
This is a repository copy of Aminosilane functionalised aligned fibre PCL scaffolds for 
peripheral nerve repair.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/201414/

Version: Published Version

Article:

Taylor, C.S. orcid.org/0000-0002-9042-9913, Barnes, J., Koduri, M. orcid.org/0000-0002-
3760-8373 et al. (6 more authors) (2023) Aminosilane functionalised aligned fibre PCL 
scaffolds for peripheral nerve repair. Macromolecular Bioscience, 23 (11). e2300226. ISSN
1616-5187 

https://doi.org/10.1002/mabi.202300226

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence 
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the 
authors for the original work. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



RESEARCH ARTICLE

www.mbs-journal.de

Aminosilane Functionalized Aligned Fiber PCL Scaffolds for
Peripheral Nerve Repair

Caroline S. Taylor,* Joseph Barnes, Manohar Prasad Koduri, Shamsal Haq,

David A. Gregory, Ipsita Roy, Raechelle A. D’Sa, Judith Curran, and John W. Haycock*

Silane modification is a simple and cost-effective tool to modify existing

biomaterials for tissue engineering applications. Aminosilane layer deposition

has previously been shown to control NG108-15 neuronal cell and primary

Schwann cell adhesion and differentiation by controlling deposition of ─NH2

groups at the submicron scale across the entirety of a surface by varying

silane chain length. This is the first study toreport depositing

11-aminoundecyltriethoxysilane (CL11) onto aligned Polycaprolactone (PCL)

scaffolds for peripheral nerve regeneration. Fibers are manufactured via

electrospinning and characterized using water contact angle measurements,

atomic force microscopy (AFM), and X-ray photoelectron spectroscopy (XPS).

Confirmed modified fibers are investigated using in vitro cell culture of

NG108-15 neuronal cells and primary Schwann cells to determine cell

viability, cell differentiation, and phenotype. CL11-modified fibers significantly

support NG108-15 neuronal cell and Schwann cell viability. NG108-15

neuronal cell differentiation maintains Schwann cell phenotype compared to

unmodified PCL fiber scaffolds. 3D ex vivo culture of Dorsal root ganglion

explants (DRGs) confirms further Schwann cell migration and longer neurite

outgrowth from DRG explants cultured on CL11 fiber scaffolds compared to

unmodified scaffolds. Thus, a reproducible and cost-effective tool is reported

to modify biomaterials with functional amine groups that can significantly

improve nerve guidance devices and enhance nerve regeneration.
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1. Introduction

Injuries to the peripheral nervous system
affect 7 million people globally every year,
causing long-term pain and disability.[1]

Even with its limitations, such as donor
site morbidity and lack of donor nerve
availability, the current treatment for large
critical gap injuries (20 mm+) remains
autografting.[2] A favorable alternative treat-
ment to autografting is the use of nerve
guidance conduits (NGCs), which demon-
strate clinical success treating short-gap in-
juries (10–20 mm). NGCs are manufac-
tured from natural (collagen and chitosan)
and synthetic (polycaprolactone (PCL), poly-
lactic glycolic acid (PLGA), and polyvinyl
alcohol (PVA) biomaterials using a num-
ber of different manufacturing methods.[3]

However, as simple hollow tubular devices,
they lack the cellular components, surface
chemistry, and topography associated with
autograft use that are crucial for success-
ful nerve regeneration. Therefore, several
research strategies are being investigated to
improve current nerve guide conduits, such
as the incorporation of electrospun fibers
to provide guidance to the regenerating

axon, and surface modification to provide surface chemistry and
topography to improve cell-biomaterial interactions.[4]

The incorporation of aligned electrospun fibers into the lumen
of NGCs is thought to resemble the extracellular matrix and re-
place/support the formation of the fibrin cable, which forms after
implantation of the nerve guide, to guide Schwann cells across
the injury site. Aligned fibers, compared to the use of random
fibers, have been shown to promote the upregulation of myelin-
specific genes, myelin protein zero (PO), and myelin-associated
glycoprotein (MAG).[5] The use of electrospun fibers in NGCs
has been shown to extend and improve nerve regeneration capa-
bilities compared to hollowNGCs in ex vivo and in vivo studies.[6]

However, though the incorporation of fibers in the NGC lumen
has been found to increase nerve regeneration distance, the
regeneration distances measured are not yet sufficient to treat
critical nerve gap injury distances, which are 4 cm in a human.[7]

