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Abstract 

Several studies suggest that topographical patterns influence nerve cell fate. Efforts have been made to improve 
nerve cell functionality through this approach, focusing on therapeutic strategies that enhance nerve cell function 
and support structures. However, inadequate nerve cell orientation can impede long‑term efficiency, affecting nerve 
tissue repair. Therefore, enhancing neurites/axons directional growth and cell orientation is crucial for better thera‑
peutic outcomes, reducing nerve coiling, and ensuring accurate nerve fiber connections. Conflicting results exist 
regarding the effects of micro‑ or nano‑patterns on nerve cell migration, directional growth, immunogenic response, 
and angiogenesis, complicating their clinical use. Nevertheless, advances in lithography, electrospinning, casting, 
and molding techniques to intentionally control the fate and neuronal cells orientation are being explored to rap‑
idly and sustainably improve nerve tissue efficiency. It appears that this can be accomplished by combining micro‑ 
and nano‑patterns with nanomaterials, biological gradients, and electrical stimulation. Despite promising outcomes, 
the unclear mechanism of action, the presence of growth cones in various directions, and the restriction of outcomes 
to morphological and functional nerve cell markers have presented challenges in utilizing this method. This review 
seeks to clarify how micro‑ or nano‑patterns affect nerve cell morphology and function, highlighting the potential 
benefits of cell orientation, especially in combined approaches.

Keywords Nerve regeneration, Cell arrangements, Micro‑ or Nano‑patterns, Electrical stimulation, Conduits

*Correspondence:
Majid Sharifi
Sharifi@shmu.ac.ir
Mohammad Kamalabadi‑Farahani
kamalabadi@shmu.ac.ir
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-024-02475-8&domain=pdf


Page 2 of 29Sharifi et al. Journal of Nanobiotechnology          (2024) 22:194 

Graphical Abstract

Introduction
Low and non-uniform cell density, disorganization in 
nerve cell arrangements like nerve coils, and instabil-
ity of seeded cells can result in sensory-motor problems 
in healing peripheral nerve tissues [1]. Therefore, rapid 
repair of neural tissue with grafts or conduits is not the 
only treatment option. Regenerative methods should pri-
oritize the seeding site, proliferation, differentiation, and 
cell shape for cell orientation and alignment to ensure 
that developing neurons resemble natural structures 
[2]. Alignment and orientation of neurons during the 
repair process have been demonstrated to have a posi-
tive impact on the function of neural tissue, including 
increased NCV, reduced neuroma, and improved CMAP 
[3–5].

Nanomedicine-based methods allow tissue engineer-
ing to regulate the topography [6], biological or chemi-
cal gradients of the microenvironment [7], and provide 
electrical or mechanical stimulation in three-dimensional 
space [8] for stimulating neurons during treatment. 
Scaffold or conduit surfaces have been demonstrated to 
influence cell orientation and alignment during cell pro-
liferation, growth, and development through topological 

nanostructures such as grooves, pillars, and pits [9]. 
Conduits also enable diverse cellular interactions to ori-
ent cells by controlling the three-dimensional space 
containing biological or chemical gradients induced by 
nanocarriers [7]. It seems that incorporating topologi-
cal nanostructures and biological or chemical gradients 
into conduits not only more effectively controls neuronal 
migration but also improves cell adhesion and signal 
transduction, facilitating the direction of axonal growth 
in an injured environment. Despite significant physico-
chemical similarities between luminal surfaces and the 
natural microenvironment, variations in geometry, topo-
logical patterns, and diverse mechanisms of cell contact 
with surfaces can lead to different outcomes. The regen-
erative consequences of these differences are not fully 
understood.

Biological or chemical gradients and topological strate-
gies derived from micro- or nano-carriers were found to 
be important for the alignment, orientation, and migra-
tion of neurons during repair. Neurons guide the growth 
cone and directional elongation of neurites/axons toward 
secreted signaling molecules such as NGF and Sema3A 
[10]. Similar to neurotrophic factors, chemotropic factors 
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have been demonstrated to effectively control cell orien-
tation by regulating neurite growth based on their source 
of release [11]. In contrast to topological micro- or nano-
patterns, diverse synergistic effects of neurotrophic and 
chemotrophic factors are provided to induce neuronal 
orientation [10–12]. However, controlling signal trans-
duction mechanisms, managing diffusion within 3D 
structures, enhancing cellular responses such as migra-
tion and cell morphology development, and addressing 
the ambiguous responses of polarized cells to sudden 
reversal gradients pose challenges to this approach. Gra-
dients-induced cell polarization can increase the likeli-
hood of cell migration in the short or long period [13]. 
Thus, the accumulation of cells at high pressure gradi-
ents is a significant issue. Modeling gradients based on 
topological micro- or nano-patterns seems to address the 
challenges of cell migration in 3D structures. The diverse 
impacts of biological or chemical gradients on cell sur-
vival add complexity to the comprehension of cell behav-
ior and functional responses.

In addition to topological micro or nano structures 
and biological or chemical gradients, neural tissue has 
been shown to exhibit significant repair responses when 
exposed to electrical stimulation with voltages below 
20  Hz [14]. Despite the importance of internal electri-
cal signals in nerve healing through pain relief [15], the 
use of external electric fields in repairing injured nerves 
by promoting re-innervation and neurites/axons ori-
entation also has considerable potential [16]. Electrical 
stimulation can affect nerve cells and cause biochemical 
reactions. These reactions can be exploited to enhance 
axonal sprouting and spreading toward stimuli by modi-
fying membrane proteins such as ATPase pumps and ion 
transport channels [17]. Four effects of electrical stimula-
tion on neurons have been identified: (i) alterations in the 
movement and concentration profile of cytoplasmic mol-
ecules, (ii) modifications in membrane response due to 
changes in transmembrane potential, (iii) electrophoretic 
accumulation of surface molecules, and (iv) heightened 
secretion of neurotrophic factors [15, 18, 19]. However, 
the mechanism of the effect of electrical stimulation on 
cell orientation or polarization is still not fully under-
stood. Conflicting results from electrical stimulation may 
be due to the injury type, stimulation type and location, 
frequency and duration of stimulation, treatment strat-
egy (simple or combined), and measured metrics.

Despite the notable advances in strategies involving 
topography, biological/chemical gradients, and electrical 
stimulations for PNI regeneration, the individual appli-
cation of these methods has not fully met therapeutic 
expectations, particularly in cases of extensive injuries 
[20]. Hence, the exploration of synergistic approaches 
that mimic the natural interactions of tissues with 

micro- or nano-patterns, along with biological/chemi-
cal gradients, holds significant promise for neural tissue 
regeneration. For instance, despite the effective use of 
conduits with micro- or nano-patterns for mechanical 
support and targeted signal amplification for cell adhe-
sion and directional neurites/axons growth [21, 22], they 
remain ineffective due to the absence of necessary tem-
poral and spatial adjustments needed by neurites when 
connecting proximal and distal ends. Releasing neuro-
trophic factors at specific times according to gradients 
can offer a more precise expansion pattern facilitating 
the connection of the two nerve ends [23]. Also, enhanc-
ing nerve cell performance through electrical signals in 
conduits with micro- or nano-patterns effectively accel-
erates regeneration speed and process [24]. This study 
aims to illuminate the synergistic effects of therapeutic 
approaches employing micro and nano patterns on the 
directional growth of neurites/axons and cell orientation.

Structural characteristics and cellular interactions 
of aligned nervous tissue
Peripheral nerve tissue has aligned and organized cellu-
lar structures, similar to muscles, tendons, the digestive 
system, and the heart [25]. Adhering to natural neuronal 
structural patterns during regeneration enhances per-
formance and reliability, based on insights from tissue 
regeneration. This objective has not been accomplished 
yet due to the distinct responses of cells to mechanical 
and biochemical stimuli. Recognizing structural patterns 
in neural tissue and cell behavior, and choosing regenera-
tion methods based on these patterns, could enhance the 
chances of aligning and orienting neurons.

Anatomy
Peripheral nerves are groups of nerve fibers, axons or 
dendrites that are surrounded by connective tissue with 
sensory or motor characteristics or a mixture of them 
[26]. These layers are the endoneurium, which is flexible 
and longitudinally connected to capillaries, the perineu-
rium, a thin, dense barrier that acts as a blood barrier, 
and the epineurium layer, which offers strong mechanical 
protection. The axon cytoskeleton is made up of micro-
filaments, microtubules, and intermediate filaments 
[27]. It plays a crucial role in maintaining axon struc-
ture, migration, attachment, and growth. Along with the 
cytoskeleton, the abundant P0 protein is also important 
as it mediates between the axon and myelin sheath pro-
duced by Schwann cells [28]. Myelin is essential for insu-
lating axons and transmitting electrical signals, but it 
may also contribute to neuronal tensile strength, growth, 
and development by generating connectors like the ECM 
and integrin [29]. Also, despite the variation in mechani-
cal properties of peripheral nerves depending on the type 
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and location, the overall regeneration of the peripheral 
nerve system is influenced by factors like elastic modu-
lus, ultimate tensile strength, and elongation at break of 
the respective nerve [30]. These properties impact the 
alignment and orientation of neurons by transmitting 
mechanical forces.

Cell attachment
One of the criteria for measuring cell health is the assess-
ment of cellular behavioral responses, such as prolifera-
tion, differentiation, adhesion, migration, and reactions 
to physical, chemical, and biological signals (Fig.  1A). 
Therefore, the determination of cell–cell and cell-
ECM connections and their indicators may represent 
important aspects of the health of neuronal behavioral 
functions.

Cell–cell interaction
During growth and regeneration, neurons, like other 
cells, primarily receive signals from neighboring cells 
through the cadherin family (including classical cadher-
ins, proto-cadherins, and atypical transmembrane pro-
tein 7-cadherins), L1, and NCAM [31]. Cadherins play 
important roles in cell identification, sorting, migration, 
and polarity via calcium ions [32]. They bind to cells 
through mediators such as p120 and catenins (Fig.  1B) 
[32]. By regulating the cytoskeletal state of neurons 

through Rho, Rac, and Cdc42, they affect adhesion and 
migration by extending projections and exploring neigh-
boring cells [33]. Also, L1 and NCAM (types 120, 140, 
and 180) impact cell–cell interactions like synapse for-
mation and axon growth by binding to other molecules 
such as integrin [31]. NCAM, especially NCAM-180, 
and L1 through FGFR, activate the downstream MAPK/
ERK pathway, impacting spectrin activation and the actin 
cytoskeleton, thereby contributing to neuronal regenera-
tion and cell–cell contact [34]. Additionally, neurons hin-
der Schwann cell migration by increasing the expression 
of NCAM and L1 [31]. The start of Schwann cell-axon 
interaction usually involves increased Neuregulin-1 in 
the developing axon [35]. This triggers PI3-kinase, phos-
pholipase C, and MAPK signaling pathways in Schwann 
cells, resulting in neuronal cell growth, migration, and 
myelination.

