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Abstract
Patients who have peripheral nerve damage from trauma or disease may suffer 
lifelong disability. Current interventions such as nerve allografts are inadequate due 
to limited availability of tissue and donor-site morbidity. Commercial nerve guidance 
conduits are used to bridge the damaged nerve gap and restore function. Typically, 
however, they lack cell-instructive guidance cues to promote directed regeneration. 
Tissue-engineered nerve guidance conduits that utilise micro- and nano-
topographical architectures have been demonstrated to direct cell behaviour and 
contact guidance. This study uses projection micro-stereolithography-based three-
dimensional (3D) printing to fabricate microgrooved (10–30 µm) master moulds to 
produce polydimethylsiloxane (PDMS) moulds and solvent cast polycaprolactone 
and polylactic acid films. The polymer microgrooves were successfully fabricated and 
were able to be formed into tubular nerve guidance conduits. The surface morphology, 
roughness, wettability, and thermal properties of the films were characterised. The 
microgroove topography improved proliferation and induced alignment of SH-
SY5Y cells. This facile 3D printing approach is promising for the fabrication of nerve 
guidance conduits with topographical guidance cues as it obviates the need for 
using photolithographic techniques. Thus, this approach provides an alternative that 
is simpler, faster, cheaper, and offers greater design freedom.

Keywords: Bioprinting; Microgroove; Moulds; Nerve guidance conduit;  
Peripheral nerve repair; Stereolithography

1. Introduction
The peripheral nervous system (PNS) connects the central nervous system to the entire 
body, with its principal responsibilities encompassing the processing of incoming neural 
information, modulation of sensory perception, coordination of motor activities, and 
the preservation of homeostasis. Peripheral nerve injury (PNI) is a frequent occurrence, 
typically arising from trauma, and results in a complicated recovery process related to 
the specific gap size and the slow regeneration speed. Globally, there are over 5 million 
new cases of PNI annually.1 Spontaneous regeneration of nerves is feasible for small gaps 
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measuring a few millimetres.2 However, for larger nerve 
gaps, a regenerative rate of 1–3 mm per day is imperative 
for axons to reach the distal motor endplate, frequently 
leading to partial functional recovery.3

Current clinical interventions for PNI predominantly 
involve suturing and autologous transplantation.4,5 The 
precision required in nerve suturing may result in excessive 
tension, and autologous transplantation encounters 
limitations due to donor tissue constraints and structural 
disparities between donor and recipient nerves. Clinically, 
up to 33% of PNI cases exhibit incomplete recovery and 
adverse outcomes, including chronic pain, compromised 
or partially restored motor and sensory function, and 
muscular atrophy and weakness.6

Peripheral nerves have a multi-fascicle structure with 
axons orientated in the same direction in each fascicle.7 
When peripheral nerves are injured, the nerve cells align 
longitudinally in the endoneurium, generating Büngner 
bands to direct the axons. Notably, when the PNI gap 
exceeds 10 mm, grafting interventions become imperative 
to bridge the proximal and distal nerve stumps, thereby 
fostering the requisite environment for regeneration.8 The 
efficiency of nerve regeneration is enhanced when cell 
arrangement and axonal growth are directed.9

Commercially available nerve guidance conduits 
(NGCs) typically adopt a single-channel configuration.10 
They are usually restricted to short injury gaps (<20 mm) due 
to the absence of specific guidance cues.11,12 Furthermore, 
single-channel nerve conduits are susceptible to collapse, 
impeding nerve growth, inadequately mimicking fascicle 
structures, and exhibiting suboptimal performance in 
guiding axonal growth.13 Microchannel NGCs, whilst 
capable of directing cell alignment and promoting 
regenerating axons to aggregate in natural bundles, also 
present challenges such as potential insufficient nutrient 
supply to the regenerating tissue within the lumen.5,14

Tissue-engineered NGCs have been explored as 
potential alternatives to autografts.5,14 NGCs are envisioned 
to serve as bridging devices capable of directing axonal 
growth and overcoming the impediments associated with 
traditional interventions. Various types of NGCs, including 
hydrogel fillers,15 fibrous fillers,16 and patterned scaffolds,17 
have been developed to create optimal intraluminal 
matrices for guiding neurite outgrowth. Specific guidance 
cues to direct regenerating axons to specific locations are 
essential.18 Failure to provide guiding cues can result in 
dislocations, neuroma formation, and misconnections as 
regenerated axons lose their growth orientation.19 Physical 
contact guidance cues, such as channels, aligned fibres, 
and grooves, significantly influence neural cell behaviour 
and axon pathfinding.12 The design of topographical cues 

in NGCs to guide this directional growth has been shown 
to impact the morphology, adhesion, and proliferation of 
nerve cells. Topographical cues such as dots, pits, pillars, 
and grooves at the nano- and micro-scale can modulate 
cell behaviour, including cell morphology, alignment, 
proliferation, differentiation, and migration.20,21

Microgroove topographies have been explored as nerve 
guidance cues with the specific structure (e.g., shape, 
groove depth, groove width and spacing) influencing 
cell response.22,23 Various synthetic NGCs based on 
biodegradable polyesters with microgroove architectures 
have shown promising  potential including  poly(ε-
caprolactone) (PCL), poly-l-lactic acid (PLA), and 
poly(lactide-coglycolide).24,25 Typically, the microgroove 
dimensions are between 5 µm and 60 µm as this range 
enables contact guidance for neuronal cell types.9,26-36 
For example, Béduer et al.27 observed that microgroove-
patterned polydimethylsiloxane (PDMS) substrates with 
small microgroove widths (5–10 µm) improved axonal 
alignment and reduced branching in human neural stem 
cells but delayed neurite development and differentiation 
compared to larger groove widths (20–60 µm). Hsu et 
al.26 fabricated chitosan and PLA microgroove conduits 
(20/20/3 µm) that improved Schwann and glial cell 
orientation and neurotrophic factor expression in vitro 
and enhanced peripheral nerve regeneration in vivo. 
A conductive polydopamine-coated poly(L-lactide-
caprolactone)/graphene (PLCL/GN) composite NGC with 
20 µm microgrooves was shown to promote directional 
migration, cell adhesion,  elongation, myelin sheath 
growth, more rapid neuron regeneration, and functional 
recovery in vivo.28 Apart from microgroove dimensions, the 
morphology of the microgroove has been demonstrated to 
be important by Mobasseri et al.,29,30 with V- and sloped-
shaped grooves showing improved cell alignment, as 
compared with square grooves.

