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Spinal cord injuries have profound detrimental effects on individuals, regardless of whether
they are caused by trauma or non-traumatic events. The compromised regeneration

of the spinal cord is primarily attributed to damaged neurons, inhibitory molecules,
dysfunctional immune response, and glial scarring. Unfortunately, currently, there are no
effective treatments available that can fully repair the spinal cord and improve functional
outcomes. Nevertheless, numerous pre-clinical approaches have been studied for spinal
cord injury recovery, including using biomaterials, cells, drugs, or technological-based
strategies. Combinatorial treatments, which target various aspects of spinal cord injury
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Spinal cord injury (SCI) poses significant challenges with
considerable socioeconomic implications. While current
standards of care focus on surgical decompression and
stabilization, the lack of effective treatments underscores the
urgency of addressing this global health issue. With nearly 0.93
million new cases annually and approximately 27.04 million
individuals affected worldwide (Alizadeh et al., 2019; Fan et al,,
2022; Soendergaard et al., 2022). SCl is a matter of substantial
concern. The majority of cases, over 90%, are traumatic in
nature, with causes including vehicular accidents, falls, and
sports injuries (Alizadeh et al., 2019). Clinical outcomes vary
widely, from partial to complete sensory and/or motor function
loss below the injury site, with cervical lesions often resulting
in quadriplegia and thoracic lesions in paraplegia. Advances
in medical interventions have improved survival rates, with
tetraplegia and paraplegia patients showing high survival rates
over decades (Alizadeh et al., 2019). However, SCI patients still
face significant socioeconomic burdens, with lifetime costs
estimated at $2.35 million per patient (Alizadeh et al., 2019).
The purpose of this review is to summarize the research on
combinatorial treatments for SCI, focusing on approaches that
target multiple aspects of its pathophysiology. By addressing
different barriers to spinal cord regeneration simultaneously,
these treatments aim to boost repair processes synergistically.

A review of the literature was conducted within the PubMed
database in February 2023. The following terms were used:
spinal cord injury AND combinatorial, spinal cord injury AND
combined, spinal cord injury AND combination. Original
research papers, published in English, mainly in the last five
years, which had the keywords in the titles and/or abstracts
were considered in the search. Both pre-clinical and clinical
works were included. This search also retrieved a significant
number of cancer-related works, which were excluded. The
selected articles were categorized according to the type of
intervention: Combination of Molecular Agents, Combination
of Cells with Molecular Agents, Combination of Cells with
Biomaterials, Combination of Biomaterials and Molecular
Agents, Combination of Biomaterials, Cells and Molecular
Agents, and Combination of Neuromodulation Technologies
with Molecules or Cells. Two independent examiners
conducted the search.

Pathophysiology of Spinal Cord Injury

An overview of primary injury

SCI typically results from vertebral fractures or dislocations,
causing primary injury through mechanical forces impacting
the spinal cord. Primary injury mechanisms include persistent
compression, transient compression, distraction, and
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laceration or transection (Lima et al., 2022). These injuries
damage ascending and descending pathways, disrupt
the blood—spinal cord barrier, and trigger spinal shock,
hypotension, and ischemia. Cervical injuries, the deadliest and
most common, often lead to tetraplegia and can affect vital
systems like respiration and cardiac function (Alizadeh et al.,
2019; van Den Hauwe et al., 2020; Gee et al., 2022). Thoracic
or lumbar injuries usually result in paraplegia and loss of
bowel and bladder control, generally, the severity of primary
injury determines the SCI outcome (Brouwers et al., 2020;
Torregrossa et al., 2020).

Overview of secondary mechanisms of spinal cord injury
Secondary mechanisms of SCI encompass distinct phases,
including acute, subacute, intermediate, and chronic stages.
Following the initial insult, which triggers post-traumatic
damage proportional to its severity, various pathophysiological
changes occur. These include vascular alterations leading
to hypoperfusion and ischemia, disruptions in ionic balance
causing cell membrane depolarization, free radical-induced
lipid peroxidation, glutamate excitotoxicity, a dysfunction
inflammatory response, apoptosis of spinal cord cells, and
the formation of the glial scar (Anjum et al., 2020; Lima et al.,
2022). Then, in the chronic phase, which persists throughout
the individual’s lifetime, the lesion stabilizes with cysts or
cavities maturing. Wallerian degeneration of damaged
axons continues, with the removal of severed axons and cell
bodies taking years. These processes contribute to ongoing
tissue damage and hinder functional recovery, highlighting
the complexity of SCI pathology and the need for targeted
therapeutic interventions to mitigate secondary injury
cascades (Monteiro et al., 2020; Perrouin-Verbe et al., 2021;
Alcéntar-Garibay et al., 2022; Figure 1).

Current Clinical Management

Current clinical management of SCI involves intensive care
measures, early surgical decompression, and stabilization,
followed by blood pressure augmentation to mitigate
secondary injury. Studies have shown that early surgical
intervention (< 24 hours post-injury) leads to better
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neurological outcomes, with patients undergoing early surgery
demonstrating improved motor scores, additional neurological
improvement, and shorter hospital stays compared to those
undergoing delayed surgery (Badhiwala et al., 2021; Quddusi
et al., 2023; Punjani et al., 2023). Recent research, including
the Surgical Timing in Acute Spinal Cord Injury Study, supports
the efficacy of early surgical intervention, with patients
showing a greater likelihood of neurological improvement at
6-month follow-up (Sacino and Rosenblatt, 2019; Quddusi
et al.,, 2023). Moreover, a previous study evaluating ultra-
early decompression within 12 hours of injury has shown
promising results in terms of neurological recovery in patients
with cervical injury (Yousefifard et al., 2022). Maintaining
cardiovascular stability is crucial during the acute phase of SCI
to prevent neurogenic shock and spinal cord hypoperfusion,
with guidelines recommending hemodynamic support to
maintain mean arterial pressure above 85-90 mmHg (Sacino
and Rosenblatt, 2019; Lee et al., 2021; Menacho and Floyd,
2021). While methylprednisolone was previously a standard
treatment, its use is now controversial due to concerns
about adverse effects and conflicting evidence regarding its
efficacy (Canseco et al., 2021). Other drugs tested in clinical
trials, such as thyrotropin-releasing hormone, naloxone, and
GM1 (monosialotetrahexosylganglioside), have not shown
significant benefits for SCI patients, highlighting the need for
novel therapeutic approaches to improve outcomes in SCI
management (Hawryluk et al., 2008).

Innovative Combinatorial Therapeutic
Approaches

The lack of efficient treatment for SCI leads to the search for a
variety of novel approaches to tackle SCI damaging outcomes.
The primary emphasis of this review lies in the combinatorial
therapeutic approaches that have been investigated over the
past decade. Significant functional gains for individuals with
SCI may require a combinatorial approach that addresses the
multifactorial nature of SCI pathophysiology. In this sense,
advances in combinatorial therapies, which can address
different molecular and cellular secondary events of SCl, offer
hope for spinal cord regeneration (Figure 2).

Figure 1 | Representation of

an injured spinal cord, with the
respective pathophysiological events
occurring after injury.

