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Tissue engineering strategies for the central nervous system (CNS) have been largely hampered by the 

complexity of neural cell interactions and limited ability to control functional circuit formation. 

Although cultures of primary CNS neurons give key insight into an in vivo state, these cells are 

extremely sensitive to local micro-environments and are therefore often replaced with cell lines. Here 

we aimed to combine primary CNS neurons with surface nano- and micro-topography, and biochemical 

cues, to direct neurite outgrowth. Neurons were cultured on nano-fibers and micro-grooves either 

coated with poly-L-lysine and laminin (PLL-LN) or pre-seeded with naturally supporting astrocyte cells. 

Developing neurites extended parallel to PLL-LN coated topography, significantly more on micro-

grooved than nano-fiber substrata. Astrocytes were found to direct neurite alignment to a greater 

extent compared to structured surface cues, highlighting the importance for biochemical signalling and 

cellular architecture. Equally neuron-neuron interactions strongly influenced neurite outgrowth. On 

micro-structured surfaces neurite orientation was regulated by contact guidance cues at the edges of 

grooves. All of our findings show that we can control the behaviour of primary CNS neurons in vitro 

using surface engineering approaches. This will allow us to establish neuronal circuitry, to model 

neurodegenerative diseases and advance regenerative medicine strategies. 

 

 

Introduction 

The potential of regenerative medicine has not yet been fully 

translated into clinical delivery due to a lack of understanding 

of complex biological systems and a limited ability to convey 

control over engineered tissues. In particular, within the 

nervous system neuronal architecture is highly complex, 

allowing multiple cross-communication between a plethora of 

cell types; this has limited the development of successful 

clinical interventions, being particularly pertinent for the central 

nervous system (CNS). For example, the basal ganglia circuitry 

of the brain is made up of five interconnected subsets of 

neurons and is mainly responsible for controlling movement.1 

Loss of specific neurons in this circuitry leads to the 

neurodegenerative diseases such as Parkinson’s (PD) and 

Huntington’s (HD) diseases.2 Recreating the precise excitatory 

and inhibitory connections between the basal ganglia neurons is 

critical for developing accurate in vitro models of PD and HD 

to test emerging cell and gene therapies. 

 

Materials engineering efforts to steer neural circuit formation 

rely heavily on the attachment of neurons and directed 

alignment of their processes (both axons and dendrites).3 

During development, axons from newly differentiated neurons 

navigate to specific target sites with the aid of growth cones 

located at their tips.4 Highly motile filopodia (finger-like 

structures on growth cones) sense, via their receptors, and 

respond to long or short-range, attractive or repulsive 

extracellular guidance cues.5  

 

The supporting glial cells in the CNS provide topographical and 

biological cues for axonal path-finding in vivo.6 Phillips et al., 

have demonstrated the use of pre-seeded astrocyte materials to 

steer the alignment and elongation of subsequently added 

neurons.7 Others have reported similar characteristics for cells 

from the peripheral nervous system with axonal growth 

orientating parallel to aligned astrocytes.8,9  

 

In addition to directional cues imposed by chemoattraction or 

chemorepulsion, other important cues are involved during 

development of the CNS. Adhesive cues, such as those received 

from laminin (LN) and fibronectin in the extracellular matrix 

(ECM), or cell adhesion molecules expressed by glial cells, 

generate a micro-environment that is permissive to neuronal 

attachment and axon extension.10,11 The ability to regulate 

axonal orientation and elongation is key to controlling circuit 
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formation; to enable the formation of highly organized neural 

networks.  

Cutting-edge fabrication techniques are emerging to deliver 

materials that present both topographical and (bio)chemical 

cues, to promote neuronal adhesion and subsequent circuit 

formation in vitro.12-16 Patterned surfaces can be engineered to 

provide physical guidance for cell elongation or process 

orientation. Weiss first described this phenomenon as ‘contact 

guidance’.17,18 Due to advances in technology and hence pattern 

fabrication techniques, patterned substrates can be built and 

reproduced at high efficiency and reasonably low costs.19 

Fabrication techniques include electrospinning and soft 

lithography.   