However, the studies that explored microgroove NGCs 
mostly utilised photolithography to fabricate the master 
mould. Photolithography and soft microlithography 
techniques allow the fabrication of highly detailed nano- 
and micro-scale-patterned moulds.37 These are transferred 
to the biomaterial substrate through an intermediate (e.g., 
PDMS mould or stamp) followed by solvent casting or 
thermal pressing.14,27,30,31,38 However, photolithography is 
expensive and time-consuming, as well as requires stringent 
clean room facilities and entails complex processing steps. 
Soft lithography can be performed generally outside a 
clean room with a wider range of materials but still relies 
on the generation of a master mould via photolithography. 
Thus, this limits research accessibility, design freedom, and 
inability to rapidly prototype different configurations.
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The resolution and capability of three-dimensional 
(3D) printing technology is improving, offering the benefits 
of design flexibility, precise geometric control, and wide 
variety of applicable materials. Subsequently, 3D printing 
has extensively been explored in biomedical applications, 
although the resolution of extrusion and inkjet-
based machines is limited for fabricating microgroove 
architectures. Light-based vat photopolymerisation, such 
as stereolithography (SL), offers high resolution and has 
been utilised to fabricate NGCs with single- and multi-
channel architectures.39-42 For example, Pateman et al.42 
developed a single-channel NGC that exhibited an axially 
aligned microtopography due to the pixelation effect in 
digital light processing (DLP). However, a photocurable 
biomaterial is required for direct NGC fabrication, thus 
restricting the materials applicable. 

SL has been used as an alternative to photolithography 
in the fabrication of master moulds for microfluidics.43 
Moulds can be rapidly fabricated and iterated at a lower 
cost than conventional photolithography. This makes 
them suitable for soft lithography and casting of PDMS, a 
polymer used for intermediate templates and prototyping 
microfluidic devices due to the relatively chemical 
inertness, biocompatibility, low cost, and transparency in 
ultraviolet-visible spectrum.44 However, this approach has 
not yet been explored for the specific design and fabrication 
of cell-instructive microgroove topographies in NGCs.

This study explores the replacement of photolithography 
with SL for the fabrication of master moulds for the 
development of microgroove NGCs using soft lithography. 
Considering dimensions commonly employed in the 
literature to support contact guidance for neuronal cells, 
four different microgroove master mould architectures 
were fabricated: 10/10/10 µm, 20/20/10 µm, 25/25/10 µm, 
and 30/30/10 µm (width/spacing/depth). The 3D-printed 
master mould was used to fabricate a PDMS mould to 
enable casting of PCL and PCL/PLA thin films. The 
morphology, roughness, mechanical, wettability, and 
thermal properties were characterised, and SH-SY5Y cells 
were seeded to evaluate morphology and proliferation. 
This approach highlights the capability of high-resolution 
3D printing to compete with photolithography in 
specific applications. Furthermore, this study provides 
understanding of appropriate microgroove dimensions to 
promote cell alignment for NGC applications.

2. Material and methods
2.1. Materials
PCL (Mn 80,000 g/mol), PLA (Mn 30,000 g/mol), 
SYLGARD™ 184 poly(dimethylsiloxane) (PDMS), 
foetal bovine serum (FBS), trypsin-EDTA, penicillin–

streptomycin, glutamine, all-trans-retinoic acid (ATRA), 
paraformaldehyde (PFA), and Triton X-100 were purchased 
from Sigma-Aldrich (UK). Dichloromethane (CH2Cl2), 
Ethanol, Dulbecco’s phosphate-buffered saline (PBS), 
DMEM/F-12, AlamarBlue™ Cell Viability Reagent, LIVE/
DEAD Viability/Cytotoxicity Assay Kit, Alexa Fluor® 488 
Phalloidin, and DAPI (4’,6-diamidino-2-phenylindole) 
were purchased from Thermo Fisher Scientific (UK). SH-
SY5Y (human neuroblastoma cell line CRL-2266) was 
purchased from ATCC (USA). 

2.2. Design and 3D printing of master moulds
The master moulds were designed by computer-aided 
design (CAD) software (Siemens NX, Germany) with 
dimensions of 12.5 × 12.5 × 1 mm (xyz). Four different 
surface topographies were considered with microgroove 
dimensions of 10/10/10 µm, 20/20/10 µm, 25/25/10 µm, 
and 30/30/10 µm (width, spacing, and depth) (Figure 1a). 
A projection micro-stereolithography (PµSL) 3D printer 
(MicroArch™ S130, Boston Micro Fabrication, USA) with 
x–y resolution of 2 µm, layer thickness of 5–20 µm, and 
build volume of 50 × 50 × 10 mm (xyz) was used to fabricate 
the master moulds using the HTL photopolymer resin 
(Boston Micro Fabrication, USA). The 3D-printed moulds 
were examined using an upright digital microscope (VHX-
5000, Keyence, Japan). 

2.3. Fabrication of PDMS moulds and 
microgroove films
The fabrication of microgroove topographies on polymer 
films involves multiple steps (Figure 1b). Residual 
photoinitiators and unreacted oligomers may be left 
behind in the 3D-printed master mould, inhibiting PDMS 
curing.45 To minimise inhibition, the 3D-printed master 
moulds were immersed in 95% ethanol for 24 h in a sealed 
container and placed on a shaker. The ethanol was removed 
and refreshed,  sealed, and shaken for another 24 h. The 
moulds were then rinsed with water and air-dried for 1 h 
at room temperature.