Created with BioRender.com.
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Combination of molecular agents

Several pharmacological treatments have already been
combined. In 2013, the Martin Schwab group conducted tests
on the anti-Nogo-A antibody and chondroitinase ABC (ChABC)
enzyme, both of which showed to be promising treatments
for enhancing functional recovery after SCI. They examined
both treatments separately and in combination, determining
that the synergistic effect between the two molecules resulted
in superior outcomes, leading to enhanced sprouting and
axon regeneration (Zhao et al., 2013). The ChABC also had
been combined with other drugs, such as neurotrophin-3 (NT-
3). A previous study had shown that NT-3 causes N-methyl-
D-aspartate (NMDA) receptors to switch back to their
immature form (expressing the NR2D subunit) and increases
motoneuron’s plasticity. In a lateral T8 hemisection SCI model,
Garcia et al. (2019) combined the use of ChABC, NT-3, and
NR2D expression. Rats receiving the full combination group
exhibited the most axonal sprouting and behavioral recovery
in the Basso, Beattie, and Bresnahan (BBB) locomotor test, and
in the case of electrical conductivity across the lesion, it was
only restored in rats receiving the full combination (Garcia-
Alias et al., 2011; Garcia-Alias and Fawcett, 2012). Another
group tried to combine curcumin with epigallocatechin gallate
in a rat model of acute compressive SCI. Both drugs are well
known for their anti-inflammatory role potential and alone
or together, they increased axonal sprouting, reduced glial
scar formation, and decreased the levels of macrophage
inflammatory protein 1-alpha, interleukin (IL)-1pB, IL-4, and IL-6
cytokines (Ruzicka et al., 2018).

Interestingly, investigations have also explored the interaction
between gabapentin and NMDA receptor antagonists, in
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Figure2 | Concept of combined
therapies for spinal cord injuries
involves the integration of various
approaches.

Cells and scaffolds may be utilized
independently or in conjunction with
pharmacological agents and additional
biomolecules like growth factors and
exosomes. Furthermore, technological
methods can be synergistically
employed with biomolecules or cells to
address spinal cord injury. Created with
Microsoft PowerPoint.
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particular dextromethorphan and MK-801, as a potential
therapy for alleviating neuropathic pain-like symptoms in rats
following SCI. With 15 or 30 mg/kg gabapentin combined with
10 mg/kg dextromethorphan proportionated a full alleviation
of allodynia. MK-801 also augmented the effect of gabapentin
in SCl rats (Shi et al., 2018).

Riluzole and magnesium were also combined to protect the
spinal cord against glutamate excitotoxicity. Riluzole, acting
as a sodium channel blocker, primarily exerts neuroprotective
effects in SCI by inhibiting persistent sodium currents and
decreasing presynaptic glutamate release, while enhancing
glutamate uptake. Magnesium acts as an NMDA receptor
blocker, counteracting excitotoxicity that results from
excessive activation of this glutamate receptor. However,
when tested together it was not observed any synergistic or
cumulative effect, Riluzole was the only treatment that was
able to achieve functional and histological improvements
(Vasconcelos et al., 2016).

Due to the pivotal role neuronal apoptosis plays in secondary
cellular events in SCI, Zhao et al. (2019) explored the potential
of co-administering the PARP-1 inhibitor 3-aminobenzamide
and the caspase-3 inhibitor z-DEVD-fmk to mitigate apoptosis
in a rat SCI model. Their findings suggest that combination
therapy proves beneficial for enhancing neuronal function
recovery in rats afflicted with SCI.

In 2020, a group from China combined melatonin with
methylprednisolone. Inhibition of axonal degeneration and
reduction of nerve damage can be achieved with melatonin
(Naseem and Parvez, 2014; Uyanikgil et al., 2017; Zhang et
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al., 2018) and this group tried to combine it with a lower
dosage of methylprednisolone to ameliorate the side effects
without a loss of effectiveness. They saw that melatonin could
synergize with methylprednisolone to improve acute SCI
through the PI3K-AKT1 pathway with fewer adverse reactions
(Bi et al., 2021). Methylprednisolone also was combined
with granulocyte colony-stimulating factor. Granulocyte
colony-stimulating factor, a glycoprotein serving as a growth-
stimulating factor for hematopoietic progenitor cells,
when combined with methylprednisolone, demonstrated
a synergistic effect, resulting in enhanced functional and
histological improvements compared to the administration of
either drug alone in the treatment of spinal cord contusion
injuries in rats (Teixeira et al., 2018).

A combination of ceftriaxone with methylprednisolone
was also done in a randomized, triple-blind clinical trial,
where sixty individuals with acute traumatic SCI were to
evaluate whether the combination therapy was superior
to methylprednisolone alone. Results showed that the
combination is responsible for improving inflammation and
functional outcomes 6 months after the intervention (Mirzaei
etal., 2020).

The combined action of methylprednisolone with
recombinant human erythropoietin was also tested in a
pilot double-blinded randomized controlled trial with acute
cervical SCI patients. They were randomly assigned to either
methylprednisolone alone or EPO plus methylprednisolone,
but the group failed to prove that the combination therapy
compared to methylprednisolone alone improves neurological
functions (Ganjeifar et al., 2021). In another study, but using
SCI rats, EPO was combined with IL-6. The administration of
EPO following acute SCI led to enhanced functional recovery,
whereas IL-6 alone did not produce any noticeable benefits.
However, the combined use of both EPO and IL-6 showed
advantages, albeit with outcomes less favorable than those
observed with EPO alone (Barros et al., 2019).

Another combined approach involved the utilization of a
monoclonal antibody targeting high mobility group box-1
(anti-HMGB1 mAb) alongside epothilone B (Epo B). HMGB1,
a damage-associated molecular pattern, plays a pivotal role
in blood-spinal cord barrier disruption and inflammatory
responses, significantly contributing to secondary damage
subsequent to central nervous system injuries. Conversely,
Epo B, an anticancer agent, enhances microtubule stability
and promotes axon regeneration. While Epo B alone proved
ineffective in promoting functional recovery, the combined
administration of these compounds notably increased hindlimb
movement compared to the administration of anti-HMGB1
mAb alone. The findings suggest that anti-HMGB1 mAb alone
reduces lesion extent and enhances neuronal survival near
the lesion, while Epo B facilitates axon outgrowth only when
administered alongside anti-HMGB1 mAb, indicating that the
therapeutic efficacy of Epo B is dependent on anti-HMGB1
mAb-mediated tissue preservation (Zhu et al., 2021).

From another perspective and to alleviate chronic pain
after SCI, it was investigated the simultaneous intrathecal
administration of gamma-aminobutyric acid agonist and
endomorphin-1. The inhibitory gamma-aminobutyric acid

system plays an important role in reducing neuropathic
pain. Moreover, endomorphins have demonstrated efficacy
in alleviating chronic pain triggered by nervous system
injury. Consequently, this combination was investigated for
its potential to reduce neuropathic pain within a rat model
of SCI. Results indicated a significant enhancement in pain
threshold compared to when endomorphin-1 or muscimol
were administered individually. Additionally, this combination
treatment led to increased expression of a2 subunits of
gamma-aminobutyric acid receptors and NR1 subunits of
NMDA receptors within the spinal cord (Hosseini et al., 2020).

In 2021, the combined effect of three Neurotrophins was
studied to examine whether the combination applied after 90
or 120 minutes of the injury could attenuate cord pathology.
Brain-derived neurotrophic factor (BDNF), ciliary neurotrophic
factor, and glial cell line-derived neurotrophic factor were
topically administrated over the injured spinal cord and
significantly reduced the blood-spinal cord barrier breakdown,
edema formation, cell injury, and overexpression of enzyme
heme oxygenase-2 (HO-2) by downregulation of carbon
monoxide production (Sharma et al., 2021).

Other combinations had been tried with steroids like, for
example, thyrotropin-releasing hormone, GM-1 ganglioside,
or naloxone. Compared with monotherapeutic treatment
regimens, these combination therapies may have some
benefits. However, it must be noted that the beneficial
effects of this treatment were not observed in all forms of
SCI patients, as in severe SCI patients (Winkler et al., 1998;
Baptiste and Fehlings, 2007).