Fibers manufactured from synthetic materials, such as PCL, are
inert and lack chemical/topographical cues. Therefore, to further
improve and enable nerve repair using aligned fiber synthetic
material scaffolds, polymer fibers can bemodified using a variety
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of techniques, such as coating and surface modification, to im-
prove cell-biomaterial interactions and provide surface chemical
and topographical cues to guide regenerating nerve axons.
Functionalizing biomaterials with amine groups has pre-

viously been shown to improve neuronal cell-biomaterial
interactions.[8,9] The addition of amine-functionalized nanodi-
amond to glass substrates was found to support NG108-15
neuronal cell, primary Schwann cell, and primary neuron ad-
hesion and significantly increase neurite outgrowth length in
NG108-15 neuronal cells.[8] Buttiglione et al. also reported that
modifying substrates with plasma modification to form amine
groups promoted SH-SY5Y cell adhesion and increased neu-
rite elongation.[9] Several studies have used silane modification
to modify biomaterials for tissue engineering applications.[10]

Silane modification is a simple, cost-effective technique to mod-
ify biomaterials with chemical reactive groups, including amines,
hydroxyls, and carboxyl groups.[11] Several studies have opti-
mized silane modification for peripheral nerve repair applica-
tions. Li et al. functionalized chitosan porous scaffolds with 3-
aminopropyl-triethoxysilane (APTES) to promote Schwann cell
adhesion on surfaces.[12] They observed that using 8% APTES in
scaffolds promoted an increase in Schwann cell attachment after
24 h in culture, compared to 2% and 5% APTES and chitosan
alone.[12] Joseph et al. cultured neural stem cell spheres on vary-
ing chemical groups of self-assembling monolayers (SAMs).[13]

Substrates modified with APTES (to form NH2-presenting
SAMs) showed a significantly higher surface area of neurosphere
contact compared to other chemical group SAMs.[13]

We previously investigated the effect of silane chain length,
of the aminosilane, on neuronal and Schwann cell responses on
modified glass substrates. To investigate silane chain length on
NG108-15 neuronal cell, primary neuron, and primary Schwann
cell responses, changing the silane chain length can influence
chemical group deposition, leading to changes in surface to-
pography and influencing cell adhesion.[14] We previously re-
ported that the addition of 11-aminoundecyltriethoxysilane, a
long-chain aminosilane (CL11), to plain glass coverslips better
supported NG108-15 and primary Schwann cell adhesion, pro-
liferation, and viability compared to using APTES-modified sub-
strates, commonly used in silane modification literature.[14] We
demonstrated a cost-effective, optimized, and scalable method
to functionalize glass substrates with NH2-presenting groups
for peripheral nerve repair, providing substrates with a change
in surface wettability, rougher topography, and a lower Young’s
modulus.[15]

This study is the first of its kind to modify PCL fiber scaf-
folds with 11-aminoundecyl-triethoxysilane for nerve tissue re-
generation applications. PCL fiber scaffolds, 10 μm in diameter,
were manufactured via electrospinning, confirming fiber diame-
ter and alignment via scanning electron microscopy.[7] Success-
ful 11-aminoundecyltriethoxysilane modification of PCL fibers
was confirmed via water contact angle, X-ray photoelectron spec-
troscopy (XPS), and atomic force spectroscopy (AFM) prior to
in vitro cell culture using NG108-15 neuronal cells and primary
Schwann cells. This study is also the first of its kind to investigate
silane-modified substrates using a novel 3D ex vivo fiber testing
model using dorsal root ganglion (DRG) explants.[6,7,15] We de-
scribe a cost-effective and scalable way to functionalize PCL fibers
with NH2-presenting groups for nerve repair applications.

2. Results

2.1. PCL Fiber Manufacture and Characterization

Aligned fibers of PCL, with a diameter of 10 μm, were manufac-
tured via electrospinning using the same conditions as previously
described.[7] Modification of PCL fibers using oxygen plasma and
CL11 did not alter fiber morphology or diameter as observed
in Figure 1A–C. Scanning electron micrographs were quanti-
fied to confirm the correct diameter of 10 μm (Figure 1D) had
been achieved and that fibers were highly aligned (Figure 1E).
Figure 1D confirms that both oxygen plasma and CL11 modifi-
cation of the PCL fibers did not alter fiber diameter, as no differ-
ences in the morphology or diameter were detected. Fiber align-
ment was confirmed via determining angular variance between
fibers, in which 90% of fibers measured in all groups were in the
0–2° group, with very few fibers present in the 2–4°group and no
fibers detected in the other groups, confirming the modifications
did not alter fiber alignment.

2.2. Changes in PCL Water Contact Angle Using Aminosilane
Modification

The addition of oxygen plasma and the addition of oxygen plasma
plus CL11 to PCL significantly lowered the PCL water contact an-
gle, from 98.1 ± 9.7° to 80.1 ± 17.7°, and 61.7 ± 5.3°, respectively
(Figure 2). This indicates that PCL alone is hydrophobic, whereas
the addition of the modifications decreases the water contact an-
gle and increases hydrophilicity.

