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Abstract
INTRODUCTION: Spinal cord injury (SCI) has been bringing detrimental impacts on the affected individuals. 
However, not only that, it also brings a tremendous effect on the socioeconomic and health-care system. Treatment 
regimen and strategy for SCI patient have been under further research.

DISCUSSION: The main obstacles of regeneration on neuronal structure are the neuroinflammatory process 
and poor debris clearance, causing a longer healing process and an extensive inflammation process due to this 
particular inflammatory process. To resolve all of the mentioned significant issues in SCIs neuronal regeneration, a 
comprehensive model is necessary to analyze each step of progressive condition in SCI. In this review, we would 
like to redefine a comprehensive concept of the “Diamond Concept” from previously used in fracture management to 
SCI management, which consists of cellular platform, cellular inductivity, cellular conductivity, and material integrity. 
The scaffolding treatment strategy for SCI has been widely proposed due to its flexibility. It enables the physician to 
combine another treatment method such as neuroprotective or neuroregenerative or both in one intervention.

CONCLUSION: Diamond concept perspective in the implementation of scaffolding could be advantageous to 
increase the outcome of SCI treatment.
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Introduction

Spinal cord injury (SCI) has been bringing a 
lot of detrimental impacts on the affected individuals. 
However, not only that, but it also brings a tremendous 
effect on the socioeconomic and health-care system [1]. 
By numbers of the incident, 90% of the cases caused by 
traumatic incidences. Male individuals are prone to have 
higher risk due to a higher portion of high-impact activity 
[1], [2]. Besides that, the case of SCI gives a pattern of 
bimodal peak of period: Adolescence due to increasing 
activity and mobility and elderly due to degenerative 
process. Both adults and the elderly could have various 
clinical outcomes ranging from pain to tetraplegia [3]. 
Previous research on the economic burden of SCI based 
on hospital charges revealed that it could span from 
1.47 million up to 2.34 million dollars but vary due to the 
various socioeconomic disadvantage of a patient [4], [5].

Treatment regimen and strategy for SCI patient 
have been continually researched. Differ with injury 
in peripheral nerve system, SCI gives a challenging 
obstacle for any clinician to improve patient neurologic 
function. Spinal cord acts as the main neuronal 
pathway that connects brain into human organ or vice 
versa. Moreover, regeneration of neuronal structure 
and connection of injured spinal cord is physiologically 
impossible and remarkably difficult to modified [6]. The 
main obstacles of regeneration on neuronal structure are 
neuroinflammatory process that along with poor debris 
clearance which causing a longer time for healing process 
and give an extensive process of inflammation. Due to 
this certain inflammatory process, human body reacts 
by limiting the extension of inflammation with purpose 
to maintain the healthy tissue. Its reaction conducted by 
two mechanisms: Microglia bordering on perilesional site 
and glial scar on the injury site [7]. Those phenomena 
occur alongside with the production inhibitory growth 

https://oamjms.eu/index.php/mjms/index
https://orcid.org/0000-0002-8773-4167
https://orcid.org/0000-0001-6835-0638
https://orcid.org/0000-0002-0484-7773
https://orcid.org/0000-0001-5459-4754
https://orcid.org/0000-0002-7887-8310
https://orcid.org/0000-0002-4853-2415


� Sakti et al. Diamond Concept for Spinal Cord Scaffold

Open Access Maced J Med Sci. 2021 Nov 29; 9(F):754-769.� 755

factor. All of those reactions supposed to be beneficial 
by supporting debris clearance but on the other hand, it 
also compromises the regeneration process. Existence 
of glial scar and inhibitory growth factor significantly 
suppresses the capability of axonal regeneration. While 
no regeneration of neuronal structure occurs, injury 
site will remain in the form of cystic cavity without any 
function structure inside it  [1],  [7].

To resolve all of the mentioned major issues 
in the neuronal regeneration of SCI, comprehensive 
model is necessary to analyze each step of progressive 
condition in SCI. Many of the previous study on 
regenerative attempts of SCI have concluded that to 
gain optimal outcome, combination of various aspects 
in the treatment regimen is mandatory. Complex milieu 
such as SCI problem will need a complex analysis and 
approach. Previously, a regenerative concept of view to 
understand the requirement of post-injury rehabilitation 
has been introduction in the field of orthopedic, 
especially for fracture trauma. This concept called 
“Diamond Concept” which consists of osteogenicity as 
the cellular platform, osteoinductivity as the supportive 
criteria for cellular activity, osteoconductivity as 
residence for related cell, and mechanical strength to 
support mechanic-environmental stability [8], [9].

Cellular platform portrays the ideal condition 
of a cell to undergo biological activity. This condition 
includes the absence of any insult toward cellular 
environment that causing detrimental effect on the 
cell. In any identified cell in human body, all of them 
are working to maintain homeostasis state of a tissue 
which then gives a bigger effect on organ and system 
homeostasis. To gain homeostasis state, cell must 
able to do a proper cellular transport [10], maintain 
the membrane cell integrity [11] and protein synthesis 
process [12]. Absence of cellular structure would not 
create homeostatic condition or even functional tissue.

Cellular inductivity is a requirement where the 
condition of extracellular should support cellular activity. 
Each cell has different roles that may have effect on 
each other. To build a system, each component should 
support on each other to reach a certain homeostatic 
goal. For example, SCI condition will involve many 
cells which its own contribution. Each of adjacent cells 
will communicate whether using signaling pathway of 
cytokine or growth factor [13]. Those media of cellular 
communication will be received by surface protein 
receptor on cell membrane. Processed signal will result 
a certain effect on the cell. Pro-  inflammatory signal 
will result apoptosis of cell, anti-inflammatory signal will 
increase cellular survival, and regenerative signal will 
result higher cellular activity for structural rebuilding 
include also the differentiation process as the part of 
regeneration [14].

Cellular conductivity is related to supportive 
residence for cell to take place the activity. Each cell 
needs a certain supportive microenvironment to support 
the activity. Especially stem cell, to differentiate into 

a mature and specific cell, it needs a certain surface 
to act as host. This surface of material could be and 
endogenous matrix which produces by human body 
or also implanted exogenous matrix. Both either 
endogenous or exogenous matrix should able to facilitate 
cell migration and adhesion. Without the capability to 
host cellular development, any intervention won’t be able 
to support regeneration process [15]. The previous study 
has also proposed that well-designed matrix will directly 
cellular sustainability and differentiation lineage [16].

