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Article history: Neural tissue regeneration following traumatic injuries is often subpar. As a result, the field of neural tissue en-
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nerve and myelin regeneration remain elusive. One possible reason may be the fact that tissue regeneration
often follows a complex sequence of events in a temporally-controlled manner. Although several other fields
of tissue engineering have begun to recognise the importance of delivering two or more biomolecules sequen-
tially for more complete tissue regeneration, such serial delivery of biomolecules in neural tissue engineering re-

léee{lv:;rgss.sue engineering mains limited. This review aims to highlight the need for sequential delivery to enhance nerve regeneration and

Sequential delivery remyelination after traumatic injuries in the central nervous system, using spinal cord injuries as an example. In

Spatiotemporal delivery addition, possible methods to attain temporally-controlled drug/gene delivery are also discussed for effective
Nerve regeneration neural tissue regeneration.

Remyelination © 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Traumatic central nervous system (CNS) injuries induce hefty neural
tissue losses. Such injuries often lead to severe and permanent motor,
sensory and autonomic dysfunction due to the inadequate intrinsic re-
generative capability of the CNS. Thus, neural tissue engineering
methods have been developed in attempt to promote tissue regrowth
by utilizing nerve grafts, cell transplantation, biochemical factors and/
or tissue engineered scaffolds [1-3].

Traditionally, exogenous biomolecules are delivered systemically via
direct injection or oral administration. These routes of delivery often
demonstrate suboptimal efficacies due to the poor stability of drugs,
rapid biodegradation and clearance from the physiological system.
Thus, high drug dosages are frequently required for effective therapeu-
tic outcomes, which may in turn trigger undesirable side effects. To cir-
cumvent these problems, scaffold-based delivery systems, where drugs
are incorporated within carefully designed carriers, have been devel-
oped to deliver high integrity and bioactive molecules in a localized
and timely manner to target tissues [4]. Moreover, scaffolds with
three-dimensional architecture provide structural support and topo-
graphical cues to direct cell fate and tissue regrowth [5-7].

Currently, scaffold-mediated drug/gene delivery largely involves the
use of a single therapeutic drug [8]. Unfortunately, tissue regrowth is
highly complex and often depends on a multitude of signals ranging
from extracellular matrix interactions, to growth factors, cytokines
and chemokine signaling [9]. Thus, the inability to fully capture many
of these essential biochemical signals for tissue regrowth after traumatic
nerve injuries is a probable cause for the limited effectiveness of single
drug therapies. Hence, efforts to improve therapeutic outcomes have
led to attempts to utilize multiple biomolecules, such as delivering
pro-regenerative growth factors in tandem with biomolecules that
modify the native inhibitory environment after CNS injuries [10,11]. Un-
fortunately, functional recovery after such combinatorial treatments re-
mains sub-optimal.

Besides delivering the essential biomolecules, the temporal se-
quence by which each of these drugs is delivered could be crucial in
CNS injuries [12]. For instance, premature exposure of tissues to late-
stage regenerative biomolecules may antagonize other molecules that
are necessary for early stages of regeneration [ 13]. Thus, the appropriate
biomolecules may need to be delivered in a temporally defined fashion
during distinct phases of tissue regrowth [12]. Such design consider-
ations have not been adopted in neural tissue engineering methods.
However, studies in vascular tissue engineering ([14] Box 2) [15-17],
bone and cartilage tissue engineering [18-20] have demonstrated that
sequential drug/gene delivery have better efficacies than simultaneous
delivery of biomolecules in simulating the intrinsic regeneration path-
ways to further enhance tissue repair. Hence, useful insights may be
drawn from these fields and applied in the context of neural tissue re-
pair and regrowth.

In the following sections, we highlight the prospective application of
sequential delivery to promote nerve regeneration following traumatic
CNS injuries by using spinal cord injury (SCI) as a case in point to

emphasize the temporal sequence of biological responses that often
occur following trauma. Specifically, we discuss the biomolecules that
are often associated with the discrete stages of tissue responses follow-
ing trauma. Thereafter, we suggest methods to incorporate engineering
knowledge with biological scaffold designs to meet the needs of se-
quential drug/gene delivery in SCI treatment.

2. Biological responses after SCI

The acute stage of SCI is characterized by early axonal dieback and
demyelination due to extensive apoptotic and necrotic cell death. Fol-
lowing which, activated astrocytes proliferate and surround the lesion
to form an astrocytic scar. Although scarring limits tissue loss due to in-
jury [21], it acts as a biochemical and physical barrier to regenerating
axons as these axons attempt to regrow in the intermediate and chronic
phases of injury [22]. In addition, these axons often do not remyelinate
due to failure in the generation, recruitment and/or differentiation of ol-
igodendrocyte precursor cells (OPCs) into oligodendrocytes (OL) [23].
Understanding the above phases of tissue loss, scarring, regrowth and
remyelination would enable us to design strategies to limit tissue dam-
age and/or promote recovery. More robust regeneration may be possi-
ble by catering to the temporal needs of the tissues. For example, we
could prevent the loss of neural tissues during the acute injury stage
and administrating treatments that promote nerve regrowth in the in-
termediate or chronic stages. This could be followed by promoting
remyelination in the final stages of regeneration.

2.1. Biochemical signaling associated with nerve degeneration after acute
nerve injury

During the pathogenesis of SCI [24], trauma (“primary injury”) cre-
ates a region of impact that is filled with disrupted cells and blood (“pri-
mary lesion”). Surrounding the primary lesion are tissues that have been
spared from the initial insult [25]. Another wave of cell death soon fol-
lows (“secondary injury”) within hours due to ischemia, excitotoxicity
or inflammation, which leads to massive axonal dieback and demyelin-
ation that spread centripetally from the primary lesion (“secondary le-
sion”) [26,27]. Such widespread nerve degeneration starts a few hours
after trauma and lasts up to two or three weeks in all rodents, monkey
and human [21,28-30]. During this time, lipid peroxidation (LP) and
neuroinflammatory reactions are two key mechanisms that are respon-
sible for massive cell death and degeneration [25,31].

2.1.1. Lipid Peroxidation (LP)

LP is consistently regarded as the main culprit linked to tissue de-
generation during secondary injuries [31]. LP is the oxidative degrada-
tion of cellular membrane and phospholipid-dependent enzymes, and
induces substantial oxidative damage to proteins and DNA owing to a
chain of free-radical reactions involving reactive oxidative species.
Their self-sustainable nature allows propagation of LP reaction, which
typically persists for 5 days after SCI in rats [32,33]. LP causes extensive
damage to the surrounding tissues, and is often exacerbated by the high
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iron contents in the CNS, which catalyzes the LP reaction [34]. Oxidative
damage to essential cellular components is a likely contributor to apo-
ptosis and thus, the early acute axonal dieback that was accounted by
Kerschensteriner et al. [35]. Such axonal damage further results in the
loss of trophic support to myelinating oligodendrocytes, thereby initiat-
ing demyelination [36].

2.1.2. Neuroinflammation

Neuroinflammation after SCI influences multiple aspects of second-
ary injuries, including the induction of neuronal tissue apoptosis. For in-
stance, pro-inflammatory cytokines secreted by leukocytes initiate
apoptosis of neurons and OL to exacerbate axonal dieback and demye-
lination (see review [25]). Thus, understanding leukocytes activation
is important in our attempts to halt inflammatory tissue loss. Leuko-
cytes activation after SCI is well-characterized in rats [24,37,38] and to
a lesser extent, in human [39] (Table 1). The infiltration of leukocytes
is temporally regulated in a sequential manner in the spinal cord.
Thus, targeting the upstream events in neuroinflammation, by blocking
the activators or secreted factors, is likely to have huge impact on mod-
ulating the inflammatory response after trauma.

2.1.3. Biomolecules that modulate nerve degeneration

Since secondary injuries are highly destructive to spinal cord tissues,
neuroprotection is crucial at this juncture of SCI. Correspondingly, a
wide range of low molecular weight drugs, genetic drugs and proteins
have been examined for their neuroprotective effects. Many of these
drugs target mechanisms that lead to necrosis-triggering LP or interfere
with acute inflammatory signaling cascades that induce massive cell
death in the secondary lesion [25].

2.1.3.1. Targeting Lipid Peroxidation. A hydrophilic, Low molecular weight
(Mw) drug, Methylprednisolone (MP), is the standard treatment for SCI.
MP is neuroprotective by its virtue of inhibiting post-traumatic LP
[31,47]. Despite the side effects associated with steroids (MP), there
has not been an antioxidant neuroprotective drug with well-defined
dose response to rival MP [48]. Edward D. Hall has published multiple
reviews detailing the neuroprotective pharmacology of MP [31,48,49].
In support of the need for controlled delivery, the efficacy of MP has a
strong correlation with its temporal drug profile (Table 2). In particular,
the biomarker for LP peaked at no later than a day in animal models
across different species [48]. Quick and multiple MP doses within 4
hours of trauma significantly reduced tissue loss and axonal dieback
after SCl in rats [50,51]. Moreover, dosage has negligible effect on the
time course or the extent of secondary injuries when at least 30
mg/kg MP was employed [52,53]. Altogether, a rapid but sustained pres-
ence of MP for up to a day may be the most effective in limiting post-
traumatic secondary injuries.

2.1.3.2. Targeting Neuroinflammation. Among the anti-inflammatory
drugs, minocycline is the most extensively examined low Mw, amphi-
philic drug for modulating inflammatory response. It operates through
different neuroprotective mechanisms as compared to MP [38]. Specifi-
cally, minocycline protects tissues from inflammatory response-
induced secondary injuries by decreasing the production of inflamma-
tory cytokines, reducing the chemotaxis of leukocytes, modifying lipid
mediator of inflammation and inhibiting MMPs and nitric oxide produc-
tion from monocytes [55]. However, similar to MP, minocycline needs
quick but sustained delivery in the acute injury phase to be effective
(Table 3). Specifically, animals that received multiple doses of
minocycline for at least 24 hours after induction of SCI saw a reduction
in tissue loss and an improvement in functional outcome [56-60].
Comparing the two most commonly employed neuroprotectants,
MP appears slightly more potent than minocycline. Generally, 30
mg/kg to 60 mg/kg of MP is needed in comparison with 90 mg/kg of
minocycline for effective therapeutic outcomes. Furthermore, MP has
been clinically proven to be effective in neuroprotection while

Table 1

Leukocytes activation and signaling

21

Leukocytes Timeline of activation and peak Biochemical signals (Based on
Involved (post-SCI) Rodent Studies)
Microglia In rat [24,37,38] * Activated by
 Activated immediately in 1. ATP [40]
response to trauma 2. Glutamate [41]
* Peak between 3-7 days at 3. Fractalkines [42]
lesion epicenter All from injured cells
* Plateaued after 2-4 weeks * Secrete.
1. pro-inflammatory cyto-
In human [39] kines (IL-1, IL-6, IL-12 and
* Activated at 1-3 days post TNFa) [38]
injury
Neutrophil ~ Inrat[24,37,38] * Attracted by
* Obvious migration after 8-24 1. Fractalkines (Eg: CXCL2
hours and CXCL1) from astro-
cytes [43] and an array of
In human [39] chemokines
» Extravasation observed 3-4 2. Increased intercellular
hours post injury adhesion molecule
» Obvious infiltration at 1-3 (ICAM-1) expression due
days to pro-inflammatory cyto-
« Presence decline after 5-10 kines from microglia [44]
days * Secrete
1. pro-inflammatory cyto-
kines (IL-1, IL-8, TNF-at)
[24]
2. Matrix metalloproteinase
Via NFkB translocation
pathway [24]
Monocyte/ In rat [24,37,38] * Attracted by
Macrophage « Monocytes infiltrate after 2-3 1. An array of chemokines
days including CCL-2 and Mac-
* Peak at 7 days and is mor- rophage Inflammatory
phologically indistinguish- Protein [38]
able from microglia after 2. Increased intercellular
differentiation into resident adhesion molecule
macrophages (ICAM-1) expression [38]
« Plateaued after 2-4 weeks * Secrete
1. Variety of pro--
In human [39] inflammatory cytokines
* Monocytes infiltrate and (IL-1, IL-6, TNF-at) [38]
migrate to lesion between 2. Anti-inflammatory cyto-
1-10 days kines at later time point
* Presence in large quantity [45]
after 5-10 days and is mor-
phologically indistinguish-
able from microglia after
differentiation
« Continue to be present in
lesion after a year
Lymphocyte  In rat [24,37,38] + Activated by

* Invasion after 1 week
* Remain in injury sites for
6-10 weeks

In human [39]

« Little extravascular lympho-
cyte presence before 10 days
post injury

1. Loss of suppressive ability
of regulatory T-cells acti-
vates antigen-specific
T-cells.

2. Antigen-specific T-cells
activate B-cells specific for
the same antigens (see
[46] Fig 1)

Secrete

1. T-cells secrete inflamma-
tory cytokines (TNF-o,
IL-12 etc) [38]

2. B-cells proliferate and dif-
ferentiate into
autoantibody-secreting
plasma cells [38]

minocycline has yet to have conclusive evidence in improving clinical
outcome [61,62]. An additional factor to consider in the design of drug
delivery systems is the distinct hydrophilicity differences between the
two neuroprotectants. Specifically, hydrophilic minocycline is more
readily entrapped with high degree of latency within an aqueous carrier
like a hydrogel without hydrophobic domains or a liposomal drug deliv-
ery system. This could provide slow drug release in blood-infiltrated
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Methylprednisolone neuroprotection outcomes

Table 3

Minocyclin neuroprotection outcomes

Effectiveness

MP Dosage

Neuroprotection Outcome

Minocyclin Dosage

Neuroprotection Outcome

Very Effective « T8 transection « At rostral end: 2.4 folds, 2.4 folds
Tissue Protection  injury in rats and 1.46 folds lower tissue loss at 2,
[50] * 30 mg/kg 4 and 8 weeks post-injury respec-

Very Effective
Tissue Protection
[51]

5mins,2 and 4 h
after injury
Intravenous

T8 contusion injury
in rats

30 mg/kg

5 minutes, 2 and 4 h
after injury
Intravenous

tively up to 1 mm from transection
site

+ At caudal end: 2.4 folds, 2.4 folds
and 2 folds lower tissue loss at 2, 4
and 8 weeks post-injury respec-
tively up to 1 mm from transection
site

« 4 folds lower dieback of vestibule

spinal fibres at 2, 4 and 8 weeks

post-injury

1.9 folds reduction in volume of

damaged spinal cord at contused

site after 12 weeks

tissue at contused site after 12
weeks

1.7 folds reduction in volume of lost

1.8 folds increase in volume of tissue
spared at perilesion after 12 weeks

Moderately  Contusion injury « Marginal reduction (19.2% and
Effective between T9 and T11 18.8%) in lesion volumes at 5 and 14
Tissue * 60 mg/kg 5 min days but not 42 days post injury
Protection post injury  Percentage area of tissue sparing at

[54] « Continuous delivery lesion epicenter remained unaltered

5.4 mg/kg/h for 24 h
* Intravenous

Ineffective « T9 incomplete tran- « Improve neither the time course nor
Tissue section injury in the extent of secondary cell death
Protection rats * 34.6% and 59.6% lower neutrophils

[53] * 30 or 60 mg/kg invasion with 30 and 60 mg/kg MP

« Single dose at respectively
20 min after injury  * 67.5% and 72.4% lower macrophages
« Intravenous invasion with 30 and 60 mg/kg MP
respectively

Ineffective * L4 Contusion injury e« Injury increases lactate and reduces
Tissue in cats pyruvate concentration
Protection « Single dose ranging ¢ 30 mg/kg dose reduced lactate con-

[52] from 7.5 mg/kg to centration back to uninjured level.