2.3. Confirmation of Aminosilane Modification Using X-Ray
Photoelectron Spectroscopy

The addition of oxygen plasma and CL11 modification to PCL
fibers was confirmed via X-ray photoelectron spectroscopy (XPS).
Figure 3B shows an increase in the oxygen peak compared to
Figure 3A, confirming oxygen functionalization of the fibers
(from 90 × 105 counts per second to 120 × 105 counts per sec-
ond). Corresponding quantitative data from Table 1 corroborates
this by showing an increase in oxygen from 21.3 ± 0.1% to
29.5 ± 1.4%. following oxygen plasma treatment. Modification
of the fibers with CL11 was confirmed by the appearance of a
N1s peak in Figure 3C. Corresponding quantitative data from
Table 1 confirmed the successful addition of CL11 to PCL fibers
by an increase in the atomic percentage of nitrogen from 0% to
2.4 ± 0.2%, respectively.

2.4. Surface Roughness and Adhesion of Treated and Untreated
PCL Scaffolds using Atomic Force Microscopy

AFM surface topography (Figure 4A–C) and 3D rendered micro-
graphs (Figure 4D–F) of PCL, PCL plus oxygen plasma, and PCL
plus oxygen plasma plus CL11 modified fibers revealed differ-
ences in topography and surface roughness. Micrographs were
quantified to calculate the typical root mean square (Rq) and av-
erage roughness (Ra) values to determine the surface roughness
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Figure 1. Scanning electron micrographs of A) PCL fibers, B) PCL fibers modified with oxygen plasma, C) PCL fibers modified with oxygen plasma and
CL11 (Scale bar = 50 μm). D) Average diameter of polymer fibers. An average of 30 fibers was assessed for each fiber condition and the mean presented
(mean ± SD, n = 3 independent experiments). E) Histogram to show the angular variance of fibers. A fiber measured at 180° for each image became a
reference line, and the angles of 30 fibers, per condition, measured and placed into categories.

of the fibers, and the values are given in Table 2. PCL fibers
that had an average Rq value of 55.6 ± 5.3 nm and Ra value of
43.8 ± 1.2 nm. After oxygen plasma treatment (PCL +O2 fibers),
an increase in roughness values was observed with an Rq value of
96.1 ± 6.5 nm and Ra value of 77.3 ± 3.5 nm. The roughness val-
ues further increased for the PCL + O2 + CL11 modified fibers,
which exhibited a significantly higher Rq value of 119.0 ± 4.5 nm
and Ra value of 94.3 ± 5.4 nm, which is indicative of the silane
aggregates forming on the fibers.
AFM adhesion maps (Figure 4G–I) of PCL, PCL plus oxygen

plasma, and PCL plus oxygen plasma plus CL11 modified fibers
revealed differences in adhesion values. Adhesion is the force
measured between the tip of the AFM cantilever, made of silicon
nitride, and the fiber sample. The untreated PCL fibers alone re-
vealed to be themost adhesive,measuring 29.1± 1.2 nN, whereas
after oxygen plasma treatment and oxygen plasma treatment plus
CL11, adhesion values recorded were 9.9± 0.4 and 11.4± 0.9 nN,
respectively (values given in Table 2). The addition of CL11 to PCL
significantly increased the elastic modulus, from 179.6± 11.73 to
215.23 ± 13.34 MPa. No change was observed in the mechanical
properties of the PCL when modified with oxygen plasma alone.

2.5. Protein Adsorption on Treated and Untreated PCL Scaffolds

The protein adsorption assay was performed using the Bicin-
choninic acid assay to determine the amount of protein adsorbed
onto PCL, PCL and oxygen plasma fibers, and PCL and oxygen
plasma and CL11 fibers, which was 175 ± 10.08, 210.35 ± 12.10,

and 345.46 ± 11.12 μg cm−2, respectively (Figure 5). Protein ad-
sorption to the PCL fibers significantly increased with the addi-
tion of oxygen plasma and CL11 aminosilane to the fibers.