Combination of cells and molecular agents

Several authors tested the effect of combining cells with
pharmacological agents to better integrate the cells
into the neural tissue or to increase their survival upon
transplantation. Synergistic interactions are observed with the
co-administration of ChABC and neural stem precursor cells.
By digesting CSPGs, ChABC mitigated the inhibitory effect of
CSPGs on neural stem precursor cell migration and promoted
neurite outgrowth after transplantation (lkegami et al., 2005).

Combined with human umbilical cord mesenchymal stromal
cells (hUCMSCs), Taxol, an anti-cancer drug known to inhibit
scar formation and enhance axonal lengthening, was observed
to enhance functional recovery post-SCI by increasing anti-
inflammatory, anti-apoptotic, anti-astrogliosis, and axonal
preservation mechanisms (Zhilai et al., 2012). In 2018,
hUCMSCs were also combined with Quercitin. This drug is
capable of reducing the inflammatory microenvironment
after SCI. Several effects were observed following this
conjugation, including neurological functional recovery, axonal
preservation, macrophage polarization, reduction of cystic
cavity size, and a reduction in proinflammatory cytokines. A
number of anti-inflammatory cytokines were also increased,
including IL-4, IL-10, and transforming growth factor-1 (Wang
et al., 2018b).

In another study, methylprednisolone combined with
amniotic membrane mesenchymal stem cells reduced
secondary damage and enhanced functional recovery. When
methylprednisolone (50 mg/kg) was combined with delayed
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amniotic membrane mesenchymal stem cell transplantation,
myeloperoxidase activity, and proinflammatory cytokines
were significantly reduced, as well as cell apoptosis.
Furthermore, this combination also increased the levels of the
anti-inflammatory cytokines and the survival rate of amniotic
membrane mesenchymal stem cells in the injury site (Gao et
al., 2014).

Another group investigated the integration of Schwann cells
with a hormonal compound, 17@-estradiol. 17B-estradiol
confers protection to a wide range of cell types and decreases
tissue damage. Its combination with Schwann cells has been
shown to decrease neurological and behavioral deficits,
protect neurons and oligodendrocytes, and significantly
decrease the number of Iba-1" (microglia) and GFAP" cells
(astrocyte) in rats with SCI (Namjoo et al., 2018).

It was also found that combining olfactory ensheathing
cells (OECs) and minocycline reduced levels of IL-1B, tumor
necrosis factor-a, caspase-3, oxidative stress, astrogliosis,
and cavitation while also improving axonal regeneration and
functional recovery in a Wistar rat model (Pourkhodadad et
al., 2019). OECs were additionally combined with ChABC in a
rat SCI model. The group postulated that transplantation of
canine OECs genetically modified by lentiviral transduction to
express ChABC would offer a new delivery system of ChABC
and potentiate a synergistic therapy. In this study, a modest
functional improvement was observed in the combinational
transplanted animals, who recovered greater forepaw
reaching accuracy (Whishaw testing) and a normal gait when
compared to the OECs transplanted group or controls (Prager
etal, 2021).

Nori et al. (2018) explored the treatment of chronic SCI in an
immunodeficient rat model by directing human NPCs toward
an oligodendrogenic fate (oligodendrogenic neural progenitor
cells, oNPCs) and employing sustained delivery of ChABC via
a crosslinked methylcellulose biomaterial. This combined
approach enhanced the long-term survival of oNPCs around
the lesion center, promoting oligodendrocyte differentiation
and remyelination of spared axons by engrafted oNPCs.
Additionally, it led to improved neurobehavioral recovery.

The co-administration of human neural stem cells with lithium
chloride (Li) was investigated to ascertain its potential to
enhance cell proliferation, differentiation, and survival in
a rat spinal contusion model, in comparison to individual
treatments. Both the human neural stem cells + lithium
chloride and lithium chloride alone groups demonstrated
notable enhancements in locomotor scores and motor
evoked potential compared to human neural stem cells alone
(Mohammadshirazi et al., 2019).

In 2020, it was observed that NSCs loaded with tetrahedral
framework nucleic acid exhibited similar neuroprotective
effects. The combined outcome of this strategy resulted in a
notable improvement in motor function recovery and tissue
regeneration at SCI lesion sites (Ma et al., 2020). Another
group evaluated the effect of epidermal neural crest stem
cells combined with astaxanthin, a powerful antioxidant, on
damage induced by SCI. Based on their results, astaxanthin

plus epidermal neural crest stem cells yielded superior effects
in terms of behavioral recovery, motor neuron preservation,
and reduced demyelination, in comparison to either treatment
administered alone (Mohaghegh Shalmani et al., 2020).

NSCs were also tested in conjunction with teramethylpyrazine.
This combination improved functional outcomes in rats with
SCI and offered spinal cord protection by increasing BDNF and
decreasing Nogo-A levels, as well as restricting the JAK2/STAT3
signal transduction pathway. These findings suggest that
teramethylpyrazine has potential therapeutic value in NSC
transplantation for SCI treatment (Zhang et al., 2021).

It was also evaluated, in a rat model of contusive SCI, the
combination of IPSC-NSCs and MSCs with a pH-responsive
polyacetal-curcumin nanoconjugate (Bonilla et al., 2021).
This allows curcumin to be released on a sustained basis. The
intrathecal delivery of polyacetal-curcumin nanoconjugate
in combination with stem cell transplantation did not
result in significant enhancements in locomotor function.
However, it did lead to notably smaller scars and promoted
the preservation of B-Ill Tubulin-positive axons. Additionally,
MSCs were co-administered with platelet-rich plasma, which
comprises various growth factors. The findings revealed that
this combined intervention improved axon regeneration,
reduced cell apoptosis, enhanced locomotor function, and
exhibited synergistic effects in SCI (Salarinia et al., 2020).

Zeraatpisheh et al. (2022) found that co-administration of
FTY720 (an immunomodulatory drug) with NSPCs 7 days after
SCI could enhance functional recovery and transplanted cells’
survival and migration.

In biological processes such as migration, proliferation, and
cell survival, signaling molecules, such as growth factors,
seem to play an essential role (Orazizadeh et al., 2009) and
cellular transplantation can be further enhanced through
the application of these neurotrophins. Thus, some groups
tested this combination and showed that MSCs along with
either nerve growth factor (NGF) (Huang et al., 2006) or basic
fibroblast growth factor (Kim et al., 2006) can promote axonal
regeneration, cell differentiation, and functional recovery in
adult rats after SCI. One group from Korea tried to potentiate
the function of adipose-derived mesenchymal stem cells by
transfecting them with BDNF and heme oxygenase-1 (HO-
1), to create either adipose-derived mesenchymal stem cells
overexpressing BDNF (BDNF-MSCs) or HO-1 (HO-1-MSCs)
(Khan et al., 2018). They injected BDNF-MSCs and HO-1-
MSCs as a combination group, in SCI dogs, and compared to
which one was injected individually. The combination group
showed an increase in neuroregeneration and a significant
improvement in hindlimb functions than in other groups.

Ana Alastrue-Agudo and her group tried to combine the
transplantation of ependymal stem/progenitor cells of the
spinal cord after injury with FM19G11 pharmacological
treatment (an inhibitor of hypoxia-inducible factor). This
combination improved certain locomotor functions when
compared to the control group, although it did not yield
a significant improvement in BBB scores compared to the
individual treatments (Alastrue-Agudo et al., 2018).
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Focusing on different aspects and to ameliorate spasticity,
which is a frequent complication of SCI with no ideal
treatment, Sun et al. (2021) combined sural nerve grafting
with an infusion of acidic fibroblast growth factor in a monkey
thoracic hemisection model. The combined treatment
markedly reduced the spasticity in leg muscle tone, patella
tendon reflex, and fanning of toes, and may be seen as a
complementary approach to decreasing spasticity in patients
with SCI.