 

Electrospinning uses electrostatic force to generate nano or 

micro-fiber meshes. The electrostatic force is generated when 

high voltage is applied to the liquid polymer. A jet of fibers is 

formed when the force overcomes surface tension inherent in 

the polymer solution; the liquid (solvent) evaporates producing 

a mesh of fibers with diameters within the nanometer range.20-22 

Soft lithography is a technique used for generating a pattern on 

substrates at the micron and submicron scale.23 The pattern is 

copied from a master template fabricated via photolithography. 

Photolithography uses light sensitivity to fabricate micro-

patterns on a surface. A polymer, commonly polydimethyl-

siloxane (PDMS) due to its high optical transparency and good 

thermal stability, is cast onto the master template and cured by 

cross-linking linear polymer chains. This produces an elastomer 

block imprinted with the template design, for instance micro-

groove structures.24 PDMS is commonly used in biomedical 

micro-electromechanical (Bio-MEMS) systems due to its low 

cost and biological compatibility in addition to its optical 

transparency and thermal stability.25 

 

Herein, we evaluated the alignment of CNS neurites on 

fabricated substrata. We fabricated poly(lactic acid) (PLA) 

nano-fibers and PDMS micro-grooves using electrospinning 

and soft lithography techniques, respectively. These structures 

provided contact guidance to developing processes for primary 

neurons derived from the lateral ganglionic eminence in the 

basal ganglia. Patterned surfaces were either coupled with 

biological or (bio)chemical cues, i.e. astrocytes or poly-L-lysine 

and laminin respectively, to promote neuronal adhesion and 

neurite extension. Micro-groove structures fabricated with 

groove width ranging from 20-80 µm allowed us to evaluate 

whether varying groove width would affect neurite alignment. 

Furthermore, we examined whether neurites emanating from 

clusters of cell bodies on micro-groove substrates had different 

alignment tendency compared to those extending from single 

cell bodies. Our results inform the next generation of materials 

and constructs for in vitro tissue engineering and surgical 

interventions for neural tissue. 
 
 
 

 

 

 
Materials and Methods 
Fabrication of nano-fiber scaffolds 
 

Aligned nano-fiber meshes were fabricated via electrospinning of 

2% poly-L, D-lactic acid (PLA: 96% L/4% D; Purac BV, 

Gorinchem, Netherlands) dissolved in a mixture of dichloromethane 

and dimethylformamide (7:3 volume ratio) following a protocol 

established in our laboratory.26 The flow rate of the polymer solution 

out of an 18G needle ranged from 0.022-0.025 mL/min. A mobile 

parallel electrode collector was used to collect aligned nano-fibers 

(Spellman HV, Pulborough, United Kingdom), charged at a range of 

±5.5 kV to ±6.5 kV. Fibers from the collector were transferred to 

acetate frames (4.5 × 4.5 cm); an aerosol adhesive was used to attach 

fibers onto frames. Fibers were then anchored to coverslips using 

silicon glue. 

Fabrication of PDMS micro-grooves 

PDMS micro-grooves were fabricated via soft lithography.24 

Initially, silicon masters with dimensions: groove width ranging 

from 20-80 µm and depth of 2.2 µm were imprinted onto 

PMMA (polymethylmethacrylate) templates. A two-part kit 

consisting of silicone elastomer and curing agent (10:1 weight 

ratio) (Sylgard 184, Dow Corning) was used to prepare the 

PDMS solution. The solution was left at room temperature for 1 

h to get rid of bubbles before casting onto PMMA templates 

placed in a 6 well plate. The solution was cured at 600 C for 1 h 

to form PDMS micro-grooves. 