The PDMS was mixed at a 10:1 (wt./wt.) ratio of 
prepolymer to curing agent, degassed under vacuum to 
remove air bubbles, and poured onto the 3D-printed master 
moulds to achieve a thickness of ~10 mm.   The moulds 
were placed at the bottom of the PDMS prepolymer to 
guarantee the same solution volume can be casted onto the 
PDMS moulds. The PDMS was cured overnight (12–16 h) 
in a dry oven at 65°C. The moulds were removed to release 
the cured PDMS mould. No releasing agents were required 
for the release of PDMS replicas.

A 1, 3, and 5% wt./vol PCL and blend of PCL/PLA 
(4:1) solution in dichloromethane (DCM) was prepared 
and casted onto the microgroove PDMS moulds  
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(Figure 1b). The solutions were left to evaporate in a 
fume cabinet for 1 h, and the casted films were removed. 
Microgroove samples consisting of the designs, flat (no 
microgrooves), 10/10/10 µm, 20/20/10 µm, 25/25/10 µm, 
and 30/30/10 µm, are referred to as PCL-F, PCL-10, PCL-
20, PCL-25, and PCL-30 or PCL/PLA-F, PCL/PLA-10, 
PCL/PLA-20, PCL/PLA-25, and PCL/PLA-30, respectively. 
Different layer thicknesses (~10, 20, or 30 µm) of thin films 
were produced by using different volumes of polymer 
solution, and the thickness of casted films was inspected 
with a digital calliper. Except for mechanical testing, 20 µm 
thick samples were utilised throughout the study.

2.4. Morphology and roughness of moulds and 
microgroove films
The 3D-printed moulds, PDMS moulds, and casted 
microgroove films were assessed using an upright digital 
light microscope (VHX-5000, Keyence, Japan), a laser 
scanning confocal microscope (LSCM; VK-X250, Keyence, 
Osaka, Japan), a scanning electron microscope (SEM; 
Zeiss Sigma VP, Carl Zeiss, USA), and an atomic force 
microscope (AFM; Multimode 8-HR, Bruker, Germany).

The LSCM with 120 nm lateral resolution using a 408 nm 
violet laser and a 16-bit photomultiplier to receive the laser 
light was utilised to analyse the surface topography (scan 

area: 95 × 71 µm and 50× magnification). The roughness of 
the upper groove surface (400×) was assessed with a scan 
area of 10 × 7 µm (20, 25, and 30 µm microgrooves) and  
6 × 5 µm (10 µm microgroove). Images were post-processed 
using Gwyddion software.

The casted microgroove thin films for SEM were 
sputter-coated (Q150R S, Quorum Technologies, UK) with 
gold/palladium (80/20) to obtain ~6 nm thick coating. 
Images from the top surface of the microgroove thin film 
were captured and analysed using ImageJ software.46

The surface roughness of the thin films was analysed 
through AFM equipped with a ScanAsyst-Air probe 
(shape: pyramid; height: 10 µm; radius: <10 nm) in Peak 
Force tapping mode. The topographic profiles refer to scan 
areas of 0.5 × 0.5 µm with a resolution of 512 × 512 pixels. 
The image processing and roughness values measurement 
were performed by Gwyddion software.

2.5. Thermal evaluation
Thermogravimetric analysis (TGA) of the PCL, PLA, and 
PCL/PLA samples (mass ~10 mg) was performed using TA 
Instruments Q50 (TA Instruments, New Castle, USA). The 
test was carried out in an air atmosphere between 25 and 
600°C with a heating rate of 10°C/min.

Figure 1. (a) Design specification of 3D-printed moulds with designs of 10/10/10 μm, 20/20/10 μm, 25/25/10 μm, and 30/30/10 μm; and (b) the procedures 
for preparation of the microgrooved PCL or PCL/PLA substrates.
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The differential scanning calorimetry (DSC) test, 
which analyses thermal behaviour and crystallisation of 
samples, was performed using TA  Instruments  Q-100 
(TA  Instruments, New Castle, USA) from 0 to 200°C at 
a heating rate of 10°C/min in a nitrogen atmosphere. 
The degree of crystallinity (Xc) and melting point (Tm) of 
PCL and PLA were determined. Xc was calculated using 
Equation I: 

 Χc (%) = ΔHm/(ƒ×ΔH0) × 100 (I)

where ΔHm  is the specific melting enthalpy of the 
sample, ƒ is the weight percentage of PCL or PLA, 
and ΔH0 is the melting enthalpy of completely crystalline 
polymer (132 J/g for PCL, 93.7 J/g for PLA).47

2.6. Tensile mechanical assessment
Tensile tests were conducted with the Instron 3344 (Instron, 
USA) and integrated software (Bluehill Universal, Instron, 
USA). The samples (n = 5), each measuring 1.5 mm and 10 
mm, for width and length, respectively, were prepared. A 
crosshead speed of 1 mm/min, 6 mm grip distance, and a 
10 N load cell were used with the force applied in parallel 
to the direction of the grooves. The samples were prepared 
with different thickness (10, 20, or 30 µm), different 
solvent concentration (1, 3, or 5 wt%), and different groove 
morphologies. The maximum tensile strength, the strain 
at breaking, and the Young’s modulus were analysed using 
Origin software (OriginLab, USA).

2.7. Surface wettability
The wettability of the microgroove films was assessed by 
water contact angle (WCA) measurement. The microgroove 
thin films with different groove sizes, different materials, 
and different solvent concentrations were prepared for the 
WCA to examine the hydrophilicity. The wetting behaviour 
of the films (n = 5) was evaluated using a DSA100B (KRÜSS, 
Germany) with an image taken at 0 s and 60 s after droplet 
formation on the sample surface (static sessile drop). The 
contact angle was automatically calculated by Attention 
Theta software (Biolin Scientific, Sweden) through the 
sessile drop and drop profile fitting method.