Neural Tissue Engineering

Tissue engineering is a rapidly advancing field focused on
repairing, replacing, or regenerating tissues or organs. This
is achieved by applying fundamental principles from physics,
chemistry, and biology to develop effective materials,
devices, and clinical strategies (Di Silvio, 2007). It evolved
from biomaterial development and is the process of creating
functional tissues by combining scaffolds, cells, and biologically
active molecules. Using tissue engineering, damaged tissues
or whole organs can be restored, maintained, or improved.

Combination of cells and biomaterials

The inhibitory conditions resulting from SCI compromise cell
survival. To address this challenge, biomaterials have been
suggested to safeguard transplanted cells and modulate
their behavior (Fathi et al., 2020; Narimanpour et al., 2020;
Rezaei et al., 2020). Biomaterials can serve various roles in
transplantation strategies for SCI: (A) three-dimensional
microarchitectures can be engineered to facilitate cell seeding
and guide axonal growth in a directed linear pattern, thereby
promoting axonal regeneration across the lesion site (Gros
et al., 2010; Gunther et al., 2015; Onuma-Ukegawa et al.,
2015); (B) acts as a physical scaffold for cell adhesion, thereby
augmenting the survival and retention of grafted cells at the
lesion site (Hurtado et al., 2006; Olson et al., 2009; Bozkurt
et al., 2010; Park et al., 2012); influences the migration of
host cells (e.g., Schwann cells and astrocytes) (Suzuki et al.,
2015); (C) impact the behavior and differentiation of grafted
cells (Mekhail et al., 2015); and (D) regulate the release of
encapsulated bioactive molecules (Mothe et al., 2013).

Multiple studies have demonstrated that incorporating
cells into both natural and synthetic materials results in
enhancements in cell survival, axonal regeneration, and
functional recovery in pre-clinical SCI models (Table 1), and
a recent systematic meta-analysis, from Michael G. Fehlings
laboratory, demonstrated the superior efficacy of a combined
administration of scaffolds and mesenchymal stem cells
(MSCs) compared to the individual administration of each
component. This was evidenced by enhanced improvements
in motor function observed during interventions in the acute
phase of SCI in animal studies (Yousefifard et al., 2019). Of
note, one pre-clinical study combined MSC transplantation
with a bioengineered nanofiber-hydrogel composite did
not result in a significant effect on MSC transplant survival.
Additionally, hind limb function was found to be similar across
all experimental groups (Haggerty et al., 2022).

In 2013, it was seen that the use of nerve guidance scaffolds
(templated agarose scaffolds), filled with genetically

engineered bone marrow stromal cells for the secretion of
BDNF could imply improvements in the growth of axons as
well as motor functions even during severe SCI (Gao et al.,
2013).

In 2016, Zhang et al. utilized chitosan scaffolds to establish
a conducive microenvironment, promoting enhanced
survival of human dental pulp stem cells (DPSCs) and
facilitating improved neural differentiation. The study
showed that chitosan scaffolds enhanced cell viability and
promoted neural differentiation of DPSCs in vitro. The DPSCs
incubated with chitosan scaffolds also exhibited augmented
secretion of neurotrophic factors, such as glial cell line-
derived neurotrophic factor, BDNF, b-NGF, and NT-3. The
Whnt/B-catenin signaling pathway was identified as pivotal
in the neural differentiation of DPSCs in conjunction with
chitosan scaffolds. Moreover, the co-transplantation of DPSCs
and chitosan scaffolds into an animal model of SCI led to
substantial restoration of hind limb locomotor functions. The
findings suggest that chitosan scaffolds provide a supportive
microenvironment for DPSC survival and neural differentiation
(Zzhang et al., 2016).

Another study used a 3D gelatin sponge infused with
genetically modified BM-MSCs and Schwann cells in
the transected spinal cord of rats, resulting in a marked
enhancement of hindlimb function and cortical motor
evoked potential (Zeng et al., 2015). Furthermore, Babaloo
et al. (2019) investigated the effect of differentiated human
endometrial stem cells/Schwann cells on poly e-caprolactone/
gelatin scaffolds in a hemisected SCI rat model. They observed
that this combinatorial approach leads to improvement in
both sensory and motor functions.

Human embryonic stem cells derived-NSCs encapsulated in
hyaluronic acid hydrogel and delivered via injection into the
lesion site, potentiated the differentiation of these cells in
oligodendrocytes, leading to enhanced behavioral recovery
(Zarei-Kheirabadi et al., 2020). Also, important to mention,
that combined applications of NSCs with collagen (Kourgiantaki
et al., 2020), Matrigel (Wang et al., 2020), and collagen/silk
fibroin bio-printed (Jiang et al., 2020) scaffolds have been
shown to promote spinal cord repair.

Another therapeutic strategy tested for SCI repair is the
application of a 3D silk fibrous scaffold joined with dermal
fibroblast-reprogrammed neurons, which is shown to
improve functional recovery (Koffler et al., 2019). A study by
Yu et al. (2021) found that combining decellularized spinal
cord scaffolds with OECs resulted in enhancements in cell
proliferation and axon regeneration. Similarly, according
to Lee and collaborators, the integration of polyvinylidene
fluoride trifluoroethylene conduits with Schwann cells led
to increased axonal growth and formation of blood vessels
following transection (Lee et al., 2017). Furthermore, the
co-administration of activated Schwann cells and BM-MSCs
via a multichannel poly(lactide-co-glycolide) (PLGA) scaffold
fully transected spinal cords, demonstrated enhancements in
functional recovery (Yang et al., 2017).

Even though NPC transplantation is beneficial, its low survival
and differentiation rates pose several significant limitations.
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Table1 | Pre-clinical combinatorial approaches for SCI repair: cells and biomaterials (from 2013 to 2023)

Model/Injury Cells + Biomaterials Outcomes References

Rat/Contusion MSCs + Nanofiber-hydrogel composite  Did not find a significant effect of NHC on MSC transplant survival, and hind Haggerty et al.,

(NHC) limb function was similar across all groups. 2022
Rat/Compression Adult rat SVZ-derived NSPCs + PDGF-A-  Enhanced sparing of host oligodendrocytes and neurons, increased fine motor Mothe et al., 2013
T2 conjugated HAMC (horizontal ladder) changes but not gross motor skills (BBB).

Rat/Hemisection Neonatal NPCs + 4 mm porous collagen Increased neuronal differentiation, increased BBB score, and angle on inclined Li et al., 2013
T13-L2 scaffold + neutralizing antibody of EGFR plane.
Rat/Transection  Co-culture SC-NT-3 and BMSC-TrkC + 2 Enhanced axonal growth throughout the biomaterial, synaptic association of ~ Zeng et al., 2015
T9-10 mm 3D gelatin sponge scaffold these cells with serotonergic neurons and some CST axons, upregulation of

c-Fos in the grafted as well as host lumbar spinal cord cells, and improvement

of BBB score.
Rat/Transection  BMSCs + 2 mm multi-component fiber  Increased growth of raphespinal, reticulospinal tracts and sensory fibersinto  Gao et al., 2013

T3 bundled agarose scaffolds but not exiting scaffold.
Rat/Hemisection BMSCs + 3 mm honeycomb collagen Rats implanted with HC scaffolds containing BMSCs displayed better motor and Onuma-Ukegawa
T9 scaffold sensory recovery than those implanted with HC scaffolds only. etal, 2015
Rat/Contusion T9 DPSCs + Chitosan scaffolds Higher cell viability and neural differentiation in the DPSC/chitosan-scaffold Zhang et al., 2016

group and also a marked recovery of hind limb locomotor functions.
Rat/Hemisection Co-hEnSC + PCL/gelatin nanofibrous sc  Growth of neuronal cells was confirmed, and the recovery of sensory and Babaloo et al.,
T9 motor functions was also confirmed in this group. 2019
Rat/Contusion hESC + HA-based hydrogel Encapsulation of hESC-NS in HA-based hydrogel can increase differentiation of Zarei-Kheirabadi
T10-11 these cells into oligodendrocytes and improve locomotor function. etal., 2020
Rat/Excision T8-9 hUC-MSCs + collagen scaffold NRS and hUC-MSCs promoted locomotion in rats and improved cortical motor Wang et al.,