Structural integrity or mechanic environmental 
stability are closely related with physical pressure 
towards a structure. Basically, applied pressure will 
automatically change structural formation either 
transiently or permanently. The previous studies had 
come up with a result that either absence, micro or 
macro movement could affect regeneration process  [8]. 
Another part of structural integrity is gap filling. 
Necrotic tissue should be replaced by regenerative 
process. However, during the process, those gaps that 
exist between healthy tissues could result structural 
instability. Implantation of any available matrix to fill the 
gap could give mechanical stability enhancement [17].

Recent research has been purposed to 
develop a treatment strategy of SCI using spinal 
scaffold to improve the patient outcome. Spinal scaffold 
has the flexibility to be combined with another treatment 
method such as neuroprotective or neuroregenerative 
or both in one intervention as utilization of spinal scaffold 
includes drug delivery system [18]. Consideration of 
using scaffold in treatment of SCI is also it capability to 
replace extensive spinal cord tissue damage and also 
facilitates the host of stem cell treatment with modifiable 
tissue growth environment. By that, growth of implanted 
stem cell could be guided for appropriate development 
of new axonal structure [19]. 

Treatment involving spinal scaffold has reach 
into a clinical trial, but the treatment strategy to reach 
the most efficient outcome is not yet to be defined. The 
implantation of scaffold in SCI has been challenging but 
yet promising as within a decade, there is an improvement 
prognosis for SCI patient. In this review, we would like 
to redefine a comprehensive concept of “Diamond 
Concept” from previously used for fracture management 
into SCI management. This comprehensive concept will 
also include the perspective of material selection and 
combination of other treatment and procedure such as 
stem cell seeding and growth factor or drug involvement.

Discussion

SCI in the perspective of diamond concept

An abrupt, severe impact on the spine that 
fractures or dislocates vertebrae is the most prevalent 
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main excitatory neurotransmitter in the central nerve. 
Exposure of intracellular constituent due to cellular 
damage and necrosis triggers this increment. Free 
glutamate in the extracellular will induce excitotoxicity 
by igniting N-methyl-d-aspartate (NMDA) receptor. 
Overactivity of NMDA receptor on the neurons will be 
causing mitochondrial calcium overload. Mitochondrial 
calcium overload will activate nicotinamide adenine 
dinucleotide phosphate oxidase and induce the 
generation of superoxide [23]. This process will result 
reactive oxygen species (ROS) and reactive nitrogen 
species (RNS). Both materials activate cytosolic poly 
(ADP-ribose) polymerase and will be leading to failure 
of glycolysis and depletion of ATP. Moreover, ROS and 
RNS could freely bind to any organelle inside the cell. 
The most detrimental effect will occur if it binds the lipid 
structure in membrane cell and amino acid structure. 
When reactive materials react with polyunsaturated 
fatty acids in the cell membrane, it will create free 
superoxide radicals and compromising membrane 
integrity and also if it reacts with amino acid structure 
such as DNA, it will cause defect of DNA expression the 
ultimately leading to cell death. Since NMDA receptors 
are spread widely over the neurons, various cell could 
be the subject of this cascade such as astrocytes, 
oligodendrocytes, and myelin in white matters [24], [25].

Cellular inductivity

Cellular platform disturbance can lead to 
cell death in the process of necrosis by direct severe 
impact to the cell or biochemical disturbance due to 
nutrient and oxygen deprivation. However, some of the 
healthy cell around the site of injury could also undergo 
a necrotic process without having any of mentioned 
above. These phenomena are called necroptosis or a 
programmed cell death [26]. Necroptosis is a receptor-
mediated process. It is induced downstream of the TNF 
receptor 1 (TNFR1) and is dependent on the activity of 
the receptor interacting protein kinase 1 and 3 (RIPK1 
and RIPK3). Necroptosis has the similar morphological 
characteristics as necrosis [26], [27].

Another cell death mechanism that has been 
studied the most in SCI is apoptosis. This process 
takes place in cells that survive the primary injury 
but endures enough insult to activate their apoptotic 
pathways [28]. Apoptosis typically occurs in a delayed 
manner in areas more distant to the injury site and 
most abundantly affects oligodendrocytes, microglia, 
and astrocytes. It happens as within 4 h after primary 
injury and peaks within 7 days. Apoptosis is induced by 
activation of death receptors such as FAS and TNFR1, 
which eventually activates caspase 8 and imbalance of 
intracellular pro- and anti-apoptotic proteins [29], [30].

In SCI, the induction of the inflammatory 
process is also a significant event. Secondary injury 
pathways include neuroinflammation, which has both 
local and systemic implications. Neutrophils, local 

cause of SCI. Primary damage occurs when “displaced 
bone fragments, disc materials, and/or ligaments bruise 
or tear into the spinal cord tissue” during the initial 
mechanical stresses imparted to the spinal cord at the 
time of injury. Notably, most injuries do not completely 
damage the spinal cord. Four main characteristic 
mechanisms of primary injury have been identified. 
From the most common form of primary injury is 
impact plus persistent compression, impact alone with 
transient compression, distraction injuries occur when 
two adjacent vertebrae are pulled apart causing the 
spinal column to stretch, and laceration or transection 
by direct particle hit to the spinal cord injuries [1], [2].

Secondary injury begins within minutes 
following the initial primary injury and continues for 
weeks or months causing progressive damage of 
spinal cord tissue surrounding the lesion site. It can 
be temporally divided into acute, subacute and chronic 
phases. Those events following the primary injury are 
presented in the Table 1:
Table 1: Events following primary injury of SCI
Time stamps after 
primary injury

Event Reference

Acute  
(0–7 days)

1. Vascular damage and hematoma
2. Ionic imbalance
3. �Neurotransmitter accumulation 

(excitotoxicity)
4. Calcium influx
5. Free radical formation
6. Lipid peroxidation
7.� Necrotic and necroptosis cell 

death
8. Inflammation and edema

[1], [2], [7], [20], [21],[22] 

Subacute  
(2nd–4th weeks)

1. Apoptosis
2. Demyelination of surviving axons
3. Wallerian degeneration
4. Axonal dieback
5. �Matrix remodeling – evolution of 

a glial scar 
Chronis  
(>2nd month)

1. Cystic cavity
2. Progressive axonal die‑back
3. Maturation of the glial scar.

Cellular platform

Injured spinal cord after direct physical insult 
will causing a compromise of structural integrity of the 
related tissue. Due to the presence of compressing 
structures such as fracture debris or a herniated 
nucleus, it creates an unfavorable environment for 
cells to survive moreover direct impact to the cell 
may cause membrane damage and leading to cell 
death. The early effects after direct physical insult 
are the disruption of spinal cord vascular supply and 
hypoperfusion  [21],  [22]. By that, those two conditions 
will lead into neurogenic shock as the result of impaired 
perfusion of spinal cord and extravasation of leukocytes 
and red blood cells will occur due to disrupted vascular 
structure and will causing edema. Increasing tissue 
pressure due to edema will later induce vasospasm on 
intact vessels and the compromising collateral blood 
flow to the spinal cord [21].