Cell‑ECM interaction
The ECM is essential as the main structural support in 
the body, performing specialized functions tailored to 
the needs of each organ. Despite its diverse composi-
tion, collagen, elastin, fibronectin, and laminin are the 
main components of the ECM [36]. Collagen is plenti-
ful in peripheral nerve tissue, which is associated with 
the layer formed by Schwann cells [36]. The ECM plays 
a crucial role in regulating neuronal functions, including 

Fig. 1 Schematic view of cellular function in conduits or scaffolds: A Cellular responses to environmental influences can be studied by controlling 
changes in the morphological properties and molecular structure of the cytoplasm and nucleus. Key indicators comprise of (1) adhesion 
and migration, which are based on the accumulation of intracellular actin and formation of filopodia, and (2) cell orientation or elongation 
in response to internal stimuli (biological/chemical gradient) or external stimuli (electrical impulses). B The cadherin/catenin complex is involved 
in cell–cell interaction, that E‑Cadherin immobilizes synthesized β‑catenin to the nerve cell membrane. Meanwhile α‑catenin links β‑catenin 
to the actin cytoskeleton. C Diagram of nerve Cell‑ECM interaction displaying the sequence of main receptors and intra‑ and extracellular links
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differentiation, migration, alignment, adhesion, cell–cell 
communication, and the dispersion of mature neurons. 
This is achieved through interactions between cell integ-
rins and laminin, fibronectin, collagen, and ECM peptides 
[37]. Integrins are transmembrane receptors composed 
of α and β subunits that form noncovalent interactions 
[38]. These interactions are observed in four ways in 
neuron-extracellular matrix interactions: RGD (Arg-Gly-
Asp) ligands bind to αV, α5β1, α8β1, and αIIbβ3 integ-
rins, LDV (Leu-Asp-Val) ligand binds to integrins α4β1, 
α4β7, and α9β1, Laminin/collagen binds integrins α1, 
α2, α10, α11, and laminin binds integrins β1 (α3, α6, and 
α7) and α6β4 [38, 39]. Integrin-mediated neuron-ECM 
interactions facilitate two-way signaling (outside-in and 
inside-out) between cells and ECM (Fig. 1C). These inter-
actions involve talin, paxillin, zyxin, and vinculin, along 
with actin filaments, and contribute to the formation of 
different adhesive structures like nascent adhesions, focal 
complexes, focal adhesions, and fibrillar adhesions [40]. 
Paxillin-rich, short-lived nascent point-like adhesions are 
found beneath the lamellipodia at the front of the migrat-
ing cell. Focal adhesions containing low levels of paxil-
lin and high levels of vinculin form at the ends of stress 
fibers containing actin and myosin [41]. This cytoskele-
ton-derived adhesion is effective in force transmission. 
The most stable adhesions, fibrillar adhesions contain-
ing large amounts of tensin and β1-integrin, form along 
matrix fibrils beneath the cell center [39]. During cell 
migration, the cytoplasm expands by filopodia and lamel-
lipodia, adhesions form, creating focal complexes rich 
in FAK and paxillin, and actin polymerization also takes 
place. Actomyosin contractile forces release mature focal 
adhesions on the opposite side, separating the cell from 
the environment [38, 40, 41].

Supporting structures
Efforts have been made to develop support structures 
containing neural cells to alleviate the limitations of 
autograft and allograft in peripheral nerve regeneration, 
with the most important being biological or polymeric 
conduits. Despite the significant impact of construction 
methods and materials on the healing process through 
biocompatibility, biodegradability, permeability, and 
mechanical capabilities (tensile strength, pressure resist-
ance, flexibility, etc.) (Table  1), this study specifically 
examines the role of neuron function (adhesion, prolif-
eration, differentiation, growth) in the physical structure 
of conduits, including orientation and topology patterns. 
While it may be challenging to establish criteria based 
on the physical properties of conduits, a review of exist-
ing literature may offer valuable insights to enhance and 
expedite the repair process of neural tissue.

Aligned fiber structures
Repairing injured peripheral nerves is often challenging, 
and sometimes even impossible, due to the misdirection 
of nerve cells and or improper suturing of the two nerve 
endings. Leveraging the inherent properties of neural tis-
sue, such as its striped structure and directional cell dis-
tribution, conduits with aligned fibers have been found 
to expedite the healing process by facilitating the direc-
tional growth of neurons. Numerous studies in this area 
have indicated that the use of aligned fibers promotes 
peripheral nerve regeneration and enhances performance 
(Table 2). Nevertheless, achieving the precise extent and 
shape of cell alignment remains problematic due to the 
adverse effects of excessively aligned fibers on cell junc-
tions and the unbalanced growth of axons.

Kim JI et  al. [58] demonstrated that altering the con-
duit fibers from random to aligned within PLGA and 
PU (from electrospinning: voltage: 16  kV, flow rate: 
1  mL/h) conduits containing NGF enhances the orien-
tation of PC12 cells, aiming to improve nerve cell func-
tion. Aligned fibers were found to significantly improve 
the directional growth of PC12 cells by tripling the 
length and volume of intracellular actins parallel to the 
fibers. This enhancement was attributed to the rein-
forcement of cell adhesion, resulting from increased 
hydrophilicity that altered the cell contact angle from 
128.3 to 120.2°. The alteration of PC12 cell morphology 
from flat or spherical in random fibers to spindle-shaped 
and oriented with aligned fibers validates this [58]. In 
next study, Chen S et  al. [59] demonstrated that apply-
ing decellularized peripheral nerve matrix gel (pDNM 
gel) on PLLA fibers (diameter: 650 ± 90  nm) not only 
enhances axon growth by 30% through increased adhe-
sion and interaction between DRG cells and fibers, but 
also leads to a 3–sixfold rise in Schwann cells migration 
in aligned fibers, significantly impacting the orientation 
of DRG cells. Schwann cell migration on aligned fibers 
and secretion of biological signals like NGF or neurotro-
phin-3 on them, have influenced the directional growth 
of neurons and axons extension. Moreover, it was dem-
onstrated that the growth orientation of DRG cells signif-
icantly depends on the substrate pattern. It was observed 
that augmenting the thickness of the pDNM gel coating 
(from 0.25 to 1%) and decreasing the resolution of the 
substrate pattern lead to a more random growth of DRG 
cells. Surprisingly, the utilization of pDNM gel led to 
the emergence of fascicle-like axonal bundling in neural 
tissue, likely due to the increased presence of neuronal 
ECM molecules [59]. To study the impact of fiber align-
ment on nerve tissue function, Du J et al. [54] fabricated 
chitosan channels with aligned fibrin nanofibers using 
electrospinning (flow rate: 3  mL/h and voltage: 5  kV) 
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and self-assembly. This led to increased DRG prolifera-
tion, adhesion, and directional growth of neurites/axons 
at 12 weeks post-surgery in a sciatic nerve transection in 
proximal region (10 mm) (Fig. 2A), along with increased 
NCV and CMAP (from ~ 5 to ~ 6.5  mV), neuron length, 
myelin sheath thickness (up to 30%), SFI (from −  60 
to −  45), and gastrocnemius muscle-wet weight ratio 
(from ~ 0.41 to ~ 0.58%) [54]. Aligned fibrin nanofibers, 
similar to native tissue, facilitate the directional growth 
of neurites/axons and nerve cell orientation in under 
2  weeks by enhancing cell migration and cell sprouting 
rate (0.65  mm/day). Nevertheless, the non-uniform and 
quick breakdown of fibrin over a 2 week timeframe pre-
sents obstacles for the targeted migration of neural cells 
in long-term healing. Quan Q et  al. [60] used the PCL-
chitosan conduit obtained from the electrospinning 
method (flow rate: 1.5 mL/h, voltage: 15 kV) to encour-
age the directional longitudinal growth of neurites/axons, 
without causing any toxicity to Schwann cells, PC12, and 
DRG despite the greater stability of the fibers. The poor 
adhesion of nerve cells on PCL polymer was effectively 
enhanced by utilizing chitosan. The notable enhance-
ment in SFI recovery, gastrocnemius muscle mass, myeli-
nation, and distal nerve ultrastructure after 12 weeks of 
surgery, along with increased expression of ATF3 and 
cleaved caspase-3 after 7 weeks in the distal segment of 

transected sciatic nerve (15  mm), indicates the favora-
ble alignment of fibers within the conduits [60]. Despite 
axonal protection and inducing directional growth in 
conduits with aligned fibers, repairing nerve defects 
above 2.5 cm remains challenging due to the uneven dis-
tribution of nerve cells along the conduit and the infiltra-
tion of connective tissues [61]. For this purpose, Dong X 
et al. [62] fabricated 30 mm composite porous conduits 
using PLCL in the shell and PDS in the center. They used 
electrospinning with a voltage of 16  kV and a flow rate 
of 2.0 ml/h for the shell, and electroprinting with a print-
ing speed of 1800 mm/min and a voltage of 3.3 kV for the 
aligned fibers in the center. By seeding RSC96 and PC12 
cells on microfibers, they successfully attained directional 
growth of neurites/axons and cells orientation with 0–10° 
alignment angle. The morphological results of RSC96 and 
PC12 cells suggest that composite conduits with aligned 
fibers prompt cells to elongate, exhibit a bipolar distri-
bution of lamellipodia along the fibers, and enhance the 
development of Bungner structures in Schwann cell pop-
ulations, which is vital for myelin formation. Moreover, 
the 30 mm severed dog sciatic nerve model demonstrated 
that the composite porous conduit enhances the physical 
structure of the sciatic nerve (diameter and flexibility), 
boosts blood vessel presence, particularly in the central 
area, and enhances nerve cell function. Furthermore, it 

Table 2 The performance of aligned or random fibers in the peripheral nerve regeneration

CMAP Compound muscle action potential, CNT Carbon nanotube, GO Graphene oxide, NCV Nerve conduction velocity, PCL Polycaprolactone, PLLA Poly(L-lactide), SFI 
Sciatic functional index

Conduit Method Fiber Outcomes Ref

PCL/CNTs Model: In vivo
Damage length: 10 mm
Period: 3 months

Random SFI: − 69.48; CMAP: 4.27 mV; myelin sheath: 0.21 µm; low expression of NF200, MBP, 
Tuj‑1 genes; weight percentage: 36%

[53]

Aligned SFI: − 56.89; CMAP: 3.48 mV; myelin sheath: 0.68 µm; high expression of NF200, MBP, 
Tuj‑1 genes; weight percentage: 46%

Fibrin nanofibers Model: In vivo
Damage length: 10 mm
Period: 12 weeks

Random SFI: − 60.14; CMAP: 5.01 mV; myelin sheath: 50.2 µm; diameter of myelinated fibers: 
309 µm; percentage of muscle fiber area: 20.5%

[54]

Aligned SFI: ‑43.19; CMAP: 6.68 mV; myelin sheath: 65.8 µm; diameter of myelinated fibers: 357 
µm; percentage of muscle fiber area: 62.2%