[(NeuroRegen Scaffold (NRS)] and somatosensory evoked potentials. 2018a

Rat/Compression NSCs + porous collagen scaffolds Enhancing NSC neuronal differentiation and functional integration in vivo, Kourgiantaki et
T10-12 enabling robust axonal elongation, and reducing astrogliosis. al., 2020
Rat/Contusion NSCs + Matrigel scaffold SCl rats transplanted with NSCs in Matrigel showed improved behavioral Wang et al., 2020
T10 recovery and neuronal and reactive astrocyte marker expression levels

compared to PBS- or Matrigel-transplanted rats.
Rat/Transection ~ NSCs + Print 3D collagen/silk fibroin 3D-CF + NSCs group with increased amplitude in motor evoked potential tests. lJiang et al., 2020
T10 scaffold The filling of the injury cavity was the best and glial scarring was reduced in the

same group.
Rat/Transection  NPCs + Print 3D biomimetic hydrogel Injured host axons regenerate into 3D biomimetic scaffolds and synapse onto  Koffler et al., 2019
T3 scaffolds NPCs implanted into the device and those implanted NPCs in turn extend axons

out of the scaffold and into the host spinal cord below the injury.
Rat/Complete hbNSPCs and hscNSPCs + Aligned Compared with the hbNSPC-ACSS, the hscNSPC—ACSS effectively promoted Zou et al., 2020
transection T9 collagen sponge scaffold (ACSS) long-term cell survival and neuronal differentiation and reduced inflammation

and glial scar formation. The transplanted hscNSPC—ACSS improved the
recovery of locomotor functions.
Rat/Transection  Adult rat SCs + 4 mm PAN/PVC and fluid Greater growth of virally traced brainstem-derived axons into and up to the Williams et al.,
T8 or pre-gelled Matrigel caudal interface, formed synaptic junctions with the help of newly formed 2015
supportive astrocytic protrusions.
Rat/Hemisection Adult GFP-SCs + 2 mm alginate-based ~ Serotonergic growth through and caudal to the biomaterial up to the 1 mm SC Liu et al., 2017b
C5 anisotropic capillary hydrogel injection site.

Rat/Transection  SCs + piezoelectric polyvinylidene Caused enhancements in axonal growth and formation of blood vessels Lee et al.,, 2017

T8 fluoride trifluoroethylene (PVDF-TrFE)  following transection.

Rat/Transection  Activated SCs and/or rat BM-MSCs + 3 Both exhibited significant recovery of nerve function as shown by the BBB Yang et al., 2017

T9-10 mm PLGA scaffold score and electrophysiological test results.

Rat/Hemisection OEC + 2 mm collagen-based multi- No improvement in CatWalk gait analysis or alleviation of allodynia. Deumens et al.,

T13 channel 3D matrices 2013

Rat/Transection  OECs + 2 mm PLGA scaffolds Increased BBB score and crossing of the inclined plane, increased axonal Wang et al.,

T9-10 preservation, decreased astrogliosis. 2017a

Rat/Hemisection ASCs and OECs + Gellan Gum (GG)-based Beneficial effects on both diaphragmatic recovery and sensory function. Gomes et al.,

C2 hydrogel 2020

Rat/Transection  OECs + Spinal cord decellularized (DC)  Better axon regeneration promoting protein expression than the SCI model and Yu et al., 2021

T9-10 scaffolds improve the proliferation and distribution of astrocytes at the site of injury.

Mouse/Contusion NSPCs + FTY720-incorporated PLGA Improvement in neurological functions and minimized tissue damage. Zeraatpisheh

T9 nanoparticles Increased the survival of transplanted cells and promoted their differentiation et al., 2022
towards more oligodendrocytic phenotype.

Rat/Transection ~ MSCs + Microhydrogel fibers Significantly improved electrophysiological expression and re-established limb  Yao et al., 2020

T9-10 motor function.

For all the combinations of biomaterials and cells mentioned above, approximately 80% reported functional and histological recovery, while 12% showed

only histological improvement with no functional recovery and 8% had no improvements at all. ASCs: Adipose tissue-derived stem/stromal cells; BBB: Basso,
Beattie and Bresnahan motor scale; BM-MSCs: bone marrow-derived mesenchymal stem cells; BMSCs: bone marrow stromal cells; Co-hEnSC: co-cultured
human endometrial stem cells; CST: corticospinal tract; DPSCs: human dental pulp stem cells; EGFR: epidermal growth factor receptor; FTY720: fingolimod,;
HA: hyaluronic acid; HAMC: hyaluronan/methylcellulose; hbNSPCs: human fetal brain derived NSPCs; hESC: human embryonic stem cell; hESC-NS: human
embryonic stem cell derived-neural stem cells; hscNSPCs: human spinal cord derived NSPCs; hUC-MSCs: human umbilical cord-derived mesenchymal stem
cells; MSCs: mesenchymal stem cells; NHC: nanofiber-hydrogel composite; NSCs: neural stem cells; NSPCs: neural stem/progenitor cells; NT-3: neurotrophin-3;
OEC: olfactory ensheathing cell; PAN/PVC: polyacrylonitrile/polyvinyl chloride; PCL: poly E-caprolactone; PDGF-A: platelet derived growth factor subunit A;
PLGA: poly(lactide-co-glycolide; SCs: Schwann cells; SVZ: subventricular zone; TrkC: tropomyosin receptor kinase C.
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One group from Spain tried a new approach of using a
combination of electric and magnetic stimulation to induce
proliferation and further neuronal differentiation (Cuenca-
Ortola et al., 2022). Thus, they used both wireless electrical
and magnetic stimulation to condition in vitro NPCs seeded
on alignments of poly (lactic acid) nanofibrous scaffolds prior
to transplantation. A continuous stimulation pattern and an
intermittent stimulation pattern were compared. As a result
of continuous stimulation, NPCs proliferate and differentiate
into oligodendrocytic and neuronal lineages preferentially. In
contrast, intermittent stimulation patterns did not affect NPC
proliferation with detrimental effects on neural differentiation
(Cuenca-Ortola et al., 2022).

Gomes et al. (2020) investigated the therapeutic potential
of a hydrogel made from gellan gum modified with GRGDS
peptide, combined with ASCs and OECs, for cervical SCl in rats.
The study found that 5 weeks post-injury, the group receiving
the combinatorial therapy of hydrogel and cells showed
increased inspiratory bursting of the affected hemidiaphragm
compared to untreated animals, particularly at the ventral
portion of the muscle. Additionally, this group showed a
significant reduction in mechanical allodynia, as assessed
by Von Frey testing, indicating a potential improvement in
sensory function. No differences were observed in forelimb
motor function or markers for axonal regrowth, astrogliosis,
and inflammatory cells (Gomes et al., 2020).

Based on these previous positive results, several clinical trials
combining cells with scaffolds were initiated (Table 2).