2.8. In vitro cell culture
The SH-SY5Y neuroblastoma cell line (ATCC®  CRL-
2266) is a well-established in vitro model for neuronal 
differentiation and neurotoxicity.48 SH-SY5Y cells were 
cultured in T75 cell culture flasks (Sigma-Aldrich, UK) with 
DMEM/F-12 (1:1, v:v) medium supplemented with 10% 
foetal bovine serum (FBS), 1% penicillin/streptomycin, 
and 1% glutamine, in an incubator at 37°C and 5% CO2. 
The growth medium was changed every 3 days. Cells 
were sub-cultured after reaching 80–90% confluence by 

rinsing with PBS, trypsinising (0.25% Trypsin-EDTA), and 
neutralising with fresh media. 

The microgroove films (3 wt% concentration and 20 
µm thickness) were fixed in CellCrownTM inserts (Sigma-
Aldrich, UK) within 48-well plates to prevent them from 
floating, sterilised with ethanol for 4 h, and washed twice 
with PBS. Cells were counted (Cellometer Auto 1000, 
Nexcelom Bioscience, USA), and films were seeded with 
1.9 × 104 cells in 0.1 mL of cell culture medium specifically 
on the surface. After incubating for 30 min to allow the 
cells to attach, 0.4 mL of cell culture medium was added. 
The media was refreshed every 3 days. 

2.9. Cell viability, proliferation, and morphology
The Alamar Blue assay was used to monitor cell metabolic 
activity, which serves as an indicator of cell viability and 
proliferation. Following the manufacturer’s instructions, 
briefly, 50 µL of Alamar Blue solution was added to each 
well and incubated for 4 h at 1, 3, 5, and 7 days after cell 
seeding, and 150 µL of the solution was transferred to 96-
well plate (n = 5). The fluorescence (ex  530  nm/em  590 
nm) was measured by a microplate reader (Synergy HT, 
BioTec, USA). The well plate was changed every time after 
Alamar Blue assay.

Cell viability was observed on day 7 using a live/dead kit 
and following the manufacturer’s instructions. Calcein-AM 
(green) and ethidium homodimer-1 (EthD-1) (red) were 
used to fluorescently label live and dead cells, respectively. 
Samples (n = 3) were washed three times with PBS before 
staining in a calcein-AM (1/2000 dilution) and EthD-1 
(1/500 dilution) PBS solution and incubated for 20 min 
prior to imaging with a confocal microscope (Lecia SP-8 
Lightning, Lecia Microsystems, Germany). A minimum of 
three images per sample and a minimum of 180 cells in 
total were used to calculate the percentage viability.

Cell morphology was observed on day 7. The samples (n 
= 3) were rinsed twice with PBS (37°C), fixed with 4% PFA 
for 15 min, washed with PBS three times, permeabilised 
with 0.1% Triton X-100 for 15 min at room temperature, 
and washed with PBS three times. A 5% FBS solution was 
then added to block non-specific binding, and the samples 
were incubated for 1 h and washed once with PBS. Alexa 
Fluor® 488 Phalloidin (1:400) in 1% FBS solution was 
added to each sample and incubated for 45 min at room 
temperature and protected from light. The samples were 
rinsed in PBS, and DAPI (1:1000) was added and incubated 
for 10 min at room temperature in the dark. The samples 
were washed twice with PBS and stored at 4°C prior to 
imaging. Cell morphology was visualised with confocal 
microscope (Leica SP8 Lightning, Leica Microsystems, 
Germany), and cell orientation was quantitatively analysed 
by ImageJ software.46
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2.10. Statistical analysis
Statistical analysis, specifically one-way analysis of variance 
(ANOVA) with Tukey test, was carried out using Origin 
software (OriginLab, USA). The data are expressed as the 
mean ± standard deviation. The significance levels were set 
at *P < 0.05, **P < 0.01, and ***P < 0.001 when comparing 
PCL and PCL/PLA with the same groove parameters.

3. Results and discussion
3.1. Morphology of moulds and microgroove films
Light microscopy and SEM were used to evaluate the 
suitability of 3D printing to fabricate micropatterned 
master moulds for the casting of PDMS moulds and 
subsequent solvent casting of microgroove substrates 
(Figure 2). The microgroove dimensions (width, spacing, 
and depth) of the master moulds and corresponding 
PDMS moulds and microgroove films are depicted in 
Table 1 and Table S1 (Supplementary File), based on 
the use of light microscopy and LSCM, respectively. 
The depth measurement accuracy is limited due to the 
limitations of light microscopy on these types of samples. 
Qualitative and quantitative observation of the 3D-printed 
master mould shows a highly ordered, smooth, and well-
defined microgroove architecture that closely matches the 
design parameters (Figure 2a). Flat 3D-printed master 
mould and flat PDMS mould were fabricated as a control  
(Figure S1 in Supplementary File). These dimensions 
are closely transferred to the PDMS mould, and the 
microgrooves are clear and uniform, although surface 
deviations and imperfections are visible due to the casting 
process (Figure 2b). This evidently demonstrates the 
suitability of (PµSL) 3D printing for the fabrication of 
microscale master moulds for microgroove patterning.

The microgroove thin films consisting of PCL and 
PCL/PLA at different concentrations (1, 3, and 5 wt%) 
and dimensions were successfully fabricated using solvent 
casting (Figure 2c; Figure S2 in Supplementary File). As 
observed, the films present microgroove dimensions 
similar to the original design and the PDMS and 3D-printed 
moulds. The microgroove surfaces are smooth; however, 
there is a slight irregularity to the groove shape, which is 
not perfectly straight but is similar to other comparable 
microgroove PCL and PCL/PLA films.29,49 Micro- and 
nanoscale pores are observed on the lower groove surface 
due to the rapid evaporation of DCM causing bubbling 
(Figure 2c, inset). Whilst the upper grooves have the 
presence of nano-fissures, potentially due to the greater 
thickness of material at this area and a slower evaporation 
rate during casting. To attenuate the rapid evaporation, 
a multi-solvent system can be explored to optimise the 
solvent casting process. The addition of PLA generally 
reduced the appearance of pores and fissures. Similarly, 

lower polymer concentration solutions produced films with 
a smoother appearance (Figure S2 in Supplementary File).