Cellular damage and hypoxia due to vascular 
disruption will lead into significant rise of glutamate, the 
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microglia, and astrocytes, as well as dendritic cells, 
blood-borne macrophages, and B- and T-lymphocytes, 
are all implicated in the inflammatory response after 
injury [31]. The recruitment of innate inflammatory cells 
occurs in the early phase of inflammation (0–2 days after 
damage). The adaptive inflammatory cell is involved in 
the second phase of inflammation, which begins 3 days 
after the injury [32]. Antibody production triggers humoral 
inflammation, which activates phagocytes, aggravating 
neuroinflammation, and causing tissue death [31], [33].

Cellular conductivity

Traumatic SCI causes glial scar tissue to 
develop around the injury epicenter. The glial scar is 
a multifactorial phenomenon that involves activated 
astrocytes, NG2+ oligodendrocyte precursor cells 
(OPCs), microglia, fibroblasts, and pericytes, 
among other populations in the damaged spinal 
cord [34], [35]. The astrocytic glial scar has been 
demonstrated to act as a protective barrier, preventing 
immune cells from spreading into neighboring 
segments. Despite its protective effect in acute SCI, 
the astrocytic glial scar’s evolution and persistence in 
the subacute and chronic stages of injury have been 
deemed a significant inhibitor of spinal cord repair 
and regeneration. Chondroitin sulfate proteoglycans 
are well-known for their roles for inhibiting axonal 
regeneration, sprouting, conduction, and remyelination 
by the glial scar and difficult to be modified due to 
dual role of benefit and harm. It has been the most 
challenging factor in therapeutic purpose  [36], [37].

Structural integrity

When the spinal cord is injured, the body 
responds by cleaning and repairing itself. The cleaning 
process will be carried out by an inflammatory reaction, 
while the healing phase will be carried out by the 
regeneration process. However, due to the presence 
of numerous inhibitory variables, none of these 
processes are optimal. The presence of a glial scar 
results in a minimal amount of regenerative activity to 
repair the damaged component. Complications may 
arise after a long period of SCI. One of these is the glial 
scar that prevents the formation regenerative structure 
and leaving a cyst in the spinal cord. This cyst is filling 
the hole left by the injury, which should be filled by 
a new neural structure. The pathogenesis of this 
phenomenon is uncertain and still under investigation. 
Filling this cavity space is challenging for bridging 
support to neuronal structure, especially axon.

Time window for SCI treatment

Several various time limits have been employed 
to define “early” versus “late” surgical decompression 

in clinical investigations; the variability of definitions 
has made it difficult to draw firm conclusions about 
the ideal timing of surgical intervention. The first 24 h 
after the injury still considered as the golden periods 
for deploying surgical decompression. However, 
there is still no legit evidence to exactly date the time 
of decompression between early and later relative 
to 24  h threshold. According to the current guideline, 
there was Class  II evidence to support (1) that early 
surgery (72 h) can be performed safely in patients with 
SCI if they have hemodynamic optimization, and (2) a 
recommendation for urgent reduction in bilateral locked 
facets in patients with incomplete tetraplegia, and (3) a 
recommendation for urgent decompression in patients 
with SCI with neurologic deterioration [38]. Current 
guideline of acute SCI still recommending for delivery 
of high-dose methylprednisolone with 8 h of time after 
SCI incident [39].

Scaffolding theoretically effective if given 
strategy is deployed within acute time frame of SCI. 
Many of previous in vivo report in scaffolding with SCI 
models have shown an advantageous evidence of anti-
inflammatory effect and neuroregenerative outcome. 
However, in terms of human implantation, those theories 
are not yet able to be proved. Current scaffolding 
report that involves human in the experiment is only 
in timeframe of chronic phase due to the limitation of 
technology to distinct necrotic and healthy spinal cord 
tissue within acute and subacute period of injury. There 
is a substantial need to address this time window issue 
for scaffolding [40], [41], [42].

Diamond concept as principle for the 
development of spinal cord scaffold

Cellular platform

Major challenge in developing spinal scaffold 
for SCI treatment is to create a platform for a cell that 
supports its bioactivity for cellular sustainability. The 
material selection and design processing have the 
most role in this part [17]. The material of a scaffold 
contains various chemical structures either natural 
or synthetic. Those material structures will directly 
interact with adjacent structure of implantation site and 
may cause cellular environmental change [43]. Due to 
neuroinflammation process on the site of injury, cellular 
structure of a neuron is severely damaged. Implantation 
of a scaffold would not hold the process of necrosis, 
necroptosis, and apoptosis. The purpose of providing 
a cellular platform for the regeneration process is to 
encourage new differentiated cells derived from stem cell 
seeding while also preventing or inhibiting inflammatory 
cell activity from forming scars around the implant, which 
could hinder any neural structure repair  [19].

Given the substantial loss of neural cells 
following SCI, repopulating cells that are not replenished 
by the endogenous regenerative process with various 
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types of cells transplanted into the wounded spinal cord 
are an obvious option for treating SCI. When it comes to 
stem cell therapy, the presence of a scaffold is extremely 
useful [17]. Without a cellular platform to support cell 
activity, implanted stem cells may face challenges such 
as low seeded cell survival rates after transplantation 
into the injured spinal cord, seeded cell retention at the 
lesion site without migration, and irregularly filling the 
lesion cavity, which can lead to axonal growth that is 
guided randomly [18].

During the regeneration process, 
oligodendrocytes and astrocytes produced from 
stem cell implantation play an important role. By 
forming myelin around signal transducing axons, 
oligodendrocytes aid in the restoration of normal central 
nervous system (CNS) function. While astrocytes 
regulate synaptogenesis, neurotransmission, metabolic 
support, and the establishment and maintenance of the 
blood–brain barrier (BBB), they also perform a variety 
of other roles in normal CNS physiology. Both cells are 
the main nurturing cell to develop axonal regeneration 
from proximal to caudal site of injury [44].