Combination of biomaterials and molecular agents

Currently, there is a preference for localized delivery over
systemic delivery, as it has been shown to yield more efficient
outcomes in terms of mitigating detrimental side effects
(Zustiak et al., 2020). It is important to note that systemic
delivery of an agent commonly requires high doses of the
drug, which increases the risk of negative side effects (Chvatal
et al., 2008). However, controlled drug delivery greatly reduces
the risk of these side effects. The most common way to deliver
drugs locally is to use hydrogels, fibers, microparticles, and
nanoparticles, either implanted or injected, or a combination
thereof. For instance, the difference between systemic
and localized/controlled delivery of methylprednisolone
shows that only the delivery using nanoparticles of PLGA
embedded in agarose hydrogels reduces lesion volume and
downregulates pro-inflammatory proteins (Chvatal et al.,
2008). Similarly, PLGA/F-127 gels can also be used to locally

deliver hirudin, a thrombin inhibitor, with an improved motor
function and a reduction of activated macrophages in patients
with SCI (Sellers et al., 2014).

Cerqueira et al. (2013) investigated the potential of
dendrimer nanoparticles loaded with methylprednisolone
as a therapeutic approach for SCI. The authors report that
these nanoparticles can effectively penetrate the blood-brain
barrier and reduce microglial activation, which is an important
factor in SCI pathology. The study also demonstrates that the
dendrimer nanoparticles are biocompatible and have a low
toxicity profile, indicating their potential as a safe therapeutic
option.

Polyethylene glycol formulations containing magnesium
were developed to increase the effectiveness of tolerable
magnesium doses (Kwon et al., 2009). SCI rats with this
combination demonstrated enhanced tissue sparing and
functional recovery (Kaptanoglu et al., 2003).

In 2013, a work from China found that sustained delivery
of dibutyryl cyclic adenosine monophosphate, an analog
of cAMP, loaded in poly(propylene carbonate) fibers, into
the spinal cord, can promote functional recovery, axonal
regenerative sprouting, stimulate axonal outgrowth and
reduce astrogliosis after spinal cord hemisection (Xia et al.,
2013). Furthermore, Papa et al. (2014) showed that after
SCl, To-Pro3-loaded poly(methyl methacrylate) nanoparticles
embedded in agarose carbomer hydrogel could be a
promising drug carrier for the selective administration in
activated microglia/macrophages and thus potentially able to
counteract relevant secondary inflammatory events in SCI.

Another work has shown that Cabazitaxel (a microtubule
inhibitor) micelles (Cab-M) embedded in a P10R5-LA
copolymer hydrogel reduce scar formation and axon inhibitory
molecules (Li et al., 2019). Additionally, this hydrogel helped
sustain the Cab-M release (Liu et al., 2017a). Another group
combined Cetuximab with Taxol co-modified collagen scaffolds
and showed significantly increased neural regeneration.
Furthermore, scaffold transplantation decreased the
deposition of scar-related inhibitors within the lesion in a rat
severe SCI model (Fan et al., 2018).

In a different approach, a group in 2021, tried to implant
Taxol-modified linear ordered collagen scaffold after a scar
tissue removal surgery (one or two surgeries) in the canine SCI
model. They saw that the Taxol-linear ordered collagen scaffold
combination induced axonal regeneration, neurogenesis, and
electrophysiological and functional recovery after one scar

Table 2 | Ongoing clinical trials investigating the use of scaffolds with cells for SCI treatment

ClinicalTrials.

gov identifier Cells + Biomaterials Injury (ASIA)

Number of
patients  Timing Primary outcomes

NCT03933072 Autologous OECs, ONFs + collagen ~ Complete SCI between C5-T10 (A) 2 >8 months  ASIA scale; Berg Balance scale; Deep
scaffold sensation; Vibration; Joint position sense

NCT02688049 MSCs, NSCs + NeuroRegen scaffold ~ Complete SCI between C5-T12 (A) 30 Chronic SCI ASIA scale; SSEP; MEP

NCT02688062 BMMCs + NeuroRegen scaffold Complete SCl-thoracic (A) 22 Chronic SCI ASIA scale; SSEP; MEP; FIM

NCT02510365 Autologous BMMCs + NeuroRegen  Complete SCI-thoracic (A) 7 <4 months  ASIA scale; SSEP; MEP

scaffolds

ASIA: American Spinal Injury Association Impairment Scale; BMMCs: bone marrow mononuclear cells; FIM: functional independence measure; MEP: motor
evoked potential; MSCs: mesenchymal stem cells; NSCs: neural stem cells; OECs: olfactory ensheathing cells; ONFs: olfactory nerve fibroblasts; SCI: spinal cord

injury; SSEP: somatosensory evoked potential.

1300 | NEURAL REGENERATION RESEARCH | Vol 20 | No.5 | May 2025



Review

NEURAL REGENERATION RESEARCH
www.nrronline.org

tissue removal surgery. The researchers also discovered that
one scar tissue removal was associated with more activation
of endogenous NSCs in the injured rather than the second
procedure (Yin et al., 2021).

Bighinati et al. (2020) developed an implantable polymeric
delivery system and implanted a biomaterial (electrospun
poly (I-lactic acid) [PLLA]) loaded with ibuprofen and
trilodothyronine (T3) to reduce inflammation in a rat model of
T8 contusion SCI. PLLA + ibuprofen + T3 improved endogenous
regeneration and functional locomotion by reducing glutamate
release at 24 hours and 8 days post-injury compared to PLLA-
implanted rats. The treatment also reduced the lesion volume
at 60 days post-injury.

Serp-1, an immunomodulatory biologic drug, has the
capacity to reduce inflammation and protect neurons in SCI
therapy. In animal models of SCI, a combination of chitosan
and stable collagen hydrogel has been developed to create
a highly biodegradable material with low antigenicity and
favorable biocompatibility. Consequently, the delivery of Serp-
1 via chitosan-collagen hydrogel was observed to sustain
therapeutic effects and enhance functional recovery in SCI
rats (Kwiecien et al., 2020).

Recently, Nazemi et al. (2020) demonstrated an alternative co-
delivery system. In this approach, paclitaxel is encapsulated
in PLGA microspheres. The encapsulated product is then
injected into a minocycline-loaded hydrogel and placed into
the lesion site. As a result, there was an increase in neuronal
regeneration, a reduction in inflammatory cell activity, and a
decrease in fibrotic scar size (Nazemi et al., 2020). Additionally,
the co-delivery system also avoids the toxicity of paclitaxel on
peripheral nerve tissue (Nazemi et al., 2020).

Another study combined small molecules known for increasing
neuronal differentiation of rat spinal cord NSCs, such as

LDN193189 (a potent inhibitor of the bone morphogenetic
pathway, inhibiting ALK1, ALK2, ALK3, and ALK6), SB431542
(potent and selective inhibitor of the transforming growth
factor-B type 1), CHIR99021 (potent glycogen synthase kinase
3 inhibitor) and P7C3-A20 (an aminopropyl carbazole that
elevates cellular nicotinamide adenine dinucleotide), loaded in
a collagen hydrogel. The authors showed that this combination
induced neurogenesis and inhibited astrogliogenesis of
endogenous NSCs in the lesion site (Yang et al., 2021).

Biomaterials had also been combined with growth factors and
extracellular vesicles (Table 3). As both growth factors and
extracellular vesicles have low stability, short half-lives, and
rapid inactivation by enzymes, biomaterials can prolong and
sustain their delivery, thereby increasing overall effectiveness
(Wang et al., 2017b).

According to one study from 2012, PLGA microspheres can
be used to deliver Sonic Hedgehog (Lowry et al., 2012). Sonic
Hedgehog is a multifunctional growth factor that has a critical
role in spinal cord formation, acting as an axon guidance
molecule and promoting the formation of motor neurons and
oligodendrocytes from ventral cord progenitor cells. Sustained
Sonic Hedgehog delivery by PLGA microspheres led to nerve
fiber sprouting, oligodendrocyte proliferation, and decreased
gliosis (Lowry et al., 2012).