 

Preparing substrates for cell culture 

Silicon glue securing the nano-fibers was allowed to dry for 

0.5 h before nano-fiber constructs were placed in square petri 

dishes and covered with foil paper with small holes drilled on 

top. The constructs were placed under vacuum ~0.3 mbar for 

0.5 h to remove any solvents before cell culture. Constructs 

were sterilized under UV light for 4.5 mins. PDMS micro-

grooves were incubated in 100% ethanol for 1 h at room 

temperature. The constructs were left to dry for a few minutes 

before they were washed with deionized water (dH2O) to get rid 

of any remaining ethanol. Some constructs were pre-coated 

with 0.1 mg/mL poly-L-lysine (PLL, Sigma-Aldrich, Dorset, 

United Kingdom) overnight, followed by three washes in 

distilled water, and then 10 µg/mL laminin (LN, Sigma-

Aldrich, Dorset, United Kingdom) for approximately 4 h. 

13 mm diameter circular glass coverslips were used as positive 

controls for each experiment. These were sterilized in 100% 

ethanol and left to dry before they were coated with PLL and 

LN as above.  
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Cell culture 

Pregnant Sprague-Dawley rats and their embryos, bred in-house 

at Keele University, were killed by approved Schedule 1 

methods, following guidelines from the UK Animals, Scientific 

procedures Act, 1986 and authorization from Keele 

University’s local ethics committee. The embryos were 15-16 

days old (E15- E16), with E0 defined as date of observing 

vaginal plug.  Brain tissue was removed and the lateral part of 

the ganglionic eminence (LGE) was dissected out.27 

 Tissue pieces were placed into a 1.5 mL Eppendorf containing 

approximately 1 mL of Dulbecco's Modified Eagle's 

Medium/Nutrient F-12 Ham’s medium (DMEM-F12, Sigma-

Aldrich, Dorset, United Kingdom). Tissue pieces were washed 

twice with DMEM-F12 and placed in 0.1% trypsin 

(Worthington Biochemical Corp., Reading, UK) / 0.05% 

DNase (Greiner Bio-One, UK) in DMEM-F12 for 20 minutes. 

The pieces were then washed three times with DNase solution 

before they were mechanically triturated into individual cells. 

The cells were centrifuged at 1200 rpm for 3 minutes. The 

supernatant was aspirated out and cells were re-suspended in 

neuronal culture medium. Dissociated cells were counted using 

a hemocytometer (Fisher Scientific, Loughborough, UK) and 

their viability checked using trypan blue (Invitrogen, Paisley, 

UK) before cell culture. Cells were cultured in neuronal culture 

medium (NCM), which consisted of: 95% Neurobasal, 1% fetal 

calf serum (FCS), 1% Penicillin/Streptomycin/Fungizone 

(PSF), 1% B27 supplement (all from Invitrogen, Paisley, UK), 

10 µM L-glutamine (PAA, UK), 0.45 % glucose (Sigma-

Aldrich, Dorset, United Kingdom). Seeding density was 20,000 

to 30,000 cells suspended in 50 µL of NCM.  

 

Purifying astrocytes and co-culture with neurons 

To obtain purified cultures of astrocytes, dissociated cells from 

E15-E16 LGE tissue were also cultured in T-25 flasks with 

astrocyte culture medium made of: DMEM-F12, 10% FCS, 1% 

PSF, 1% B27 supplement (all Invitrogen, Paisley, UK), 10 µM 

L-glutamine, 0.45 % glucose and 10 ng/mL epidermal growth 

factor (EGF, human recombinant; R&D Systems). Cells were 

fed with approximately 2 mL of astrocyte medium every 2 days 

and the identification of astrocytes was confirmed using 

immunohistochemistry for glial fibrillary acidic protein (GFAP, 

see below).  