PCL‑chitosan–gelatin Model: In vivo
Damage length: 15 mm
Period: 12 weeks

Random SFI: ‑59.23; CMAP: 10.76 mV; NCV: 36.2 m/s; myelin sheath: 0.68 µm; axon diameter: 
2.25 µm; muscle weight ratio: 0.55

[55]

Aligned SFI: ‑52.31; CMAP: 13.66 mV; NCV: 46.0 m/s; myelin sheath: 1.3 µm; axon diameter: 
3.17 µm; muscle weight ratio: 0.62

PLLA Model: In vivo
Damage length: 5 mm
Period: 8 weeks

Random SFI: ‑71.1; count of axon: 76; myelin sheath: 0.51 µm; myelinated fibers diameter: 2.8 
µm;

[56]

Aligned SFI: ‑59.9; count of axon: 102; myelin sheath: 0.62 µm; myelinated fibers diameter: 3.1 
µm;

GO‑PCL Model: In vitro
Culture: 2D
Period: 3 day

Random Proliferation: 2.3 OD value; NGF expression: 1.7 pg/mL; poor spread: 102.6 µm; [8]

Aligned Proliferation: 2.6 OD value; NGF expression: 2.1 pg/mL; poor spread: 301.9 µm;

Silk nanofiber Model: In vivo/In vitro
Damage length: 10 mm
Period: 12 weeks

Random SFI: ‑74.31; NCV: 12.5 m/s; percentage of S‑100 positive area: 11%; myelin sheath: 0.56 
µm; diameter of myelinated axon: 2.7 µm; muscle wet weight ratio: 46.5%;

[57]

Aligned SFI: ‑66.3; NCV: 29.1 m/s; percentage of S‑100 positive area: 29%; myelin sheath: 0.73 
µm; diameter of myelinated axon: 3.3 µm; muscle wet weight ratio: 52.1%;
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was observed that the conduit containing aligned fibers 
inhibited the growth of invasive connective tissue within 
the conduit when compared to the control groups over 
a one-year period. Continuous and uniform distribu-
tion of the myelin sheath, optimal thickness, and den-
sity of myelin, increased axon diameter, higher NCV and 

CMAP, and improved gastrocnemius muscle structure 
confirm the positive impact of the conduit on enhanc-
ing the motor function of dog [62]. The experimental 
reports above indicate that 10–30  mm conduits with 
aligned fibers promote nerve regeneration more effec-
tively than random fibers, enhancing cell migration and 

Fig. 2 A SEM micrographs of AFG (a) and RFG (b), and their effects on nerve cell orientation. (c) Immunohistochemistry images of longitudinal 
sections of regenerated nerve tissues harvested from groups at 12 w after surgery. Axons were stained with NF200. Reprinted with permission 
from ref [54]. B Scheme of aligned NFY preparation by a dry–wet electrospinning method (a). SEM images of aligned NFYs with 25, 50 and 100 
µm diameters (b). Fluorescence images of DRG cells on NFYs with varying diameters, stained with F‑actin (green) and DAPI (blue) (c). Polar 
histograms showing neurite orientation distribution (d). Reprinted with permission from ref [63]. C Schematic view of conduit design decorated 
with photocatalyst (a). Immunofluorescence images of PCL cells in square and rectangular patterns (1–1, and 1–2 or 1–3) and corresponding 
plot (b). Immunofluorescence images of PC12 cells and corresponding plot of cell orientation (c) on parallelogram patterns, 30°, 45°, and 60°. 
Cells were stained with TUJ1 (red) and Hoechst (blue). Scale bars: 100μm. Reprinted with permission from ref. [64]. D Immunofluorescent staining 
of longitudinal sections, showing the distribution of neurofilaments (NF09, green) and Schwann cells (S100, red) in random and oriented nanofiber 
(a) and the length of regenerated nerve in conduits (b). Macrophage polarization characterized by CD68 (M0, green), iNOS (M1, red) and CD206 (M2, 
red) (c). The number of M2 macrophages and the M2/M1 ratio macrophages in conduits (d). Reprinted with permission from ref. [65]
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facilitating continuous tissue regeneration. Nevertheless, 
they do not address how structural aspects like aligned 
nanofiber thickness or junction shape impact cell func-
tions and behaviors. Wang L et al. [63] demonstrated that 
the directional growth of neurites/axons and the orienta-
tion of PC12 or DRG depend on the diameter of aligned 
nanofibers. They found that increasing the fiber diameter 
from 25 to 50 μm expanded the rate of oriented neurites/
axons from 62 to 64%, based on the angle between the 
long axis of neurites/axons with PCL-SF-CNT nanofib-
ers coated with GelMA (Fig. 2B). Nonetheless, increasing 
the fiber diameter to over 50 μm significantly decreased 
the neuron orientation rate by 10%. The decrease in cell 
migration rate from 1380 to 1090  μm and the drop in 
cells sprouting rate from 460 to 360  μm per day due to 
the increase in fiber diameter from below 50 μm to above 
50 μm were identified as the primary causes for reduced 
cell alignment. Expanding the surface platform without 
spatial limitations promotes the unrestricted growth of 
cells. In addition to fiber diameter, alterations in fiber 
connection angle and geometric pattern have been 
observed to affect nerve cells orientation. Decreasing 
the intersection angle from 90 to 30° and elongating the 
X-axis by changing the geometric pattern from square 
to rectangular increased the orientation rate of PC12 
cells [64]. This implies that neurite elongation is equal 
in both the X and Y axes within square patterns. Chang-
ing the pattern from square to rectangle and increasing 
the length of the X-axis results in more PC12 cells being 
located on the X-axis (Fig. 2C). Additionally, altering the 
connection angle from 90 to 30° when transitioning the 
geometric pattern from a square to a rectangle leads to 
an exaggerated orientation of neurites along the X-axis 
[64]. Despite the increased orientation of neurites in 
anisotropic patterns with rectangular templates in vitro, 
the structural collapse caused by reduced mechanical 
strength continues to be a significant challenge.

Considering the primary and secondary inflamma-
tory response is another key priority for enhancing PNI 
in the utilization of fiber-based support structures. In 
this field, using PLCL conduits coated with aligned PDS 
fibers (27.1 ± 3.9  μm in diameter) obtained by electro-
spinning (flow rate: 2  mL/h, voltage: 16  kV) and melt 
spinning (flow rate: 1 mL/h, temperature: 130 °C) meth-
ods, Dong X et al. [65] found that promoted PNI regener-
ation by attracting macrophages and polarizing them to 
an anti-inflammatory phenotype (Fig. 2D). In addition to 
improving migration, adhesion, and directional growth 
of DRG and Schwann cells, results show that aligned fib-
ers supports nerve regeneration by reducing expression 
of TNF-α, IL-6, and iNOS genes, increasing oxidative 
phosphorylation, and promoting the polarization of M1 
to M2 macrophages. Furthermore, the morphological 

change of macrophages to a quiescent state, higher 
CD206 levels, and greater presence of FIZZ1, IL-10, 
IL-13, and YM1 genes on microfibers confirm the anti-
inflammatory characteristics of aligned fiber within con-
duits. Likewise, the findings from the transected sciatic 
nerve (11  mm) regeneration in middle segment dem-
onstrate that alighned fibers vs. random fibers not only 
have a beneficial impact on neurites/axons length (3.9 vs. 
1.5  mm) and DRG-Schwann cells orientation, but also 
indicate an improvement in the healing process within 
14  days through increased the thickness and number 
of myelin sheaths (~ 200 vs. ~ 95), CMAP amplitudes 
(~ 65% vs. ~ 25%), and SFI (−  40 vs. −  85) [65]. Subse-
quent results revealed that in the transplanted tissue, 
macrophages and Schwann cells were aligned parallel 
to the microfibers. The close correlation between mac-
rophages and Schwann cells indicates a strong impact of 
alignment on them, highlighting the significant influence 
of alignment on these cells. However, macrophages, espe-
cially M2-type macrophages, have a faster effect on nerve 
regeneration as neural progenitor cell guides through 
their faster migration on fibers compared to Schwann 
cells [65]. Vascularization of the regenerating nerve tissue 
is crucial, as is the control of inflammation for the stabil-
ity and orientation of nerve cells on aligned fibers. Blood 
vessels seem to promote the healing process by provid-
ing a pathway for Schwann cell migration and supporting 
axonal regeneration through Bungner’s bands. Muang-
sanit P et  al. [66] found that culturing HUVEC-Shawnn 
cells (4–0.5 ×  106  cells/mL) in silicone conduits with 
aligned collagen promoted sciatic nerve regeneration by 
increasing the number and length of vascular branches 
(based on CD31). The mechanisms described include 
Schwann cells calling and an increase in the number of 
nerve branches near the vessel. However, significant dif-
ferences were only observed at the proximal stump, and 
the reduced number of neurites and axon regeneration at 
the distal stump make this approach difficult to use [66].

Neural cell migration, as described in Sect.  2.2, is a 
complex process facilitated by adhesion initiation and 
cell polarization through actin polymerization and 
microtubule organization. The aforementioned studies 
suggest that aligned fibers, similar to the native ECM, 
enhance focal adhesion and cytoskeletal rearrangement, 
such as actin, resulting in increased sprouting and nerve 
cones parallel to the aligned fibers and their expansion. 
Despite the uncertainty surrounding the mechanism of 
action of aligned fibers on migration and cell orienta-
tion, the theory of geometric potential influencing water 
expansion can elucidate part of the process. It has been 
observed that water spreads more effectively on aligned 
fibers compared to random fibers due to capillary prop-
erties [67]. Therefore, the increase in cell contact surface 
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area resulting from higher hydrophilicity of fibers in 
aligned patterns enhances adhesion and cell migration, 
regardless of fiber diameter [63] and connetion shape 
[64]. A key mechanism involves enhanced interaction 
of pioneer cells with aligned fibers, leading to collective 
migration of neurons akin to tissue repair patterns. Uti-
lizing leader cells with superior adhesive strength and 
migration speed, such as macrophages [65], can expe-
dite and improve nerve cell orientation and regeneration. 
However, careful consideration of cell interactions and 
types when using leader cells alongside nerve cells is cru-
cial to avoid challenges like fibroblast-induced scarring.

Micro‑ or nano‑patterns
The topology with repeated arrangements in natural 
neural tissue influences neuronal cell function, such as 
cell expansion and polarity, cell geometry, and signal 
transduction. So, meeting the topological requirements 
is essential to achieve the normal function of artificial 
neural tissue similar to natural tissue. The primary topo-
logical structures utilized for repairing peripheral nerves 
include grooves, channels, pillars and pits (Table 3).