Fibroblast growth factor 2, which plays an important role in
the regulation of cell survival, cell division, cell differentiation,
and cell migration (Ornitz et al., 1996), and NT-3, which
promotes the survival and differentiation of existing neurons
and the growth and differentiation of new neurons (Kakizawa,
2021), were combined with PLGA nanoparticles. This
combination demonstrated prolonged, but localized release
when dispersed in hyaluronan-methylcellulose hydrogels (Kang
et al., 2013; Elliott Donaghue et al., 2015). Another study

Table 3 | Pre-clinical combinatorial approaches for SCI repair: biomaterials and small molecules

Models Molecules + Biomaterials Outcomes

References

Mice/Contusion T9- Shh + PLGA microspheres
10
Rat/Compression
T2

FGF2 + PLGA nanoparticles

Rat/Compression
T1-2
Rat/Contusion T9

NT-3 + PLGA nanoparticles

VEGF, angiopoietin-1 (Ang-1), and bFGF
+ PLGA microspheres

Rat/Compression  NGF + GNLs
T9

Rat/Transection T9 NT-3 + poly(propylene fumarate)-

collagen scaffold

Exosomes derived from hMSCs +
Peptide-modified adhesive hydrogel
BDNF + hydrogel- HA and MC

HGF + gelatin-FA hydrogel

Rat/Transection T9-
10
Rat/Transection T2

Rat/Compression
T9

Sprouting of nerve fibers, the proliferation of oligodendrocytes, the decrease
of gliosis, and behavioral recovery after SCI.

Achieved higher blood vessel density in the dorsal horns, due to either greater
angiogenesis near the epicenter of the injury or vasoprotection acutely after
spinal cord injury.

Significant axon growth with no effect on the astroglial response to injury and
functional recovery in comparison with vehicle and injury controls.
Stimulates neoangiogenesis and neurogenesis, accelerating recovery of
neurologic function.

Enhanced the neuroprotection effect in SCI rats compared with NGF alone.
This combination has higher monodispersity, half-life, and stability.

Improves the inhibitory microenvironment, facilitates axonal and neuronal
regeneration, survival of various types of functional neurons, and
remyelination and synapse formation of regenerated axons.

Significant nerve recovery and urinary tissue preservation by effectively
mitigating inflammation and oxidation.

Enhancing axonal growth and promoting neural stem cell formation.

HGF combined with gelatin-FA hydrogel promoted endogenous repair and
recovery more effectively than HGF with hydrogel.

Lowry et al., 2012
Kang et al., 2013
Elliott Donaghue
etal, 2015

Yu et al.,, 2016

Zhu et al.,, 2016

Chen et al., 2018

Lietal., 2020

Khaing et al., 2016

Yamane et al.,
2018

For all the combinations of biomaterials and small molecules mentioned above, approximately 78% reported functional and histological recovery and

22% showed histological recovery with no functional improvements. BDNF: Brain-derived neurotrophic factor; bFGF: basic fibroblast growth factor; FA:
furfurylamine; FGF2: fibroblast growth factor-2; GNLs: gelatin nanostructured lipid carriers; HA: hyaluronic acid; HGF: hepatocyte growth factor; hMSCs: human
placenta amniotic membrane mesenchymal stem cell; MC: methylcellulose; NGF: nerve growth factor; NT-3: neurotrophin-3; PLGA: poly(lactide-co-glycolide;
Shh: sonic hedgehog; VEGF: vascular endothelial growth factor.

NEURAL REGENERATION RESEARCH | Vol 20 | No. 5 | May 2025 | 1301



NEURAL REGENERATION RESEARCH
www.nrronline.org

Review

tested the sustained delivery of vascular endothelial growth
factor, angiopoietin-1, and basic fibroblast growth factor using
PLGA microspheres. Results demonstrated increased miR-
210 expression, angiogenesis, suppressed Eph-A3, higher
recruiting of neural precursors, and an increased spared white
matter (Yu et al., 2016).

The utilization of gelatin nanostructured lipid carriers was
also employed to extend the release of NGF and augment
neuroprotection and recovery subsequent to SCI by
suppressing the expression of endoplasmic reticulum stress-
induced apoptosis proteins (Zhu et al., 2016). The poly
(propylene fumarate)-collagen scaffold coated with NT-3 was
also demonstrated to promote the regeneration of neural
tissues, leading to functional recovery (Chen et al., 2018).
Moreover, a recent study conducted by Li et al. (2020) utilized
exosomes derived from hMSCs, immobilized in peptide-
modified adhesive hydrogel, for the treatment of injured
nerve tissues. This combination facilitated significant nerve
recovery and preservation of urinary tissue by effectively
attenuating inflammation and oxidative stress.

Combination of biomaterials, cells, and biomolecules

In 2020, Rodriguez-Barrera et al. explored an alternative
approach for SCI treatment. They combined immunization
with neural-derived peptides (INDP), scar removal, and the
use of a fibrin glue matrix with MSCs. This combination
aimed to modify the non-permissive microenvironment post-
SCI. However, it did not elicit proper axonal regeneration or
neurogenesis when compared to treatment with INDP alone.
Notably, INDP alone significantly enhanced motor recovery,
anti-inflammatory cytokines, regeneration-associated
molecules, axonal regeneration, and neurogenesis compared
to other treatment groups (Rodriguez-Barrera et al., 2020).

Another group pursued a combined approach to achieve
neuroprotection and promote neuroregeneration. They
combined the use of INDP, inhibition of glial scar formation
(dipyridyl: DPY), and a biocompatible matrix (fibrin glue FG)
impregnated with bone marrow MSCs. The combination
therapy (INDP + DPY + FG + MSCs) emerged as the most
effective strategy for promoting recovery of motor and
sensory function. Additionally, the combination therapy group
exhibited a significant increase in axonal density and tissue
preservation (Garcia et al., 2019).

Nori et al. (2018) described a study that evaluated the
therapeutic potential of combining human oNPCs with
sustained delivery of ChABC using an innovative affinity
release strategy in a crosslinked methylcellulose hydrogel for
the treatment of chronic SCI in a thoracic compression rat
model. The researchers transplanted oNPCs into rats with
chronic SCI and administered ChABC to enhance the survival
and differentiation of the transplanted cells. The study found
that the combination therapy improved motor function in the
rats, as well as increased myelin thickness and decreased the
formation of glial scars. The findings of this study highlight the
potential of using stem cell-based therapies and ChABC for
the treatment of chronic SCI.

In another study, it was hypothesized that combining
human dental stem cells of the apical papilla (SCAP) with

pharmacologically active microcarriers (PAMs) releasing
BDNF would improve locomotor function in rats through
immunomodulation and neuroprotection. SCAP BDNF-
PAMs were administered in a rat contusion model of SCI.
The treatment enhanced rat BBB scoring, decreased the
expression of inducible nitric oxide synthase, and increased
the expression of BllIl tubulin, growth-associated protein 43,
and 5-hydroxytryptamine (5-HT) (Kandalam et al., 2020).

Combination of neuromodulation technologies with
molecules or cells

It was hypothesized that combinations of electrical stimulation
with pharmacological or/and cell transplantation may
cooperate synergistically to activate and functionally remodel
spinal locomotor circuits. This cooperative effect might enable
the coordinated and context-dependent function of paralyzed
hindlimbs in rats following complete SCI.

Courtine et al. (2009) tested a combination of 5-HT2A
and 5-HT1A/7 serotonin agonists and epidural electrical
stimulation at two positions distal to the lesion and they
found that this combination allows rats with SCI to produce
full weight-bearing bipedal treadmill locomotion that is almost
undifferentiable from voluntary stepping before the injury.
Additionally, the group demonstrated that sensory input
allows adaptive motor patterns to develop without supraspinal
influences. Other groups tested similar combinations with
similarly encouraging results (Landry et al., 2006; Gerasimenko
et al.,, 2007; Yao et al.,, 2021).