2.6. NG108-15 Neuronal Cell Adhesion and Proliferation on
Treated and Untreated PCL Scaffolds

NG108-15 neuronal cell adhesion on the scaffolds was deter-
mined using a crystal violet cell adhesion assay. Cell adhesion
increased on all scaffolds over the 72 h culture period as seen in
Figure 6A. No statistical difference was detected in absorbance
between the scaffolds after 0.5 h of culture. However, the addi-
tion of oxygen plasma and CL11 to the PCL fibers significantly
increased the absorbance value at both 24 and 72 h of culture, in-
dicating an increase in cell adhesion. After 72 h, absorbance was
significantly higher on the PCL plus oxygen plasma plus CL11
modified fibers compared to PCL alone and oxygen plasma mod-
ified PCL fibers, indicating a significant increase in cell adhesion.
NG108-15 neuronal cell proliferation activity was measured indi-
rectly using a resazurin assay. Cell proliferation activity, under all
conditions, increased over the 168 h time point. At 24, 96, and
168 h in culture, fluorescence values read for the modified PCL
fibers (Oxygen plasma and CL11) were significantly higher than
unmodified PCL fibers, indicating higher proliferative activity, as
seen in Figure 6B. Higher proliferative activity of NG108-15 neu-
ronal cells was observed when cells were cultured on PCL fibers
modified with only oxygen plasma compared to unmodified PCL
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Figure 2. Water contact angle of PCL, PCL fibers modified with oxygen
plasma and PCL fibers modified with oxygen plasma and CL11. Results are
shown as presented mean (mean ± SD, n = 3 independent experiments;
*p < 0.05). A total of 9 samples, per condition, were analyzed and a total
of 27 contact angles measured per condition.

fibers. However, this effect was only observed at 24 and 168 h
time points.

2.7. NG108-15 Neuronal Cell Viability on Treated and Untreated
PCL Scaffolds

The effect of modification on NG108-15 neuronal cell viability
was investigated using a live/dead assay at 7 days in culture. Con-
focal micrographs identified that live neuronal cells attached and
aligned on allmodified and unmodified fibers (Figure 7A–C), and
that very few dead cells were observed. After quantification of
images, Figure 7D shows that significantly higher numbers of
live cells were observed on the CL11 modified fibers (618 ± 46
cells) compared to the oxygen plasma PCL fibers (272 ± 34 cells)
and unmodified PCL fibers (159 ± 22 cells). Both modifications
significantly increased live NG108-15 neuronal cell attachment.
With regard to cell viability, Figure 7E confirms that all substrates
supported cell viability of above 98%, and no significant differ-
ences were identified between experimental groups.

2.8. NG108-15 Neuronal Cell Differentiation on Treated and
Untreated PCL Scaffolds

NG108-15 neuronal cells, cultured on unmodified and modified
PCL-aligned fiber scaffolds, were labeled for 𝛽III-tubulin and

DAPI (to identify nuclei) to quantify neurite formation. Three
fields of view were taken per sample to obtain images: two from
the sides and one from the middle of the sample. Outgrowing
neurites could be visualized from cells cultured on all fiber scaf-
folds (Figure 8A–C) but longer neurites could be seen on CL11-
modified fiber scaffolds (Figure 8C). Confocal micrographs were
quantified to determine average neurite length and the percent-
age of neurite-bearing cells per substrate as a proxy for nerve
regeneration. The average neurite length of neurites measured
from NG108-15 neuronal cells cultured on oxygen plasma alone
and with CL11 modifications was significantly longer than neu-
rites measured from NG108-15 neuronal cells cultured on un-
modified PCL scaffolds (Figure 8D). Average neurite lengths
measured were 81.3 ± 14.4, 137.5 ± 17.4, and 160.4 ± 27.6 μm,
for PCL fibers, PCL fibers modified with oxygen plasma, and
PCL fibers modified with oxygen plasma and CL11, respectively.
The percentage of neuronal cells bearing neurites (Figure 8E) for
PCL fibers, PCL fibers modified with oxygen plasma, and PCL
fibers modified with oxygen plasma and CL11 was 29.8 ± 13.5%,
61.1 ± 12.4%, and 80.6 ± 21.3%, respectively. The percentage
of neurite-bearing cells was significantly higher on the modi-
fied PCL fibers with CL11 compared to unmodified PCL fibers.
No significant differences were detected between oxygen plasma-
modified and CL11-modified scaffolds.

2.9. Primary Schwann Cell Adhesion and Proliferation on Treated
and Untreated PCL Scaffolds

Rat primary Schwann cell adhesion onto scaffolds was assessed
using a crystal violet cell adhesion assay. The addition of themod-
ifications to the PCL fibers did increase initial cell adhesion after
0.5 and 24 h of incubation, as seen in the increase in absorbance
values, as seen in Figure 9A. However, this increase was not sig-
nificant. However, after 72 h in culture, the addition of the mod-
ifications to the PCL fibers significantly increased rat primary
Schwann cell adhesion. Rat primary Schwann cell proliferation
activity wasmeasured indirectly using a resazurin assay at 24, 96,
and 168 h time points, presented in Figure 9B. Cell proliferation
activity increased significantly on all scaffolds over the 168 h time
points, with the greatest effect being observed after 168 h in cul-
ture. Both the addition of oxygen plasma alone and the oxygen
plasma plus CL11 aminosilane, significantly increased primary
Schwann cell proliferation activity, at 24, 96, and 168 h in culture,
indicated by the significant increase in fluorescence values.