Grooves
Changing the surface topography from smooth to rough 
always modifies nerve cell behavior (Table  4). Several 
studies indicate that groove/ridge patterns, resembling 
normal nerve tissue, play a crucial role in focal adhe-
sion alterations and enhanced integrin clusters along the 
edges of the neural cell plane via the MAPK/ERK path-
way [69, 70]. However, the molecular pathways influ-
encing cell behavior alter with variations in depth and 
groove spacing. For instance, decreasing the ridge size 
from 1 to 15  nm with constant groove width changes 
the mechanotransduction pathway from MEK pathway 
to Rho-YAP pathway [70]. However, despite recognizing 
the impact of these patterns on nerve cell behavior, the 
optimal distance and depth of the groove/ridge on the 
nerve cell remain unclear. Increasing the width of these 
patterns appears to alter cell orientation by decreasing 
focal adhesions due to reduced nerve cell contact at the 
edges, while excessively reducing the groove/ridge dis-
tance leads to radial expansion in cell orientation. The 
bio-molecular mechanism induced by anisotropic geom-
etries that change cell fate and induce directional growth 
is still not well understood due to limited access to geo-
metric variations. Cai L et al. [71] showed that Schwann 
cell precursor line (SpL201) with glial nature and PC12 
cells in 5  μm width and 12  μm depth grooves display 
enhanced cell morphology and more directional growth 
of neurites/axons. The alignment of cytoskeleton and 
cell nucleus with the grooves is improved by increasing 
groove depth (from 1 to 12  µm) and decreasing groove 

width (from 90 to 5  µm), while the cellular response to 
surface roughness is also affected by the nature of the 
cells and their motility. That is SpL201 exhibits less cell 
orientation compared to PC12 when the groove depth is 
changed from 12 to 1 μm. The higher adhesion of SpL201 
cells seems to hinder cell migration than PC12, regard-
less of groove depth, due to increased integrin expression 
and enhanced focal adhesion maturation on the plat-
form. Increasing groove depth by reinforcing the actin-
myosin complex and  Ca2+ influx from the membrane 
promotes cell migration in PC12 and SpL201 cells. While 
the reduction of the groove width through nucleus shape 
change affects microtubule organization and  Ca2+ influx, 
it plays a role in cell orientation and migration. There-
fore, the ideal spacing of aligned grooves for directing 
neurites/axons is determined by their depth. While it has 
been demonstrated that the width of grooves and ridges 
have a greater impact on cell orientation and migration 
[72, 73]. It has also been found that while reducing the 
width of grooves from 2000 to 500  nm with a depth of 
350 nm has a positive effect on enhancing the directional 
growth of nerve cells, reducing the length of neurites is 
challenging in this process [70]. In addition, Huang C 
et al. [74] showed that modifying the surface of cellulose 
acetate butyrate conduits obtained through electrospin-
ning (Voltage: 20 kV, flow rate: 0.8 mL/h) from smooth to 
aligned grooves with a width of 200 nm enhances the ori-
entation of nerve cells in the injured sciatic nerve (≥ 15 
mm). The increase in NCV (~ 45 vs. ~ 41 m/s), CMAP (~ 9 
vs. ~ 7.5 mV), SFI and the wet weight ratio of gastrocne-
mius muscle (~ 67 vs. ~ 62%), as well as the increase in the 
number and thickness of myelinated fibers, validate the 
enhanced performance of the grooved pattern over the 
smooth pattern post 12 weeks of surgery [74]. In addition 
to directing nerve cell growth, the maturation of nerve 
cells during cell migration and orientation to enhance 
the repair process is a less explored area, as investi-
gated by Polo Y et  al. [75]. Aligned grooves (203.3  nm) 
with 496.5 nm ridges in the PLCL conduit had a positive 
impact on the directional growth of neurites/axons and 
cell orientation. However, graphene oxide or polydopa-
mine coating on grooved surfaces led to greater matu-
ration for neurons, as evidenced by increased neurite 
length. These coatings improved cell adhesion by increas-
ing hydrophilicity and significantly enhanced cell orien-
tation after neuronal cell differentiation. Nevertheless, 
compared to laminin, an ECM protein, the aforemen-
tioned coatings resulted in a slower rate of cell migra-
tion [75]. Similarly, Zhang D et  al. [76] demonstrated 
that PLCL conduits produced using the cast approach 
in PTFE with graphene oxide coating exhibit enhanced 
cell adhesion and organization. They found that grooves/
ridges measuring 3/3 μm on conduit surfaces, as opposed 
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Table 4 Summary of the impact of micro‑patterns on peripheral nerve organization

Type Materials (M)
Physical properties (P)

Method/Outcomes Ref

Groove M: PLCL‑GN
P: 20 µm size and 20.96 ± 1.26 MPa tensile strength

Model: In vitro/In vivo, Period: 12 weeks, Damage length: 10 
mm, Outcome: Promoted cell migration, adhesion, and elonga‑
tion, and the directional growth of neurites/axons. Its induce 
the myelin sheath, faster nerve regeneration and a 20‑fold func‑
tional recovery

[78]

M: CS‑AS
P: 46/18 μm groove/ridge sizes

Model: In vitro, Period: 3 days, Outcome: Increasing axon length 
by 80% and neurite length by 20%, reducing axon winding 
and promoting directional growth of neurites/axons, and enhanc‑
ing cell orientation

[79]

M: Silk fibroin
P: 10, 30, and 50 µm size

Model: In vitro, Period: 3 days, Outcome: Enhancing cell orienta‑
tion and directional growth of neurites/axons within a width of 30 
µm, regulating cone growth along grooves

[80]

M: PCL‑PLA
P: Sharp and wide ridges with 5 µm depth and groove of 15–20 
µm

Model: In vitro/In vivo, Period: 16 weeks, Damage length: 
10 mm, Outcome: Enhanced adhesion in wide ridges, increased 
directional growth of neurites/axons and cell orientation 
in short ridges, increased axon numbers, and cross‑sectional area 
of axon in wide ridges

[81]

M: CS
P: Shapes of grating and isosceles triangle with 4 µm ridges, 6 µm 
groove, ~ 1.6 µm depth

Model: In vitro, Period: 3 days, Outcome: Despite the equal distri‑
bution among all platforms, the grating increased the directional 
growth of neurites/axons and cell orientation. It also reduced 
actin dispersion and increased cell polarization compared to other 
groups. However, cells on the scalene triangle platform exhibited 
the most displacement

[82]

M: Gelatin‑coated PLCL
P: Groove/ridge/depth: 3/3/4 µm or 10/10/4 µm

Model: In vitro, Period: 24 h, Outcome: Grooves 3/3/4 μm had 
a greater impact than other groups, leading to increased migra‑
tion, cell orientation, directional growth of neurites/axons, vinculin 
expression and adhesion by enhancing β1 integrin, Rac1, RhoA, 
and Cdc42

[83]

M: PLLA‑MTMC
P: Groove/ridge/depth: 40/20/10 µm or 20/20/10 µm

Model: In vitro, Period: 5 days, Outcome: The 40/20 µm groove 
enhanced adhesion by cadherin, neurocan, and vinculin, leading 
to increased directional growth of neurites/axons, improved cell 
orientation, and well‑organized filopodia and lamillopodia

[84]

Channel M: PLATMC
P: 4 channels: dimensions from 400 to 1400 nm

Model: In vitro/In vivo, Period: 12 weeks, Damage length: 10 
mm, Outcome: Improved directional growth of neurites/axons, 
axon length, cell orientation, NCV (up to ~ 15%), and DCMAP (up 
to ~ 40%), coupled with enhanced cell number (~ 61%), myelin 
thickness (~ 50%) and vessels within the channels (~ 25%)

[85]

M: Silk fibroin
P: 5 channels: dimension ~ 570 µm

Model: In vitro/In vivo, Period: 12 weeks, Damage length: 20 
mm, Outcome: By enhancing neurite/axon directional growth 
and improving cell orientation, the channels facilitated rapid 
recovery of the damaged tissue by increasing the number 
of nerve fibers

[86]

M: Chitosan/N‑succinyl‑chitosan
P: Conduit with internal fibers and holes of 66 µm

Model: In vitro/In vivo, Period: 12 weeks, Damage length: 10 mm, 
Outcome: Enhanced cell migration, directional neurites/axons 
length, myelin membrane, SFI, NCV, and gastrocnemius muscle, 
as well as improved cell adhesion and nerve cell viability

[87]

M: gelatin methacrylate
P: 4 channels with internal diameter of 1.2–2 mm

Model: In vitro, Period: 7 days, Outcome: Cell migration increased, 
especially in larger diameter, enhanced directional growth 
of neurites/axons, improved cell orientation, increased nerve buds, 
and enhanced cell junctions with each other

[88]
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to other sizes (5/5, 10/10, and 30/30 μm), play a more sig-
nificant role in cell migration, directional growth of neur-
ites/axons (aligned with the grooves), and cell orientation 
after maturation (Fig.  3A). The improved adhesion of 
Schwann cells to graphene oxide nanosheets is attributed 
to the increased contact area and enhanced cell-substrate 
interaction by inducing NCAM and NCAD secretions 
(Fig. 3A). While, cell nuclei elongation and cytoskeleton 
formation along ridges/grooves, showing cell migration, 
result in a more accurate migration process that prevents 
random axon and neurite connections. Furthermore, this 
study shows that 3/3  μm aligned grooves/ridges coated 
with graphene oxide nanosheets can effectively promote 
the regeneration process by reducing inflammation. This 
is achieved by polarizing M1-type spherical macrophages 
into M2-type spindle-shaped macrophages through 
increased Arg1, IL-10, and SIRT1 expression (Fig.  3A). 
The improvement of SFI, CMAP, NCV, gastrocnemius 
muscle weight, the increase in myelinated axons, and the 
thickening of myelin all indicate the high effectiveness of 
3.3  µm grooves/ridges with graphene oxide in regener-
ating transected sciatic nerve (10 mm) at 8 weeks post-
operation [76]. The stability of the repair process relies 
on significant nerve cell proliferation, adhesion, and 
timely migration, while prioritizing angiogenesis is also 
crucial. Introducing biological markers consistent with 
the ECM structure of nerve cells, like laminin [75], can 

promote the angiogenic approach along with the rapid 
targeted distribution and adhesion of nerve cells. For 
instance, it was found that using IKVAV peptide mark-
ers on PCL aligned grooved surfaces (grooves/ridges: 
11/9  μm) created by electrospinning (Voltage: 18.8  kV, 
flow rate: 0.088  mL/hour) improves the formation of 
multiple branches of blood vessels with diameter ≥ 50 µm 
aligned with the surface grooves and facilitated the direc-
tional growth of neurons/axons (Fig. 3B) [77]. Also, it was 
found that PCL aligned grooved coated with IKVAV pep-
tide not only improved the proliferation and migration 
of Schwann cells based on the apparent distribution, but 
also markedly altered the cell orientation behavior from 
0 to 90° (random fibers) and 0 to 35° (PCL aligned) to 0 
to 10°. Meanwhile, it was observed that the development 
and expansion of blood vessels in aligned grooved groups 
lead to a higher degree of neuronal cell orientation and 
wider migration.