60 mg/kg
Intravenous

All dosages increased pyruvate con-
centration back to uninjured level.

lesions that are filled with plasma proteins [63]. On the other hand, hy-
drophobic MP may be released rapidly from the same carriers in the
same environment, which is key for successful neuroprotection. Thus,
the scaffold-drug interactions and surrounding environment could be
crucial in achieving the desired rapid release of neuroprotectant.

An interesting alternative to minocycline or other low Mw drugs for
anti-inflammatory response is induced nitric oxide synthase (iNOS) an-
tisense oligodeoxynucleotides (ASOs). iNOS is a key mediator of inflam-
matory response after SCI. ASOs selectively inhibits iNOS to reduce
secondary neuronal cell death by 50% at the rostral end and 44% at the
caudal end after T10 spinal cord contusion injury in rats [67]. However,
the stability of such nucleotides in vivo and how to deliver them into the
cells are major questions to be addressed [68]. While modifications of
naked nucleic acids help improve nucleotide resistance towards nucle-
ases [69], a better way to deliver these molecules may be to encapsulate
them within scaffolds, which protect the nucleic acids from nuclease
degradation in vivo for sustained and localized delivery [70-72].

Apart from minocycline and iNOS, two types of immunotherapy
for anti-inflammatory neuroprotection have also been examined.
During the early years, specific antibodies that selectively neutralize
pro-inflammatory cytokines were employed to generate anti-
inflammatory response and thwart inflammation-triggered secondary
injuries [44,73-77]. More recently, this immunotherapeutic strategy
has evolved in the form of using intravenous immunoglobulin (IVIG)
to attenuate neuroinflammation after SCI [78-80]. In contrast to the
mode of action by specific antibodies, IVIG regulates F(ab’), and F.

Very * 50 mg/kg 1 hour post-- « 2.4 fold higher BBB score by 28
Effective injury, 50 mg/kg 24 hours days
Tissue after « 24% improvement in Inclined
Protection  + 25 mg/kg every 24 hours Plane score by 28 days
[56] for subsequent 5 days * 36% lower lesion area
« Intraperitoneal
« Compression injury at
T3/4 level
Very * 90 mg/kg immediately * 16.7% higher BBB score by 38 days
Effective after injury « 2 fold lower lesion area by 38 days
Tissue » 45 mg/kg at 12 and 24 « 2.3 fold lower number of apoptotic
Protection hours cells 24 hours post-injury
[59] « Intraperitoneal
= Contusion injury at T9/10
Very * 90 mg/kg 1 hour post-- * 30.8% higher BBB score by 28 days
Effective injury « 9.8% improvement in Inclined
Tissue » 45 mg/kg every 12 hours Plane score by 28 days
Protection for 5 days « Significant sparing of white
[57] « Intraperitoneal matter, ventral horn motor
= Contusion injury at T10 neuronsand oligodendrocytes at
perilesional areas
Very * 50 mg/kg 30 min post-- * 39.5% lower apoptotic oligoden-
Effective injury, every 12 hours for drocytes at proximal end by 14
Tissue 2 days days
Protection e« Intraperitoneal * 43% lower lesion area by 14 days
[64] « Dorsal column transection < 7 fold improvement in limb coor-
injury at C7/8 dination index by 14 days
« 4.5 fold improvement in angle of
rotation index by 14 days
Very ¢ 30 mg/kg 30 mins, 1 and  + 2 fold higher BBB score by 28 days
Effective 24 hours post-injury with multiple dose, 1.88 fold
Tissue « Or, single dose of 90 higher BBB score by 28 days with
Protection mg/kg at 30 mins, 1 or 24 single large dose with early
[60] hours post-injury administration provide slightly
« Intraperitoneal better outcome
« Contusion injury at T9 < 2.8 fold lower lesion area after 28
days
« Lower expression of apoptosis
marker
Very * 90 mg/kg immediately/2  + 50% higher BBB score and 16% bet-
Effective hours post-injury ter angle of inclined plane score,
Tissue « 45 mg/kg every 12 hours 43% lower grid error score by 35
Protection for 3 days days when administered
[58] « Concurrent MP adminis- immediately/2 hours post-injury
tration « 2 fold lower TUNEL+ oligoden-
« Intraperitoneal drocytes in vitro
« Contusion injury at T9/10 + 27% more axon at perilesional
areas after 38 days
Ineffective  + 90 mg/kg immediately « No improvement in BBB score
Tissue after injury « No increase in tissue sparing
Protection + 45 mg/kg at 12 and 24 * No decrease in lesion area
[65] hours
« Intraperitoneal
= Contusion injury at T9/10
Ineffective ~ « 90 mg/kg 1 hour post-- « No improvement in horizontal
Tissue injury and every day for 3 ladder test, cylinder rearing test,
Protection days grooming test, staircase test and
[66] * Intraperitoneal sensory test

Contusion injury at C5

« No increase in tissue sparing

receptors on monocytes, plasma cells and dendritic cells, which are cru-
cial for the activation of immune response [81]. As IVIG targets cells that
secrete cytokines instead of the cytokines per se, this method elicits
more potent anti-inflammatory reactions than specific antibodies [78].
Similar to other neuroprotective drugs or nucleic acids, IVIG therapy
could be enhanced by localized delivery. In particular, the drug candi-
date could be chemically conjugated to the drug delivery system or con-
fined by specific antigen-antibody interactions for successful drug
loading [82-84]. Early challenges in antibody conjugations [85] have
largely been overcome in recent years [83,84]. Thus, their controlled de-
livery now represents a promising treatment in other diseases and
should be further explored in the field of neural tissue engineering.
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Although inflammatory response-induced secondary injuries exac-
erbate tissue loss after initial trauma, this reaction is also associated
with at least partial pro-regenerative outcomes [86]. Thus, the sustained
presence of anti-inflammatory factors may not be optimal in SCI treat-
ment. An attenuation of the availability of anti-inflammatory drugs,
coupled with sequential administration of neuroregenerative agents,
may be a better approach for regeneration.

2.2. Biochemical signaling associated with the blockade and advancement
in nerve regeneration

In stark contrast to the extensive cell necrosis and apoptosis that
occur during the degenerative phase, the subsequent phase of injury is
marked by attempts to limit tissue loss and initiate regeneration. Conse-
quently, astroglia scar formation and abortive sprouting by severed
axons are seen in these intermediate and chronic stages of injury,
which lasts from three weeks up to months in both rodents and
human [21,28,29].

2.2.1. Blockade and advancement in nerve regeneration

Myelin debris and astrocytic scars are two key inhibitors of nerve re-
generation. Myelin-associated inhibitors play prominent roles in insti-
gating growth cone collapse and hindering neurite growth (see
review [87]). Although resident and recruited inflammatory cells clean
up these myelin debris, these cells also inevitably activate and promote
the proliferation of astrocytes [22]. The proliferation of astrocytes then
leads to the production of more inhibitory proteoglycans, which bind
to neuronal receptors and inhibit axon outgrowth [88]. Moreover, acti-
vated astrocytes form a scar that surrounds the lesion, which restrict
neurite outgrowth through similar growth inhibitory receptor mecha-
nisms [88]. Altogether, these cells build an inhibitory environment
that blocks nerve regeneration.

However, astrocytic scar in the spinal cord is a double-edge sword.
Scarring is also found to protect the spinal cord from further secondary
injuries, thereby preserving partial function after SCI. Specifically, the
loss of reactive astrocytes exacerbated tissue degeneration, impaired
limb functions, increased inflammation and prevented blood-brain bar-
rier repair [21]. In addition, astrocytic scar appears to be necessary for
stimulated axon regrowth [89]. Thus, a viable alternative is to enhance
the intrinsic neuronal regrowth ability. Although young neurons in the
developmental CNS possess remarkable regenerative capacity, this ca-
pacity is lost in adult CNS neurons [90]. Biomolecules could assist the
adult axons to recapitulate the regenerative capability to grow past
the inhibitory environment after injury.

2.2.2. Biomolecules that modulate blockade and advancement nerve
regeneration

Chemical digestion or neutralization of the axonal growth inhibitory
molecules that are present after SCI could aid neural regeneration. Cor-
respondingly, these approaches often target the inhibitory proteogly-
cans and myelin-associated inhibitors. On the other hand,
regenerative neurotrophins could recapitulate and enhance the intrinsic
neuronal regrowth ability to grow past the inhibitory SCI environment.

2.2.2.1. Targeting Blockade in Nerve Regeneration. Among the four classes
of proteoglycans produced by reactive astrocytes, chondroitin sulphate
was identified to be extremely inhibitory to axon outgrowth. Thus,
chondroitinase ABC (ChABC) is often employed to digest the glycosami-
noglycan chains of this proteoglycan [91]. In combination with other
biomolecules, cell transplantation and nerve grafting, the treatment
could see regeneration and functional recovery after SCI
[10,11,92-97]. Similarly, antibodies that neutralize Nogo-A, which is a
prominent class of myelin-associated inhibitor, were found to promote
nerve regrowth after SCI [98-101]. However, the lack of regeneration in
Nogo-deficient mice suggests that the removal of Nogo alone could not
promote robust regeneration after injury [102]. Furthermore, the

neuron-intrinsic mechanisms of axon regeneration could be of para-
mount importance in regeneration following SCI [103,104].

2.2.2.2. Targeting Nerve Regeneration. Neurotrophins, including
neurotrophin-3 (NT-3), brain-derived neurotrophic factor (BDNF),
basic fibroblast growth factor (bFGF) and nerve growth factor (NGF),
have been widely engaged to boost the intrinsic regenerative mecha-
nism in adult neurons to grow past the inhibitory extracellular environ-
ment after injury (see Table 4).

Among them, NT-3 enables more consistent axon regeneration and
function recovery in both acute [105-107] and chronically injured spi-
nal cords [108]. It was recently used in conjunction with neural stem
cell (NSC) transplantation for robust neurite outgrowth, synapse forma-
tion and functional recovery [103]. Although early studies utilized
genetically-modified fibroblasts to deliver NT-3, it can also be incorpo-
rated and delivered through hydrogel-based or electrospun fiber/hy-
drogel composite scaffolds to promote nerve regeneration
[103,104,107,109-111]. The efficacy of these strategies have recently
been shown in non-human primate [111], providing a viable alternative
to the currently popular cell-based therapy.

Another well-characterized neurotrophin, BDNF, is known to direct
NSC neuronal differentiation and survival while stimulating axonal re-
generation after SCI [112,113]. Increasing the availability of BDNF after
injury enhanced axonal sprouting [114,115] and functional recovery in
contusion or hemisection rodent injury models [116,117]. However,
there are also reports on poor functional outcomes specifically in cervi-
cal level injuries [118,119].

In comparison to NT3 and BDNF, other neurotrophins could be less
efficacious in promoting recovery after SCI. Although NGF and GDNF
could enhance axonal growth and sprouting in both chronically injured
rodents and non-human primates, there is a lack of functional recovery
[120-123]. GDNF-producing Schwann cells transplantation however,
has recently seen some promising outcome [124], indicating the possi-
ble needs of optimizing the delivery methods of neurotrophins.
On the other hand, bFGF exhibited neuroprotective rather than
neuroregenerative responses in contused spinal cords [125].

Altogether, it has been proposed that overcoming the inhibitory SCI
lesion by boosting the regenerative capacity that is intrinsic to CNS neu-
rons with trophic factors is a better neuroregenerative approach [126].
This is because the removal of extracellular inhibitory environment
has thus far, failed to achieve expected robust regeneration. However,
it could also be possible that some inhibitory molecules have yet to be
identified. Thus, identification of more such factors could open new av-
enue to this strategy [90].