2.10. Primary Schwann Cell Viability on Treated and Untreated
PCL Scaffolds

Modified and unmodified, aligned PCL fibers supported primary
Schwann cell attachment and viability, with very few dead cells
observed (Figure 10A–C). Schwann cells aligned to fibers in an
elongated manner. The CL11 modified PCL fibers supported live
Schwann cell attachment significantly better, 269± 45 cells, com-
pared to oxygen plasma modified and unmodified PCL fibers,
153 ± 35 cells, and 115 ± 22 cells, respectively (Figure 10D). All
fibers, modified and unmodified, supported >98% cell viability,
with no significant differences detected between conditions.
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Table 1. XPS characterization of PCL fibers modified with oxygen plasma
alone, and oxygen plasma + CL11. XPS elemental composition is shown
as percentage of carbon, silicon, oxygen and nitrogen for all modified sub-
strates (data presented as mean ± SD, n = 6).

At. %

Sample C 1s N 1s O 1s Si 2p

PCL 78.7 ± 0.1 0.0 21.3 ± 0.1 0.0

PCL + O2 61.9 ± 0.3 0.0 29.5 ± 1.4 8.6 ± 3.1

PCL + O2 + CL11 54.7 ± 1.3 2.4 ± 0.2 30.4 ± 0.8 12.5 ± 1.8

2.11. Primary Schwann Cell Phenotype on Treated and Untreated
PCL Scaffolds

To confirm that the cell phenotype was maintained, primary
Schwann cells cultured on PCL fibers were labeled with S100𝛽
to determine the average Schwann cell length and aspect ra-
tio. Schwann cells adhered to all samples, having an elongated
morphology and staining positive for S100𝛽 (Figure 11A–C). No
significant differences were detected when calculating the av-
erage Schwann cell length of cells cultured on all substrates.
The average length of Schwann cells measured on the PCL, oxy-
gen plasma modified PCL, and CL11-modified PCL fibers was
98.7 ± 8.1, 113.1 ± 8.8, and 112.1 ± 5.3 μm, respectively. How-
ever, when calculating aspect ratio (length:width), Schwann cells
cultured on the PCL fibers had a significantly lower aspect ratio
(4.8 ± 1.2 μm) compared to the aspect ratio of Schwann cells cul-
tured on the CL11 modified fibers (10.1 ± 2.2 μm). The aspect
ratio of Schwann cells cultured on oxygen plasma-modified PCL
fibers was 7.2 ± 2.2 μm.

2.12. Dorsal Root Ganglia Neurite Outgrowth and Schwann Cell
Migration on Treated and Untreated PCL Scaffolds

After culture on fibers in a 3D testing system for 7 days,
E13 embryonic chick explants were labeled with 𝛽III tubulin
to assess and measure axon outgrowth and S100𝛽 to identify
Schwann cells and measure migration distance from the DRG
body. Longer axon outgrowth and Schwann cells observed further
from the DRG body could be seen on CL11-modified PCL fibers
(Figure 12C) compared to unmodified PCL fibers (Figure 12A)
and oxygen plasma-modified fibers (Figure 12B). Axon out-
growth (green) could be seen following migrated Schwann cells
(red) and axon outgrowth and Schwann cells were observed co-
located, indicating neurite-glial cell contact. Light sheet micro-
graphs were quantified to determine the average axon outgrowth
length and Schwann cell migration distance. Average axon out-
growth length (Figure 12D) from DRG explants was significantly
longer on CL11-modified fibers (3701.3 ± 321.9 μm) and oxygen
plasma-modified fibers (2862.3± 325.6 μm) compared to unmod-
ified PCL fibers (1262.7 ± 331.5 μm). Average Schwann cell mi-
gration distance (Figure 12D) was significantly higher on CL11-
modified fibers (4010.3± 312.1 μm) and oxygen plasma-modified
fibers (3234.4 ± 376.4 μm) compared to unmodified PCL fibers
(2237 ± 408.6 μm).

3. Discussion

Inert biomaterials, such as PCL, have been modified over the
years using a variety of techniques to improve cellular adhe-
sion and differentiation by changing thematerial’s surface chem-
istry and topography.[16] Silane modification is a cost effective
and scalable approach to modifying a biomaterial with a num-
ber of different chemical reactive groups.[11] Our previous work
reported on the successful modification of glass substrates using
two aminosilanes with varying chain lengths for peripheral nerve
repair.[14] 11-aminoundecyltriethoxysilane, a long-chain aminosi-
lane, was investigated for its potential in nerve repair, com-
pared to 3-aminopropyltriethoxysilane (APTES), a commonly
used short-chain aminosilane used to modify biomaterials. We
previously reported that 11-aminoundecyltriethoxysilane better
supported primary neuron, primary Schwann cell, andNG108-15
neuronal cell adhesion, proliferation, viability, and differentiation
compared to APTES-modified substrates due to increasing hy-
drophilicity and surface roughness and decreasing Young’s mod-
ulus of the substrates due to chain length.[14] In this study, we
have successfully modified PCL, an FDA-approved polymer used
in peripheral nerve repair, with 11-aminoundecyltriethoxysilane
for potential use in nerve tissue engineering applications.[17]