Channels
Channel-type conduits are known for their ability 
to easily transport nutrients, load neurotrophic fac-
tors, and enhance cell migration. When compared to 
grooves, channels can more effectively prevent neuropa-
thy and action potential challenge by isolating adjacent 
axons and neurons from extracellular fluid with low 
impedance. Also, based on the hypothesis of limiting 

Table 4 (continued)

Type Materials (M)
Physical properties (P)

Method/Outcomes Ref

Pillar M: PMMA
P: Cylindrical shape, 6.5 µm pitch, 1 µm height

Model: In vitro, Period: 7 days, Outcome: Improving cell differ‑
entiation, increasing the length of axons and directional growth 
of neurites and axons

[89]

M: PDMS@PEDOT:PSS
P: 2.9–3.1 µm height and distance of 15 or 30 µm

Model: In vitro, Period: 24 h, Outcome: Increased adhesion, 
increased directional growth of neurites/axons, increased cell dif‑
ferentiation and enhanced cell orientation

[90]

M: SU‑8
P: 812–853 nm height, 430 nm diameter and distance of 1.2–1.22 
µm

Model: In vitro, Period: 3 days, Outcome: Despite cell orientation 
and improved filopodia, pillars hinder the directional growth 
of neurites/axons, cell soma, and the differentiation of nerve cells. 
The combination of pillars with grooves further amplified these 
effects

[91]

M: Silicon
P: 5 µm height, 400 nm diameter and 0.8–5 µm distance

Model: In vitro, Period: 24 h, Outcome: Enhancing cell polarization, 
aligning neurites, and strengthening cell orientation to improve 
directional growth of neurites/axons and increase filopodia at 2 
µm intervals

[92]

Pit M: PCL, PLA, PCL‑PLA
P: the surface size ranged from 0.5–30 µm2 with 0.8 to 6.2 µm 
in diameter

Model: In vitro, Period: 6 days, Outcome: Despite the increased 
proliferation and differentiation of cells in the PCL and PCL + PLA 
groups, the directional growth of neurites/axons and the length 
of neurites showed greater increases in the PLA and PCL + PLA 
groups

[93]

CS-AS Chitosan-Artemisia sphaerocephala, DCMAP Distal compound muscle action potential, NCV Nerve conduction velocity, PCL-PLA Polycaprolactone-poly(lactic 
acid), PDMS Polydimethylsiloxane, PEDOT PSS Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate), PLCL-GN Poly(l-lactide-co-caprolactone)-graphene, PLLA-
MTMC Poly(-L-Lactide acid)- maleimide functionalized trimethylene carbonate, PLATMC Poly(lactide-co-trimethylene carbonate), PMMA Polymethylmethacrylate, SU-8 
sulfonylurea



Page 16 of 29Sharifi et al. Journal of Nanobiotechnology          (2024) 22:194 

three-dimensional growth space, channels increase 
the likelihood of reconnecting two nerve terminals by 
promoting the directional growth of neurites/axons 
(Table  4). However, despite numerous studies on the 
use of channel-type conduits in nerve tissue repair, chal-
lenges persist in regulating diameter, density, and align-
ment to the natural state. Decreasing channel diameter to 
prevent nerve coiling faces issues like channel blockage 

during physical activity or incomplete cell migration. 
Conversely, widening channel diameter increases the 
need for higher cell density, weakens nerve cell align-
ment, and may lead to nerve coiling. Thus, achieving an 
optimal diameter with high flexibility, degradability, and 
minimal inflammation remains a key research focus. 
For example, by designing SU-8 walled channels on a 
PDMS substrate and rolling them, Srinivasan A et al. [22] 

Fig. 3 A SEM images of micropatterned films with ridges/grooves of 3/3, 5/5, 10/10 and 30/30 μm (a) and migration of Schwann cells on them 
(b). Distribution of cell orientation angle in films: flat, 3/3, 5/5, 10/10, and 30/30 μm (c). SEM images of neurite outgrowth (d), immunofluorescence 
staining images by S100β (SCs), NF200 (axons), and DAPI (cell nuclei) in the regenerated nerves (e), macrophage polarization (f ) and relative 
gene expression of macrophages (g) on flat, 3/3, flat/GO, and 3/3‑GO films. Reprinted with permission from ref. [76]. B SEM images of the random 
PCL fibers (R) (i), aligned PCL fibers (A) (ii), micropatterned PCL membrane (M) (iii), and micro/nanocomposite aligned topology (M/A) (iv) (a) 
and immunofluorescence staining of Schwann cells on them (b). Cell orientation plot on different platforms (c). Vascularization evaluation 
on various topographies coated with IKVAV peptide based on immunofluorescence staining using CD31 antibody for analyzing newborn blood 
vessels. Total length (e) and branches (f ) of blood vessels in different groups. Reprinted with permission from ref. [77]
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enhanced the controlled migration of Schwann cells, cell 
orientation, and directional growth of neurites/axons in 
the sciatic nerve. Although spatial dependence is cru-
cial in promoting unidirectional growth and preferential 
migration of neurons, among the channels with dimen-
sions of 50–150  µm, the 100  µm channel exhibited the 
most effective performance in sciatic nerve regeneration 
and, organized and directional growth. After 8  weeks 
of surgery, it was discovered that 100  μm channels sig-
nificantly enhance nerve regeneration by reorganizing 
fascicles, particularly the epineurial layer in the entire 
regenerated nerve, leading to a full accumulation of axons 
and Schwann cells. This reconstruction nearly aligned 
with the distal end of the nerve, boosting the nerve tis-
sue’s action potential while preventing neuroma and 
nerve entrapment. Furthermore, the presence of spon-
taneous and/or sensory evoked action potentials during 

ankle flexion/extension, pinching, and pad foot rubbing 
after 5  months demonstrated the beneficial impact of 
100 μm channels on sciatic nerve regeneration [22]. In a 
separate study focusing on reducing inflammation, Zhu 
M et al. [94] developed collagen and elastin-rich channels 
(146.6 µm in diameter) by implanting aligned PCL (with-
out inflammatory responses) sacrificial molds under rat 
skin (Fig.  4A). This method allowed for the orientation 
and directional growth of nerve cells along the channels, 
resembling normal tissue, despite the random culture 
of Schwann cells. The elongation of neural nuclei along 
the channels, the shift in cell migration pattern from 
radial to linear (Fig. 4A), and the increase in cell migra-
tion speed suggest that ECM-type channels actively 
contribute to the repair of neural tissue by promoting 
directional growth of nerve cells. However, the precise 
molecular mechanism underlying the channels’ impact 

Fig. 4 A The schematic diagram, the microstructure (SEM) of PCL fiber template, template‑cell‑ECM, and ECM‑C during the preparation process 
(a). Inset: SEM examination of the transverse sections. RSC96 cells were stained with fluorescein isothiocyanate conjugated phalloidin and DAPI 
(b). Migration traces of RSC96 cells on different scaffolds (c). Typical images of RSC96 cell and the nuclear shape index of RSC96 cell on different 
scaffolds (d). Macrophages were detected by co‑immunofluorescence staining for CD206 (green, M2)/CD68 (red, M0), and iNOS (green, M1)/
CD68 (red, M0) (e). The number of myelinated fibers (f ) and Axon diameter (g) among various scaffolds. Reprinted with permission from ref [94]. 
B Schematic illustration of the fabrication process of pDNM‑G scaffolds and SEM imaging of R‑pDNM‑G and A‑pDNM‑G scaffold (a). Fluorescence 
micrographs of nerve cells on A‑pDNM‑G‑L, A‑pDNM‑G‑M, A‑pDNM‑G‑S, and R‑pDNM‑G scaffolds, respectively (b). Quantitative analysis 
of the diameter of nerve fibers (c), the number of myelinated axons (d), and diameter of the myelinated axons (e). ap < 0.05 between Autograft 
and the other groups. Reprinted with permission from ref [95]
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on the orientation and directional growth of nerve cells 
remains incompletely understood. In vivo studies on the 
sciatic nerve after 12  weeks showed that the ECM-type 
channel increases capillary quantity with structural and 
functional indices similar to normal capillary, enhances 
anti-inflammatory CD206-positive macrophages (M2), 
improves the density of oriented myelinated fibers, and 
increases axon diameter (Fig.  4A). These results sug-
gest a significant impact of the channel on neural tissue 
regeneration [94]. Although the ECM has positive effects 
on neural tissue regeneration, the control of directional 
growth of neurites/axons and cell orientation seems to 
depend on the canal diameter and its topological struc-
ture. By creating aligned channels of varying diameters 
from decellularized porcine neural trunk hydrogels 
using a one-way freeze-drying method, Rao Z et  al. 
[95] were able to significantly enhance the directional 
growth of neurites/axons and cell orientation by reduc-
ing the channel diameter from 96 ± 27 μm to 53 ± 13 μm 
or 29 ± 8 μm (Fig. 4B). The temperature gradient-induced 
reduction in channel diameter improved neurite growth 
from radial to linear patterns, resulting in a twofold 
increase in neurite length, but also led to an unintended 
decrease in fiber diameter (Fig. 4B). Increasing the chan-
nel diameter promotes the bundling of nerve fibers and 
supports neuronal development. Also, investigations 
of sciatic nerves severed in the distal region 12  weeks 
post-surgery revealed that the canals expedite healing by 
enhancing Schwann cells and DRG migration and infil-
tration, increasing myelinated axon count, myelin thick-
ness (Fig.  4B), nerve fiber thickness, NCV, CMAP, SFI 
and the weight of the gastrocnemius muscle [95]. While 
ECM proteins like fibronectin or laminin have been 
found to positively impact cell adhesion and differentia-
tion, Pawelec KM et al. [96] demonstrated that applying 
fibronectin or laminin coating to PCL or PLGA channels 
did not significantly affect the growth direction of axons/
neurites or cell orientation. Conversely, creating aligned 
grooves (40  μm) on PDMS substrates within channels 
facilitated the directional growth of axons/neurites and 
the orientation of neurons. Additionally, it was found 
that co-culturing DRG with Schwann cells and adjusting 
channel wall porosity did not influence the directional 
growth of neurites/axons and cell orientation, although it 
did impact angiogenesis and neurites length [96]. In the 
above confirmation, it was found that SP neuropeptide 
coating increased neural stem cell calling and reduced 
inflammation without affecting the directional growth of 
PC12 [97]. Altering the structure of PLCL coated with SP 
neuropeptide from planar to channel by MEMS-based 
micro-patterning resulted in a decreased alignment angle 
between the long axis of the channel and the axis of the 
PC12 neurites in the transected sciatic nerve model.