2.3. Biochemical signaling associated with remyelination

Axonal sprouting and neurite regrowth after SCI often serve as indi-
cators of regeneration. While equally important, remyelination, how-
ever, is less extensively examined and poorly understood in the field
of SCI. Remyelination restores multilamellar, lipid-rich myelin to
demyelinated axons, which is essential for axonal metabolic support
and conduction of action potential [130,131]. Following mild contusion
injuries, spontaneous remyelination ensues with some degree of long
term remodeling and plasticity [132,133]. However, robust
remyelination is never attained. Similarly, chronically injured axons
were characterized by significantly lower myelin sheath lengths and
higher g-ratios [132]. Crucially, this small degree of spontaneous
remyelination enables only minimal functional recovery [134]. Al-
though further disablement of spontaneous remyelination did not ag-
gravate the small recovery following trauma, it is currently not known
if an enhancement in remyelination to pre-injury levels would permit
better functional outcomes [134]. Thus, detailed remyelination mecha-
nisms following spinal cord trauma has to be thoroughly examined
[135]. Although this information is currently missing, much
remyelination mechanistic insights may still be drawn from studies
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Table 4
Neurotrophin-induced Neuroregenerative Outcomes
Dosage Neuroregenerative effect Reference
BDNF  « 100 or 150 pg/day Intrathecally » More than 3-fold more animal with >15 BBB score in mild contusion injury 15 days post injury [116]
« T9 contusion * More than 6-fold more animal with >10 BBB score in intermediate contusion injury 8 days post injury
« Consistently 3-fold higher BBB score for 28 days in complete transection injury
BDNF -« Genetically-engineered Fibroblast Grafting < Enhanced axonal sprouting [114,118]
* (3/4 Hemisection » 10% increase in frequency of ipsilateral forelimb usage by 4-8 weeks
» 2-fold lower deficit score in horizontal rope-crossing test
* Poor recovery in other functional test
BDNF - Viral vector infusion » BDNF and GDNF group showed 46% and 52% greater number of CST axons crossing midline when [115]
+NT-3 « CST Lesion delivered with NT-3
or
GDNF
+NT-3
BDNF < Genetically-engineered Fibroblast Grafting ~ + More axon infiltration into graft [117]
* (3/4 Hemisection * 41% improvement in BBB score by 12 weeks
* 3.6-fold improvement in forelimb function by 12 weeks
BDNF < Genetically-engineered Fibroblast Grafting < 1.8-fold more axonal infiltration into lesion after 10 weeks than control graft [127]
« Contusion injury T8 + 2-fold more area with myelin-ensheath axon after 10 weeks than control graft
 5-fold more proliferating OPC after 10 weeks than control graft
BDNF/ < Intramedullary Infusion * Only BDNF showed 25% improvement in inclined plane test [128]
NGF/ « More preserved axons and smaller cavitation in BDNF treatment group
NT3
BDNF/ -« Genetically-engineered Fibroblast Grafting 6 « 23-fold higher axon length infiltrated into BDNF-+NT-3 graft [129]
NT-3 weeks post-injury » Poor recovery on motor task, limited recover on sensorimotor task [119]
» 188 ng/24 hr of BDNF and 95.4 ng/24 hr of
NT-3
* (3/4 hemisection
NT-3 * Genetically-engineered Fibroblast Grafting  * 2-fold more axonal infiltration into lesion after 10 weeks than control graft [127]
« Contusion injury T8 + 2.5-fold more area with myelin-ensheath axon after 10 weeks than control graft
 5-fold more proliferating OPC after 10 weeks than control graft
NT-3 * 1 pg/ul intrathecal « Higher number of CST axon sprouting 2-3 weeks after injury [105]
« Lower T level transection
NT-3 * Genetically-engineered Fibroblast Grafting  « 4.3-fold better functional recovery at 1 month, 2.2-fold at 3 month post injury. [106]
« T7 hemisection « 2.2-fold more CST axonal sprouting at lesion, 4 fold at up to 8 mm distal.
NT-3 + 0.1 pg/ul in collagen * 3.1-fold higher CST axonal growth into collagen matrix [107]
« T9 transection « 2-fold better functional recovery starting from 2 weeks post injury
NT-3 « Genetically-engineered Fibroblast Grafting 3 < 14% improvement in BBB score 3 months post transplantation and 6 months post injury [108]
months post-injury « Up to 3-fold more axonal crossing close to lesion site
« T7 hemisection
NT-3 « Chitosan matrices » Robust de novo axonal regeneration [111]
« T8 laminectomy « Somatosensory evoked potential, motor evoked potential, magnetic resonance imaging and
kinematics-based analyses revealed sensory and motor recovery
NGF « Genetically-engineered Fibroblast Grafting < 9-fold higher sensory neurite and 5.7-fold higher dopaminergic and noradrenergic neurites penetra- [120]
« T7 laminectomy tion into NGF-secreting grafts
NGF * Genetically-engineered Fibroblast Grafting 1 + More robust penetration of chronically injured axons into grafts [121]
to 3 months post-injury  Penetrated axons are mostly dopaminergic and noradrenergic in nature
* 13.3 ng/g tissue « Little serotonergic or CST axons penetrated into grafts
« T7 laminectomy
NGF  Genetically-engineered Fibroblast Grafting < 26-fold higher sensory axon penetration into NGF-secreting grafts [122]
« T8 dorsal laminectomy * 14-fold higher dopaminergic and noradrenergic axon penetration into NGF-secreting grafts
« Non-human Primate
bFGF/ < Infusion » Only bFGF reduced total zone of injury by 33% and zone of partial preservation by 32% [125]
CNTF/  « Contusion injury T10
NGF
GDNF  + Genetically-engineered Fibroblast Grafting < 13-fold higher dorsal column sensory axon growth into GDNF-secreting cell grafts [123]
* 53.9,46.4, 35.5 ng/g tissue at 2,4 and 12  16-fold higher brainstem and propriospinal axons regeneration
weeks respectively « Up to 3-fold higher local motor and sensory axon penetration into cell grafts
« T7 hemisection or transection » No pro-regenerative effect with corticospinal axons
GDNF -« Genetically-engineered Schwann Cell Graft < 1.6-fold more regeneration axons [124]

4.4,5.8 ng at 24 and 72 h respectively
T9 transection

8-fold higher number of neurons with projected axons
2-fold and 1.6-fold higher BBB score at 3 weeks and 4 weeks respectively

dealing with other CNS demyelinating diseases. Specifically, toxins-
induced [136,137] and virus-infected demyelination models [138] of-
fered clues on the sequence and mechanism of events following demy-
elination, which could be extended to other injury models.

2.3.1. OPC repopulation, differentiation and remyelination

Successful remyelination requires the seamless transition from re-
population of demyelinated lesions by the oligodendrocyte precursor
cells (OPCs), to the differentiation of these cells into mature oligoden-
drocytes, and finally the restoration of myelin cytoarchitecture on

axons [23] as summarized in Table 5. Successfully remyelinated spinal
cords in lipopolysaccharides (LPS) or ethidium bromide (EtBr) models
have found OPCs predominantly around the lesions at 2 days post LPS
and EtBr injection and subsequently, within the lesions after 7 days.
This is followed by onset of differentiation, maturation and
remyelination by 14 days [139,140]. Unfortunately, remyelination
often fails in SCI due to the dysregulation in one or more stages of nec-
essary activities. Thus, regenerative biomolecules could be necessary in
SCI to enhance OPC repopulation for remyelination, especially in chronic
injuries [141,142].
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Table 5
OPC remyelination timeline and signals

Timeline

Biochemical signals

OPC Activation In demyelinating diseases model

« Activated rapidly [23]

In SCI
« Activated rapidly in response to trauma [143]

OPC Proliferation In demyelinating diseases model

« Increased proliferation following activation
« Abnormally quiescent Ki67~ OPC in chronic lesions [142]

In SCI

« Elevated proliferation following activation and remain ele-
vated for at least 4 weeks [146]

 Attenuated in chronic injury [146,147], similar to chronic
demyelinating disease.

OPC Migration In demyelinating diseases model

« Peak at 5 days post lesion [151]
« Extensive in acute active lesions but attenuated in chronic
plaques [152]

In SCI

< Astrocytic scar impede migration into injury sites [153]

OPC Differentiation
and Remyelination

In demyelinating diseases model

« Onset of differentiation after 7 days and remyelination after
14 days [154]

« In virus infection model, active remyelination is delayed to 4
weeks due to delay in OPC repopulation [156,157]

In SCI

» Upregulation of inhibitor signals impede OPC differentiation
and remyelination [158]

Pro-inflammatory cytokines (TNF-ct, TGF-1, IL-1, IFN-v) [131,143,144]

o Secreted by resident microglia or circulating macrophages

o OPC exhibit enlarged cell bodies, hypertrophic process and alteration in wide
range of genotypes

Astrocytes activated by microglia further amplify OPC activation response, but

precise mechanism not known [145]

PDGFRax [148,149]

1. Knocking out receptor and ligand PDGF expression impede proliferation after
demyelination

p27Kip-1[150]

1. Fine-tune OPC responsiveness to mitogens, including PDGF signaling

Differentiation regulators (Eg: NOTCH, WNT) [131]

1. Transition to cell cycle exit promote differentiation and attenuate proliferation

2. Precise transition mechanism is not known

Sox 2 [151]

1. Genetic ablation of Sox2 reduce OPC migration to lesion

Nkx2.2 [154]

1. Expression coincide with OPC migration from perilesional areas to lesion epi-
center

Semophorins [155]

1. OPC express Sema3A and Sema3F receptors, while microglia and astrocytes
upregulate semophorins to guide OPC migration into active lesions

Chemokines (CCL2, IL-1(3) [152]

1. Overexpression of CCL2 promote OPC migration into lesion

PDGFRa

1. Inhibitory to OPC differentiation and final stages of myelin sheath formation
during remyelination [159]

2. Nkx2.2 binds to PDGFRa promoter to suppress its expression during
remyelination [160]

NOTCH

1. Re-establishment of developmental contact-mediated NOTCH inhibits OPC
maturation [161]

2. Jagged1 from reactive astrocytes binds to NOTCH1 from immature OL to induce
Hes5 expression, which blocks other helix-loop-helix factors [162]

LINGO1

1. Most crucial contributor of inhibitory environment [163-165]

2. Reduces gelsolin expression to reduce the motility of actin microfilaments that
is essential for OPC differentiation [165]

2.3.2. Biomolecules that modulate remyelination

Rationally, we may promote remyelination after SCI by delivering
biomolecules to promote OPC repopulation, and subsequently, OPC dif-
ferentiation. Two plausible methods to promote OPC repopulation in-
clude 1) Increasing the availability of OPCs in chronic injuries by
sustaining the proliferation of OPCs that is often seen in acute injuries,
while keeping them viable; and 2) Inducing OPC migration across the
glia scar. Following OPC migration, biomolecules could be delivered to
promote OPC differentiation for remyelination. It is worth noting that
OPC proliferation and differentiation are mutually exclusive [131].
Hence, factors that promote proliferation (Eg PDGF) are almost always
inhibitory in nature to differentiation. Thus, temporal control of drug re-
lease may be crucial in remyelination.

2.3.3. Targeting OPC repopulation

The first approach to promote OPC repopulation of injury site is
through enhancing OPC proliferation with mitogens. Five OPC mitogens
have been identified, namely, PDGF, bFGF, insulin-like growth factor
(IGF-1), type II neuregulin-1 (NRG1) and epidermal growth factor
(EGF). Among them, PDGF is the most potent OPC mitogen and was in-
vestigated for its efficacy in promoting OPC proliferation and survival in
demyelinating models. In particular, transgenic mice with higher PDGF
expression have significantly enhanced remyelination in chronic demy-
elinating lesions [166]. In these mice, higher PDGF expression induced
2.7-fold higher number of OPCs and 7.5-fold more proliferating OPCs
in acute cuprizone-induced lesions after 6 weeks of toxin ingestion.
These were translated to 1.5-fold more matured OL and significantly

more remyelinated axons in the chronic lesions after 18 weeks [166].
In addition, PDGF also acts as a survival factor to protect OPCs from ap-
optosis. Specifically, enhancing PDGF expression in the same transgenic
mice resulted in 2-fold lower apoptotic OPCs in comparison with wild
type mice. This suggests that upregulating mitogen PDGF expression
can increase OPC availability to repopulate chronic lesions for
remyelination [166].

Other OPC mitogens have reported drawbacks that could limit their
potential in remyelination therapy: For instance, bFGF was reported to
have no impact on OPC proliferation following cuprizone-induced le-
sions. On the contrary, its absence increases the availability of mature
OL by promoting OPC differentiation [167]; Another mitogen, IGF-1, ap-
peared less potent than PDGF in preventing OPCs apoptosis in culture
and in developing optic nerves [168,169]; NRG1 acts on only more ma-
tured 04 pre-oligodendrocyte instead of OPCs [170]. Although EGF
was recently shown to be as potent as PDGF in enhancing OPC renewal
and survival [171], more extensive in vivo studies are needed to verify
these findings. Thus, to date, PDGF may be the most promising candi-
date for increasing the availability of OPCs for remyelination and should
be experimented in an SCI model.

The second approach to promote OPC repopulation of injury sites is
through inducing OPC migration. The most rational way to induce this
migration may be to digest or block the synthesis of proteoglycans,
CSPGs, as it is a major component of astrocytic scars [153,172]. Specifi-
cally, digesting CSPGs with 20 mU ChABC enzyme led to more migration
of OPCs into a contused spinal cord lesion [153]. On the other hand,
blocking the synthesis of CSPG with 50 mg/kg fluorosamine
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significantly enhanced remyelination in LPS-induced lesion [172]. How-
ever, ChABC treatment is not shown to have enhanced remyelination
after treatment, while fluorosamine-induced remyelination was associ-
ated with OPC maturation rather than migration [172].

Apart from being both a mitogenic and a survival factor, PDGF could
induce the chemotaxis of OPCs in vitro [173]. However, this PDGF-
mediated mechanism is highly dependent on the expression of poly si-
alic acid-neural cell adhesion molecule (PSA-NCAM) [173]. Although
PSA-NCAM expression is highly upregulated in OPCs during early demy-
elination in demyelinating lesions, and ceases only when remyelination
is completed in the spinal cord [151,174,175], it is not known if the same
occurs after traumatic injuries. If so, PDGF may potentially serve as a mi-
togenic, survival and pro-migratory factor to increase OPC availability
and recruitment, to repopulate the injury site for subsequent
remyelination.

2.3.3.1. Targeting OPC differentiation and remyelination. Overwhelming
evidences have shown that remyelination failure is largely associated
with OPCs failing to differentiate into myelinating OLs [23]. Such could
be due to the presence of an inhibitory environment in the injury
sites, the lack of neurotrophic support and/or biochemical cues [176].
Hence, delivering exogenous factors to promote OPC differentiation is
vital to successful remyelination, as shown in demyelinating disease
models. Many drugs/genes target NOTCH or LINGO1 signaling pathways
due to their crucial roles in constructing the inhibitory environment.

2.3.3.2. NOTCH-specific inhibitor. Delivering <y-secretase inhibitor
(MW167) to block pathological NOTCH and Jagged1 expressions was
attempted in order to remyelinate the CNS [177]. Intraventricular injec-
tion of 1 mM MW167 completely abolished the generation of the intra-
cellular domain of Notch in OLs from murine brains and spinal cords.
More importantly, suppressing NOTCH expression was instrumental in
giving more remyelinated axons in an EAE demyelination model after
11 days [177]. However, this strategy was effective only if NOTCH was
knocked out early in the OPC lineage [178,179]. Specifically, ablating
NOTCH from Olig1™ OPCs and OL lineage cells in Cre-LoxP mice pro-
moted OPC differentiation during CNS remyelination [179]. However,
eliminating NOTCH from PLP™ matured OL in Cre-LoxP recombinant
mice had no pro-remyelination effect in a toxin-induced demyelination
model [178]. Together, these results suggest that NOTCH expression in
OL early progenitors has important implications in their remyelination
capability during the matured phase.

2.3.3.3. LINGO1-specific inhibitor. LINGO-1 has profound impact
on the early differentiation of OPCs [165], at a greater extent than
NOTCH signaling. In particular, 10 pg/ml of anti-LINGO-1 antibody,
which is a LINGO-1 antagonist, dramatically increased OPC and pre-OL
differentiation into OLs by 40-fold and 10-fold respectively in an axonal
co-culture [164]. Anti-LINGO-1 antibody also significantly promoted
remyelination in MOG-induced autoimmune and toxin-induced demy-
elinating models [163,164]. Most excitingly, this treatment has demon-
strated moderate success in phase 1 and phase 2 clinical trials [180,181].
Thus, LINGO is arguably the single most important target in
remyelination therapy.