The addition of aligned fibers to the lumen of nerve guidance
conduits has been shown to improve nerve regeneration and
increase axon outgrowth compared to hollow conduits, though
distances are not yet comparable with autograft use.[6] Aligned
fiber scaffolds are currently manufactured with inert materials,
resulting in a lack of topography and chemical guidance cues
required for successful nerve regeneration. Aligned PCL fiber
scaffolds, 10 μm in diameter, were manufactured by electrospin-
ning using the methods previously described.[7] Previous stud-
ies have shown that the use of aligned fibers, compared to fibers
with a random orientation, promotes a mature Schwann cell
phenotype,[5] as seen in vivo, and increases axon outgrowth from
DRG explants[18] as well as regenerating nerves in vivo.[19] Our
previous studies have also shown that aligned fibers in the mi-
crometer range, above 5 μm, aremore effective at promoting neu-
rite outgrowth from neuronal cells and DRGs in vitro.[7,20]

Modifying PCL with oxygen plasma and CL11 significantly
changed PCL fiber surface properties. Lower water contact an-
gles were recorded for oxygen plasma modified and CL11 mod-
ified PCL compared to plain PCL alone, indicating the modifi-
cations caused the PCL to become less hydrophobic and more
hydrophilic in nature (Figure 2). PCL is known to be hydropho-
bic in nature and have low surface energy values.[21] The use of
oxygen plasma is known to introduce oxygen (polar) functional
groups to inert polymers, such as PCL, increasing the surface
wettability of the polymer.[22] Oxygen plasma has been routinely
used to increase the surface hydrophilicity and surface wettabil-
ity of PCL in many different areas of tissue engineering.[23,24]

The addition of amine groups has also been shown to decrease
the water contact angle and increase the hydrophilicity of a sur-
face. Sandoval-Castellanos et al. modified tissue culture plastic
with amine groups using plasma polymerization of allylamine,
which decreased the water contact angle.[25] Previous work has
identified that the addition of 11-aminoundecyltriethoxysilane
(CL11) to glass has increased the water contact angle due to
the presence of methylene bridges in the aminosilane chain
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Figure 4. Representative AFM surface topography micrographs of A) PCL fibers, B) PCL + oxygen plasma fibers and C) PCL + oxygen plasma + CL11
fibers, Representative 3D renderings of D) PCL fibers, E) PCL+ oxygen plasma fibers and F) PCL+ oxygen plasma+ CL11 fibers. Representative Adhesion
maps of G) PCL fibers, H) PCL + oxygen plasma fibers and I) PCL + oxygen plasma + CL11 fibers. A total of 6 samples, per condition, were imaged. J)
Elastic modulus of modified PCL fibers (mean ± SD, n = 3; Three replicates per n = 1 and three values taken per sample, *p < 0.05 and **p < 0.01).
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Figure 5. Protein adsorption quantified on the PCL, PCL + oxygen plasma
fibers and PCL + oxygen plasma + CL11 fibers (μg cm−1[2]) after 24-h in-
cubation (Data presented as mean ± SD, n = 3 independent experiments,
three replicates per n = 1, and three values taken per sample; *p < 0.05
and ****p < 0.0001).

and a change in surface roughness.[10,14,26] However, in this
study, the decrease in water contact angle observed is per-
haps due to the porosity of the samples. Oxygen plasma and
CL11 modifications of PCL were confirmed using XPS analy-
sis. The addition of oxygen plasma to PCL resulted in the ad-
dition of oxygen functional groups, and the addition of CL11
to PCL showed the introduction of nitrogen functional groups,
as seen in the XPS spectra in Figure 3 and Table 1. Unex-
pected small traces of silicon were detected on oxygen plasma-
treated samples, believed to be a contaminant from the glass
vessel used in the oxygen plasma process. The amount of sili-
con detected increased significantly after the silanization process
due to the presence of silicon in 11-aminoundecyltriethoxysilane.
Our previous findings have demonstrated that the addition of
11-aminoundecyltriethoxysilane (CL11) to a substrate changes
the surface nanotopography, increasing surface roughness.[14]

Changes in nanotopography were confirmed using atomic force
microscopy. AFMmicrographs (Figure 4) illustrated that modify-

Table 2. Rq, Ra, and Adhesion values of materials quantified from images
in Figure 4 (mean ± SD, n = 3; Three replicates per n = 1 and three values
taken per sample).