To demonstrate the feasibility of this approach to 
fabricate NGCs, the film was rolled around a mandrel 
and sealed with an adhesive to form a tube with an inner 
diameter of 1.7 mm and length of 12.5 mm (Figure 2d-i 
and 2d-ii). SEM showed uniform microgroove structures 
on the inner wall of the NGC that act as topographical 
guidance pathways (Figure 2d-iii) and a clean seal (Figure 
2d-iv). The tube was flexible and has dimensions suitable 
for NGC applications, warranting further study.

An alternative 3D printing system (M-50, 
CADworks3D, Canada) based on digital light processing 
(DLP) technology was similarly evaluated to determine 
the machine system specifications required to achieve 
dimensions suitable for NGCs (Figure S3 and Table S2 
in Supplementary File). 3D-printed master moulds with 
microgroove dimensions of 100/100/50 µm, 150/150/50 
µm, and 200/200/50 µm were achievable, but a smaller 
microgroove of 30/30/10 µm was not possible. Further 
study was discounted due to the inability of achieving a 
resolution suitable for NGCs.

The use of PµSL to fabricate microgroove topographies 
offers significant advantages and comparable results 
compared to conventional approaches such as 
photolithography, soft lithography, and electron beam 
lithography that have been utilised up till now. The lower 
production cost, shorter experimental time, ease of access, 
and greater design freedom can allow more complex 3D 
structures to be fabricated for use in casting rather than 
traditional planar substrates. However, the PDMS mould 
degrades with multiple exposures to the solvent. Thus, 
differences between batches are possible, and the PDMS 
mould should be replaced once noticeable deterioration in 
microgroove quality is observed.

3.2. Surface roughness
The surface roughness of the microgroove films with 
different concentrations was evaluated using AFM with 
a scan area of 0.5 µm2 (Figure 3a). The mean roughness 
(Sa) values of the 3 wt% PCL, PLA, and PCL/PLA 
surface are 8.31 nm, 4.28 nm, and 4.20 nm, respectively. 
The addition of PLA reduces the surface roughness, 
agreeing with the SEM observations. The 1 wt% samples 
show consistently lower surface roughness than the 3 
and 5 wt% films. There is a change in nanoscale features 
from a relatively homogenous and smooth appearance 
at 1 wt% to a more spherical and undulating surface at 
higher concentrations.

LSCM was used to map the 3D topographic surface of 
the 3D-printed master mould and microgroove films at 
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Figure 2. (a) Microscope images of 3D-printed moulds (scale bar: 50 μm) and (b) PDMS moulds (scale bar: 50 μm). (c) SEM images of the 3 wt% PCL 
and PCL/PLA thin films with different groove architectures: 10/10/10 µm, 20/20/10 µm, 25/25/10 µm, and 30/30/10 µm (scale bar: 50 μm; inset images 
scale bar: 1 μm). (d) Rolled and sealed PCL-10 NGC tube showing a photograph of (i) the side view, (ii) top view, and SEM image of (iii) inside the tube 
with microgroove topography and (iv) location of the film overlap and sealant (scale bar: 500 μm; low- and high-magnification images scale bar: 500 μm).
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both large (95 × 71 µm) and small (10 × 7 µm) scan areas 
(Figure 3b). The PDMS moulds were not able to be assessed 
using LSCM due to the optical transparency. This revealed 
that the 3D-printed master moulds had significantly lower 
surface roughness (root mean square height area roughness, 
Sq: ~90.9 nm; arithmetical mean height area roughness, 
Sa: ~68.6 nm) than the microgrooved films (Sq: ~371.4 
nm, Sa: ~248.1 nm) (Figure 3b-ii and 3b-iii). The PDMS 
moulds appear smooth, although further quantitative 
verification is required. The subsequent microgroove 
pattern transfers from the original 3D-printed master 
mould to the PDMS mould, and finally, the polymer film 
introduces a considerable amount of surface roughness.

The PCL films had an average mean surface roughness, 
Sa, of 331.83 nm, which was higher than PCL/PLA of 
167.65 nm. The PCL microgroove films have a consistent 
surface roughness even with different microgroove sizes. 
However, the PCL/PLA-25 and 30 groove sizes (Sa: ~118.3 
nm) showed a lower roughness than the PCL/PLA-10 
and 20 (Sa: ~217 nm). A similar trend is observed for Sq. 
Surface measurements including skewness (Ssk), kurtosis 
(Sku), and maximum peak, pit depth, and height are shown 
in Table S3. All the moulds and microgroove films have an 
Ssk close to 0 and are generally positive, indicating a height 
distribution close to the mean surface plane with peaks. 
The Sku is predominately below 3, representing a lack of 
high peaks or deep valleys.

3.3. Thermal evaluation
DSC was used to assess the thermal and crystallisation 
properties of PCL, PLA, and the PCL/PLA blend with 
different concentrations (1, 3, and 5 wt%) (Figure 4 and 
Table 2). The Tm of PCL/PLA blend is consistently slightly 
lower than PCL and PLA at the same concentration, 
which can be seen clearly with the shift in the DSC 
curves (dotted lines). The ΔHm for PCL and PLA are both 

decreased after they are blended. TGA and derivative 
thermogravimetric analysis were additionally assessed to 
understand the thermal degradation behaviour (Figure S4 
in Supplementary File).

The crystallinity data indicate that PCL is highly 
crystalline (Xc ~55%), whilst PLA has a considerably 
lower crystallinity (Xc ~25%). Increasing the polymer 
concentration for both PCL and PLA resulted in a slight 
increase in crystallinity. The PCL/PLA blend showed a 
slight decrease in crystallinity of the PCL phase, but the 
PLA phase increases in crystallinity considerably. This 
observation is similar to a previous study by Carmona et 
al.50 as the PLA limits the mobility of PCL chains, whereas 
PCL provides additional mobility to the PLA chains.