2.3.3.4. MicroRNAs. MicroRNAs (miR) is a class of small non-coding RNAs
with novel remyelination potential due to their ability to regulate mul-
tiple mRNA expressions [182]. OPC differentiation is regulated by the in-
hibitory PDGFRa [159], NOTCH [161] and LINGO [163] signaling
pathways independently (Table 5). Correspondingly, antagonizing a
specific pathway may have limited efficacy due to the presence of the
other remaining inhibitory signals. Thus, new therapeutics, such as
miRs, that could interfere with multiple inhibitory signals are highly
valuable [183]. In particular, miR-219 and miR-338 are key regulators
for OPC differentiation, myelination and remyelination by targeting
the inhibitory pathways [184,185].

For instance, Hes5 is a critical downstream effector of NOTCH signal-
ing that inhibits OPC differentiation. miR-219 and miR-338 suppress
Hes5 expression in this NOTCH pathway to promote OPC maturation.
In particular, 50 nM of miR-219 and miR-338 mimics downregulated
Hes5 gene expression by 10-fold while 25 nM of LNA that inhibits
miR-219 and miR-338 expression resulted in 2-fold higher Hes5 expres-
sion and 4-fold lower number of MBP* OLs in vitro [184]. Viral vector-
induced miR-219 and miR-338 overexpression accelerated OL matura-
tion in the development of chick neural tube and mouse cortex. Con-
versely, the inhibition of miR-219 and miR-338 with antisense LNA
blocked OL differentiation in zebra fish [ 184]. Similarly, the combinatory
miR-219/miR-338 treatment suppressed PDGFRa expression in rodents
OPCs [186]. Furthermore, miR-219 directly inhibited LINGO-1 transcrip-
tion and the expressions of OPC differentiation transcriptional regula-
tors (Nfia, Nfib, Etv5) to promote OPC differentiation and
remyelination in an LPS-induced demyelination model and functional
recovery in EAE mice [185].

Notably, being much smaller in size than proteins, miRs offer better
biodistribution when released from small drug carriers [63]. Also, miRs
are very hydrophilic and are readily entrapped within aqueous carriers
for delayed delivery in plasma rich environments. This is crucial as OPC
differentiation should occur late in remyelination. Moreover, scaffold-
mediated delivery of miR synergized topographical and biochemical
cues to promote OL differentiation in vitro [186]. This makes miR-
mediated therapeutic strategy particularly attractive in SCI treatment
as the scaffold can serve multiple purpose of bridging the transected in-
jury, providing localized delivery of therapeutics and promoting OPC
differentiation [187] and remyelination [188].

2.34. Differences between SCI and demyelinating diseases in remyelination

Therapeutic strategies targeting demyelinating diseases appear
promising. However, these strategies could be ineffectual in SCI due to
the distinct differences in the pathophysiology of SCI and demyelinating
diseases. An example is in promoting inflammatory responses in
chronic inactive demyelinating lesions. Chronic inactive plaques from
demyelinating CNS is characterized by minimal inflammation and mac-
rophage infiltration, and is correlated with the absence of active
remyelination [189,190]. However, inflammatory response after SCI is
fundamentally different from autoimmune inflammatory diseases. Spe-
cifically, neutrophils and macrophages continue to persist in SCI sites
even in chronic injuries [191]. Thus, further inducing inflammatory re-
sponse may not help with remyelination of trauma-induced injuries.

Other factors that are regulated differently between demyelinating
diseases and SCI include cell fate-determining Wnt signaling. Wnt sig-
naling was identified to regulate many stages of OPC development in re-
cent decade, mainly during developmental myelination and
remyelination following demyelinating diseases [192-194]. In SCI how-
ever, Wnt signaling pathway is only known to regulate axonal regener-
ation [195]. Last but not least, genetic fate mapping revealed that the
limited spontaneous remyelination following traumatic injuries are at-
tributed in part by Schwann cells [131,196], which is not seen in demy-
elinating diseases. However, it is not known if this contributes to
functional differences. Thus, one should be cautious in translating ther-
apeutics from demyelinating diseases to SCI.

3. Sequential delivery timeline and systems for temporal drug/gene
delivery

Considering aforementioned biochemical signaling pathways for
nerve regeneration and remyelination, we propose a general timeline
of treatment and design of sequential drug delivery system (DDS) for
SCI, as illustrated in Fig. 1. Specifically, immediate neuroprotection fol-
lowing SCI is imperative as seen by the temporal needs during the
early phase of SCI [61,197]. Similarly, anti-inflammatory treatment
should be administered rapidly following injury. However, the pro-
regenerative effects associated with inflammatory response means
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Fig. 1. Sequential events and delivery timeline following spinal cord injury

that these neuroprotective treatments should attenuate before the next
phase of injury. Moreover, a localized delivery of anti-inflammatory
drugs could reduce the dosage level that is required for effective neuro-
protection and reduces the associated side effects [48].

After 24 to 48 hours of neuroprotection, the delivery of regenerative
biomolecules for nerve regrowth should ensue. A cocktail of neuro-
trophic growth factors and OPC mitogen could support axonal regener-
ation and myelination of regenerated axons [103,104]. Temporal control
is particularly important in this next phrase of remyelination. In partic-
ular, it is important to ensure that OPC mitogenic effect is waned when
OPC differentiation and myelination begins. Future work should ascer-
tain the time point for the transition between promoting OPC repopula-
tion of lesions and OPC maturation and myelination. Moreover,
Anderson et al. showed that preventing astrocytic scar formation or ab-
lation of chronic scar did not enhance axon regrowth [89], in stark con-
trast with earlier works on chABC treatment. Thus, future work should
also ascertain the need of chABC treatment.

3.1. Sequential delivery profiles
To ensure that the effect of aforementioned drugs and genes are act-

ing on the targets in a timely manner, it is important to determine how
the molecules are released from their carriers. A typical release profile of

Sequential Release Profile 1

-o- Molecule A

Toxic Level -= Molecule B

Therapeutic Window

Minimum Effective Concentration

Cumulative Release
L

Time Point

a biomolecule that is delivered by a scaffold has a burst release followed
by a decay curve. The simplest form of sequential release is to have two
such release profiles, with molecule B delivered in a lower quantity than
molecule A (Fig. 2, Profile 1 [18,198]). In this profile, the concentration
of molecule B is expected to cross the minimal effective drug concentra-
tion of the therapeutic window later than the first molecule (molecule
A). While it may not exactly be “sequential” as both biomolecules start
their release simultaneously, cellular targets will experience a therapeu-
tically effective dosage of molecule A before B.

A more intuitive sequential delivery release profile is one with im-
mediate release of the first molecule and a delayed release of the second
molecule (Fig. 2, Profile 2 [199,200]). This pattern of delivery may be
more suitable for applications with antagonistic effects between early
and late stage molecules. For instance, to remyelinate the spinal cord,
PDGF acts through PDGFRa signaling to promote OPC proliferation.
However, miR-219 represses PDGFRa expression in a positive feedback
loop [201]. Therefore, the design of the carrier and where the scaffold is
going to be implanted are crucial to realize profile 2-like release to avoid
the antagonism of factors.

Despite the advancement in sequential delivery in many fields of re-
generative medicine and drug/gene delivery, as summarized in Table 6,
we have yet to see similar attempts in CNS regeneration therapies. Such
attempts are complicated by our incomplete understanding of the

Sequential Release Profile 2
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Fig. 2. Probable release profiles of sequential delivery systems.



Table 6
Sequentially delivered molecules

1. Low Molecular Weight (Mw) Drugs (< 500 Da), High Molecular Weight (Mw) Drugs (> 500Da)* Growth Factors, Genetic Material, Cytokine, lon
2. Hydrophilic vs Hydrophobic
*classified based on rule of 5, a drug with Mw >500 Da may not cross biological barriers in pharmacologically significant amounts and have reduced absorption [202]

Type of Type of Drug and release Type of carrier Hydrophilicity Reported Actual (A) Encapsulation In Vitro In Vivo Outcome Reference
sequential molecule sequence (B) Loading and (C) Release Outcome of of Sequential
delivery Efficiency Sequential Release relative to
Release relative vehicle/plain
to vehicle/plain control
control
Low and High Low Mw Drug ~ CA4 Coated Micro/nanoparticle Hydrophobic ~ (A) 82% for PTX 52% for CA4 1.5 fold increase in - [203]
Mw Drug in (B) - endothelial cells
Cancer Hydrophobic ~ (C) More than 50% burst release of CA4 and 25% of elimination after 42 hours
Therapy High Mw Drug  PTX PTX in first 24 hours. 80% PTX and 60% CA4 1.5 fold increase in breast
accumulated release after 336 hours tumor cells elimination
after 42 hours
Low Mw Drug CA4 Core-Shell Hydrophobic  (A) - - 3 fold decrease in lung tumor [204]
Micro/nanoparticle (B) 27.2% for PTX and 20.7% for CA4* volume after 10 days
Hydrophobic  (C) 63% CA4 and 40% PTX burst release in the first 2 fold decrease in lung tumor
High Mw Drug  PTX 24 hours. Around 80% CA4 and 70% PTX proliferation
accumulated released over 144 hours 1.83 fold increase in lung tumor
apoptosis

*Did not mention how the values were obtained

Low Mw Drug CA4 Core-Shell Nanofiber Hydrophobic ~ (A) Generally >90% for both drugs 24 fold decrease in
(B) 5% for both drugs endothelial cells viability
Hydrophobic  (C) 90% CA4 release within 3 days and 100% after 7 days
Low Mw Drug HCPT release within 10 days. 40% to 60% HCPT release 12.5 fold decrease in breast
after 5 days, 50% to 80% accumulated release after tumor cells viability after 7
30 days days
Low Mw Drug CA4 Coated Micro/nanoparticle Hydrophobic  (A) - 2.5 fold increase in
(B) - endothelial cell elimination
Hydrophilic (C) Burst release of close to 700 pg CA4 within 30  after 12 hours, 5.5 fold
High Mw Drug  DOX hours but less than 2 pug Dox release in the first 30 increase after 30 hours.
hours 3 fold increase in

melanoma cell elimination
after 30 hours.

3 fold increase in animal survival
rate after 20 days

10 fold increase in
neovasculature inhibition after 7
days

No significant tumor metastasis
and liver cell death

2 fold decrease in breast cancer ~ [205]
tumor volume after 10 days and
30 days

3.6 fold decease in breast tumor
proliferation after 21 days

7 fold increase in breast tumor
apoptosis after 21 days

2.5 fold increase in animal
survival rate after 20 days

3 fold decrease in vascular
density after 7 days, 4 fold after
21 days

6 fold decrease in metastatic
colonies after 21 days

2.86 fold decrease in lung tumor  [206]
volume after 10 days, 10 fold
decrease at 17 days.

16 fold decrease in melanoma
tumor volume after 10 days, 100
fold after 17 days

5.75 fold increase in tumor
apoptosis.

3 fold decrease in vascular
density

8¢
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High Mw Drug

Low Mw Drug

High Mw Drug

High Mw Drug

High Mw Drug

Low Mw Drug

High Mw Drug

Low Mw Drug

Small Molecule

High Mw Drug

Low Mw Drug

High Mw Drug

Low Mw Drug

Steroid (Low
Mw)

DOX

CA4

Suramin

PTX

DOX

CPT

DOX

Curcumin

LY294002

DOX

EGCG

PTX

Tamoxifen

Diosgenin

Core-Shell
Micro/nanoparticle

Core-Shell
Micro/nanoparticle

Core-Shell
Micro/nanoparticle

Core-Shell
Micro/nanoparticle

Micro/nanoparticle

Core-Shell
Micro/nanoparticle

Multi-layer
Micro/nanoparticle

Hydrophilic

Hydrophobic

Hydrophilic

Hydrophobic

Hydrophilic

Hydrophobic

Hydrophilic

Hydrophobic

Hydrophobic

Hydrophilic

Amphiphilic

Hydrophobic

Hydrophobic

Hydrophobic

(A) More than 90% for both drugs

(B) -

(C) At pH 7.4, 30% Dox and 15% CA4 release
within first two hours, with 70% Dox and 40% CA4
accumulated release. In acidic environment, initial
burst of CA4 reduced to 10% and accumulated
release reduced to less than 30%

(A) 80% for Paclitaxel and 50% for Suramin

(B) -

(C) 70% Suramin burst release within first 3 days
and completed release after 30 days. PTX has 20%
burst release with only 60% release after 30 days

(A) 87% for CPT and 45% for DOX

(B) -

(C) Less than 20% Dox release and almost no CPT
release at pH7.4.In acidic environment, more than
80% release of Dox and 50% of CPT within first 4
hours

(A) 90% for curcumin and 20% for Dox

(B) -

(C) 58% Dox release in 6 hours and more than 75%
accumulated release after 2 days. Less than 5%
curcumin burst release in 6 hours and more than
70% accumulated release after 1 week

(A) 53.2% for LY, DOX is chemically conjugated
(B) 5.7% for LY

(C) 40% LY and 15% Dox burst release in 10 hours.
More than 70% DOX and 80% LY accumulated
release after 100 hours

(A)96% for Paclitaxel and 77% in the EGCG

(B) -

(C) Close to 20% EGCG burst release in an hour
and 0% Ptx released in the same period. 80% EGCG
and less than 40% Ptx accumulated release by 72
hours.