Pillars
Topographic cues typically impact development, differ-
entiation, and directional growth by lessening surface 
constraints and offering contact guidance to promote 
cellular connectivity. Numerous studies indicate that 
columns, alongside other topographies, impact neuronal 
morphology (Table 4), resulting in enhanced elongation, 
preferential growth, and alterations in nuclear shape [21, 
98]. However, the various responses regarding the impact 
of pillar distance and height on nerve cell orientation and 
growth, irrespective of pillar shape, necessitate further 
research. Regardless of the influence of pillar shape on 
the emergence of growth cones (for instance: increased 
preferred directions in the hexagonal shape compared 
square and circular shapes [99]), pillars (height: 3 μm) 
significantly increased the directional growth of neu-
rites/axons through Golgi-centrosome accumulation 
(up to ~ 67%), N-cadherin amplification (62–67%) and 
actin higher accumulation [100]. Also, based on the 
F-actin probe, it was revealed that the first nerve cones 
are located near the pillar signal, irrespective of the pil-
lar spacing. According to pillar density, it was found that 
the first signs of directional neurite/axon growth and a 
doubling of neurite/axon length are seen in pillars with 
distance of less than 2  µm. While, the highest average 
growth of cone area is noted at distances ranging from 
2.4 to 5 µm. Consequently, it appears that an overabun-
dance of nerve cell branching is hindered due to the 
limited number of growth cones and their constrained 
advancement at distances under 2  µm [100]. Despite 
the positive impact of pillars on actin accumulation 
and the formation of N-cadherin crescents to promote 
sprouting, the mechanism by which pillars influence 
cell polarization and the directional growth of neurites/
axons remains unclear. Nevertheless, the filopodia of ini-
tial growth cones promptly come into contact with pil-
lars upon sensing the environment, serving as anchoring 
points that determine the direction of growth, migra-
tion, and consistent growth rate. In the following, Repić 
T et al. [21] demonstrated that neonatal neurons showed 
a preference for sites with closely spaced pillars ranging 
from 0.6 to 1.4 μm, whereas adult neurons favored pillar 
spacing of 1.6 to 2.4 μm. The variation in integrin expres-
sion levels between adult and newborn neurons may be 
the cause of their differing expansion capabilities. They 
demonstrated that increasing the spacing of pillars to 
over 3  μm eliminated the topographic guidance effect 
for directional growth of neurites/axons and cell orienta-
tion. While, Fan S et  al. [101] demonstrated that pillars 
(height: 6 μm; diameter: 1 μm) created by direct femto-
second laser writing technology in an SZ2080 photoresist 
platform, with a distance of more than 3 μm, can signifi-
cantly impact the directional growth of neurites/axons 
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(Fig.  5A). They noticed that increasing the distance of 
the pillars from 3 µm to 6 and 9 µm results in the direc-
tional growth of neurites/axons from the distal position 
(the distance between two pillars in different rows) to the 
proximal one (the distance between two pillars in a row) 
(Fig. 5A). Increasing the distance of pillars from 3 µm to 

6 and 9 µm led to a decrease in multipolar neurites from 
33 to 9% and 7%, and an increase in bipolar neurites from 
11 to 37% and 35%, respectively [101]. Nevertheless, 
Vedaraman S et  al. [102] demonstrated that increasing 
the distance between the wall-like pillars (length: 20 µm, 
width: 1 µm, height: 10 µm) by more than 20 µm in the 

Fig. 5 A Schematic diagram of fabrication and SEM images of neural stem cells cultured on anisotropic micropillar scaffolds with a distal distance 
of 6 µm guide (up) and 12 µm guide (down) neurite growth. Scale = 4 µm. Phase contrast figures show the nerve cell growth morphology 
at different groups (b). Scale = 20 µm. Pie charts show the percentage of neurite branches on glass substrates and micropillar scaffolds with spacing 
of 3, 6, and 9 µm (c). The orientation of neurites is represented by the orientation angle distribution (d). Reprinted with permission from ref. 
[101]. B Schematic view of scaffold construction (a). SEM images of the scaffolds stretched at different angles and scheme of tailored inverse 
films with different stretching directions (b). SEM imaging of cell culture on films stretched in different directions based on angles of 0°‑, 15°‑, 
30°‑ and 45°‑stretched (b) and angle distribution of neurites of PC12 cells (c). Reprinted with permission from ref [109]
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anisometric microstructure coated with PLL inhibits 
cell orientation and the directional growth of neurites/
axons. Despite the induction of cellular structures such 
as lamellipodia and cellular filopodia by wall-like pillars, 
it was found that beyond a certain threshold distance, 
only more mature and larger neurons were able to detect 
surface heterogeneity. Furthermore, it was noted that the 
orientation of neurites/axons is not solely determined by 
topography and is impacted by neighboring cells [102]. 
Chemical signals from cells and transient or persistent 
junctions seem to regulate this process. Moreover, this 
finding suggest that the impact of supporting cells can at 
times outweigh that of wall-like pillars, enabling axons to 
extend against the main axis.

Increasing the height of the pillars has been shown to 
change the directional growth pattern of neurites/axons 
and the preferential alignment of cells, in addition to the 
distance between the pillars. For instance, raising the 
height from 25–50 to 100 nm resulted in the growth cones 
and directional growth of neurites/axons aligning parallel 
to the pillars [103]. This is due to the increased adhesion 
of neurons to taller pillars. In a subsequent investigation 
of the SiO2 substrate coated with PLL, it was discovered 
that the development of actin cytoskeleton on ~ 400 nm 
pillars, with paxillin-rich regions, is notably greater than 
on the smooth surface [104]. Increasing the height of the 
pillars up to 400 nm, as opposed to 100 nm, restricts neu-
rite growth by confining the available space and causes a 
biased alignment of neurites/axons with the topographi-
cal pattern. Furthermore, the distribution of neurites/
axons on pillar arrays indicates that their arrangement 
on 400 nm pillars remains consistent with the expected 
pattern, as opposed to 100  nm pillars [104]. Recently, 
Milos F et  al. [105] demonstrated that the combina-
tion of light-stimulation with light-sensitive P3HT pil-
lars (height: 6.4 ± 0.3  μm, diameter: 2.3 ± 0.1  μm) coated 
with PLL improves the directional growth of neurites and 
axons at specific angles. Additionally, it was discovered 
that P3HT pillars boost the adhesion and growth of neu-
rites/axons by 40% through the accumulation of paxillin 
in the side walls. Additionally, stimulating neurons on the 
platform with P3HT pillars resulted in a notable increase 
in neurite length compared to neutral substrates, with-
out causing any toxicity to neurons [105]. While photo-
stimulation has positive effects, the limited penetration 
of visible light, particularly in deep tissues, is a drawback 
in clinical practice.

Pits
Cell studies suggest that pits, along with other micro- 
and nano-patterns (Table 4), can create substantial focal 
adhesions when interacting with cells. The shape of 
the pits has a significant impact on the focal adhesions 

formed as a result of cell-pit interaction. For instance, 
square-shaped pits have been discovered to promote 
focal adhesions by causing actins to accumulate more 
at the corners of the pits, whereas round pits result in 
more uniform focal adhesions with less actin [106]. 
In this regard, Mobasseri S et  al. [107] created a PCL/
PLA film with pits using a solvent casting method. They 
demonstrated that the presence of pits enhances neur-
ite adhesion on surfaces with pits as opposed to smooth 
surfaces. Nonetheless, pits showed limited effectiveness 
in promoting neurite/axon directionality and cell orien-
tation when compared to grooves and pillars. Whereas, 
another study found that 200  nm pits in aligned PLLA 
fibers, which were coated with poly-pyrrole nanoparti-
cles, resulted in a ~ 55% increase in cell orientation and 
an ~ 84% increase in directional growth of neurites/axons 
when compared to aligned fibers without pits [108]. Also, 
pits-containing fibers were found to improve adhesion 
for PC12 cells along the fibers by strengthening filopodia 
through actin accumulation and microtubule rearrange-
ment, as opposed to smooth fibers [108]. The anisotropic 
poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) 
mixed polyacrylamide polymers fillers with intercon-
nected pits demonstrated that morphological changes 
and rearrangement of pits during film stretching sig-
nificantly impact the adhesion, orientation, and net-
working of expanding nerves (Fig.  5B) [109]. Neurons 
exhibit directional growth on these layers under differ-
ent stretching conditions compared to glass slides. For 
instance, during 180° stretching, neurite growth and cell 
orientation align with the stretching horizon. Altering 
the angle from 180 to 15°, 30°, and 45° affects cell orienta-
tion based on the arrangement angles of the pits (Fig. 5B). 
It was observed that for optimal neural network forma-
tion, cells orient longitudinally during 180° stretching 
and at a 30° angle [109]. Recently Piscioneri A et al. [110] 
demonstrated that the alignment of pits in PLGA layers, 
achieved through lithography, significantly influences cell 
orientation and the directional growth of neurites/axons 
through spatial and temporal organization. However, the 
impact of pits on cell orientation is notably less signifi-
cant compared to grooves and pillars.

Synergism between support structures and metal 
nanoparticles
As previously mentioned, micro and nano patterned 
surface topography enhances the nerve regeneration 
process by promoting cell adhesion, targeted migra-
tion, and directional growth of neurites/axons. How-
ever, variations in surface stiffness and transmission of 
signals within these patterns can cause the low repro-
ducibility of cell orientation responses. The presence of 
metal nanoparticles like IONPs in supporting structures 
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appears to influence cell behaviors consistently, similar 
to natural structural patterns in the body, enhancing cell 
orientation [111]. IONPs synchronize two hypotheses: 
(1) activating cell adhesion molecules via cell–matrix 
interactions by triggering the iron-related MAPK path-
way, and (2) Orienting nerve cells by aligning iron nan-
oparticles attached to cells in a magnetic field. Indeed, 
nerve tissues intrinsically facilitate filopodia growth and 
cell orientation for directional growth of neurites/axons 
through the transduction of remodeling signals into sup-
porting structures via metal IONP nanoparticles or Mn 
nanoparticles (e.g., RGD-dependent ECM for migration 
and differentiation) [112]. Meanwhile, the random pat-
terns penetrate deeper into the nerve cell membrane 
and strengthens mechanical signal transmission [113]. 
However, the lack of directed growth of neurites/axons 
and non-targeted migration limits the use of random 
patterns. In this regard, Antman-Passig M and Shefi O 
[114] successfuly improved neurite/axon growth direc-
tion by aligning 100 nm IONPs under a 255G magnetic 
field in collagen hydrogel, despite the adverse impact on 
the number and length of neurite branches. The synergy 
of aligned collagen fibers with aligned IONPs resulted in 
a ≥ 60% correlation of cells with the aligned line, leading 
to enhanced neurite/axon directional growth up to twice 
compared to the control group. They demonstrated that 
it is possible to inject the gel with aligned strands of col-
lagen and IONPs into the damaged environment with-
out the requirement for pre-implantation treatment, by 
ensuring the stability of the alignment of IONPs in the 
collagen hydrogel after remote treatment with a mag-
netic field. However, when IONPs were aligned in the 
non-aligned hydrogel, it led to a decrease in the align-
ment and length of neurites/axons, even though aligned 
IONPs had a positive impact on the orientation of nerve 
cells. In next study, Antman‐Passig M et al. [115] showed 
that combination of IONPs with aligned collagen fibers 
increased DRG cell orientation by 13% (from 39 to 52% 
at ± 15°) compared to aligned collagen fibers alone. While 
it was discovered that the synergism of NGF-coated 
IONPs (11.3 nm) with aligned collagen fibers did not sig-
nificantly affect the orientation of DRG cells. Nonethe-
less, this synergy notably enhanced the length of axons 
and neurites when compared to separate methods. The 
effects of IONPs were more pronounced compared to 
NGF on neurite length, directional growth, and cell ori-
entation. During the repair of transected sciatic nerves 
(≥ 10 mm), it was discovered that the synergism of NGF-
coated IONPs compared with IONPs and NGF with 
aligned collagen fibers enhances axon count (5152 ± 908, 
2737 ± 419, and 1723 ± 374, respectively) and promotes 
their directional growth. This effect is particularly nota-
ble in the middle and distal regions where axon growth 

is evenly distributed. The enhanced rat locomotor perfor-
mance, as indicated by increased SFI and CMAP, further 
validates the beneficial synergistic impact of NGF-coated 
IONPs with aligned collagen fibers [115]. Xia L et  al. 
[116] recently achieved a significant increase in the direc-
tional growth of neurites/axons and nerve cell orienta-
tion by synthesizing laminin (1%)-coated  Fe3O4@SiO2 
nanowires. Statistically, it was found that over 70% of 
neural stem cells and 50% of neurons derived from stem 
cells with an angle of less than ± 10° were significantly dis-
persed on the nanochain compared to the control group 
(12.7% of neural stem cells with a direction angle less 
than ± 10°) (Fig. 6A).