Crystallinity has a significant impact on the 
mechanical, degradation, and biological properties of 
thermoplastics. Increasing crystallinity tends to improve 
stiffness and tensile strength, whereas the amorphous 
phase absorbs more impact energy.51 During degradation 
of polymers, the amorphous phase is preferentially 
degraded.52,53 Subsequently, polymer crystallinity is 
essential in tuning material properties for specific tissue 
engineering applications.

3.4. Tensile properties of microgroove films
The mechanical properties of the microgroove film with 
different topographical designs, thickness (10, 20, and 30 
µm), and concentrations (1, 3, and 5 wt%) were assessed 
using tensile testing (Figure 5). The PCL films had a 
significantly higher tensile strength (~18.1 MPa) and 
maximum strain (~4.3 mm/mm) in comparison to the 
PCL/PLA films (~12.4 MPa, ~0.15 mm/mm). The PCL/
PLA films had a higher Young’s modulus (~109.6 MPa) 
than the PCL films (~56.7 MPa), indicating the increased 
stiffness and deformation-resistant properties of PCL/PLA 

Table 1. Dimensions of the 3D-printed master moulds, PDMS moulds, and microgroove films, based on light microscopy 

Average width (μm) Average spacing (μm) Average depth (μm)

Master 
mould

PDMS 
mould

Casted film Master 
mould

PDMS 
mould

Casted film Master 
mould

PDMS 
mould

Casted film

PCL-10 10.44 ± 0.38 9.53 ± 0.56 11.74 ± 0.37 9.69 ± 0.75 10.35 ± 0.36 8.97 ± 0.56 10.38 ± 0.52 11.78 ± 0.67 12.47 ± 0.89

PCL-20 20.44 ± 0.73 19.28 ± 0.78 21.21 ± 1.03 19.4 ± 0.84 20.24 ± 0.56 18.56 ± 0.67 12.51 ± 0.87 12.96 ± 0.90 13.67 ± 0.66

PCL-25 25.52 ± 0.64 24.08 ± 0.81 26.39 ± 1.73 24.13 ± 0.85 25.47 ± 0.49 23.75 ± 0.86 14.15 ± 0.92 14.83 ± 0.75 15.91 ± 0.73

PCL-30 30.61 ± 0.67 28.68 ± 0.57 31.94 ± 1.21 28.85 ± 0.64 30.44 ± 0.66 27.28 ± 0.97 13.59 ± 0.63 13.87 ± 0.69 14.87 ± 0.79

PCL/PLA-10 / / 11.41 ± 0.55 / / 9.13 ± 0.63 / / 12.38 ± 0.59

PCL/PLA-20 / / 20.44 ± 0.23 / / 18.87 ± 0.56 / / 13.32 ± 0.61

PCL/PLA-25 / / 26.30 ± 1.01 / / 24.09 ± 0.78 / / 15.34 ± 0.71

PCL/PLA-30 / / 31.48 ± 1.27 / / 27.85 ± 0.88 / / 14.29 ± 0.76

The 3D-printed master moulds and PDMS moulds are the same for both PCL and PCL/PLA groups.
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films, an observation consistent with previous studies.30,54 

Thus, the material compositions follow a trend of maximum 
tensile strength and strain at breaking of PCL>PCL/PLA 
and Young’s modulus of PCL/PLA>PCL.

No significant difference in mechanical properties 
was observed as a function of microgroove size with 
the same film thickness. The total mass of the film is the 
same regardless of microgroove dimensions; therefore, 
any contribution by the microgroove topography to the 
mechanical properties is not observed or is negligible.

However, the thickness of the films had a significant 
influence on the mechanical properties. Among them, 

the 20 µm thickness PCL groups (~17.5 MPa) showed the 
highest tensile strength followed by the 30 µm PCL groups 
(~16.5 MPa). Whilst the 10 µm thickness PCL group 
yielded the highest strain value (~4.04 mm/mm), smaller 
thickness resulted in high elongation or stretching. 

The effect of different polymer concentrations (1, 3, 
and 5 wt%) used during solvent casting on the mechanical 
properties was observed using the 10 µm thickness films 
(Figure 5b). The mechanical properties for material 
composition follow a similar trend.

PCL-10 samples have a higher tensile strength and 
maximum strain at breaking, and lower Young’s modulus 

Figure 3. (a) AFM results of flat PCL, PLA, and PCL/PLA thin films with different concentration. (i) Images of the films and roughness comparison among 
(ii) the PCL, PLA, and PCL/PLA thin films (3 wt% concentration), (iii) different concentration PCL films, and (iv) different concentration PCL/PLA films. 
(b) 3D LSCM results of 3D-printed master mould and 3 wt% microgroove thin films. (i) Images of the 3D-printed moulds and thin films, (ii) the RMS 
roughness result, and (iii) the mean roughness result.
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compared to PCL/PLA-10. The 3 wt% PCL-10 and PCL/
PLA-10 films had higher tensile strength (12.60 MPa and 
8.59 MPa, respectively) than 1 and 5 wt% PCL-10 and 
PCL/PLA-10. However, the 5 wt% samples had the highest 
Young’s modulus and maximum strain. The 1 wt% samples 
showed the lowest maximum stress, Young’s modulus, and 
maximum strain. The concentration of the polymer solution, 
the polymer molecular weight, and the nucleating agents 
all influence the crystal microstructure of the polymer.52,55 

The higher crystallinity of PCL films specifically and the 3 
and 5 wt% PCL and PCL/PLA films can contribute to the 
improved mechanical properties observed.

Further investigation is required to understand 
the flexural rigidity and strength of the films with the 
mechanical testing extended to the rolled and sealed 
microgroove film tubes. The current microgroove films 

(except 3 wt% PCL films) are within the range of reported 
value for maximum tensile strength of the rat sciatic 
nerve (1.7–7.6 MPa) and the rabbit tibial nerve (11.7 ± 
0.7 MPa).56,57 However, the Young’s modulus exceeds the 
range of values observed in humans, rats, and rabbits.56-58 

Subsequently, the composition and design require re-
evaluation. For the current study, the 3 wt% PCL/PLA 
samples with 10, 20, and 30 µm thickness films have the 
most appropriate properties for an NGC and further testing.