(A) 69% for Tamoxifen and 85% for diosgenin
(B) -

(C) Close to 30% Tamoxifen and negligible
diosgenin release in the first 10 hours. Similar
kinetic but delay in diosgenin release, with both
have 90% accumulated release

2 fold, 2.5 fold and 4 fold
decrease in endothelial cell
viability at 24, 48 and 72
hours

2 fold, 3.33 fold and 2.5
fold decrease melanoma
cell viability at 24, 48 and
72 hours

1.11 fold decrease in
glioma cells viability after
1,2 and 3 days

2 fold, 3.13 fold, 3.53 fold
increase in glioma cells
apoptosis after 3,6 and 9
days

3.33 and 2.35 fold decrease
in breast tumor and drug
resistant breast tumor
viability after 24 hours
274 and 18 fold increase in
breast tumor and drug
resistant breast tumor
apoptosis after 24 hours
1.5 and 4 fold decrease in
concentration of drug
needed to achieve 50%
inhibition of tumor growth
than DOX and curcumin
only

1.13, 1.34 and 2.85 fold
decrease in oral squamous
tumor CAL-27 viability
after 12, 24 and 48 hours
(relative to DOX only
control)

1.13, 1.25 and 2.25 fold
decrease in oral squamous
tumor HN-6 viability after
12, 24 and 48 hours
(relative to DOX only
control)

11.9 and 19.3 fold increase
in CAL-27 and HN-6
apoptosis after 48 hours
3.33 fold decrease in breast
tumor cell viability after 48
hours

12 fold increase in breast
tumor cell apoptosis
(relative to PTX only
control)

Up to 4 fold decrease in
breast tumor growth at
optimal combinatory
dosage after 48 hours

- [207]
Significant decrease in BLI signal  [208,209]
strength

Fewer glioma tumor cells

Inhibition of tumor proliferation

- [210]

- [211]

- [212]

- [213,214]

5 fold decrease in breast tumor  [215]
volume after 10 days, 17.5 fold
decrease after 21 days

(continued on next page)
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Table 6 (continued)

Type of Type of Drug and release Type of carrier Hydrophilicity Reported Actual (A) Encapsulation In Vitro In Vivo Outcome Reference
sequential molecule sequence (B) Loading and (C) Release Outcome of of Sequential
delivery Efficiency Sequential Release relative to
Release relative vehicle/plain
to vehicle/plain control
control
Low Mw Drug  Cisplatin Chemical Compound Amphiphilic ~ (A) - 1.63 fold decrease in - [216]
(B) - hepatic carcinoma cell
Low Mw Drug Norcantharidin Hydrophobic  (C) 65% Cis and 15% NCTD burst release within viability in dual drug
first 5 hours. Less than 60% NCTD and more than  loaded carrier group than
90% Cis release after 96 hours in acidic cisplatin only control
environment.
Low Mw Drug ~ Temozolomide Multi-layer Hydrogel Amphiphilic  (A) - - - [217]
(B) -
High Mw Drug  Daunorubicin Amphiphilic (C) Peak elution of TMZ on 20" hour, with peak
elution of DNR on 60" hour
Low and High Low Mw Drug  Indomethacin Multi-layer Array Hydrophobic  (A) - - [218]
Mw Drug in (B) 15.8% for Indomethacin and Itraconazole,
Bone and High Mw Drug  Itraconazole Hydrophobic  12.3% gentamicin
Cartilage (C) About 2 mg of rapid Indomethacin and
Regeneration Low Mw Drug  Gentamicin Hydrophilic Itraconazole release for 2-5 days dependent on
the composition of carriers. Gentamicin release
only after day 5 and complete 7.5 mg release after
day 9.
Low and High Low Mw Drug Metronidazole Multi-layer Film Amphiphilic (A) - - - [219]
Mw Drug in (B) -
Periodontal Low Mw Drug  Ketoprofen Hydrophobic ~ (C) Peak release of Met, Keto, Doxy and Sim at the
Tissue 10, 38, 74™ and 103 hour respectively
Engineering Low Mw Drug Doxycycline Hydrophobic
Low Mw Drug  Simvastatin Hydrophobic
Low Mw Drug ~ Metronidazole Multi-layer Scaffold Amphiphilic ~ (A) 96.5% for both - - [220]
(B) -
Low Mw Drug Ketoprofen Hydrophobic ~ (C) Linear release of 95% metronidazole in 9 days
compare to just over 60% for ketoprofen.
Ketoprofen release more than 80% after 11 days.
Low Mw Drug Doxycycline Multi-layer Scaffold Hydrophobic  (A) 96.5% for both - - [220]
(B) -
Low Mw Drug  Simvastatin Hydrophobic  (C) More rapid release of more than 60% of Doxy
by day 7 compare to 40% of Simvastatin. Both have
almost 100% accumulated release after 13 days.
Low Mw Drug ~ Metronidazole Core-Shell Scaffold Amphiphilic  (A) - - - [200]
(B) 2% for simvastatin
Low Mw Drug Simvastatin Hydrophobic  (C) 55% to 65% of metronidazole release in first 4
days and slow 4% to 6.7% release per day
thereafter. Simvastatin only started to release
after 12 days
Low and High Low Mw Drug Acetylsalicylic Acid ~ Multi-layer Nanofiber Hydrophilic (A) - 8.5 fold, 13 fold, and 22 Vasodilation in response to Ach ~ [221]
Mw Drug in (B) - fold decrease in platelet
Vascular High Mw Drug  Paclitaxel Hydrophobic ~ (C) More than 55% ASA burst release in 6 days. adhesion at day 3,7 and 14. Absence of thrombus and intimal
Tissue 100% accumulated ASA release by 40 days. More hyperplasia
Engineering sustained and slow release of 10% PTX by 18 days, 1.3 fold increase in HUVEC

30% by 23 days and more than 50% by 60 days.

proliferation after 3 days

1.82 fold, 1.82 fold and 1.54

fold decrease in SMC

proliferation at day 14, 28

and 56.

2 fold increase in number of
contractile phenotype SMC

0€
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Low and High Low Mw Drug Lidocaine Graphene Hydrophilic (A) - 2.3 fold and 3.5 fold 2.33 fold and 2.67 fold increase in [222]

Mw Drug in (B) 55% for LDC and 120% for THD decrease in TNF-a pain threshold through
Neuropathic ~ Low Mw Drug Thalidomide Hydrophobic  (C) About 90% of THD retained after 72 hours expression after 12 and 24  mechanical allodynia at week 2
Pain while only about 55% to 70% of LDC retained after hours and 4

the same period.
2.4 fold increase in pain
threshold through hyperalgesic
response

2 and 3.5 fold decrease in TNF-o
expression after 2 and 4 weeks

1.6 fold decrease in nitrite level
after 4 weeks

Growth Factors ~ Growth Factor ~ bFGF Hydrogel Hydrophilic (A) - - 1.8 fold lower new bone [198]
in Bone and (B) - formation after 4 weeks
Cartilage (C) Over 70% of bFGF release as opposed to 37% of
Regeneration Hydrophilic BMP-2 release after 4 weeks of incubation.
Growth Factor ~ BMP-2
Growth Factor ~ bFGF Micro/nanofiber in Hydrogel — Hydrophilic (A) - 2 fold lower MSC - [223]
(B) - proliferation at day 14 and

(C) High initial burst release of bFGF at 82.6% and 21
Hydrophilic lower initial burst of 42.3% by BMP-2. No

Growth Factor ~ BMP-2 significant bFGF detected thereafter. 86.4% of 2.25 fold and 1.75 fold
BMP-2 release by D7. higher MSC osteoblastic
differentiation at day 14
and 21

9 fold higher MSC calcium
deposition after 21 days

Growth Factor ~ bFGF Core-Shell Hydrophilic (A) 50% for FGF-2 and 70% for BMP-2 17 fold higher MSC - [224]
Micro/nanoparticle (B) - osteoblastic differentiation
(C) 95% release of FGF-2 in the first week after 4 weeks
Hydrophilic compare to less than 10% of BMP-2
Growth Factor ~ BMP-2 32 fold higher MSC calcium
deposition after 4 weeks
Growth Factor ~ bFGF Micro/ nanofiber in Hydrogel ~Hydrophilic (A) - - - [225]

(C) 50% and 70% bFGF release after 4 and 14 days
Hydrophilic respectively while about 40% and 50% of BMP-2
Growth Factor ~ BMP-2 release in the same period. Alternatively, it can be
tune to release 50% and 65% of BMP-2 after 4 and
14 days respectively with about 20% and 25% of
bFGF release in the same period.

Growth Factor ~ VEGF Core-Shell Hydrophilic (A) - - 1.67 fold, 1.78 fold and 2.33 fold  [19]
Micro/nanoparticle (B) - higher bone volume after 2, 4
(C) Burst release of 35% of VEGF within first day and 8 weeks.
Hydrophilic with more than 80% accumulated release. Less
Growth Factor ~ BMP-2 than 5% burst release of BMP-2 within first day 4 fold or more vascular section
with about 70% accumulated release after 2, 4 and 8 weeks

More advanced formation of new
bone, higher activity of blood
vessel in-growth, increase bone
matrix deposition and
maturation of active
bone-forming sites

(continued on next page)
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Table 6 (continued)

[43

Type of Type of Drug and release Type of carrier Hydrophilicity Reported Actual (A) Encapsulation In Vitro In Vivo Outcome Reference
sequential molecule sequence (B) Loading and (C) Release Outcome of of Sequential
delivery Efficiency Sequential Release relative to
Release relative vehicle/plain
to vehicle/plain control
control
Growth Factor ~ VEGF Micro/ nanofiber in Hydrogel ~Hydrophilic (A) - 1.75 fold higher C2C12 3 fold higher bone volume after 4 [226]
(B) - osteoblastic differentiation weeks
(C) Higher initial VEGF release concentration of
Hydrophilic 750.4 pg/ml compared to BMP-2 136.9 pg/ml. 2.83 fold higher trabecular
Growth Factor ~ BMP-2 Cumulative VEGF release of 2553 pg/ml compared number after 4 weeks

to BMP-2 5773 pg/ml
3.83 fold lower trabecular
spacing after 4 weeks

Extensive collagen matrix
deposition, increase
endochondral ossification
process, new osteoid formation

Growth Factor ~ VEGF Micro/nanoparticle in Hydrophilic (A) - - 2.14 fold higher bone volume [227]
Hydrogel (B) - after 8 weeks
(C) Initial VEGF burst release of 58% in vitro and
Growth Factor Hydrophilic up to 89.9% in vivo with more sustained release of Increase new bone formation
BMP-2 BMP-2 at 3.3% in vitro and up to 9.5% in vivo and mineralization, new osteoid
formation.
Growth Factor ~ PDGF Micro/nanoparticle in Hydrophilic (A) 55.8% of VEGF - 11.7 fold higher bone formation  [228]
Scaffold (B) 0.1% of VEGF
(C) 45% and 13% burst release, 75% and 64% 2 fold higher mineral apposition
Hydrophilic accumulated of PDGF and VEGF respectively rate
Growth Factor ~ VEGF in vitro. 37% and 13% burst release, 80% and 70%
accumulated of PDGF and VEGF respectively
in vivo.
Growth Factor ~ FGF-2 Micro/nanoparticle in Hydrophilic (A) - 1.43 fold, 1.18 fold and 1.21 1.67 fold higher bone volume [229]
Core-shell Fiber (B) Model protein shows up to 13% loading fold higher MSC viability in after 6 weeks
capacity for factor encapsulated in MSN day 7,10, 14
Hydrophilic (C) 7% FGF-2 model protein release within first 3 2.1 fold higher bone surface
Growth Factor FGF-18 days, more than 30% release after 60 days. 5% 1.22 fold, 1.68 fold, 1.43 density after 6 weeks

FGF-18 model protein release within first 3 days  fold higher MSC
with only about 20% accumulated release after 60 osteoblastic differentiation
days. inday 7,10 and 14

1.8 fold and 1.38 fold
higher calcium deposition
in day 21 and 28

Growth Factor ~ TGF-p1 Micro/nanoparticle in Hydrophilic (A) - - [230]
Hydrogel (B) -
(C) Large variation in release kinetics by altering
Hydrophilic the material phase of growth factors loading.
Growth Factor  IGF-1
Growth Factor ~ TGF-31 Micro/nanoparticle in Hydrophilic (A) - - - [199]

Scaffold (B) 0.025% for IGF-1 and 0.0005% for TGF-31
(C) 30% burst release of TGF-B1 and no release
Hydrophilic IGF-1 until after 10 days. Alternatively, release
Growth Factor  IGF-1 could be configure to be 30% burst release of IGF-1
with no burst release of TGF-B1. TGF-1 release
only after 7 days.
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Growth Factor ~ BMP-2 Micro/nanoparticle in Hydrophilic (A) - 4.72 fold higher W-20-17 - [18]
Hydrogel (B) - cell osteoblastic
(C) More than 15 ng/ml burst release of BMP-2 on differentiation after day 7
Hydrophilic day 1 with 35 ng/ml accumulated release by day
Growth Factor  IGF-1 7. Less than 10 ng/ml burst release of IGF-1 with
about 20 ng/ml accumulated release by day 7.
Growth Factor ~ BMP-2 Multi-layer Coating Hydrophilic (A) - 1.63 fold and 2.5 fold - [13]
(B) - higher C3H cell

(C) Peak release of 250 ng of BMP-2 and 190 ng  osteoblastic differentiation
Hydrophilic of IGF-1 achieve at day 1 and day 6 respectively.  after day 7 and day 10

Growth Factor  IGF-1 Accumulated release of bioactive 50% of BMP-2
and 50% to 60% IGF-1. 2.83 fold, 1.67 fold and 1.3
fold higher bone marrow
stromal cells osteoblastic
differentiation after day 14,
21 and 28
3.5 fold, 1.4 fold and 2.25
fold higher bone marrow
stromal cells calcium
deposition at D14, D21 and
D28
Growth Factor ~ BMP-2 Hydrogel Hydrophilic (A) - 4.25 fold higher hMSC - [231]
(B) - osteoblastic differentiation
(C) 62% of BMP-2 release triggered by first
Hydrophilic wavelength of light, small additional 10% release
Growth Factor ~ BMP-7 triggered by second wavelength of light. 40% of
BMP-7 release triggered by second wavelength
light
Growth Factor ~ BMP-2 Micro/nanoparticle in Hydrophilic (A) - Up to 2.5 fold, 2.33 fold, - [232]
Scaffold (B) - 2.25 fold increase in rMSC
(C) Negligible burst release when PLGA osteoblastic differentiation
Hydrophilic microsphere is encapsulated inside or on fiber atday 7, 14 and 21
Growth Factor ~ BMP-7 with close to 70% and 87% accumulated release compared to BMP-2 only

respectively. Negligible burst release when PHBV  control
is on the fiber with only 45% accumulated release

after 25 days
Growth Factor ~ BMP-2 Micro/nanoparticle in Hydrophilic (A) Low entrapment efficiency between 5-10%. 1.32 fold lower rMSC - [233]
Scaffold (B) - proliferation at day 14
(C) BMP-2 releases all of its content in 10 days,
Hydrophilic 41% BMP-2 releases in 7 days. 2.5 fold higher rMSC
Growth Factor ~ BMP-7 osteoblastic differentiation
at day 21
Growth Factors ~ Growth Factor ~ VEGF Multi-layer Hydrophilic (A) - - 1.71 fold higher blood vessel [234]
in Micro/nanoparticle in (B) - density at 2 weeks
Angiogenesis Hydrogel (C) Initial burst release of about 37% VEGF after 3
Hydrophilic days follow by accumulated release of about 83% 2.67 fold and 1.6 fold higher
Growth Factor ~ PDGF after 40 days. PDGF release was slightly delayed matured blood vessel at 2 weeks
with 23% burst release and accumulated release of and 6 weeks

about 53% after 40 days
3 fold and 2.6 fold higher
cross-section area of matured
blood vessel at 2 weeks and 6
weeks

(continued on next page)
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Table 6 (continued)