From a different perspective, others have tried to see
the effects of the combination of transcranial magnetic
stimulation with cells, specifically BMSC transplantation, or
a Raf inhibitor on SCl in rats (Feng et al., 2021). According
to their findings, combination therapy mitigated spinal cord
lesions and neuronal apoptosis induced by SCI. It also elevated
the expression levels of growth-associated protein 43, NGF,
and BDNF, while suppressing GFAP expression, and inhibited
the activation of the Raf/MEK/ERK signaling pathway in rats
with SCl compared to monotherapy.

Sinopoulou et al. (2022) employed a multifaceted approach
involving cervical contused rats. This approach entailed
intraspinal injections of a neuroplasticity-promoting mediator
(lentiviral-ChABC), along with 11 weeks of cortical epidural
electrical stimulation administered for 3 hours daily, 5 days
per week, and behavioral rehabilitation sessions lasting 15
minutes daily, 5 days per week. With this combination of
treatments, there was a significant increase in muscle activity
and upper limb dexterity compared to either single treatment
or no treatment.

To bypass an extrinsic factor that inhibits axon elongation,
repulsive guidance molecule-a, which is upregulated around
spinal cord lesion sites, Yamanaka et al. (2021) used a
combinational approach with an antibody anti-repulsive
guidance molecule-a in a monkey model to promotes axon
sprouting, regeneration, and motor recovery after SCl and
a repetitive transcranial magnetic stimulation. Dexterous
hand movements were restored more effectively with the
combination of antibody and repetitive transcranial magnetic
stimulation.
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Another neuromodulatory technology that is being used is
photobiomodulation. A non-invasive light-driven intervention,
or low-level laser/light therapy (Cardoso et al., 2022a), that
uses red and near-infrared light to stimulate healing processes,
reduce pain, and reduce inflammation in several tissues,
including the nervous system (Rojas and Gonzalez-Lima, 2011,
2013; de Almeida et al., 2013; Arany, 2016; Hamblin, 2017;
Cardoso et al., 2021; Cardoso et al., 2022b). The mechanism
is not fully understood, however, the absorption of light
by cytochrome c oxidase accelerates electron reactions in
mammalian mitochondria. Additionally, it increases energy
metabolism and ATP production and prevents NO-induced cell
death (Hassan et al., 2021).

Chen et al. (2021) conjugated hUCMSCs and
photobiomodulation with a laser in a rat SCI model. In this
study, the animals were distributed into SCI, hUCMSCs, laser,
and combination treatments (hUCMSCs+laser) groups. They
saw that the combined treatment significantly reduced
secondary damage and promoted functional recovery
compared to either monotherapy (Chen et al., 2021). The
photobiomodulation therapy was also combined with ChABC
to decrease neuropathic pain, a frequent complication after
SCI. With this attempt, there was a reduction in allodynia
and thermal hyperalgesia with photobiomodulation, ChABC,
and the combination, but it did not reduce mechanical
hyperalgesia (Janzadeh et al., 2020). Evidence has suggested
that photobiomodulation and human adipose-derived stem
cells have neuroprotective effects after SCI. The combined
effect of the human adipose-derived stem cells and laser
therapy significantly improved motor function and alleviated
hyperalgesia and allodynia associated with SCI (Sarveazad et
al., 2019).

Conclusion

Spinal cord regeneration is a complex physiological process,
and no optimal treatment has yet been developed for
fully repairing the spinal cord. Several approaches such
as biomolecules, stem cells, and 3D scaffolds are being
explored to regenerate the spinal cord. Despite evidence
suggesting that these strategies can be useful for spinal cord
reconstruction, they do not appear to adequately improve
clinical outcomes. So, combining these strategies may be
more effective than using them alone.

Theoretically, combinatorial strategies have the highest
chance of creating an environment that mimics a healthy
spinal cord’s niche with potentially better results. For the
injured spinal cord to be restored structurally and functionally,
a combination of neuroprotective and neuroregenerative
agents may need to be used simultaneously. In our analysis,
the vast majority of the works reported functional and/
or histological improvements when using a combinatorial
approach. However, it is important to be aware of the
publication bias, when only positive results are published, it
can create a skewed view of the scientific evidence and lead
to incorrect conclusions. Publication bias can lead to wasted
resources and missed opportunities to learn from unsuccessful
experiments. Moreover, combinatorial trials also have many
challenges. The combination may cause toxic effects or block

the effects of one or more therapeutic agents. For all studies
(pre-clinical or clinical trials), a large number of animals/
individuals are needed since controls should be included for
all groups and combinations. Moreover, different time points
of administration, dosages, or routes of administration can
produce different results. Therefore, identifying the most
effective combinatorial therapies for SClI is complex, time-
consuming, and expensive; however, it might be crucial to find
a successful clinical treatment.

The lack of significant success in human clinical trials for
SCI represents a challenge in biomedical research. Despite
advancements in understanding the complexities of SCI and
the development of potential therapeutic interventions,
translating promising preclinical results into meaningful
outcomes for patients has remained elusive. If this has been
true for single therapies, thus doing it for combinatorial
therapies will be even more complex. Factors such as
anatomical and physiological differences between species, as
well as the limitations of experimental models in recapitulating
the complexity of human SCI, contribute to the translational
gap. Moreover, human SCl encompasses a spectrum of
injuries, ranging from incomplete to complete lesions,
affecting different levels of the spinal cord. This heterogeneity
makes it challenging to translate the uniform treatment
strategies usually developed and tested in pre-clinical trials.
It is also important to mention that experimental therapies
and interventions tested in animal models may not always
replicate the same efficacy or safety profile when translated
to humans. Factors such as pharmacokinetics, dosing, and
immune responses may differ between species, influencing
the outcomes of therapeutic trials. Thus, the design of pre-
clinical trials needs to be more rigorous and better mimic the
clinical situation. For instance, researchers may use a range of
animal models that better represent the different aspects of
human SCI, including species-specific differences and injury
mechanisms, use models with diverse injury severities, use
a comprehensive battery of outcome measures to better
capture the complexity of SCI recovery, and also increase
the use of standardized protocols, reporting guidelines and
open databases to enhance reproducibility and comparability
across pre-clinical studies. Additionally, the design of clinical
trials also owns some challenges. Issues such as patient
selection criteria, outcome measures, and the duration of
follow-up periods can significantly impact the ability of the
trial to detect meaningful treatment effects. Additionally, the
relatively small patient population and the need for long-term
assessments further complicate the design and execution
of clinical trials in this field. In the case of combinatorial
therapies, the design of clinical trials will have to consider the
statistical power needed to detect treatment effects between
single and combined agents, this may reveal to be cost-
prohibitive and pose significant logistical questions. Despite
these challenges, ongoing research efforts continue to explore
innovative approaches for SCI treatment, including cell-based
therapies, neuroprotective agents, biomaterial scaffolds,
and neuromodulation techniques. While animal models
play a key role in SCI research by providing insights into
pathophysiological mechanisms and testing new therapies, it
is also essential to recognize their limitations and consider the
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differences between animal experiments and human injuries
when interpreting research findings and planning translational
studies. Integrating findings from both animal and human
studies, along with advances in computational modeling and
non-animal in vitro models, can help bridge the gap between
preclinical research and clinical applications in the pursuit of
effective treatments for SCI. Collaborative efforts between
researchers, clinicians, industry partners, and patient advocacy
groups are essential for advancing the field and improving
outcomes for individuals living with SCI.
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