In the follwong, Rose JC et  al. [117] designed 
50 × 5 × 5  μm3 PEG microgels containing SPION in the 
anisogel system to create an aligned platform for the 
directional expansion of nerve cells using a magnetic 
field. They found that microgels alignment at an opti-
mal distance of 33.6  μm from each other promotes the 
directional growth of neurites/axons and cell orienta-
tion. However, the optimal concentration of microgels for 
different cell and tissue types remains unclear. Because 
increasing microgels concentration from 0.5 to 1% in 
fibrin hydrogel positively affected neurite/axon growth 
direction, but concentrations over 1% did not show 
significant impact. While in a similar study, increas-
ing PLGA microgels concentration containing SPION 
(4.2–6.2  nm) from 1 to 5% and 10% notably decreased 
cell orientation by reducing microgels alignment [118]. 
However, it seems that aligning microgels in fibrin hydro-
gel promotes the directional growth of neurites/axons by 
providing aligned platforms.

Synergism between support structures 
and the biological agent gradients
One effective way to enhance nerve cell migration, cell 
orientation, and directional growth of neurites/axons 
is by utilizing biological gradients in support structures 
with micro- or nano-patterns. The use of soluble mol-
ecule gradients as chemotaxis to direct cells has been 
well-known for more than a century. However, the cer-
tainty of gradient loading concentration on templates, 
high reproducibility of targeted loading, and the diffusion 
state of gradients still face uncertainties. Nanotechnology 
seems to have offered new opportunities where chemo-
taxis by nano- and microcarriers, along with haptotaxis 
provided by substrate-bound molecules, can generate a 
concentration gradient. The combination of chemotaxis 
or haptotaxis with micro- or nano-patterns appears to 
improve the directional growth of neurites/axons and cell 
orientation. In this regard, Kundu A et  al. [99] demon-
strated that applying a Netrin-1 gradient on 3 μm high 
pillars coated with poly-L-lysine enhances the directional 
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Fig. 6 A Assembly of magnetic nanochains and guided oriented growth of the neurons (a).  Fe3O4@SiO2 nanoparticles, single magnetic 
nanochain, and overview of magnetic nanochains observed by SEM (b). Representative fluorescent photographs of cells migration in groups 
(green: nestin; blue: DAPI), and orientation angle plots (c). Representative fluorescent photographs of directional growth of neurons in groups 
and Orientation angle plots (d). Reprinted with permission from ref. [116]. B Schematic diagram of NGF‑gradient/aligned PCL conduits fabrication 
by electrospinning, and NH2‑Heparin‑NGF group gradient was formed by the dynamic reaction of ethylenediamine solution on PCL (a). Nerve 
cell neurite outgrowth and orientation on fiber morphology of R‑PCL and A‑PCL conduits (b). Average neurite length in two directions (c). 
Number of myelinated axons and sciatic functional index in conduit utilization (d). Reprinted with permission from ref [121]. (C) SEM images 
of micropatterned PLCL films after being aminolyzed for 2, 4 and 8 min (a). Scheme to show the five parts of gradient in micropatterned gradient 
PLCL and the peptide density on the surface of micropatterns (b). Migration traces of nerve cells (c), immunofluorescence staining images of CD163 
(green), CD86 (red), and DAPI (blue) for M2, M1 and cell nuclei in regenerated nerves (d), optical images of regenerated nerves in vivo (e) and TEM 
images of nerves guided (f ) by Flat, FG, MU, and MG conduits, and autografts, respectively. Reprinted with permission from ref [122]. D SEM images 
of PC12 cells on aligned PPy‑PLLA fibers without and with electrostimulation of 200 mV/cm, and inset fluorescent images of PC12 cells with two 
growth cones (a). Fluorescence images of PC12 with electrostimulation of 100, 200, and 400, mV/cm, respectively (b). Median length of neurites 
from PC12 with under different electrostimulations (c). Reprinted with permission from ref [24]
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growth of neurites/axons and growth cones in DRG cells 
more effectively. While the ideal spacing between the pil-
lars for guiding neurite growth was found to be 1.4 μm, 
applying Netrin-1 to the pillars within distances ranging 
from 0.6 to 5.6  μm could potentially adjust the optimal 
spacing to 1.8 μm. The synergy of the biological gradi-
ent and topographical cues enables the modification 
of neurite extension and speed. However, the intricate 
architecture of conduits with biological gradients poses 
a challenge for commercial utilization. To address this 
issue, Alsmadi NZ et  al. [119] proposed a straightfor-
ward approach involving the creation of a multi-channel 
(250  μm) conduit by depositing 1.5% agarose on coiled 
PLGA polymers containing NGF. In this approach, poly-
mer coils with NGF established a spectral gradient rang-
ing from high (concentration of 48  ng/ml/day) to low 
(39.4  ng/ml/day) depending on the polymer’s coils in 
the conduit, enhancing the guidance of neuron growth 
towards the distal side. They demonstrated that the syn-
ergy of NGF gradient with the channel resulted in a two-
fold increase in the directional growth of neurites/axons, 
PC12 or DRG cell orientation, and increased axon length 
(up to 60%) by reducing their rotation angle. Besides 
the beneficial impact of the gradient approach, altering 
their concentration by increasing the amount of PLGA 
coils also influences the longitudinal growth of axons 
(from ~ 55.76  mm in NGF less than 50  ng to ~ 87  mm 
in NGF above 50 ng) and their directional spread [119]. 
Similarly, NGF gradients induced by ionic junctions 
from Pluronic F127 + heparin in porous PCL conduits 
were found to enhance the repair rate of transected sci-
atic nerves (20 mm) from ~ 0.24 mm/day (bare conduit) 
and ~ 0.36 mm/day (NGF uniform group) to ~ 0.71 mm/
day [23]. The acceleration in healing time from 12 and 
8  weeks in bare conduit and NGF uniform group to 4 
weeks in the NGF gradient group, respectively, highlights 
the beneficial impact of the collaboration between the 
NGF gradient and the porous PCL channel. The rapid 
improvement in rat motor performance with an increase 
in nerve fiber diameter, myelin sheath thickness, NCV, 
and weight of the gastrocnemius muscle validated the 
beneficial impact of NGF gradient and PCL channel syn-
ergy [23]. In this line, Hsu RS et al. [120] demonstrated 
that the synergy of NGF gradient with porous GelMA 
channels enhances schwann cell migration, elongation, 
axon growth, and directional growth of neurites/axons. 
The NGF release profile from the GelMA channel reveals 
a time-dependent release influenced by polymer ero-
sion and degradation, accelerated by collagenase. Con-
sequently, regulating NGF release from the polymer to 
establish a biological gradient faces challenges in  vivo, 
particularly due to uneven polymer degradation in bio-
logical settings. Nonetheless, the enhancement of SFI 

(−  45 vs. −  66), NCV (~ 45 vs. ~ 30  m/s), myelin layers 
(~ 39.4 vs. ~ 22.1 number), and nerve fiber diameter (~ 4.7 
vs. ~ 2.1 µm) post 60 days of transected sciatic nerve sur-
gery (5  mm) signifies a positive effect of NGF gradient 
and GelMA channels compared to a bare GelMA chan-
nel. Based on the printing method and loading specific 
concentrations of NGF on the SF/Collagen conduit with 
15.74 ± 37.82  µm aligned holes, Huang L et  al. [7] suc-
cessfully established the NGF gradient despite maintain-
ing a consistent release rate of NGF along the conduit. 
This strategy led to a gradual reduction in neurites/axons 
growth as diffusion declined over time, while higher con-
centrations accumulating in certain regions stimulated 
directional neurites/axons growth. In the same way, it 
was found that combining NGF gradient with aligned 
porous resulted in aligning 81.3 ± 4.5% of neurites/
axons at an angle of less than ± 10° and cell orientation, 
surpassing the alignment achieved by aligned porous 
alone (63.8 ± 3.7%). The enhanced longitudinal growth 
of axons, increased number of myelinated axons, larger 
fiber diameter and myelin thickness sheets, along with 
the improved SFI, demonstrate the beneficial impact of 
this synergy in the transected sciatic nerve model [7]. 
While 3D printing has shown success in creating con-
duits with gradient biomaterials, its application is hin-
dered by high costs, production complexity, slow speed, 
and the incapacity to generate micro- and nano-patterns 
on a single platform. Therefore, Zhu L et al. [121] facili-
tated the NGF gradient more effectively by submerging 
a PCL conduit with aligned fibers (3.1–4.6 m) in an eth-
ylenediamine solution containing a -NH2 gradient, and 
then linking NGF to them within the conduits (Fig. 6B). 
Synergy of NGF gradient with aligned PCL fibers signifi-
cantly promoted directional growth of neurites/axons, 
cell migration, and cell orientation (Fig. 6B). Despite the 
positive outcomes of this synergistic impact on sciatic 
nerve regeneration in terms of enhancing SFI, NCV, mye-
lin thickness, nerve fiber diameter, and gastrocnemius 
muscle weight, the potential toxicity of -NH2 post NGF 
release remains unexplored (Fig.  6B). However, it was 
discovered that the NGF gradient is detected by distal 
axons. This detection, through the stimulation of Adcy1, 
Prckz, Rap1/PI3K/AKT, and MAPK pathways, enhances 
axon growth and adhesion, guides growth cones, and 
promotes synaptogenesis on aligned PCL fibers [121]. 
Recently, Zhang D et al. [122] achieved enhanced migra-
tion rate, cell orientation, and directional growth of neu-
rites/axons by developing a grooved PLCL platform (40 
(groove)/20 (ridges) µm) and loading CQAASIKVAV 
peptide gradient using glutaraldehyde amino agents. The 
study demonstrated that the combination of grooves with 
a peptide gradient led to the formation of more organized 
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filopodia and lamellipodia, a spindle-like cell morphol-
ogy, and longer neurites when compared to other groups 
(Fig. 6C). Despite the potential toxicity of glutaraldehyde, 
no toxicity was detected in this system. Additionally, 
the peptide gradient was found to enhance synergistic 
activity, leading to improved polarization of M1 to M2 
macrophages and angiogenesis (Fig.  6C). Furthermore, 
the synergism of grooves with the peptide gradient was 
observed to boost the regeneration rate of the transected 
sciatic nerve (Fig. 6C), resulting in larger fiber diameter, 
thicker myelin membrane, longer neurites, and increased 
SFI, NCV, and CMAP [122].