Type of Type of Drug and release Type of carrier Hydrophilicity Reported Actual (A) Encapsulation In Vitro In Vivo Outcome Reference
sequential molecule sequence (B) Loading and (C) Release Outcome of of Sequential
delivery Efficiency Sequential Release relative to
Release relative vehicle/plain
to vehicle/plain control
control
Growth Factor ~ VEGF Hydrogel Hydrophilic (A) - 10 fold higher vascular 1.25 fold higher blood vessel [235]
(B) - outgrowth at day 3 density at 4 weeks
(C) Close to 50% release of VEGF and 10% PDGF in
Hydrophilic the first day. 80% accumulated release of VEGF and 2 fold higher matured blood
Growth Factor ~ PDGF 75% accumulated release for PDGF after 30 days. vessel at 4 weeks
1.75 fold better left ventricular
function at 4 weeks
Growth Factor ~ VEGF Micro/nanoparticle in Hydrophilic (A) - - 4.5 fold and 3.59 fold higher [236]
Scaffold (B) - cross-section area of blood vessel
(C) 1.7 pmol/day of VEGEF for first 7 days and close at 2 weeks and 4 weeks
Hydrophilic to 25 pmol accumulated release after 30 days.
Growth Factor ~ PDGF Release rate of PDGF from scaffolds wasvaried 2.5 fold higher matured blood
from 4.2 pmol/day to 0.10 pmol/day by altering vessel at 2 weeks
the degradationrate of the polymer
Growth Factor ~ VEGF Micro/nanoparticle in Hydrophilic (A) 87% for VEGF and 97% for PDGF 2.4 fold higher HUVEC 3.7 fold higher matured blood [20]
Hydrogel (B) - proliferation after 48 hours vessel at 4 weeks
(C) 44% burst release of VEGF and 14% burst
Hydrophilic release of PDGF in day 1. 95% VEGF released ina 7 fold higher vessel 1.4 and 1.48 fold better cardiac
Growth Factor ~ PDGF week compare to 40% of PDGF, which has sprouting area after 6 days function recovery at 2 weeks and
sustained release of up to 75% after three weeks 4 weeks
2.03 fold thicker left ventricles
wall at 4 weeks
1.89 fold lower fibrosis at 4
weeks
3.2 fold higher neovessel
formation at 4 weeks
1.82 fold higher viability of
cardiac muscle at 4 weeks
4.01 fold lower inflammation at 4
weeks
Growth Factor ~ VEGF Micro/nanoparticle in Hydrophilic (A) - - 1.88 fold and 1.67 fold higher [237]
Hydrogel (B) - blood vessel density at 4 weeks
(C) 50% of VEGF released within 2 days, 70% by 12 and 6 weeks
Hydrophilic days and 80% by 36 days. PDGF has 10% release
Growth Factor ~ PDGF within 2 days, 40% by 12 days and 70% by 36 days 2.4 fold, 4 fold and 4.15 fold
higher matured blood vessel at 2
weeks, 4 weeks and 6 weeks
Growth Factor ~ VEGF Hydrogel Hydrophilic (A) - - - [238]
(B) -
(C) Release controlled by the delivery of
Hydrophilic complementary sequences with up to 10 folds
Growth Factor ~ PDGF increased in release of growth factor when the

right complementary sequence was delivered.

43
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Growth Factor

Growth Factor

Growth Factor
Growth Factor

Growth Factor

Growth Factor

Growth Factor

Protein

Growth Factor

Growth Factor

Growth Factor

VEGF Hydrogel

PDGF

TGF-p1

bFGF Cellulose Fiber

PDGF

VEGF Multi-layer Scaffold

HGF

TAT-HSP 27 Micro/nanoparticle in
Hydrogel

VEGF

IGF-1 Hydrogel

HGF

Hydrophilic

Hydrophilic

Hydrophilic

Hydrophilic

Hydrophilic

Hydrophilic

Hydrophilic

Hydrophilic

Hydrophilic

Hydrophilic

Hydrophilic

(A) -
(B) -

(C) Accumulated release of more than 45% of

VEGF, 30% of PDGF and slightly lower than 30% of

TGF-p1

(A) -
(B) -

(C) Rapid initial bFGF release after injection. bFGF
is no longer detectable following saline flushing.

Rapid PDGF release after it was subsequently
injected

(A) -

(B) -

(C) Release is dependent on the crosslinking
density of polymer and incorporation of high
osmotic activity salt.

(A) 70% for VEGF in microsphere

(B) -

(C) Rapid complete release of TAT-HSP27 within
7 days. 55% to 90% accumulated VEGF release after

4 weeks.

(A) -
(B) -

(C) 50% burst release of IGF-1 during first 6 hours.
Almost 100% of IGF-1 released by day 3. No burst
release for HGF with slow and sustained release of

up to 30% past day 7.

3.86 fold and 4 fold higher blood [15]
vessel density at 1 month and 3
months

2.5 fold and 4.5 fold higher
matured blood vessel at 1 month
and 3 months

2.8 fold higher blood vessel [17]
density after 7 days relative to
bFGF only

14.5 fold higher matured blood
vessel after 7 days relative to
bFGF only

6 fold higher red blood cells
recruitment after 7 days relative

to bFGF only

- [239]

5.75 fold higher blood vessel [240]
density at 4 weeks

11 fold higher matured blood
vessels at 4 weeks

Higher number of proliferating
blood vessels and matured blood
vessels at 4 weeks

Enhanced rate of limb salvage
and reduced rate of limb loss at 4
weeks

Muscle protection from ischemia
damage by suppressing cell
apoptosis at 4 weeks

Reduced muscle fibrosis at 4

weeks

1.28 fold and 2 fold higher [241]
matured blood vessels at 1 week

and 4 weeks

1.71 fold higher scar thickness at
4 weeks

2 fold lower infarct expansion at
4 weeks

2.5 fold and 1.38 fold lower
fibrotic area in sequential group
in 1 week and 4 weeks

1.67 fold higher cross-section
area of matured blood vessel

(continued on next page)

Sb—61 (6107) 0S1-6¥1 Smatnay Aiaataq Sniq paoupapy / v 32 SuQ ‘M

13



Table 6 (continued)

9¢

Type of Type of Drug and release Type of carrier Hydrophilicity Reported Actual (A) Encapsulation In Vitro In Vivo Outcome Reference
sequential molecule sequence (B) Loading and (C) Release Outcome of of Sequential
delivery Efficiency Sequential Release relative to
Release relative vehicle/plain
to vehicle/plain control
control
1.83 fold and 2.25 fold lower
apoptotic cardiac cells at 1 week
and 4 weeks
2.33 fold higher cardiomyocyte
proliferation at 1 week
Increase incidence of GATA-4+
cell clusters
Growth Factors  Growth Factor ~ EGF Micro/nanoparticle in Hydrophilic (A) 54% for EGF and 23% for EPO 1.25 fold higher proliferating [242] =
for Stroke Hydrogel (B) - cells in infarct zone after 18 days o
Treatment (C) Rapid EGF release of >75% and >60% after 4 ®
Hydrophilic days in vitro and in vivo respectively without EPO 1.25 fold higher number of §
Growth Factor ~ Erythropoietin release. EPO release starts after 4 days with about neural precursor in infarct zone =
80% in vitro and almost 100% in vivo release after after 18 days ?5_
21 days g
2 fold lower apoptotic cells in §
infarct zone after 18 days o
&
2.5 fold and 7 fold lower g
apoptotic cells in peri-infarct 5
zone after 18 days and 32 days ‘i
)
7.5 fold and 4 fold higher number §
of neural precursors in 2
peri-infarct zone after 18 days ]
and 32 days. L'j;
=2
2.3 fold and 3.33 fold lower §
cavity volume after 18 days and NS
32 days °
Growth Factors ~ Growth Factor ~ CNTF Micro/nanoparticle in Hydrophilic (A) - - - [243] olg
for Neurite Hydrogel (B) -
Outgrowth (C) Complete burst release of CNTF within 10
Hydrophilic days with less than 20% NT-3 release during the
Growth Factor ~ NT-3 same period. Sustained complete release of NT-3
after more than 60 days.
Protein/Growth ~ Cytokine TNF-TRAIL Graphene Hydrophilic (A) - 3.52 fold higher apoptotic 2.8 fold lower lung tumor [244]
Factor and (B) - lung cancer cells than Dox  volume after 12 days
Drugs for (C)Furin cleavable peptide release TRAIL to act only after 48 hours
Cancer extracellularly while Dox act intracellularly as 2.17 fold lower lung tumor
Therapy Dox-loaded graphene internalised by cells 10 fold lower lung cancer ~ weight after 12 days
High Mw Drug  Dox Hydrophilic cells viability than Dox
only after 48 hours Remission of tumor cells
Elevated apoptosis of tumor cells
Cytokine TNF-TRAIL Core-Shell Hydrophilic (A) 99.5% for Dox, 82% for TNF-TRAIL 2.09 fold high apoptotic 4.5 fold lower breast tumor [245]
Micro/nanoparticle (B) 5% for Dox breast cancer cells than volume after 14 days
(C) HAase dependent release of TRAIL. More than Dox only after 48 hours
50% TRAIL release within 1 hour in the present of Remission of tumor cells
HAase. Dox released after internalization of 7 fold lower breast cancer
High Mw Drug ~ Dox Hydrophilic carrier by cells. cells viability than Dox Elevated apoptosis of tumor cells

only after 48 hours



Protein/Growth ~ Growth Factor =~ PDGF Core-Shell Hydrophobic  (A) 60% for PDGF and 85% for Simvastatin - 4.6 fold and 2.25 fold higher bone [246]

Factor and Micro/nanoparticle (B) - volume at 2 weeks and 4 weeks
Drugs for Hydrophilic (C) Close to 100% PDGF and 40% simvastatin

Periodontal Low Mw Drug  Simvastatin released by 15 days 1.6 fold and 1.6 fold higher
Tissue mineral density at 2 weeks and 4
Engineering weeks

1.43 fold and 1.4 fold higher
trabecular thickness at 2 weeks
and 4 weeks

4.25 fold and 1.63 fold higher
trabecular number at 2 weeks
and 4 weeks

2 fold and 2.38 fold higher defect
fill at 2 weeks and 4 weeks

1.33 fold higher osteoblast
number at 2 weeks

1.8 fold and 1.5 fold higher TRAP
+ cells number at 2 weeks and 4

weeks
Protein/Growth  Growth Factor ~ VEGF Micro/nanoparticle in Hydrophilic (A) 50% for PTX and 97% for VEGF Similar level of endothelial - [247]
Factor and Hydrogel (B) 28.6% for PTX and less than 0.1% for VEGF cells proliferation in
Drugs for (C) 95% of VEGF released in first 3 days and control and VEGF+Ptx
Vascular Hydrophobic  sustain release of PTX for more than 10 days from day 1 to 3
Tissue High Mw Drug  Ptx
Engineering 1.57 fold, 1.83 fold, 1.71
fold and 4 fold lower SMC
viability after 5,7,9 and 11
days
Protein/Growth Low Mw Drug  Gentamicin Multi-layer Coating Hydrophilic (A) - 2.5 fold higher osteogenic - [248]
Factor and (B) - differentiation of myoblast
Drugs for Growth Factor  IGF-1 Hydrophilic (C) 38% burst release of gentamicin within first 3 cells at 2 weeks
Bone and days and plateau at 41%; 26% of IGF-1 released
Cartilage after 3 days followed by sustained accumulated 1.3 fold higher osteogenic
Regeneration  Growth Factor =~ BMP-2 Hydrophilic release of 47% at 5 week before plateau; 1% differentiation of
release in 1 day, 3% after 1 week and 6% after 8 osteoblast-like cells at 2
weeks for BMP-2. weeks
Protein/Growth  Growth Factor ~ VEGF Cellulose Fiber Hydrophilic (A) - - 1.75 fold higher blood vessel [16]
Factor and (B) - density at 1 week than VEGF only
Drugs for (C) Rapid initial release of VEGF. VEGF no longer
Angiogenesis Hydrophobic  detectable following saline flushing. Rapid S1P 5.42 fold higher matured blood
Low Mw Drug ~ S1P release thereafter vessel at 1 week than VEGF only
Protein/Growth High Mw PT Hydrogel Hydrophilic (A) - - - [249]
Factor and Drug/Low Mw (B) -
Drugs for Drug (C) Accumulated complete 95% antibiotic
Wound released in 12 hours. Sustained EGF release of
Healing Growth Factor ~ EGF Hydrophilic more than 80% at 250" hour.
Low Mw Drug Vancomysin Micro/nanoparticle in Hydrophilic (A) - 7.5-fold and 15-fold lower  6-fold lower wound area after 2 [250]
Hydrogel (B) 69.8%-73.4% for VEGF dependent on BSA ratio bacteria count than weeks with significantly higher
Growth Factor ~ VEGF (C) 30%-45% of VEGF and 50%-75% of vancomysin hydrogel and PBS control  tissue thickness
Hydrophobic  over 7 days dependent on BSA ratio and pH respectively
2.67-fold and 4.5-fold higher
1.3-fold higher HUVEC Ang-1 and bFGF mRNA
proliferation expression

(continued on next page)
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Table 6 (continued)