Sample Rq [nm] Ra [nm] Adhesion mean [nN]

PCL 55.6 ± 5.3 43.8 ± 1.2 29.1 ± 1.2

PCL + O2 96.1 ± 6.5 77.3 ± 3.5 9.9 ± 0.4

PCL + O2 + CL11 119.0 ± 4.5 94.3 ± 5.4 11.4 ± 0.9

ing PCL fibers with oxygen plasma and CL11 increased the sur-
face roughness of the polymer, as shown by increasing Ra and
Rq values. Modifying PCL with oxygen plasma has been shown
to induce surface roughness, as it is suggested that the increase
in surface roughness could be due to the bombardment of the
surface by energetic particles in the plasma, resulting in etch-
ing/degradation of the surface.[27]

Jeon et al. modified melt-plotted PCL scaffolds with oxygen
plasma, which resulted in the formation of nano-sized pits in the
surface morphology, leading to increased surface roughness.[28]

Martins et al. also reported an increase in surface roughness
when modifying PCL nanofibers with varying oxygen plasma
powers and times.[29] The increase in surface roughness when
modifying PCL with CL11 is in line with our previous findings,
in which CL11 modification of glass increased surface rough-
ness compared to using APTES.[14,26] Modifying PCL fibers with
oxygen plasma and CL11 changed the adhesive properties of
the PCL fibers. The modifications caused a decrease in adhe-
siveness and the force recorded between the polymer fiber and
the AFM cantilever tip made using silicon nitride. Our find-
ings are similar to those published in Tokachichu et al., who ob-
served a decrease in AFM adhesion values when modifying Poly-
dimethylsiloxane (PDMS) discs with oxygen plasma alone and a
further decrease in adhesion value when modifying them with
a self-assembling monolayer of Perfluorodecyltriethoxysilane.[30]

Movahed et al. also reported a decrease in adhesion values when
modifying silicon-incorporated diamond-like coatings with both
oxygen and argon plasma, simultaneously reporting an increase
in hydrophilicity with the plasma treatments.[31] This supports
our study in which increasing the hydrophilic properties of the
PCL fibers using oxygen plasma and CL11 reduces the adhe-
sive forces measured between the polymer and the AFM can-
tilever tip, which is hydrophobic in nature. The addition of the
CLL to the PCL fibers caused an increase in the elastic modulus
of the fibers, a contradictory result to our previous study when
modifying glass with CL11, which decreased elastic modulus.[14]

There is much literature to suggest that modifying biomateri-
als with aminosilanes, such as APTES, advantageously increases
mechanical properties of the material. Khan et al. reported an in-
crease inmechanical properties whenmodifying phosphate glass
fibers with 5 and 10wt.% 3-aminopropyl-triethoxysilane, whereas
Sagnella et al. reported a significant increase in silk fibroin me-
chanical properties when modified with APTES conjugated with
a terthiophene T3 fluorophore (MT3).[32,33] Modifying fibers with
oxygen plasma alone showed significant changes in mechanical
properties, as observed by Pappa et al. who observed no change
in mechanical properties of PCL fibers and those modified with
oxygen plasma.[34]
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Figure 6. A) Absorbance of eluted crystal violet stain on PCL, PCL + oxygen plasma fibers and PCL + oxygen plasma + CL11 fibers after 0.5, 24, and 72 h
in culture. B) Proliferation activity of NG108-15 neuronal cells cultured on PCL, PCL + oxygen plasma fibers and PCL + oxygen plasma + CL11 fibers
after 24, 96, and 168 h in culture (Data presented as mean ± SD, n = 3 independent experiments, three replicates per n = 1 and three values taken per
sample; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).

Changing the surface wettability and adhesiveness of a poly-
mer, as well as the roughness of its surface, are valuable tools
in tissue engineering, as changing surface properties can cause
increased protein surface interactions due to increased surface
area and rougher surfaces leading to controlling cell attachment,
proliferation, and differentiation.[35,36] This was observed when
a protein adsorption assay was performed on the unmodified
and modified fibers. The addition of oxygen plasma alone sig-
nificantly increased total protein adsorption to the fibers. Sim-
ilar results were observed by Recek et al., who noted a signifi-
cant increase in protein adsorption using Fetal calf serum on oxy-
gen plasma-treated polyethylene terephthalate substrates com-
pared to unmodified substrates.[37] Siri et al. observed an increase
in laminin protein adsorption on air plasma-treated PCL fibers
compared to unmodified surfaces.[38] Our results also show that