Oligodendrocytes and astrocytes derived 
from stem cell implantation take a substantial role 
during the regeneration process. Oligodendrocytes 
help to restore normal function to the CNS through 
formation of myelin around signal transducing axons, 
while astrocytes play diverse and crucial roles in 
normal CNS physiology, regulating synaptogenesis, 
neurotransmission, metabolic support, BBB formation/
maintenance. Both cells are the main nurturing cell to 
develop axonal regeneration from proximal to caudal 
site of injury [45].

There have been a lot of stem cell selection to 
be used in the therapy of SCI. Between them, embryonic 
stem cell (ESC), bone marrow mesenchymal stem 
cell (BMSC), and neural stem/progenitor cell (NSPC) 
have been widely researched for regenerative strategy. 
Below we discuss the comparison between available 
stem cells.

ESC

Through stem cell banking or therapeutic 
cloning, ESC could allow for the synthesis of type-
matched tissues for each patient. Because ESC can be 
cultured for long periods of time, they can potentially 
provide huge volumes of cells for tissues that cannot 
be obtained directly from a tissue source [46]. The 

ability to guide the differentiation of stem cells into 
desired tissue lineages is thus one of the important 
milestones in ESC use for regenerative medicine 
[47]. Required criteria for ESC in stem cell therapy 
are capable of prolonged undifferentiated proliferation 
in culture, exhibit and main normal diploid karyotype, 
pluripotent, express high level of OCT 4 and Nanog, 
remain in s phase of cell during their life span, and 
can be induced to differentiate after continuous of 
culture [47]. Brief explanation of embryonal stem cell 
application presented in Table 2.
Table 2: Embryonal stem cell application 
Stem cell Preparation Mechanism Effectivity
Embryonal 
stem cell

‑ �Isolation of human 
embryonal stem 
cells from human 
embryo inner cell 
mass.

‑ �Culturing human 
embryonal stem 
cells in the 
medium containing 
fibronectin and 
laminin

‑ �Differentiating 
human embryonal 
stem cells into 
required lineage. 
Addition of 
retinoic acid and 
nerve growth 
factor will induce 
differentiation into 
functional neurons

‑ �In vitro and in vivo 
testing

‑ �Human embryonic 
stem cell‑derived 
oligodendrocytes 
or oligodendrocyte 
progenitor cells 
and motoneuron 
progenitors enhance 
astrogliosis and 
promote motor 
recovery [48].

‑ �ESC‑derived neural 
lineage cells enable 
axons to pass through 
chondroitin sulfate 
proteoglycan (CSPG), 
which is a tremendous 
barrier to axonal[49] 
regeneration.

‑ �ESC‑derived OPC 
expresses neurotrophic 
factors such as neurite 
growth‑promoting 
factor 2 (NEGF2), 
hepatocyte growth 
factor (HGF), activin 
A, transforming growth 
factor‑beta 2 (TGF‑β2), 
and brain‑derived 
neurotrophic factor 
(BDNF), providing 
significant therapeutic 
effects in SCI such as 
neuronal survival and 
neurite extension [50]

‑ �Significant functional, 
legal, and ethical 
shortcomings, 
however, have limited 
the application of 
ESCs in human  
SCI [50].

‑ �Shroff reported in 
their study of five SCI 
patients with Grade 
A ASIA score. Two of 
the patients showed 
improvement from A to 
B, one of the patient 
from A to C, and two 
other patients showed 
improvement of bowel 
and bladder control but 
still remain in Grade 
A ASIA score [51]. 
It also reported that 
delivery of embryonal 
stem is effective at the 
first phase treatment. 
Continuation of 
treatment has not 
given a significant 
result as the first 
phase [52].

‑ �Further clinical 
trials are still under 
progress to gain more 
understanding of 
embryonic stem cell.

BMSC

BMSCs are a common cell type employed 
in transplantation studies because they can be easily 
identified from bone marrow aspiration and grown in 
culture, allowing for autologous transplantation. BMSCs 
have also been shown to develop into microglia, 
oligodendrocytes, and macrophages when transplanted 
into the spinal cord, in addition to well known number of 
mesodermal lines [53], [54]. Brief explanation on BMSC 
application is presented on Table 3.

Table 3: Bone marrow mesenchymal stem cell application 
Stem Cell Preparation Mechanism Effectivity
Bone marrow 
mesenchymal 
stem cell

‑ Extracted from donor’s posterior iliac crest
‑ Isolated under aseptic condition
‑Separated from buffy coat by centrifugation
‑ Cultured under appropriate medium
‑ Adherence to standard culture medium
‑ �Positive for CD105, CD73, and CD90 marker 

expression
‑ �Negative for CD45, CD34, CD14 or CD11b, 

CD 19, HLA‑DR

‑ �Producing extracellular matrix (ECM) component 
for axon structural support during regeneration

‑ �BM‑MSCs demonstrate anti‑inflammatory 
properties by producing immunoregulatory 
cytokines

‑ �Genetic engineering potential of BM‑MSCs is an 
encouraging method to enhance their therapeutic 
effect, such as the regulation of specific factors or 
proteins.

‑ �Karamouzine et al.[45] administered BMSCs into 11 
patients with AIS Grade A and found that 5/11 patients 
have their AIS grade improved to C, but the result was 
statistically borderline (P=0.095). (Karamouzine)

‑ �Mendonca et al.[48] found improvement in AIS grade 
from A to B in 6/12 patients and from A to C in one 
patient.
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NSPC

This type of cells is pluripotent cells that are 
isolated from the subventricular region of the ventricles 
and hippocampus of the brain and the ependymal 
region of the central canal of the spinal cord. Another 
source of this cell is human ESC or induced pluripotent 
cell that differentiated into NSPC and somatic cells that 
transdifferentiated into NSPC. These cells are capable 
of differentiating into specific neuronal or glial cells 
primarily oligodendrocytes, enhancing remyelination, 
and providing nutritional support, which makes them 
suitable for cell transplantation therapy in SCI [49]. Brief 
explanation on NSPC application is presented on Table 4.