When the astrocytes were approximately 80% confluent, 

medium was removed and cells were washed once with PBS 

(Sigma-Aldrich, Dorset, United Kingdom). After washing, cells 

were incubated in 1 mL of 0.025% trypsin (Invitrogen, Paisley, 

UK) for approximately 3 minutes; the flask was lightly tapped 

at the sides to make sure the cells were detached. 4 mL of 

astrocyte culture medium was added to quench the trypsin and 

the suspension transferred to a 15 mL Falcon tube for 

centrifugation at 1200 RPM for 3 minutes. The supernatant was 

removed and cells were re-suspended in 2 mL of astrocyte 

medium. Cells were counted and approximately 30,000 cells in 

50 µL were seeded onto non-coated nano-fibers or 

microgrooves for 4 h before wells were flooded with media. 

Pre-seeded astrocytes on scaffolds were cultured for 48 h in 

astrocyte medium. Thereafter, astrocyte medium was removed 

and E15-16 LGE neurons were seeded at a density of 30,000 

cells in 50 µL of NCM and incubated for 2 h before adding 

sufficient culture media to submerge the constructs. LGE 

neurons were kept in culture for 7 days before they were fixed 

and stained.  

Immunohistochemistry 

Cells were washed in PBS to remove cell debris and medium. 

They were fixed in 4% paraformaldehyde (PFA, Sigma-

Aldrich, Dorset, United Kingdom) for 20 minutes. Cells were 

washed three times for 5 minutes in tris-buffered saline (TBS, 

12 g trizma base from MERCK, Germany, 9 g NaCl, 1 L 

dH2O). Afterwards, cells were blocked at 4° C in 5% normal 

goat serum (NGS) in TBS-T (200 mL TBS and 400 µL triton 

X-100) for an hour. Primary antibodies: GFAP (2.4 g/L Anti-

Glial Fibrillary Acidic Protein, Dako, UK) and beta-III tubulin 

(1 mg/mL, Covance, UK) in 1% NGS, in TBS-T were added to 

the cultures and left overnight at 4°C. Cells were washed in 

TBS three times for 5 minutes. Secondary antibodies (goat anti-

mouse fluoprobe 547H and goat anti-rabbit fluoprobe 488 both 

at dilution ratio of 1:300, Interchim) in 1% NGS and TBS-T 

were added to the cultures that were then stored in the dark at 

room temperature for 2 hours before washing in TBS. 

Vectashield hardset mounting medium with DAPI (Vector 

laboratories, UK) was placed on 22×22 mm coverslips (VWR 

International, UK) and these were then placed upside down 

onto each construct. 

 

Digital imaging and quantification 

A Nikon Eclipse 80i microscope was used to view constructs 

and ensure that topographical patterns (nano-fibers and micro-

grooves) were visible. Images were captured using a Nikon 

camera and the measurements for processes angles were carried 

out using NIS Elements (BR3.00, SP3) imaging software. The 

direction of neurite elongation was measured relative to aligned 

nano-fibers/grooves. A best line of fit of the longest part of the 

neurite was drawn and the angle between this line and groove 

orientation calculated. Angle measurements were collected and 

were ‘binned’ into ranges of: 0-10°, 11-20°, 21-30°, 31-40°, 41-

50°, 51-60°, 61-70°, 71-80° and 81-90° angles. Two-way 

analysis of variance (ANOVA) was carried out followed by 

either Sidak’s or Tukey’s test for post-hoc multiple 

comparisons, using GraphPad Prism v6 software. For 

correlation of the angle of neurite alignment vs. groove width 

treatment Fisher’s exact test and least squares regression fitting 

were performed. Values of p < 0.05 were considered 

significant. 
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Results and Discussion 

Neurites responded to topography, particularly on PLL-LN -

coated substrates 
 
We fabricated nano and micro-scale topographic structures, PLA 

nano-fibers and polydimethylsiloxane (PDMS) micro-grooves, using 

electrospinning and soft lithography techniques, respectively. These 

techniques and their respective polymers are well established and 

have been used to fabricate structures designed to provide contact 

guidance cues.16 The phenomenon of ‘contact guidance’ has been 

reported in a number of studies and is concerned with the ability of 

physical structures to direct the orientation of cells.28-32 Directionally 

aligned nano-fibers (Fig. 1A), attached to coverslips, had an average 

diameter of 500 nm.19 PDMS micro-grooves (Fig. 1B) had width 

ranging from 20-80 µm and ridges were 5 µm wide and  2.2 µm tall 

(see supplemental information).  