Type of Type of Drug and release Type of carrier Hydrophilicity Reported Actual (A) Encapsulation In Vitro In Vivo Outcome Reference
sequential molecule sequence (B) Loading and (C) Release Outcome of of Sequential
delivery Efficiency Sequential Release relative to
Release relative vehicle/plain
to vehicle/plain control
control
Protein/Growth Low Mw Drug Dx Hydrogel-coated Capillary Hydrophobic ~ (A) - - 1.33 fold lower inflammatory cell [251]
Factor and (B) - density after 8 days
Drugs for Hydrophilic (C) Both Dex and VEGF follows a first order
Biosensor Growth Factor ~ VEGF release kinetics with more rapid Dex release with 1.57 fold higher matured vessel
a release rate constant of 0.5165 then VEGF of density after 8 days
03872
2 fold higher therapeutic index
Nucleic Genetic pCMV-p53 plasmid ~ Core-Shell Hydrophilic (A) 32% to 47% Dox encapsulation and 25% to 37% - - [252]
Acid/Plasmid  Material DNA Micro/nanoparticle p53 plasmid encapsulation
and Drugs for Hydrophilic (B) -
Cancer High Mw Drug  Dox (C) 2 to 29% burst release of Dox before entering a
Therapy lag phase of 25 days. Continuous release of Dox of
up to 100% after 120 days. Up to 13% quick release
of p53 in the first week and 20% to 35% p53
release after 120 days.
Genetic Bcl-2 siRNA Graphene Hydrophilic (A) - 2.48 fold higher cervival - [253]
Material (B) - tumor cell cytotoxicity
Hydrophilic Q) - compared to scrambled
High Mw Drug  Dox siRNA in the presence of
Dox
Genetic Bcl-2 siRNA Core-Shell Hydrophilic (A) - - 400 fold lower colon tumor [254]
Material Micro/nanoparticle (B) - weight at 4 weeks
Hydrophilic (C)siRNA was released after endocytosis. In
High Mw Drug  Dox cytoplasm, more than 70% Dox, less than 20%
Hydrophobic ~ HCPT release in first 10 hours, More than 90% Dox
Low Mw Drug ~ HCPT and 60% HCPT accumulated release after 2 days.
Low Mw Drug ~ Temozolomide Micro/nanoparticle in Amphiphilic ~ (A) - 1.5 fold higher glioma 40 fold lower glioma tumor [255]
Hydrogel (B) - tumor cell cytotoxicity weight at 4 weeks
Genetic miR-218 Hydrophilic (C) 60% temozolomide release within first day compared to absence of
Material with close to 100% accumulated release within2 ~ miR in the present
days. miR-218 mimics was released by place Temozolomide
exchange reaction in tumor cells.
Dosage dependent
cytotoxicity of
Temozolomide in the
presence of miR
Cytokines for Cytokine Interferon Gamma  Decellularised Bone Scaffold ~ Hydrophilic (A) 375 ng IL4 and 325 ng IFNg but only 26.9 ng - 4 fold higher blood vessel density [256]
Bone and of IFNg and 153.3 ng of IL4 loaded at 2 weeks
Cartilage Cytokine Interleukin-4 Hydrophilic (B)
Regeneration (C) Less than 1 ng of IFNg release in first 48 hours
and less than 8 ng of IL4 release over 6 days
Ion and Growth Ion Co*t Core-shell Hydrophilic (A) - 2.67 fold, 3.5 fold, 2.78 fold 2.3 fold higher bone volume [257]
Factor for Hydrogel (B) - higher CD31, VEGF, HIF 1o
Bone and Growth Factor ~ BMP-2 Hydrophilic (C) Fast complete release of Co2+ within a week gene expression at D6 2.08 fold higher bone surface
Cartilage while only 21% of BMP-2 was released after 21
Regeneration days without showing any initial burst effect 3.5 fold, 1.92 fold, 1.92 fold, 2.21 fold higher bone surface

1.48 fold higher OCN, OPN,
BSP, ALP gene expression
at D7

2 fold, 3 fold, 1.7 fold, 1.79
fold higher OCN, OPN, BSP,
ALP gene expression at D14

density

Highly calcified neo-formed
tissues
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Model Genetic
Material

Model Drugs

Model Protein

Genetic
Material

Genetic
Material
Genetic
Material

Genetic
Material

Low Mw Drug

Low Mw Drug

Low Mw Drug

Low Mw Drug

Low Mw Drug

High Mw Drug

Model Protein

Model Protein

Model Protein

Model Protein

Model Protein
Model Protein

Model Protein

Dye

Dye

PEGFP-N1

pDsRed-N1

dsDNAmwves1

dsDNAmvso

Benzyl Alcohol

3-phenylpropionoic
Acid

Gentamicin

Naproxen

Aspirin

Doxorubicin

Myoglobin

Lysozyme

TexR-BSA

FITC-BSA

Fluorescein-Ova

TexR-Ova

Alexa Fluor 555-Ova

Chromazurol B
TPPS

Multi-layer Film

Micro/nanoparticle

Dendrimers

Micro/nanoparticle-Bioactive
Glass Composite

Micro/nanoparticle in
Hydrogel

Multi-layer Coating

Micro/nanoparticle in

Hydrogel

Multi-layer Films

Multi-layer Micro/nanofiber

Hydrophilic

Hydrophilic

Hydrophilic

Hydrophilic

Amphiphilic

Hydrophilic

Hydrophilic

Hydrophobic

Hydrophilic

Hydrophobic

Hydrophilic

Hydrophilic

Hydrophilic

Hydrophilic

Hydrophilic
Hydrophilic

Hydrophilic

Hydrophilic

Hydrophilic

(A) -

(B) -

(C)Plot of solution absorbance as a function of
time is consistentwith a two-stage, sequential
release of two plasmids

(A) -

(B) -

(C) More than 30% of ssDNA release from dsDNA
with lower melting point after 1 min of exposure
to near-IR laser light with no ssDNA release from
dsDNA with higher melting point. 60% of
ssDNAwve1 and less than 40% of ssDNApgo release
after 5 min of exposure, 65% of sSDNAve; and
55% of ssDNAmygo after 10 min of exposure.

(A) -

(B) 5.6% to 11.6% for BA, 8.1% to 15.7% for PPA

(C) Consistently faster BA release than PPA. 15%
to 70% release of BA by 0.25 hour, 40% to 80% of BA
by 1 hour, more than 80% BA after 4 hours. 10% to
40% PPA by 0.25 hour, 25% to 60% of PPA by 1
hour, 55% to 80% PPA after 4 hours, more than 80%
PPA by 72" hour.

(C) At acidic pH, GS completely release in 2 hours
while only 17% Nap was released. When pH
increased to alkaline condition, 55% Nap release
within 2 days and 72% after 10 days.

(A) -

(B) -

(C) 100% burst release of aspirin within 12 hours
in all cases. Vary amount of sustain Dox release for
7 days dependent on pH and temperature,
ranging from 20% to more than 60% accumulated
release after 168 hours.

(C) Huge variation in the release of model protein
dependent on the PEG MW and PEGT to PBT ratio
of the copolymer.

(A) Ranging from 22.0% to 44.6%

(B) -

(C) 54.2% TexR-BSA and 17.9% FITC-BSA release
over first 3 weeks. More than 90% TexR-BSA and
50% FITC-BSA accumulated release after 6 months

(C) Complete accumulated release of ova-FL
within hours, complete accumulated release of
ova-TR was delayed till the 280" hour while
complete accumulated release of ova-AF55 was
delayed till 800" hour.

(C) Sustained release of ChroB lasted for 1.5 hours
at the rate of 1.1 pg/cm?/h without TPPS leakage.
30 min of release suppression follows due to
barrier mesh and followed by release of TPPS for 3
hours at the rate of 0.36 pug/cm?/h.

[258]

[259]

[260]

[261]

[262]

[263]

[264]

[265]

[266]
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Table 7
SCI therapeutics

Events Therapeutics Chemical  Hydrophilicity
natures
Neuroprotection Methylprednisolone Low Mw Hydrophilic
Drug
Minocycline Low Mw Amphiphilic
Drug
iNOS Antisense Nuclei Acid Hydrophilic
Oligodeoxynucleotides
Intravenous Immunoglobulin  Protein Vary
Neuroregeneration Chondroitinase ABC Protein Hydrophilic
Neurotrophin-3 Protein Hydrophilic
Basic Fibroblast Growth Factor  Protein Hydrophilic
Nerve Growth Factor Protein Hydrophilic
Brain-derived Neurotrophic Protein Hydrophilic
Factor
Glial cells-derived Protein Hydrophilic
Neurotrophic Factor
Nerve Growth Factor Protein Hydrophilic
Ciliary Neurotrophic Factor Protein Hydrophilic
Remyelination Platelet-derived Growth Factor Protein Hydrophilic
Insulin-like Growth Factor Protein Hydrophilic
Type Il Neuregulin-1 Protein Hydrophilic
Epidermal Growth Factor Protein Hydrophilic
I'-secretase Inhibitor Low Mw Hydrophobic
Drug
Anti-Lingo-1 Antibody Protein Hydrophilic
miR-219 Nuclei Acid Hydrophilic
miR-338 Nuclei Acid Hydrophilic

highly heterogeneous SCI pathophysiology and crucially, the lack of
well-defined dose response relationship of most therapeutics. We
shall discuss how carefully designed tools have helped to achieve a va-
riety of sequential release kinetics in other fields, and suggest how
these ingenious designs could be applied to SCI therapeutics (Table 7).

3.2. Sequential delivery as controlled by intrinsic material property of
scaffolds

The use of only one material to achieve sequential drug delivery typ-
ically involves the passive diffusion of drugs through porous and non-
porous materials. Sequential release systems built on the passive diffu-
sion mechanism mainly rely on three modes of action: 1) difference in
binding affinity between the drugs and the material; 2) variations in dif-
fusion speed of the drugs from the material; and 3) by controlling the
degradation time of the biomaterials.

3.2.1. Differential drug-material binding affinity

Presence of heparin binding domain in growth factors could be clev-
erly manipulated to allow sequential delivery with simple surface ad-
sorption. Specifically, alginate-sulfate is one of the most commonly
described material for controlling growth factors release, since
alginate-sulfate could have high specificity binding to heparin binding
proteins via the sulfate group [267]. This specific interaction between
the growth factors and materials determines the equilibrium binding
constants (K,), which in turn affects drug release pattern. Together
with total molecular concentration in the system, the two factors
could be coupled to realize sequential release. For example, vascular en-
dothelial growth factor (VEGF), platelet-derived growth factor-BB
(PDGF-BB) and transforming growth factor-31 (TGF-31) each possesses
a different binding constant to alginate (K, VEGF: 6.98 x 10° M, K,
PDGEF-BB: 3.53 x 10’ M™" and K, TGF- 31: 6.63 x 10" M"). As a result,
they have different release profiles from the material, with VEGF being
the most rapidly released [15]. In addition, the drug release rate can
be enhanced by increasing the quantity of the drug [241]. This was illus-
trated by using alginate to deliver IGF-1 (K, = 1.01x 103 M™') at a molar
concentration that was 10-fold higher than hepatocyte growth factor
(HGF) (K, = 5.36 x 107 M!). Despite higher binding efficiency, 95% of

IGF-1 was release within 6 hours. Concurrently, no burst release was
seen for HGF and a sustained release was achieved for up to 7 days
(25 % of release). In addition, the bioconjugation of growth factors
with alginate-sulfate protects the growth factors from enzymatic prote-
olysis [15]. This is crucial after SCI due to the presence of a variety of pro-
teases after trauma [268]. As such, the intrinsic affinity of the
growth factors and materials should be examined, and the release of
neurotrophins and OPC mitogens could be tuned by varying their bulk
concentration in the material.

3.2.2. Differential diffusion speed of drugs

The diffusion coefficient of a drug could modulate its release kinetics.
While biomolecule diffusion rates can be controlled by the geometric
shape, nature of materials and porosity of the delivery system [269], a
huge determining factor is drug hydrophilicity. As compared to
hydrophobic drug, hydrophilic drugs entrapped in a material has higher
diffusion coefficient as they diffuse much faster from the DDS into the
water-based biological environment [221]. Most efficacious biomole-
cules in treating SCI are predominantly hydrophilic. Thus, material deg-
radation design becomes more important as discuss in the next section.

3.2.3. Degradation rate of material

Controlling the degradation rate of a material is a key factor for
adjusting the release of poorly diffusible hydrophobic drugs or higher
Mw molecules that are entrapped within porous or non-porous mate-
rials. As a large variety of drugs will be needed for the complex SCI treat-
ment, materials with different degradation rates could be utilized to
achieve distinct drug release profiles. For instance, neurotrophins, OPC
mitogens or other growth factors are significantly larger in size than
other drugs such as MP and minocycline. Thus, delaying the release of
small, late stage biomolecules through a reduction in material degrada-
tion rate could be a useful approach.

One approach to control the degradation rate of DDS with the aim to
achieve sequential drug release is through altering the degree of mate-
rial crosslinking [198,230,270]. Increase in crosslinking density in-
creases the resistance of material to hydrolysis and thus, decreases the
material degradation time and ultimately the drug release kinetics
[271]. This has been shown to be effective in growth factors delivery
with gelatin particles [198,230]. However, the chemical groups that
are involved in the crosslinking reactions could be the same as those in-
volved in the binding of the drugs with the DDS. Consequently, drug
loading efficiency may be diminished due to reduced drug-material in-
teractions as the crosslinking extent increased [230]. Thus, with the in-
evitable needs of using drug-laden hydrogels to fill the voids left in the
tissue after SCI, the loading efficiency of growth factors should be mon-
itored before implantation or injection into injury site.

Another approach to alter drug release profiles using the degrada-
tion mechanism is to graft a drug on a material with hydrolysable
bonds. Some studies describe the modification of drugs using carbamate
linkers, which have been employed to conjugate growth factors [272];
or ester bonds to control their release kinetics, which are suitable for
drugs like MP or minocycline due to the presence of hydroxyl groups
[203,273-275]. While not employed in sequential delivery, grafting is
also possible with RNA [276]. In general, the covalent conjugation ap-
proach is versatile as most synthetic polymers, like poly-lactic acid,
can be chemically modified with the necessary functional groups
[203]. Moreover, this approach would significantly delay the release of
conjugated molecules. However, chemical grafting may alter the bioac-
tivity of drugs. As such, the bioactivity of the grafted molecules should
be examined thoroughly [277].

3.3. Sequential delivery as controlled by physical entrapment
Besides relying on the intrinsic material properties, having a good

control over the physical engineering design of the DDS further allows
more precise control over drug release rates. The multifaceted process
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of nerve regeneration and remyelination would likely benefit from the
use of multi-layered scaffolds or micro-/nano- particles-incorporated
composite systems for a more carefully orchestrated drug delivery.

3.3.1. Layer-by-Layer (L-b-L)

L-b-L is often the most intuitive and common approach to achieve
sequential drug delivery. The first layer of material often acts as a barrier
for the diffusion of drugs from the second layer, allowing a sequential
delivery profile. A precise sequential release can be obtained by the ad-
dition of a blank sacrificial barrier layer or a crosslinked barrier layer
with the purpose of limiting the diffusion of drugs and creating a con-
trolled lag time of release. In SCI sequential delivery, it could be the
most straightforward way to delay the release of a couple of therapeu-
tics, especially those that are only required at remyelination late in SCI.

L-b-L architecture has helped to sequentially deliver growth factors
[13,239,248,270,278,279], low Mw drugs [280-282] and oligonucleo-
tides [283]. Surprisingly, this physical entrapment was shown highly ef-
fective in delaying the release of small molecules (low mw drugs and
oligonucleotides). Specifically, L-b-L has a 120 times delay in oligonucle-
otides delivery [283]. Thus, it is not inconceivable that a delayed deliv-
ery of miRs for remyelination after SCI could be attained by similar
techniques. However, drug loading using the L-b-L approach could pos-
sibly reduce loading efficiency [270] and bioactivity [239] due to the
crosslinking process. Nonetheless, it could be a highly versatile platform
for sequential delivery in SCI, as 1) the distinct layers could be
engineered independently to tailor the desired release profile of indi-
vidual biomolecules; 2) a wide range of synthetic [239,270,283] and
natural polymers [282] could be engineered into the system.