3.5. Surface wettability
The wettability of the microgroove surfaces (hydrophilic < 
90° and hydrophobic > 90°) was evaluated to understand 
the role of microgroove topography, material composition, 
and concentration (Figure 6). The wettability can influence 

Table 2. Thermal data for PCL, PLA, and PCL/PLA blend with 1, 3, and 5 wt% concentration.

wt% PCL PLA

Tm (℃) ΔHm (J/g) Xc (%) Tm (℃) ΔHm (J/g) Xc (%)

PCL 1 62.51 68.80 52.12 / / /

3 62.34 77.40 58.63 / / /

5 61.97 71.49 54.16 / / /

PLA 1 / / / 167.59 23.31 24.88

3 / / / 168.88 24.33 25.97

5 / / / 170.61 25.15 26.84

PCL/PLA 1 61.81 54.11 51.24 166.44 5.86 31.27

3 61.72 60.52 57.31 166.79 6.12 32.65

5 60.25 56.30 53.31 167.37 6.15 32.82

Figure 4. Thermal analysis showing DSC (1, 3, and 5 wt%) curves of PCL, PLA, and PCL/PLA blends (dotted lines represent the Tm).
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cell attachment and proliferation and requires engineering 
for specific applications.59

The films showed a significant decrease in water contact 
angle (WCA) from 0 to 60 s in all groups. The addition of PLA 
slightly reduced the WCA; hence, PCL/PLA films became 

more hydrophilic than PCL films. This may be related to 
the higher surface roughness of PCL films, the decrease in 
surface roughness with the inclusion of PLA in the films 
(Figure 3a), and the inherently less hydrophobic nature of 
PLA.60 Additionally, the WCA showed a decreasing trend 
with increasing microgroove size. The flat samples had the 

Figure 5. (a) Mechanical properties of 3 wt% PCL and PCL/PLA films with different thickness showing (i) maximum tensile stress, (ii) Young’s modulus, 
and (iii) strain at breaking. (b) Mechanical properties of 20 µm thickness film with different polymer concentration of PCL-10 and PCL/PLA-10 showing 
(i) maximum tensile stress, (ii) Young’s modulus, and (iii) strain at breaking.
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lowest WCA. PCL-10 and PCL/PLA-10 were selected to 
evaluate the influence of polymer concentration (1, 3, and 
5 wt%) on wettability. The 3 wt% PCL-10 and PCL/PLA-
10 groups showed slightly higher WCA when compared 
to the 1 and 5 wt% groups, potentially due to the higher 
surface roughness.

3.6. Cell viability, proliferation, and alignment 
The behaviour of the SH-SY5Y cells on the microgroove 
films was observed through cell viability, proliferation, 
and morphological assessment. These studies were used to 
determine the suitability of the PµSL 3D printing process 
to fabricate microgroove topographies with comparable 
biological properties (e.g., cell contact guidance) to 
conventionally fabricated microgroove films. 

Cell viability was assessed on day 7 (Figure 7a and b). 
SH-SY5Y cells were evenly distributed on the thin film and 
showed high cell viability (~80%). There was no significant 
difference in cell viability between the material groups or 

different microgroove parameters, indicating that all thin 
films have good cytocompatibility. 

The metabolic activity of the SH-SY5Y cells was 
assessed through the Alamar blue assay, and the value was 
normalised to day 1 (Figure 7c). All samples presented a 
significant increase in cell metabolic activity over 7 days. 
Cell proliferation on flat surfaces was significantly lower 
than microgroove films on day 7. PCL/PLA samples 
showed a trend of higher proliferation than PCL. On days 
3, 5, and 7 after cell seeding, the PCL-30 and PCL/PLA-30 
groups showed the lowest fluorescence compared to other 
microgrooved groups with the same material. 

The results demonstrated that microgrooves could 
promote cell proliferation over time compared with the flat 
groups, with no significant differences between microgroove 
groups with the same material, and that the PCL/PLA films 
have slightly higher cell proliferation than PCL films.

Evaluation of cell morphology on day 7 revealed that 
the material composition and microgroove topography 

Figure 6. WCA results at (a) 0 s and (b) 60 s with different microgroove dimensions at 3 wt% concentration and for PCL-10 and PCL/PLA-10 with 1, 3, and 
5 wt% concentration at (c) 0 s and (d) 60 s. *P < 0.05, **P < 0.01, and ***P < 0.001 between a PCL/PLA group and its corresponding PCL group.
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affected cell attachment, alignment, and neurite extension 
(Figure 8). Cells cultured on flat surfaces with no 
microgrooves had a spread morphology with protrusions 
and growth in multiple directions (Figure 8a and b). In 
contrast, the microgroove films induced cell alignment 
and confined growth in the direction of the grooves. Cells 
were observed typically attaching and growing within the 
depth of the microgroove rather than on top. Typically, 
only a single cell attached across the groove spacing in 
10/10/10 µm and 20/20/10 µm microgrooves, but multiple 
cells or clusters were more regularly observed within the 
larger grooves.

Cell alignment was highest in the 10/10/10 µm, 
20/20/10 µm, and 25/25/10 µm microgroove groups with 
an orientation angle close to 0° (Figure 9a and b). Cells 

cultured on PCL and PCL/PLA films possessed a length 
of ~200 µm and ~275 µm, respectively. The cell elongation 
percentage and length/width ratio were significantly 
higher on microgrooved and PCL/PLA films compared 
to flat and PCL films, respectively (Figure 9c and d). The 
largest microgroove size (30/30/10 µm) showed the lowest 
cell length and elongation. 

Finally, a greater number of cells were attached on the 
PCL/PLA microgroove films compared to those on the PCL 
films, consistent with the trend shown in cell proliferation. 
The results showed that, in addition to the influence of the 
material itself, the groove dimension is an important factor 
affecting cell attachment and morphology. 