 

 

Fig 1 Topographic cues presented to cells. A: Aligned PLA nano-

fibers B: Polydimethylsiloxane (PDMS) micro-grooves. 

 

Dissociated cells cultured on non-coated substrates (of both nano-

fibers and micro-grooves) did not readily attach and had poor 

viability, i.e. cell bodies neither elongated nor produced neurites as 

expected. This led us to design substrates with a combination of 

either: topography (nano-fibers or micro-grooves) and (bio)chemical 

(PLL-LN) cues, based on evidence that these cues promote neuron 

adherence as well as axon protrusion;16,33,34 or topography and 

biological (pre-seeded astrocytes) cues, based on evidence that glial 

cells provide ‘biological topography’ cues to direct neurite 

orientation.8,35,36 We studied the viability of primary CNS neurons as 

well as response of neurites to topography on substrates.  

 

Neurons on all substrates: micro-grooves with PLL-LN (MPL, Fig. 

2A), micro-grooves with pre-seeded astrocytes (MpA, Fig. 2B), 

nano-fibers with PLL-LN (NPL, Fig. 2C) and control (PLL-LN on 

glass coverslips with no topographic structure, Fig. 2D) had very 

good attachment and viability.  Poly amino acids such as PLL and 

polyornithine enhance neuronal adhesion by generating a positive 

charge on substrates creating an electrostatic interaction with the 

negatively charged membrane.13,14 Extracellular matrix (ECM) 

proteins such as laminin, fibronectin and collagen possess multiple 

binding sites that promote adherence of cells and development of 

neurites.13,16,19,37 Neurons were attached to the constructs 

approximately 2 hours after seeding; it was possible to check 

morphology of the cells to distinguish neurons from astrocytes at 

this point (see supplemental data). Small neurites were easily 

noticeable emanating from cell bodies at approximately 24 hours 

after neurons were seeded. Some processes were not easily 

observable before immunostaining since they were very fine and for 

MPL, extending closely along the lower corners of the micro-

grooves. Following immunohistochemistry most neuronal cell 

bodies were observed randomly orientated, but their processes 

(mainly for single neurons on MPL substrates) were orientated along 

the topographic structure. The direction of neurite elongation was 

measured with respect to the topographic pattern, data being binned 

in terms of the degree of alignment, e.g. greater alignment was 

recorded as a smaller angle between the neurite and surface 

topography direction. Neurites on control substrates were  

Fig. 2 Fluorescent micrographs indicating the response of neurons cultured 

on: A) microgrooves coated with PLL-LN, MPL; B) microgrooves coated 

with astrocytes, MpA; C) nanofibers coated with PLL-LN, NPL; & D) 

control coverslips coated with PLL-LN. Red = β-III-tubulin labeled neurons, 

green = Glial fibrillary acidic protein (GFAP) labeled astrocytes and blue = 

DAPI stained cellular nuclei. Scale bars: A-D = 100 µm. Topographies in 

panels A-C are in the vertical plane with microgrooves clearly visible in B. 

E) Graphs indicating the angle of neurites with respect to topographic 

direction, from 0-100 (first bar) to 80-900 (final bar) for each treatment. (****, 

p < 0.0001 & ***, p < 0.001) indicate significant alignment vs. controls. 
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randomly oriented due to the absence of topography cues, and 

neurite angles measured on these control coverslips were evenly 

distributed across all bins, i.e. from 0-10° through to 81-90°.  