Neuroinductivity

Matrix proteins, growth factors, cytokines, 
enzymes, and antibodies, among other biologically 
active substances, have been used to reduce 
inflammation and improve regeneration following 
SCI. Non-biologic pharmacological drugs, such as 
methylprednisolone and dexamethasone, have been 
used to decrease the immune response systemically 
and have been reviewed frequently [55]. Modulating 
the immune response at the site of SCI to create a 
more anti-inflammatory phenotype among immune 
cells improves regeneration capability [56]. The role of 
immune cells in producing a microenvironment prepared 
for regeneration has been demonstrated by neutrophil 
and macrophage depletion experiments that increased 
damage after SCI, revealing the role of immune cells in 
generating a milieu prepared for regeneration [57], [58].

A variety of local and systemic delivery tactics 
has been used to regulate the immune response with 
physiologically active substances to assure a more 
regenerative immune cell phenotype. With the purpose 
of fostering an anti-inflammatory environment, these 
compounds can be employed to target specific events 
or cell populations within each step of the inflammatory 
response [59]. Well-documented report has also shown 
that precise timing on one or more specific phase of 
inflammation phase to give the intervention with those 
biologically active materials could limit secondary injury 
and promote regeneration [60].

While biologically active compounds have the 
potential to modulate the inflammatory environment, 

they breakdown quickly, decreasing their bioavailability. 
These issues can be solved using more robust 
molecules, including a delivery vehicle, or taking into 
account the timing and location of distribution that 
must be designed specifically for biologic materials. 
Based on the function of anti-inflammatory substance, 
the following Table  5 will explore therapeutic options 
for protection of structural neuron from destructive 
neuroinflammation process.
Table 5: Neuroprotective agent effect
Neuroprotective 
agent

Therapeutic effect

Methylprednisolone MP minimized secondary damage by reducing the 
injury‑induced free radical catalyzed lipid peroxidation in spinal 
cord tissue. In addition, it was thought to facilitate neuronal 
excitability and impulse conduction and to improve blood flow 
through the injured cord [18]

Nimodipine Calcium channel blockers were shown to improve blood flow 
to the injured spinal cord. Sustaining blood flow during injury is 
important to minimize cell death and secondary injury cascade. 
Recent report revealed that nimodipine delivery could prevent 
the development of spasticity in vivo [61]. 

GABA agonist GABA indirectly gives neuroprotective effect by increasing 
excitatory threshold to deliver nociceptive pain signal. This 
therapeutic effect will relieve patient sensation of pain during 
SCI management [62].

Minocycline It has been shown to target multiple secondary injury 
mechanisms in spinal cord injury, through inhibiting calcium 
influx through the N‑methyl‑D‑aspartate (NMDA) receptors, 
mitochondrial calcium uptake, poly (ADP‑ribose) polymerase‑1 
(PARP‑1) enzymatic activity, and iron toxicity [18], [63].

NGF
(neuron growth 
factor)

NGF administration improved the motor function recovery and 
increased the neurons survival in the spinal cord lesions of 
the model rats. NGF decreases neuron apoptosis by inhibiting 
activation of caspase‑3 cascade. It also inhibits caspase 12 
activation and endoplasmic reticulum stress‑induced apoptosis 
[64], [65]

Hepatocyte growth 
factor

HGF reduces the formation of glial scar and promotes 
functional recovery in animal SCI models and has reached 
clinical trial in human with positive result[66] 

In the development and repair of the CNS, 
growth factors play a crucial regulatory role. Another 
key element causing problems in nerve regeneration 
after SCI is a lack of endogenous GFs secretion and 
production. Exogenous GF supplementation will thus 
considerably aid SCI healing. However, because of its 
short half-life in the body, it must be given repeatedly, 
and intramuscular injections are difficult to pass through 
the blood-spinal cord barrier. Moreover, they do not 
improve local drug concentration in the damaged 
area, so their use in the field of SCI repair is severely 
limited [18], [19]. Engineering three-dimensional (3D)
stents have emerged as a promising option in this area. 
Engineering 3D stents have emerged as a promising 
option in this area. In addition to mixing 3D scaffolds 
with transfected stem cells, as mentioned above, 
directly mixing GFs to generate functional engineering 

Table 4: Neural stem/progenitor cell application 
Stem cell Preparation Mechanism Effectivity
Neural stem/
progenitor cell 
(NSPC)

‑ �Isolation from the source of NSPC. Source of this 
stem cell could be acquired from primary isolation 
of fetal and adult central nerve system tissue, 
deriving differentiation form pluripotent cell or 
trans‑differentiation from somatic cell.

‑ �Characterization of neural stem cell based on stem 
cell markers: Nestin, Sox‑2, Musashi, βIII‑tubulin, 
GFAP, and O1.

‑ �Culturing neuronal stem/progenitor cell in neurosphere 
and monolayer culture

‑ �NSPC transplantation increased 
the expression of NGF, CNTF, 
BDNF, IGF‑1, and GDNF, which are 
advantageous for SCI recovery.

‑ �NSPCs also modulate the inflammatory 
response through inhibition of the 
secretion of reactive macrophages and 
T cells and neuroprotective cytokines.

‑ �Shin reported in the transplantation of human fetal 
brain‑derived neural stem/progenitor cell 19 traumatic 
cervical spinal cord injury. Five of the patient showed ASIA 
score improvement where two from A to C, one from A to B, 
and two from B to D.

‑ �Many previous studies have shown a very minimum side 
effect after implantation and well tolerable of acceptance.

‑ �Levi reported in patient with subacute and chronic SCI. 
NSPC transplantation did not improve ASIA score but give 
improvement in motor assessment

‑ �Improvement of outcome for SCI patient with NSPC 
transplantation strategy is still under a lot of research.
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Porosity allows for scaffold vascularization, 
alters cell migration and phenotype into and around the 
scaffold, and improves implant stability at the tissue-
implant interface. Larger pore size has been shown to 
alter macrophage phenotype, pushing macrophage 
population toward an M2 phenotype. While the 
smaller supports greater vascular infiltration  [73], 
both pore sizes reduced the inflammatory response 
by reduction foreign body giant cell (FGBC) and 
promoted healing. While the smaller pore size allows 
for more vascular infiltration, both hole sizes lowered 
the inflammatory response and facilitated healing by 
reducing FGBC [74].