Cells can align along the microgrooves  due to the 
topographical pattern, providing guided cytoplasmic stress 

Figure 7. (a) Confocal microscopic images showing live (green) and dead (red) cells on day 7 (scale bar: 300 µm); (b) cell viability on day 7; (c) metabolic 
activity on PCL and PCL/PLA films for 7 days.
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Figure 8. Confocal microscopy images of SH-SY5Y cells on (a) PCL and (b) PCL/PLA films on day 7. Cell nuclei and actin cytoskeletons, which were 
stained blue and green (top row), respectively, were merged with confocal reflectance (middle row) (scale bar: 200 µm), and higher-magnification images 
of elongated and clusters of SH-SY5Y cells (bottom row) (scale bar: 30 µm) are also shown. 
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to the cells, initiating multiple cellular events, and providing 
contact guidance.20,21 The contact guidance can regulate 
cell adhesion, proliferation, differentiation, morphology, 
and migration. The proliferation and directional growth of 
cells on the PµSL-casted microgroove films observed in this 
study is consistent with other studies, and microgrooved 
NGCs were demonstrated to have higher performance 
compared to unpatterned NGCs.9,27,31-33

This study demonstrates that microgroove dimensions 
between 10 and 25 µm are preferable for promoting SH-
SY5Y proliferation and alignment. Additionally, PCL/
PLA films show higher cell proliferation potentially 
due to the more hydrophilic and smoother surface. The 
largest microgroove width, 30 µm, has a relatively lower 
proliferation and cell elongation, although not significant, 
and a large number of cell clusters. This is possibly due to 
the size of the smaller grooves being closer to the size of 
the SH-SY5Y cell body (~12 µm); therefore, cells tend to 
be restricted within the grooves, and axonal outgrowth is 
directed along the grooves, limiting axonal branching.

The observations made in this study agree with several 
studies.24,29,34-36 For example, Sun et al.24 demonstrated 
alignment of NG108-15 cells on microgroove films with 

higher attachment and proliferation on PCL/PLA films 
than PCL. Mobasseri et al.29 showed that adipose-derived 
stem cells (ASCs), differentiated toward a Schwann cell 
phenotype, preferentially aligned along ~20 µm wide 
microgrooves in PCL/PLA films, and that proliferation 
declined in flat films. Pardo-Figuerez et al.34 showed 
that, in chemical patterning of cell-repulsive polymers 
to fabricate varying gap sizes, smaller patterns (20 µm) 
promoted SH-SY5Y attachment and neurite extension, 
as compared to larger patterns (50, 75, and 100 µm). A 
similar phenomenon for neurite alignment and elongation 
was observed by Nam et al.35 Klein et al.36 investigated 
small microgrooves (5, 8, 10, and 20 µm) and found that 
single SH-SY5Y cells could  elongate  in 5, 8, and 10 µm 
microgrooves, but double lines of elongated cells appeared 
in 20  µm microgrooves. Additionally, studies by Miller 
et al.23,38 have indicated that microgrooves  with a width 
interval of 10–20 µm are the ideal size for Schwann cell 
attachment and alignment. 

The films investigated in this study were not treated 
chemically or with bioadhesion molecules, and the 
only engineered guidance cues were the microgroove 
topography. Thus, further studies are warranted to develop 

Figure 9. (a) Orientation angle of elongated SH-SY5Y cells on PCL thin films; (b) orientation angle of elongated SH-SY5Y cells on PCL/PLA thin films; (c) 
percentage of elongated SH-SY5Y cells; and (d) the length/width ratio of elongated SH-SY5Y cells on thin films.
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advanced composite materials that include natural 
polymers such as gelatin, collagen, fibrin, chitosan, and 
silk fibroin to promote cell attachment and proliferation.61 
Furthermore, incorporation of other guidance modalities 
(e.g., aligned fibres and channels) and patterning of 
neurotrophic factors including nerve growth factor (NGF), 
neurotrophin-3 (NT-3), glial-derived neurotrophic factor 
(GDNF), and vascular endothelial growth factor (VEGF) 
to promote axonal outgrowth and cell migration are 
desirable. Additionally, the role of microgroove size and 
shape in other relevant neuronal cell types should be 
explored. The versatility of the PµSL casting technique 
enables these further outlined studies to be achieved.

4. Conclusion
This study used PµSL 3D printing as an alternative to the 
expensive, time-consuming, and complex conventional 
photolithography techniques to fabricate master moulds 
for the casting of microgroove topographies for PNI 
applications. The 3D-printed master moulds and the 
casted PDMS moulds closely match the microgroove 
design and exhibit high-quality surface features. This 
enabled the casting of biodegradable PCL and PCL/PLA 
films with microgroove topographies (10/10/10, 20/20/10, 
25/25/10, and 30/30/10 µm) that could be assembled into 
a cylindrical NGC.

The PCL/PLA films exhibited a more hydrophilic 
and smoother surface with lower mechanical properties, 
closer to native peripheral nerve tissue, in comparison 
to PCL. PCL and PCL/PLA showed high SH-SY5Y cell 
viability, but higher cell attachment and proliferation 
was observed on PCL/PLA films. All microgroove films 
induced cell alignment. The smaller microgrooves (10–25 
µm) exhibited a more highly ordered cell arrangement and 
elongation with less cell clustering. Thus, the PCL/PLA 
smaller microgroove films show potential for inducing cell 
contact guidance for peripheral nerve applications. 

The simplicity and low cost of the PµSL approach to 
fabricate the master mould offer the potential to directly 
cast samples and remove the intermediate PDMS mould. 
This can help accelerate the manufacturing process, and 
extra moulds can be printed rapidly in the case of master 
mould damage. Furthermore, 3D printing can allow 
the development of more complex moulds to fabricate 
the entire cylindrical conduit whilst incorporating 
microgroove topographies. This is especially relevant for 
non-photocrosslinkable biomaterials, as demonstrated in 
this study, that are not suitable for direct processing with 
PµSL. Subsequently, this study establishes the potential 
of using PµSL for fabricating microtemplated moulds for 
PNI applications.
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