 

Combination of both topography and (bio)chemical cues had a 

significant effect on neurite alignment (Fig. 2E; 2 Way ANOVA: F 

(24,72) = 13.10, p < 0.0001). This is in agreement with earlier 

findings.38 MPL and NPL had the most significant effect on neurite 

alignment compared to controls (MPL vs. control: Tukey, t = 32.70, 

p < 0.0001 and NPL vs. control: Tukey, t = 24.27, p < 0.0001). On 

both micro- and nano-topographies, significantly more neurites were 

aligned within 0-100 of the topographical cue. Approximately 44% 

of neurites on MPL were angled within 0 - 10° of the topography 

and 36% for NPL.  

Data analysis demonstrated that PLL-LN coated surfaces 

preferentially steered neurons to follow substrate micro-grooves 

(~44% compared with ~12% for the flat control cultures, Tukey, t = 

9.20, p < 0.001); cells on flat surfaces of the control coverslips had 

randomly oriented axons,  with ~1/9th of the population ‘orienting’ 

within 100 of a given direction.  

 

Neurons cultured onto a pre-seeded astrocyte layer were found to 

follow the directionality of the astrocytes more so than the substrate 

topography. We observed that most of the astrocytes pre-seeded on 

non-coated micro-grooves failed to attach fully and extend 

processes. After 48 hours in culture, any attached astrocytes were 

still spherical; they were mainly individual cells evenly distributed 

over the substrate. Neurons were seeded onto astrocytes at 48 hours. 

After seven days astrocytes were visible in the cultures, had attached 

and had developed a typical morphology with extended processes 

(Fig. 2B). Astrocytes on micro-grooves did not show significant 

alignment of their processes with the grooves. Most neurons cultured 

on these pre-seeded cells formed colonies, often closely associated 

with astrocytes, and there was a clear dominant effect to orient 

neurites towards astrocyte processes rather than to follow the 

microgroove walls. From our observations, neurites that were 

aligned, i.e. oriented within 0 - 10° of the micro-grooves, only 

occurred when they extended from neurons not in contact with 

astrocytes, these cultures therefore showing an intermediate number 

of axons orientated to micro-grooves (~21%, Fig. 2E).  

We found that astrocytes were highly directionally responsive to 

non-coated nano-fibers (see supplemental information); fibers are 

more hydrophilic and have a larger surface-area-to-volume ratio 

compared to micro-grooved structures. However, neurons cultured 

on astrocytes that were pre-seeded on to nanofibers failed to attach 

consistently and survive or extend many processes, so no counts 

were performed. 

 

We compared all substrates with topographic structures against each 

other to determine whether there was any significant difference 

amongst them. Substrates with PLL-LN coating (MPL and NPL) 

showed significantly better alignment of neurites than micro-

grooved substrates pre-seeded with astrocytes (MpA), (MPL vs. 

MpA, Tukey, t = 23.50, p < 0.0001 and NPL vs. MpA, Tukey, t = 

15.06, p < 0.0001).  

 

Comparing the two PLL-LN conditions, micro-grooves had more 

aligned neurites (within 0-100 of the topographical structure) than 

nano-fibers (Tukey, t = 8.43, p < 0.01). Approximately 36% of 

neurites were aligned on NPL substrates compared to 44% on MPL 

substrates. Aligned micro-grooves had several benefits compared to 

nano-fibers: they have higher regularity compared to aligned nano-

fibers due to the use of templates and the polymer used. Indeed 

PDMS has been used to culture CNS neurons, in micro-fluidic 

systems 39,40 where micro-scale grooves are used to direct neurite 

extension. 