Although it can be difficult to distinguish 
nanotopography effects from changes in surface 
chemistry since the two can be intertwined, both 
nanoscale surface characteristics and chemistry can 
affect immune cell activity and migratory patterns. The 
severity of the ensuing inflammation is highly dependent 
on the biochemical properties of the material and how it 
denatures adsorbed inflammatory proteins. The degree 
of hydrophilicity/hydrophobicity is particularly important 
as hydrophobic materials are more likely to denature 
adsorbed proteins and are associated with decreased 
monocyte adhesion as well as decreased macrophage 
adhesion and FBGC formation in vitro. Hydrophobic 
materials are more likely to denature adsorbed proteins 
and are related with lower monocyte adherence as 
well as decreased macrophage adherence and FBGC 
production in vitro [18], [19].

Biomatrices must allow regrowing axons 
to penetrate, grow through, and then exit the matrix. 
Defining the most appropriate method to induce axonal 
growth out of the implanted scaffold to form “normal” 
spinal cord tissue beyond the injury and perhaps 
allowing axons to reconnect with neuron in the specific 
target location will be a huge challenge. This might 
entail not only changing the CNS environment in some 
way but also being able to adjust the growth-supporting 
systems within the bridges themselves on a temporal 
basis [18], [19], [75], [76].

Structural integrity

Mechanical qualities of scaffolds and structural 
changes that occur during degradation are important 
concerns when constructing biomaterial scaffolds for 
the spinal cord. Scaffolds must have matched stiffness 
to mirror the rigidity of the nerves while still being sturdy 
enough not to collapse and hinder nerve regeneration. 
When biomaterial scaffolds are implanted in vivo, 
deterioration, recurrent compression from movement, 
and immune cell-related breakdown and clearance can 
all shorten their lifespan and lead to graft failure if they 
happen too quickly [77]. On the other hand, well-timed 
degradation that allows the biomaterial to be replaced by 
extracellular matrix (ECM) deposition can result in the axon 
bundles surviving the biomaterial’s entire breakdown. 

3D scaffolds have shown to be beneficial [67], [68], [69]. 
The following Table 6 is well-established growth factor 
as the part of neuroregenerative factor which already 
well documented for its therapeutic effect.
Table 6: Neuroregenerative agent effect
Neuroregenerative agent Therapeutic effect
NT‑3
(neurotrophin‑3)

NT‑3 supports survival, growth, and differentiation 
of neurons, and it encourages formation of neuronal 
synapses [64].

FGF
(fibroblast growth factor)

Stimulated neurotransmitter (Rab‐GDI) and restrained 
inhibitor (RKIP) of the Raf/MEK/ERK pathway to create 
favorable conditions for the regeneration process of 
neurons
Clinical trials on chronic SCI have shown the improvement 
of the patient condition [70], [71]. 

BDNF
(brain‑derived 
neurotrophic factor)

BDNF can enhance regeneration and sprouting of injured 
axons in the spinal cord or increased remyelination 
of injured axons. BDNF induces the upregulation 
of growth‑associated genes such as GAP‑43 and 
T‑alpha‑1‑tubulin in neurons which enhancing 
neuroregeneration [64]

GDNF
(glial‑derived 
neurotrophic factor)

GDNF has been shown to regenerate axons, increase 
total axonal surface area, increase axon density, and also 
significantly increase blood vessels at the injury site [72]. 

Neuroconductivity

Adult neurons in the CNS have a restricted 
ability for regeneration due to a neuroinhibitory milieu 
that prevents endogenous regeneration. Approaching 
biomaterial strategy could give more option of strategy 
by designing a material that leads physical guiding, 
cell infiltration to produce regeneration factors, and 
mitigation of inhibitory by-products of primary and 
secondary damage [18], [19].

Biomaterial scaffolds’ macroarchitecture 
aids wound healing by acting as a framework for cell 
infiltration and remodeling, as well as modifying the 
immune response. Cellular infiltration inside a porous 
material network allows for host tissue integration, which 
decreases cavitation and glial scarring. The absence 
of considerable cyst formation after spinal cord bridge 
implantation in highly porous or open designs indicates 
that the introduction of a scaffold significantly reduces 
immune cell infiltration while replacing cavitation and 
the thick glial scar with regenerating tissue [72].

At the microstructural level, biomaterial 
scaffolds must be permissive to cellular infiltration, 
biomolecule diffusion, and vascular infiltration to 
promote and sustain regeneration. Pores, grooves, 
and fibrous structure are used to generate these 
features, which can have a significant impact on the 
immunological response. Porosity enables for scaffold 
vascularization, changes cell migration into and 
around the scaffold change cellular phenotypic into 
regenerative function cell, and increases tissue-implant 
interface implant stability [43]. Larger pore size has 
been demonstrated to change macrophage phenotype, 
causing the population of macrophages to shift to the 
M2 phenotype. M2 phenotype of macrophage is well 
known for the opposite of inflammatory M1 phenotype. 
M2 macrophage has the main role for regenerative 
purpose in tissue healing [73].
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Changing the mechanical qualities of the scaffold could 
affect wound healing and the immunological response 
[18], [19]. Category of structural integrity in spinal scaffold 
could be divided into three groups: Non-degradable, 
degradable, and electrically active materials.
a)	 Non-degradable scaffolds are comprised of 

synthetic materials that allow for consistent and 
precise production. They also necessitate a 
simpler design due to the absence of concerns 
such as degradation rate control and degradation 
product toxicity. The permanent implantation of 
a non-degradable channel, on the other hand, 
increases the risk of inflammation and can lead 
to nerve compression overtime, necessitating 
a second surgery to remove the material [43]. 
Non-degradable materials are usually often non-
cell adherent by nature, restricting their use in 
more advanced channel designs that requiring 
cell transplantation. Despite these drawbacks, 
non-degradable channels’ simple design and 
construction have made them particularly 
valuable in basic studies of CNS nerve healing, 
and their usage in vitro and in vivo have sped up 
experimental progress [18], [19].

b)	 Degradable channels eliminate the requirement 
for either a permanent implant or a second 
procedure to remove a non-degradable 
material. Since they deteriorate when the nerve 
regenerates, they also pose a lower danger 
of nerve compression. Natural or synthetic 
materials can be used to make degradable 
channels, however, natural sources account 
for the vast majority of degradable channels. 
Because of batch-to-batch variability, materials 
derived from natural sources might cause 
challenges with nerve guide consistency and 
control [43], [78]. Furthermore, many naturally 
obtained materials are difficult to purify, 
and insufficient purification might cause the 
implant to activate the immune system [79]. 
Degradable channels additionally necessitate 
more sophisticated designs due to the fact that 
their degradation products must be harmless, 
and their degradation rates must be adjusted to 
match the regeneration rate. Natural materials 
have a higher affinity for neurons and glial 
cells, making them ideal candidates for more 
“biointeractive” designs [80].