Synergism between support structures 
and the electrical stimulation
Several studies confirm that electrical stimulation 
enhances nerve cell proliferation, differentiation, migra-
tion, and integration by activating ion channels and influ-
encing growth patterns [123]. The electric field influences 
the directional growth of neurites/axons, while the elec-
tromagnetic field promotes neurogenesis [124]. Hence, 
the synergism of electrical stimulation with supporting 
structures is expected to enhance the directional growth 
of nerve cells and their incorporation into healthy tissue. 
For instance, it was found that aligned fibers (diameter: 
800 nm) composed of PPy-coated PLLA, when subjected 
to electrical stimulation of 100, 200, and 400  mV/cm, 
increased neurite extension from 68% along the fiber 
axis to 76%, 83%, and 71%, respectively [24]. The highest 
directional growth rate of neurites/axons and cell orienta-
tion was observed with electrical stimulation of 200 mV/
cm (Fig. 6D). Moreover, the results show increased direc-
tional growth of neurites/axons in random fibers with 
electrical stimulation, indicating a positive response of 
nerve cells along the electropotential direction (Fig. 6D). 
Furthermore, the rise in longitudinal fiber growth from 
65.44 and 114.73 µm in random and aligned fiber groups 
to 128.45  µm (100  mV/cm), 149.39  µm (200  mV/cm), 
and 141.48 µm (400 mV/cm) in aligned fiber groups with 
electrical stimulation demonstrates the beneficial impact 
of electrical stimulation on nerve development (Fig. 6D). 
Electrical stimulation induces cell membrane depolari-
zation on aligned fibers, enhancing the electrical charge 
in PPy nanoparticles. This leads to the accumulation of 
adhesive receptors, actin expansion in filopodia, and an 
increase in growth cones [24]. While actin concentration 
and self-assembly on one side of the cell dictate neurites/
axons directional growth and cell orientation, the main 
impact of electrical stimulation is the promotion of cell 
adhesion, which negatively affects their migration. How-
ever, Zhang J et  al. [53] showed that combining PCL/
CNT aligned fibers with electrical stimulation (20 Hz and 
100  mV) in the nerve conduit improves the directional 

growth of neurites/axons and cell orientation more effec-
tively. This also enhances parameters like SFI, amplitude, 
latency, the number of axons, and myelin sheet thick-
ness in sciatic nerve regeneration, similar to the gold 
standard autograft. Recently, instead of using electri-
cal stimulation, which faces the challenge of reducing 
migration due to higher induction of adhesion foci, the 
use of piezoelectric polymers such as aligned PVDF fib-
ers [125] is of interest. In this regard, after loading 400 
nm PLLA nanofibers obtained by electrospinning (Flow 
rate: 0.5  mL/h, voltage: 12  kV) on PLLA films, Jiang F 
et  al. [126] demonstrated that piezoelectric stimulation 
(~ 260  mV), not only enhanced cell differentiation (11% 
more than the non-stimulated group), but also led to a 
twofold increase in cell length compared to the non-stim-
ulated group (142.7 µm vs. 70.2 µm). It was revealed that 
piezoelectric stimulation through double activation of 
 Ca2+ channels initiates downstream signaling by increas-
ing intracellular calcium. However, piezoelectric stimula-
tion did not significantly affect cell orientation; instead, 
cell orientation was primarily determined by aligned 
fibers.

Challenges and future perspective
Management of PNI treatment remains inadequate 
despite advances in drugs and surgical techniques. 
Reports indicate that fewer than 25% of patients under-
going nerve repair achieve optimal sensory and motor 
function recovery after 5 years. The scientific community 
is focused on improving nerve cell growth and guidance 
through new technologies to create conduits to over-
come treatment obstacles. Utilizing conduits signifi-
cantly enhances repair processes for damaged peripheral 
nerves by promoting nerve cell growth, neurite and axon 
directional growth, and nerve cell orientation. However, 
challenges exist in using conduits in medical settings, 
including:

• One of the main challenges in using conduits is 
ensuring biological safety in humans. A thorough 
comprehension of cell behaviors within conduits, 
as well as the behavior of nanoparticles loaded and 
released from conduits, can only be assessed through 
cell viability, migration, growth, proliferation, adhe-
sion, and differentiation in short-term laboratory set-
tings. The fluctuating nature of conduit degradation 
in the body, the range of inflammatory responses, the 
variety of cells affected, the extended human treat-
ment process, the diverse immune system compo-
nents, patient lifestyle, and medical history all con-
tribute to the challenge of ensuring optimal conduit 
function. Thus, considering the constraints of the 
human model, focusing on models such as human 
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organoids that closely resemble original tissue may 
aid in predicting potential immunogenic strategies.

• Conduit studies typically aim to promote the direc-
tional growth of neurons and align them during 
development or differentiation. However, the chal-
lenge of linearly distributing conductive materials 
and biological/chemical gradients hinders the tar-
geted transmission of electrical-neural signals and 
the induction of directional growth of nerve cells, 
posing a significant issue for peripheral nerve repair. 
Focusing on accurately regulating the reception of 
electric-nerve pulses from the proximal end to the 
distal stump in conduits, based on determining the 
precise path of conductive material loading, can offer 
a clearer perspective on repairing damaged periph-
eral nerves. Additionally, relying solely on the detec-
tion of gradients in conduits is concerning. Thus, 
focusing on the extent of arrangmenet and diffusion 
of gradients, evaluating the specific quantity and 
quality of gradients, and considering their potential 
side effects on other parts or cells can offer valuable 
insights for their application.

• Despite the wide range of conduits available (biologi-
cal, natural, synthetic), they are not yet a dependable 
choice for axon growth and nerve tissue regeneration 
over long distances, unlike autologous nerve grafts. 
To achieve this goal, a thorough comprehension of 
the physicochemical characteristics of conduits larger 
than 2.5 cm is essential, particularly in motor-sensory 
models resembling humans.

• In vitro studies and clinical trials have been widely 
conducted on rats, rabbits, dogs, monkeys, pigs, etc. 
While the generalization of their results to humans 
based on the complete non-compliance of the aspects 
of the biology of the repairing nerve, the path of 
research has become a concern. Focusing on human 
trials or human organoids that closely resemble origi-
nal tissue can reduce some of the existing challenges.

• Conduits are typically designed and created by con-
sidering biocompatibility, biodegradability, enhanc-
ing cell adhesion, biomarker loading, creating 
topographical features, and adjusting mechanical 
properties for nerve tissue. However, the complexity 
and high cost of production methods pose challenges 
for commercialization. Focusing on cost-effective 
designs and simpler production techniques can facili-
tate their use in both general and personalized clini-
cal applications.

• Conduit studies mainly rely on autologous cells to 
prevent transplant rejection, complicating the com-
mercialization and treatment process. The pursuit of 
a universal neuron or neuron-like cell discovery will 
enhance the potential for clinical treatments.

• Conduits are commonly employed to direct axonal 
growth, inhibit fibrous tissue infiltration and scar-
ring, and discourage axon reinnervation or nerve 
bundling. Prioritizing the development of the vascu-
lar network, promoting the movement of neural stem 
cells from neighboring areas, and averting uncon-
trolled swelling of hydrogels within the cavities can 
enhance treatment outcomes.

Conclusion
Despite the inherent regeneration of peripheral nerves, 
many nerve injuries encounter challenges like prolonged 
recovery, inflammation, neuroma, and decreased tis-
sue function. Tissue engineering aims to address these 
obstacles by incorporating nanotechnologies and cell 
science to mimic the supportive structures of the ECM. 
This enhances cell proliferation, migration, and orien-
tation, facilitating the directional growth of neurites/
axons. This review suggests that promoting cone growth 
in a specific direction, achieving even cell distribution 
through targeted migration, enhancing the longitudinal 
growth of neurites/axons within conduits, and control-
ling cell organization to mimic natural tissue structure 
could be promising strategies. Studies have shown that 
incorporating micro- or nano-patterns in conduits (such 
as aligned fibers, grooves, channels, pillars, pits, etc.) 
along with therapeutic approaches like electrical stimu-
lation and nano-carriers can have a substantial impact 
on nerve cell behavior, ultimately aiding in the restora-
tion of damaged peripheral nerve functions. Conduits 
with surface topographies play a significant role in guid-
ing axonal growth and cell orientation, inhibiting fibrous 
tissue penetration, and preventing axon re-innervation 
during peripheral nerve regeneration. The utilization of 
conduits with aligned fibers > multi-channels > grooves 
has garnered considerable interest due to reduced manu-
facturing complexity, enhanced ability to direct growth 
and cell migration, improved accessibility, decreased 
nerve compression, and control over fiber diameter and 
myelin thickness. However, the mechanism of action 
of topography on the development and expansion of 
peripheral nerves is currently being elucidated. There-
fore, thorough research is necessary to understand the 
mechanism of micro- or nano-patterns and cellular 
responses based on their physicochemical characteris-
tics, enabling the development of clinical applications 
with greater confidence. In the following, the focus 
should be on understanding the mechanism of micro- or 
nano-patterns in nerve cells to predict cell orientation, 
neurite/axon growth, and tissue function restoration 
efficiently. Also, despite various conduit manufacturing 
techniques, establishing a specific standard or tactic for 
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creating micro or nano patterns is essential to enhance 
their operational capability in nerve tissue reliably, 
while addressing issues such as construction complex-
ity, high cost, low reproducibility, and solvent presence. 
Therefore, besides evaluating conduit surface size and 
resolution, it is vital to investigate the commercializa-
tion process of conduits through biomedical models. 
This implies that the manufacturing technique should 
account for the mechanical and chemical changes on 
conduit surfaces that affect cell migration and adhesion 
strength, mimicking cell behaviors in the ECM. Recent 
research indicates that cells develop more focal adhe-
sions on patterned surfaces, which could potentially 
hinder cell migration and morphological expansion pro-
cesses, going against their natural tendencies. Finally, 
this review demonstrates that creating micro- or nano-
patterns in the nerve conduit can enhance the peripheral 
nerve regeneration process by improving motor perfor-
mance in model mice and tissue structures. Surprisingly, 
this approach also matches the efficiency of nerve tissue 
regeneration seen with the gold standard of autograft.
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