 

Neurite behavior on PLL -LN pre-coated micro-grooves  

 

We discovered that groove height (2.2 µm) restricted, and therefore 

directed, the orientation of neurites. Studies have reported the 

influence of groove depth, ranging from 0.2 µm to 15 µm, 33,41 on 

neurite alignment. Hoffman-Kim et al. established a relationship 

between groove depth and cell alignment or neurite outgrowth.33 

Alignment and outgrowth increased with increase in depth from 

0.2 µm to 4 µm; no alignment was observed below 0.2 µm; where 

neurites almost ignored the topography structure.33 Increase in 

groove height correlated to increase in alignment for DRG neurites 

since they were physically restricted to grooves on which they were 

located and therefore found it difficult to cross to adjacent 

grooves.33,34  

Fig. 3 Neuronal culture on PLL-LN -coated microgrooves. Neurites from 

single cells, A, are more responsive to microgrooves than neurites from 

clusters, B. Red = β-III-tubulin labeled neurons and blue = DAPI stained 

cellular nuclei. Scale bars = 100 µm. C, Quantification of angle of neurites 

with respect to topographic direction. (****, p < 0.0001) indicates significant 

alignment of neurites from single cells vs. clusters. 
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In our study, dissociated cells were spread out such that no clumps 

or clusters were observed after seeding. However, we discovered 

that some cells had formed clusters after 7 days in culture; we 

defined a cluster of cells as being when two or more soma (cell 

bodies) were located at a distance 20 µm or less than each other. We 

found that most neurites emanating from single or isolated neurons 

were much more influenced by topography cues compared to those 

from clusters of two or more neurons (Fig. 3A-C). Neurites from 

‘single’ neurons were significantly better aligned to microgrooves 

(Single vs. cluster: Sidaks, t = 44.95, p < 0.0001) than neurites from 

clusters of neurons. We believe that orientation of neurites from 

clusters was influenced more by cues from close by cells rather than 

topography cues.  

 

Since we cultured dissociated cells on micro-grooved substrates with 

varying groove width we examined if alignment of neurites 

extending from soma was affected by changes in groove width. We 

chose a lower limit of 20 µm to allow sufficient space to 

accommodate the soma of astrocytes and neurons adjacent to one 

another within a single groove; and an upper limit of 80 µm to allow 

for soma to reside within the centre of grooves without any direct 

contact with groove walls. Neurite orientation did not correlate to 

groove width (Fig. 4, r2 = 0.0284, p < 0.0001). We believe this was 

due to most cells extending neurites that followed groove walls after 

contact, regardless of where the cell soma was located within the 

groove, their processes finding a groove edge and then extending 

along this. This finding is somewhat contrasting to reports from 

other studies. In general, it has been shown that groove or micro-

channel width influences alignment. Alignment of PC12 neurites 

reduced from 90% to 75% when the width of gratings 200 nm deep 

was reduced from 750 nm to 500 nm.42 When the same cell type was 

cultured on 23 µm deep substrates with 5 µm and 10 µm widths, 

more alignment was observed on 5 µm wide stripes.43 Furthermore, 

polyimide patterns with height of 11 µm and width ranging from 

20-60 µm showed that all widths were effective in guiding neurite  

Fig. 4 Neurite alignment on grooves pre-coated with PLL-LN (MPL) was 
independent of groove width. Black dots represent individual neurite angles 

measured. Line of best fit R2 = 0.0284, indicating no correlation. 

 

orientation, however more significant alignment was observed on 

smaller channels of 20-30 µm width.44 Therefore, cell response to 

groove width may be strongly dependent on the cell type as well as 

the topography. 

Conclusions 

In this study we have demonstrated the sensitivity of primary 

CNS neurons to nano- and micro-scale topographic features and 

the dependence of supporting astrocytes and cell-cell 

communication to direct neurite outgrowth. Contact guidance 

cues showed a positive control over neurite orientation, 

although clustered cells tended to follow their own, more 

dominant biochemical signalling cues. The results presented 

here clearly demonstrate the potential to control primary 

neuronal cultures in vitro using surface engineered approaches, 

and highlights the interaction of cell-cell signalling as a key 

contributing factor in the preparation of oriented neural 

constructs. This work advances our ability to generate robust 

and reproducible models of neurodegenerative disease in vitro, 

with the potential to advance our capabilities for regenerative 

medicine in the CNS. 
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Micro- and nano-structured materials were used to investigate directional 

alignment of primary CNS neurons (red) co-cultured with astrocytes 

(green).   
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