c)	 The usage of electrically active materials is 
a second design method being investigated. 
Electrically charged elements in the ECM are 
thought to create electric fields that function 
as signals to stimulate and regulate growth, 
remodeling, and protein adsorption when 
tissues mature or regenerate [81]. Neurite 
extension is boosted by electrically active 
materials in vitro, and growth directionality may 
be modulated on them. The functional recovery 
of motor and CNS nerves has been found to 

benefit by in vivo electrical stimulation  [82]. 
The opportunity to give localized electrical 
stimulation at an injury area while also providing 
a physical surface for regeneration is offered 
by constructing nerve guidance channels with 
electrically active materials. Polymers featuring 
a quasi-permanent surface charge (electrets), 
polymers that create an electric charge when 
mechanical stress is applied (piezoelectrics), 
and electrically conducting polymers are the 
three primary categories of electrically active 
biomaterials under research [43].

Scaffolding strategy in principle of 
diamond concept

Scaffolding material basically divided into two 
major categories, natural biomaterials and synthetic 
biomaterials. Natural biomaterials are extracted from 
natural sources such as living creature. Mostly natural 
material discovered by its similarity to human tissue 
structure and composition. Those natural materials for 
scaffolding are agarose, alginate, collagen, chitosan, 
fibrin, and hyaluronic acid (HA). Meanwhile, synthetic 
materials are extracted and created from chemical 
structure with various modifications. Synthetic materials 
are proposed as biomaterials for scaffolding due to its 
visibility for modification. Those synthetic materials are 
methylcellulose, nitrocellulose, poly(ethylene glycol) 
(PEG), poly(2-hydroxyethyl methacrylate) (pHEMA), 
and poly(lactic-co-glycolic acid) (PLGA). To implement 
scaffolding strategy for treating spinal cord, ideally every 
aspect of the diamond concept is fulfilled. In the following 
picture, we represent illustration of scaffolding strategy 
by considering every aspect of diamond concept in 
the following Figure 1 and Figure 2. We compare 
each diamond concept component for each natural 
and synthetic material on the following Table 7 and 8. 
We illustrate the implementation potential of diamond 
concept during spinal cord injury process in the Figure 3.

Agarose

When implanted in vivo, agarose is a 
linear polysaccharide that causes no major adverse 
reactions [19]. It can be tuned to match the mechanical 
characteristics of the spinal cord and it is stable for long 
periods of time once implanted [83]. Before implantation, 
it can be paired with a growth factor (such as brain-
derived neurotrophic factor or NT-3), ECM (such as 
fibrin or collagen), or suitable cells to enhance neurite 
development inside an agarose scaffold or across the 
lumen of an agarose conduit [19], [84].

Alginate

Brown seaweed yields alginate, a water-
soluble polysaccharide. It is made up of 1–4 connected 
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a-L-guluronic and b-D-mannuronic acid residues that 
crosslink when multivalent cations are present [85]. 
In models of SCI, alginate has been demonstrated to 
increase neuronal sprouting while lowering inhibitory 
signals post-damage [19]. Gelation ready alginate 
creates 3D structures such as fibers, capillaries, and 
microspheres, which may be utilized as biosensors and 
bioactuators in a variety of biomedical applications such 
as drug delivery and wound healing. Alginate hydrogels 
have had a big influence on regenerative medicine and 
tissue engineering because of their high water content, 
which allows them to imitate the mechanical qualities of 
actual tissues [86].

Collagen

Collagen, the most abundant ECM protein in 
mammals, has been widely researched as a scaffold 
to stimulate axonal regeneration in a rodent following 
SCI. Collagen has integrin binding sites that help 
neuronal cells migrate and expand [87]. Neurite growth 
is directed by gradients of a laminin mimetic peptide 
inserted into type  I collagen scaffolds, according to 
recent in vitro research  [88]. Several investigations 
have shown that collagen-based scaffolds have 
good prospects as cell transporters and bridge 
materials in a variety of CNS experimental animal 
models [41], [89], [90]. The implantation has been shown 
to be safe and to provide considerable healing in SCI by 
boosting neurons and decreasing the development of glial 
scar formation. Clinical trial on collagen scaffold in treating 
acute SCI has shown to be safe and potential strategy. 
It delivered improvement of patient motor, sensory, and 
activities of daily living score improvement [41].

Chitosan

Chitosan is made from chitin that was alkaline 
N-deacetylated and is biocompatible, biodegradable, 
and non-toxic. Chitosan may be modified to create 
scaffolds with continuous channels that might be 
utilized to bridge a CNS damage gap [19], [91]. The 
degree of acetylation of chitosan, on the other hand, 
can affect cells’ capacity to attach and move on the 
substrate surface. Because of its unique and attractive 
features such as cytocompatibility, biodegradability, and 
non-toxicity, chitosan-based materials and derivatives 
have gotten a lot of interest in tissue engineering [92]. 
They have been studied extensively for epithelial and 
soft-tissue regeneration, and their benefits include the 
preservation of cellular phenotypes, increased activity 
of bound bioactive molecules, and promotion of tissue-
specific ECM formation [93].

Fibrin

Fibrin, because of its involvement in wound 
healing and tissue rebuilding, is a promising biomaterial 

scaffold for nerve regeneration. Fibrin has also been 
thoroughly investigated as a biomaterial [19], [94]. 
It has been found to stimulate axonal regeneration 
and cell migration when used as a matrix to fill 
nerve guide tubes implanted following sciatic nerve 
damage in neural tissue engineering. During healing, 
fibrin generates a temporary ECM network that has 
distinct impacts on cells’ capacity to grow and move 
for spontaneous tissue repair [95]. Fibrin has also 
reported in many studies to be suitable as growth factor 
or stem cell delivery media   [96], [97]. Fibrin forms a 
loose non-covalent mesh after being split by active 
thrombin, which is stabilized by covalent bonds created 
by the transglutaminase Factor XIIIa. Two arg-gly-asp 
(RGD) sites are found in human fibrinogen, which give 
integrin binding sites that may aid cell migration or axon 
development [98].

