivery system

No effective treatments for neurological illnesses such as
MS have emerged, but stem cell therapies hold enor-
mous promise for developing novel and curative medi-
cines [45, 89]. Cell transplantation has developed into a
nerve injury of cell replacement application, with

+ photoinitiator in PBS/
media

Less crosslinking
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Fig. 2 Two encapsulation schemes of oligodendrocyte progenitor cells in PEG-DM hydrogel [78]. Copyright 2017 American Chemical Society
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different cell types transplanted, including human em-
bryonic cells, mesenchymal stem cells derived from hu-
man bone marrow and human placenta stem cells,
hematopoietic stem cells, human dental pulp stem cells,
and undifferentiated adipose stem cells [90]. These cells
exhibit anti-inflammatory and immunomodulatory prop-
erties, which could significantly slow the progression of
experimental autoimmune encephalomyelitis [91]. The
majority of research on MS cell treatment does not in-
clude NSC since MS cell therapy aims to regulate auto-
immune processes rather than to induce myelin repair.
While cell treatment has been shown to improve the
clinical course of MS significantly, clinical studies have
also indicated substantial limits of systemic direct stem
cell infusion, including limited cell survival and low cen-
tral system permeability [92]. Crossing the blood-brain
barrier and delivering drugs locally or specifically is a
topic that researchers are attempting to tackle. Addition-
ally, encapsulating stem cells in hydrogels or other deliv-
ery carriers improves their therapeutic effectiveness
significantly [17, 93-95]. Similar mechanical qualities to
tissue, excellent biocompatibility, biodegradability,
injectability, and porous structure make hydrogels an
ideal supportive, protective, and nutritive milieu for cell
delivery while avoiding complex invasive surgery [17].
Sustaining stem cell release at particular CNS regions
will provide long-term neuroprotective and repair bene-
fits against neurodegenerative disorders, as well as lower
delivery dosages. Ferreira et al. [96] recently developed a
hyaluronic acid-based hydrogel that was physically
cross-linked to liposomes and injected directly into the
central nervous system, significantly increasing bone
marrow mesenchymal stem cell bioavailability. In EAE
models, clinical scores were improved, and neuropatho-
logical levels were recovered (see Fig. 3). Apart from
neuroprotection and regeneration treatments for MS,
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dendritic cells (DC), as key actors in immunity, are also
potential ways for decreasing the immune response to
the myelin sheath [97, 98]. Thomas et al. [99] injected
DCs treated with interleukin-10 (IL-10) into cervical
lymph nodes using an in situ gel poly (ethylene glycol)
based hydrogel. Within 2 days of injection, DCs adminis-
tration improved the hydrogel’s lifetime and changed the
profile of endogenous immune cells recruited at the in-
jection site. Additionally, hydrogels and nanoparticles
may be employed as building blocks for more complex
nanocomposites, and this technology is especially well
suited for intranasal delivery of cells, neuroprotective
compounds, and proteins [91, 95].

Imaging

Clinical impairment in MS and its most often utilized
animal model, experimental autoimmune encephalomy-
elitis (EAE) mice, is linked to gray matter atrophy [100].
Gray matter atrophy, often detected in EAE, has yet to
be linked to a specific spinal cord disorder pathology.
Clear Lipid-exchanged Acrylamide-hybridized Rigid
Imaging-compatible Tissue-hYdrogel or CLARITY is a
recently developed optical cleaning technology capable
of converting intact tissue into a nanoporous hydrogel
hybrid (3-dimensional network crosslinked to hydro-
philic polymers) that permits comprehensive imaging of
the whole brain with minimum protein loss while keep-
ing natural fluorescence [101, 102]. Using this hydrogel
and MRI layer V neurons in EAE mice induced by
Thyl.1-YF, Spence et al. [103] demonstrated that cor-
tical volumes correlated negatively to end bulbs and
positively to layer V neurons. Later, they used voxel-
based morphometry (VBM) to evaluate localized GM at-
rophy and CLARITY to evaluate specific pathologies in
EAE mice. Maps showing the connection between par-
ticular diseases and local gray matter atrophy were

Healthy
rat

Intracerebroventricular ¥

permission from Elsevier
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)
- 8
s S .
EAE rat
model

Fig. 3 An injectable, biocompatible hydrogel of HA cross-linked with liposome reducing disease severity of EAE [96]. Copyright 2021, with
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created [104]. Anatomical insights from these investi-
gations will be useful for future research on gray mat-
ter atrophy, which is the strongest predictor of
impairment in MS.

Most significantly, the use of MRI and CLARITY to
EAE establishes a precedent for better distinguishing
neuropathological processes in three-dimensional intact
tissues in a range of neurodegenerative illnesses. An-
other interesting work has shown that by combining the
biodegradation of extracellular matrix (ECM) hydrogels
with 'F MRI of perfluorinated carbon-labeled (PFC)
macrophages, novel insights into the participation of
neuroinflammatory processes and spatiotemporal dy-
namics may be obtained. A framework for precise obser-
vation of the distribution and density of '°F-labeled
macrophages in the brain is established by systematic
tuning of sequence and imaging parameters. This will
further knowledge of peripheral macrophages’ participa-
tion in bio-scaffold breakdown and regeneration of brain
tissue [105]. These investigations of macrophages as
pathogenic cell effectors and prospective therapeutic tar-
gets in MS [106], in conjunction with labeled imaging
and hydrogels, present a potential in vivo tool to aid in
the monitoring and prevention of MS. Simultaneously,
hydrogels may be turned into fluorescent probes for cell
imaging, allowing for fast diagnosis of neurodegenerative
biomarkers [107].

Conclusions and outlook

MS requires additional therapies since it is a progressive
impairment. Analyses of the complete spectrum of
hydrogel-related MS diagnostic and treatment tech-
niques generate several research interests. For example,
the intestinal tract microbiome is a rapidly growing area
of research into the pathogenesis and potential treat-
ments of MS, as peripheral immune activation plays a
role in the disease’s pathogenesis and a symbiotic intes-
tinal tract microbiome may be necessary for initiating
the immune response [108]. Additionally, this review
suggests that the delivery of combining hydrogels with
intestinal bacteria that are resistant to stomach acid and
decompose on demand may be a future research area
[109]. Another area of interest for future hydrogel appli-
cations is wearable electronic sensors, which have the
potential to achieve volume production while delivering
many beneficial features such as monitoring balance,
tiredness, and movement throughout the course of MS.
More intriguingly, 3D hydrogel systems facilitate the cul-
tivation and elucidation of cell-matrix interactions by re-
producing the unique properties of native central
nervous system tissues in vitro, including binding deliv-
ery through nanoparticles. These may be the areas of at-
tention for the development of hydrogel materials, as
well as for MS diagnosis and prognosis monitoring.
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