While layer-by-layer bulk scaffolds are commonly employed in se-
quential delivery, little has been explored in layer-by-layer nanoparti-
cles. Such system can be obtained by multiple depositions on a solid
spherical core or using material with self-assembly properties [284].
This design could be interesting as each nanoparticles could be
engineered differently in its payload, dimension, degradation, etc..
Thus, every nanoparticle involved could be a distinct sequential delivery
system that is designed to target different cellular populations [285].
Since CNS encompasses close interactions between neurons and the
glia, these nanoparticles could be designed to sequentially target cell-
specific responses following traumatic injuries.

3.3.2. Core-shell fibers

DDS with core and shell structure physically entrap biomolecules in
the core to achieve sequential drug delivery. This physical entrapment is
similar to the layer-by-layer approach, with the exception that the
multi-layer is now at the microscale of each individual fiber, which is
then assembled to form a macroscale DDS. Co-axial electrospinning
and emulsion electrospinning are commonly used processes to produce
such core-shell fibers [286] from both synthetic and natural polymers.
Interestingly, the method of making these fibers influences the release
profile of the drugs [287]. Unfortunately, only few studies have analyzed
sequential delivery with core-shell fibers in delivering growth factors
[229,288] and low mw drugs [205].

Although simple compartmentalization of one drug/gene in the shell
and the other in the core could achieve sequential delivery [205,257],
different methods were still developed to enhance the differences be-
tween the release profiles of the two drugs. These include complexing
the late stage drug to an intermediate system, such as particles, to
slow the release rate [229]; or complexing the first drug with a hydro-
philic carrier, such as cyclodextrin, to accelerate the first burst release
[205]. The first strategy could slow the release of neurotrophins while
the second strategy could accelerate the release of neuroprotectants to
injured tissues. Together, this system could be useful in delaying
neurotrophins and regenerative factors delivery following neuroprotec-
tion to achieve the desired temporal delivery.

3.3.3. Core-shell particle

Common synthetic polymers and to a lesser extent, liposomes, have
been employed to engineer core-shell particles for sequential delivery
purposes [213,288,289]. Similar to core-shell fibers, compartmentaliza-
tion of drugs in the core and in the shell creates a time gap between re-
lease of drugs that have been loaded in the core and shell due to physical
entrapment. In core-shell particles, however, the time gap could be en-
hanced or reduced significantly depending on the hydrophilicity of the
drugs and the materials used. For instance, hydrophobic drug,
MW167, in a hydrophobic PLGA core is less mobile. Hence, the burst re-
lease would be minimal. This would allow late NOTCH inhibition for
OPC differentiation. On the contrary, loading hydrophilic drugs, such
as MP, in the hydrophobic PLGA shell is ineffective in entrapping the
biomolecules [208,213]. Thus, this drug-material combination could
be used to release drugs more rapidly for neuroprotection.

Both particulate carriers and fibrous structure could physically en-
trap biomolecules to accomplish the desired drug release profiles. In
nerve regeneration applications, the two classes of engineering tools
have their distinct edge over another. For one, drug-encapsulated nano-
particles could be paired with injectable hydrogels for minimally inva-
sive drug delivery to the delicate CNS [290]. On the other hand, drug-
encapsulated nanofibers coupled with hydrogels would require surgical
implantation. However, fibers could provide important topographical
cues to guide nerve regeneration [109], which may be crucial to re-
establish nerve connectivity. Thus, in addition to drug candidates and
materials selections, the form which the materials take would require
careful consideration for sequential delivery in neural tissues.

3.34. Particles-encapsulated Hydrogel

Hydrogels represent a major platform employed in drug delivery
due to their biomimicking characteristics. These three dimensional ma-
trices that consist of chemically or physically crosslinked hydrophilic
polymer chains are able to hold large quantities of water. Furthermore,
hydrogels can be formulated in a variety of physical forms, including
slabs, microparticles, nanoparticles, coatings, and films [291]. A variety
of polymeric hydrogels have been explored in neural tissue engineering,
including collagen, hyaluronic acids, fibrin, etc. [8]. These hydrogels
could be tailored to mimic the extracellular matrixes of the CNS envi-
ronment, simulate stiffness of the tissues and laden with cells or
drugs. The combination of hydrogels with drug-loaded particles is one
of the most commonly used systems to achieve sequential drug delivery
in many fields of tissue engineering to deliver growth factors
[230,234,237,240,292]. It could be helpful to sequentially deliver
neurotrophins and OPC mitogens should that be required.

Hydrophilic molecules, like the neurotrophins, would release rapidly
from hydrogels due to the highly porous structure of hydrogels. Simi-
larly, encapsulating low Mw drugs in particles is ineffective in delaying
their release from particle-hydrogel system as the high diffusion rate of
small drugs through the hydrogel significantly reduced the lag time cre-
ated by the encapsulation. Thus, encapsulating the second molecule
within particles would not guarantee a delayed release. For instance, hy-
drophilic microparticles in hydrogels would have parallel release for
two hydrophilic molecules residing in hydrogels and particles respec-
tively [230]. Only hydrophobic carriers could delay diffusion of the
growth factor within the particles to achieve sequential release. In this
respect, PLGA microspheres loaded within alginate gel is a well-
established system to achieve the desired temporal profile
[234,237,240]. The release could be further modulated by inducing po-
rous structures in the PLGA carrier, which accelerate drug release from
PLGA by 2.4-fold [292]. Alternatively, crosslinking of gelatin particles,
as mentioned above, could also be employed to delay the release of
the second drug by up to 4.5 times in a particles-in-gel system [230].
Last but not least, if the drugs to be delivered are hydrophobic (Eg.
MW167), one could allow hydrophobic macro-domain of an amphi-
philic material to interact with hydrophobic drugs and slow drug diffu-
sion through the hydrogel [293].
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3.4. Sequential delivery as controlled by the environment

Stimuli-responsive materials release their payloads in response to
triggers such as changes in pH [261,294], temperature [295,296], me-
chanical forces, biomolecules (glucose, enzyme), ionic strength [297]
and electromagnetic (light, ultra-sound [298] or electric field [299]).
Such materials can achieve sequential delivery independently when
built into a delivery system like nanoparticles or when built into an in-
termediate system like particles in hydrogel.

3.4.1. pH-responsive delivery

Although not widely documented and well explored, SCI could be
accompanied by extracellular acidosis, which could in turn elicit strong
GFAP expression in activated astrocytes [300]. pH changes that come
along with acidosis could be an environment factor that trigger drug
release. Specifically, pH responsive materials elicit changes in configura-
tions, solubility and/or drug binding efficiency in local acidic environ-
ments to alter drug release behavior. Sequential delivery can be
realized by combining pH sensitive materials such as glutamic propyl-
ene oxide-based copolymer, with an inert counterpart, such as poly
(vinyl alcohol) [262]. This system accelerates the release of molecules
from pH-sensitive materials in low pH environment by 1.5-fold while
molecules from the inert material are released through simple diffusion
[262]. Other pH-responsive materials that could be built into sequential
delivery systems in response to spinal cord acidosis includes chitosan
microcapsules [301], poly(propylene oxide)-based micelles [247],
graphene oxide nanoparticles [302] and DNA cage [303].

Often, acidic pH responsive materials could be paired with other
stimulus as the distinctive triggers can activate the release of one drug
independent of another to achieve more precise release. For instance,
the combination of acid pH-sensitive and basic pH-sensitive particles
(Eg Ca-alginate) that accelerate drug release at a distinct range of pH
can help exert further control over the rates of drug delivery [247]. Al-
ternatively, photothermal sensitive gold nanovesicles could be used to
release encapsulated drugs and pH-responsive particles upon irradia-
tion [302], which the free drugs would be release quickly before the
degradation of pH-responsive particles.

3.4.2. Redox-responsive delivery

Increase in the oxidative stresses in the CNS following traumatic in-
jury due to a surge in concentration of free radicals is long established
[304]. This change in environment could be cleverly manipulated to de-
liver drugs via the cleavage of reducible or electrostatic bonds [305], or
by desorption of drugs [255]. For instance, disulfide-poly(amido amine)
s are unstable in a highly reductive environment. Thus, sandwiching a
non-reducible layer of material between the bioreducible layers allows
the sequential release of DNA molecules such as miRs that are encapsu-
lated in two different layers (Zou, 2014 #77}). Otherwise, miRs could be
adsorbed onto gold particles, and subsequently desorb in respond to the
increase in oxidative stress [255]. This could be paired with non-
responsive materials to achieve temporal release profile.

3.4.3. Electromagnetic-triggered delivery

Electromagnetic triggers could be another powerful tool to exter-
nally control the release of therapeutics, not limited to any specific
field of tissue engineering. For instance, Hu et al. incorporated layer-
by-layer design into their photo-dependent smart release system for ef-
fective sequential delivery [306]. Silica microspheres coated with poly
(ethylenimine) were loaded in layers of a photolabile polycations mul-
tilayer system. The system contained different photo-cleavable groups
in four layers which were sensitive to specific wavelengths or irradia-
tion doses. The first layer was charged with dialkylaminocoumarin
group (sensitive to wavelengths < 450 nm), the second and third layers
were loaded with two different nitrobenzyl groups (sensitive to wave-
lengths <400 nm at a dose of 6 or 15 mW/cm2 respectively) and the
last layer contained methoxyphenacyl group (sensitive to wavelengths

<320 nm). Consequently, following the irradiation dose and the wave-
lengths used to irradiate the system, Rhodamine-labeled poly
(ethylenimine) was 100% released from each layer within 25 minutes
of irradiation.

3.5. Sequential delivery method for neural tissue engineering

Current single drug delivery systems for SCI have seen promising but
limited success in achieving robust regeneration. Universally, hydrogels
were employed to fill the cysts at injury sites and act as a carrier or res-
ervoir for drugs [307]. The incorporation of nanofibers into a drug deliv-
ering composite system enabled topographical guidance of regenerated
axons, which could be enhanced by miRs [109,110,308]. Crucially, mul-
tiple drug delivery could significantly enhance axonal regrowth follow-
ing complete spinal cord lesions [12]. However, desired temporal profile
could not be achieved without multiple surgeries or injections [12].
Thus, an amalgamation of knowledge in sequential delivery technique
and possible drug targets at sequential stages of nerve regeneration
and remyelination could hold promises in achieving robust neural tissue
regeneration and functional recovery.

Firstly, MP has to be release quickly and localised delivery could be
crucial to reduce the dosage needed for effective neuroprotection.
Thus, materials and technique that would allow rapid dissolution in
water or with low drug/gene binding affinity are needed. Hydrogels
from various polymers that were described above are excellent candi-
dates for such purpose. Subsequent nerve regeneration would likely re-
quire slight delay in the release of growth factors. This slight delay could
be achieved with simple diffusion kinetics due to the significant differ-
ences between the Mw of MP and growth factors. Otherwise, it could
be achieved by encapsulation in particles or fibers, and be loaded into
the hydrogel. Last but not least, remyelination drugs would be required
to remyelinate the regenerated nerve fibers. A multi-layer particles/fi-
bers with sacrificial barrier layers or smart release systems could be
needed to significantly delay their release, especially in the case of low
Mw drugs/genes.

4. Pitting sequential drugs/genes delivery against cellular
transplantation

Cellular transplantation therapy dominates the current SCI research
with the help of scaffolds to provide a hospitable environment for cellu-
lar grafts. In particular, Tsuzynski lab has championed the implantation
of neural stem cell grafts with fibrin scaffolds and a cocktail of growth
factors for SCI treatment [103]. The combinatory approach could tackle
diverse inhibitory pathways to promote regeneration [309]. Their lab
has recently published promising results in non-human primate [310].
Although how transplantation repairs the spinal cord is largely un-
known, present evidences suggest that transplanted cells promote func-
tional recovery through multiple modes of actions (see review [3]).
These actions include both neuroprotection and neuroregeneration
that are related to the secretion of trophic factors by implanted cells
[311]. However, transplanted cells have dynamic responses to cues in
the lesion microenvironment [3]. Thus, sequential delivery of trophic
factors or drugs could help define the exposure of CNS to a concentra-
tion of critical protective and regenerative factors, to have better control
over patients’ responses to therapy.

5. Summary and future outlook

While signaling cascades and sequential DDS application were
discussed in the context of SCI, many of these would be applicable to
traumatic brain injuries and other nerve injuries. These also highlight
the deficiency of our biological understanding of the sequence of events
for remyelination following trauma. Demyelinating diseases have con-
tributed immensely to our knowledge in this complex process. How-
ever, recent evidence suggests that Schwann cells of CNS origin, are
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likely responsible for the limited remyelination following traumatic in-
jury. This supports the notion that remyelination following CNS trauma
could differ from their demyelinating disease counterparts.

In the recent decades, sequential DDS has made considerable impact
in some fields of tissue engineering. Thus, the current theme issue has
summarized important work in this aspect. However, the impact of
DDS is far from being felt in neural tissue engineering. Particularly
after traumatic injuries, where extensive bleeding and inflammation
are likely, fouling or scarring could be a huge problem for sequential
DDS to operate in neural tissues. Fouling and scarring alter the microen-
vironment that surrounds the drug delivery scaffolds, which may in
turn reshape the release kinetics of drugs. This is especially important
as the current DDS design is highly dependent on in vitro release profiles
rather than release in the biological environment that follows trauma.
Thus, design of a DDS should have anti-fouling or anti-scarring proper-
ties. This could be achieved by either loading another drug onto the scaf-
fold or the employment of anti-fouling materials.

Last but not least, the efficacy of DDS in traumatic injuries, particu-
larly at extended time periods, is unclear. Chronic stages of SCI see ex-
tensive secondary injury-induced cyst formation at both lesion
epicenter and perilesional areas, with cavity that increases in size over
the duration of injury. Although many works cited the decrease in cavity
sizes as an indication of recovery, only limited studies have look well
into chronic phases of SCI (12 weeks post trauma), which by our expe-
rience, has significantly more severe cyst formation than early chronic
injury (4 weeks) (unpublished observations). Moreover, implanted
DDS faces varying degrees of scaffold degradation following extended
time points in their host, depending on the materials that are employed
in the DDS. Scaffold degradation poses a final risk to host due to the pos-
sible toxic by-products. Thus, while cleverly designed DDS could
achieve sequential delivery in vivo, extended time point studies are
needed to ascertain their effect on cyst formation and scaffold degrada-
tion. Currently, end-point studies are commonly used in SCI, which
could be costly and inefficient in looking at aforementioned factors.
Amalgamating in vivo imaging of spinal cord [35], with DDS that allow
in vivo photonic imaging, such as fluorescence probes, could be useful
moving forward.
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