HA

HA is a long-chain polysaccharide that is a key 
component of the ECM and may be enzyme into various 
molecular weights in vivo [99]. High-molecular-weight 
HA and low-molecular-weight HA have fundamentally 
distinct physiological activities. Through interactions 
with inflammatory cells and ECM proteins, high-
molecular-weight HA can attenuate the inflammatory 
response and fibrous scar formation following SCI. 
Angiogenesis can be enhanced by low-molecular-
weight HA (125–175  kDa). However, because of 
its low cell adherence, HA is frequently modified or 
combined with other compounds [100],  [101] (Khaing 
et al., 2011). Because HA is extremely biocompatible, 
immune and chemically inert, and non-toxic, it 
eliminates the risk of brain tissue rejection. The use 
of HA, one of the key components of the ECM in CNS 
tissue and the niche of neural stem cells (NSCs), is 
a promising choice for improving NSC longevity and 
differentiation. Encapsulation of human ESC-derived 
NSCs (hESC-NS) in HA-based hydrogel has been 
shown to promote differentiation of these cells into 
oligodendrocytes and enhance locomotor activity  [99]. 
It also reported that HA has a neuroprotective capability 
by decreasing the magnitude of secondary injury 
presented in animal model of SCI [102].
Table 7: Comparison of natural biomaterials by diamond 
concept analysis
Natural 
material

Cellular 
platform

Cellular 
inductivity

Cellular 
conductivity

Structural 
integrity

Reference

Agarose + +++ N/A ++ [19], [83], [84]
Alginate N/A ++ N/A ++ [19], [85], [86]
Collagen +++ +++ ++ +++ [41], [87], [88], [89], [90]
Chitosan ++ ++ ++ ++ [19], [91], [92], [93]
Fibrin + ++ ++ N/A [19], [94], [95], [96], [97], [98]
Hyaluronic 
acid

++ ++ + N/A [99], [100], [101], [102]

+++: Strong; ++: Moderate; +: Weak, +/‑: Considerable benefit, N/A: No available report. 

Methylcellulose

Another polysaccharide, methylcellulose, may 
be dissolved in cold water, and when the temperature 
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of the fluid rises, hydrogen bonds between the polymer 
and the surrounding solvent break and hydrophobic 
junctions develop, resulting in a solid gel [19]. Because 
dissolved methylcellulose may be injected as a fluid 
at ambient temperature and subsequently solidify into 
semisolid gels at body temperature, it can be used as a 
medication delivery method to provide growth factors to 
a damaged spinal cord [103], [104].

Nitrocellulose

In Southern and Northern blots, nitrocellulose 
has long been involved as a research tool to immobilize 
nucleic acids. The non-specific adhesion of proteins 
is facilitated by the surface charge of nitrocellulose. 
In the developing rat spinal cord, untreated strips of 
nitrocellulose support minimal axonal development, 
but pre-treatment with nerve growth factor (NGF) 

Figure 1: Illustration of diamond concept implementation for spinal cord injury

Figure 2: Illustration of strategy in diamond concept for spinal cord injury
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promotes development across the implants. Thus, while 
nitrocellulose alone may not be effective as a scaffold 
for SCI, it has showed some potential when combined 
with other therapies [19], [103].

PEG

PEG or poly(ethylene-oxide) is a low-toxicity 
hydrophilic polymer that has been employed in a 
range of applications, including clinical drug delivery, 
cosmetics, and cell culture [19]. PEG can be fabricated 
into a degradable hydrogel and used as vehicle for the 
delivery of therapeutic agents for tissue engineering 
applications [105]. PEG also appears to have a 
neuroprotective effect through reducing oxidative stress 
after SCI through direct contact with mitochondria [106]. 
When administered systemically after SCI in a mouse, 
block copolymers containing PEG have also been 
demonstrated to improve functional recovery [107].

pHEMA

pHEMA is a non-degradable, biocompatible, 
and non-toxic contact lens material. The hydrogel 

is made up of cross-linked networks of hydrophilic 
copolymers that expand in water and serve as a 
substrate for cell adhesion and growth as well as 
small-molecule transport [19]. pHEMA conduits may be 
molded into tubes and used as nerve guiding conduits in 
neural tissue engineering applications [103]. A previous 
study found that implanting induced pluripotent stem 
cell-derived neural progenitor in pHEMA polymer into 
chronic SCI improved material integration, decreased 
cavitation, and maintained stem cell survival, but did not 
result in a statistically significant increase in locomotor 
recovery [108].

PLGA

PLGA is a biocompatible and biodegradable 
synthetic copolymer comprising polylactic acid and 
polyglycolic acid. The ratio of polylactic acid and 
polyglycolic acid may be changed to influence the 
copolymer’s breakdown rate [109]. The rat spinal 
cord was entirely transected, and neural conduits 
made of PLGA were transplanted. In the channels of 
the neural conduits, axonal regeneration has been 
documented  [110]. The breakdown of PLGA, however, 

Figure 3: Treatment of spinal cord injury by diamond concept
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created glycolic and lactic acids, which decreased the 
local pH and hampered the tissue repair process [111].
Table 8: Comparison of synthetic biomaterials by diamond 
concept analysis
Synthetic 
Material

Cellular 
platform

Cellular 
inductivity

Cellular 
conductivity

Structural 
integrity

Reference

Methylcellulose N/A + N/A N/A [19], [103], [104]
Nitrocellulose N/A + + N/A [19], [103]
PEG ++ ++ ++ N/A [19], [105], [106], [107]
pHEMA ++ + ++ N/A [19], [103], [108]
PLGA N/A N/A ++ +/‑ [109], [110], [111]
+++: Strong; ++: Moderate; +: Weak, +/‑: Considerable benefit, N/A: No available report. 

Conclusion

Diamond concept approach to understand 
each progressive step of SCI pathophysiology seems 
to be promising to get a better comprehensive strategy 
of treatment. Neuroinflammation, glial scar formation, 
and inhibiting environment of axonal regeneration seem 
to be the main problem of SCI. To overcome those 
problems, perspective of SCI condition in the terms of 
cellular platform, inductivity, conductivity, and structural 
integrity disruption brings a more comprehensive 
idea of intervention. Implementation of scaffolding 
in the treatment strategy for SCI ideally fulfills all of 
the diamond concept requirement instead of partially 
deployed. This concept of implantation is expected to 
give a better outcome for SCI patient.
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