the addition of the CL11 aminosilane, grafted to oxygen plasma
treated PCL fibers, significantly increased protein adsorption val-
ues. The addition of amines to surfaces via a number of differ-
ent methods has previously been shown to promote protein ad-
sorption. Omrani et al. modified PCL films by aminolysis using
1, 6-hexanediamine and exhibited higher values of protein at-
tachment compared to unmodified PCL films.[39] Myung et al.,
however, reported no statistical differences in FCS protein ad-
sorption whenmodifying PCL scaffolds with plasma polymeriza-
tion using allylamine or acrylic acid to fabricate amine groups
and carboxyl groups on the surface, respectively, likely due to the
complexity of the 3D PCL structures.[40] In our previous studies,
the addition of amine groups using aminosilanes has previously
been shown to support protein adsorption to surfaces. Chen et
al. noted that when CL11-modified surfaces were cultured with
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Figure 7. Confocal micrographs illustrating NG108-15 neuronal cell viability cultured on: A) PCL films, B) PCL + oxygen plasma fibers and C) PCL +

oxygen plasma + CL11 fibers after 7 days in culture (Scale bar = 100 μm). Live cells stained with Syto 9 (Green) and dead cells stained with propidium
iodide (red). E) Number of live cells versus dead cells per sample and F) live cell analysis expressed as a percentage (Data presented as mean ± SD,
n = 3 independent experiments, three replicates per n = 1 and three values taken per sample. A total 27 images per sample quantified; *p < 0.05 and
**p < 0.01).

fibronectin, surfaces exhibited a rougher profile, observed us-
ing atomic force microscopy by increased height profiles.[26] Bas-
nett et al. also observed increased protein adsorption to rougher
surfaces when manufacturing blends of P(3HO) and P(3HB).[41]

Interestingly, albumin protein adsorption increased as the hy-
drophobicity of the surface decreased. Previously, it was sug-
gested that hydrophobic surfaces favored increased protein ad-
sorption; however, many studies report similar amounts of ad-
sorption on both hydrophobic and hydrophilic surfaces.[42,43]

However, in this study, differences in surface chemistry, rough-
ness, and topography are driving increased and conformationally
correct protein adsorption, as evidenced by the cell responses.
Modified PCL fibers better supported NG108-15 neuronal cell

adhesion, proliferation, and viability compared to unmodified
PCLfibers, as shown in cell adhesion, proliferation, and live/dead
assays. NG108-15 neuronal cells are commonly used in nerve tis-

sue engineering research as a proxy for nerve regeneration in
vitro as they are indicative of primary neuron responses.[14,44] Sig-
nificantly higher numbers of live cells were observed adhering to
CL11 modified PCL fibers, compared to oxygen plasma modified
and unmodified PCL fibers, after 7 days. This aligns with the sig-
nificant increase in NG108-15 neuronal cell adhesion after 72 h
in culture and the increase in cell proliferation activity after 24,
96, and 168 h.
Our previous findings demonstrated an increase in NG108-

15 neuronal cell attachment and viability of CL11-modified glass
substrates compared to unmodified glass substrates.[14] The ad-
dition of amine groups to surfaces has previously been shown
to increase neuronal cell attachment and viability.[8] The addi-
tion of oxygen plasma to unmodified PCL fibers better supported
NG108-15 neuronal cell attachment compared to unmodified
surfaces. Oxygen plasma has been shown to increase neuronal
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Figure 8. Confocal micrographs of NG108-15 neuronal cells immunolabeled for neurites marked 𝛽III-tubulin (red) and cell nucleus stain DAPI (blue) on:
A) PCL films, B) PCL + oxygen plasma fibers and C) PCL + oxygen plasma + CL11 fibers (Scale bar = 100 μm). D) Average neurite length per condition
after 7 days in culture and E) the percentage of neurite bearing neuronal cells (Data presented as mean ± SD, n = 3 independent experiments, three
replicates per n = 1 and three values taken per sample. A total 27 images per sample quantified; *p < 0.05 and **p < 0.01).

cell adhesion to substrates. Hoshino et al. demonstrated that the
addition of oxygen plasma to parylene-C surfaces resulted in in-
creased PC12 adhesiveness.[45] Khorasani et al. also observed an
increase in B65 nervous tissue cells to oxygen plasma-treated
PLLA and PLGA films compared to unmodified films.[46] The ad-
dition of both reactive groups, amine and oxygen, to PCL fibers
increases surface roughness, as seen in Figure 3 and Table 1,
leading to greater protein adsorption and therefore increased cell
adhesion.[47]

Modifying PCL with oxygen plasma and CL11 significantly
supported NG108-15 neuronal cell differentiation across the scaf-
folds, as seen in an increase in the average neurite lengths mea-
sured as well as increased numbers of cells bearing neurites.
Our results suggest that changing the surface topography, sur-
face chemistry, and mechanical properties of PCL using both
modifications can support and guide NG108-15 neuronal cell
neurite outgrowth by providing physical guidance cues.[48] Our
findings are in line with previous findings that suggest modi-
fying biomaterials for nerve repair with oxygen plasma can in-
duce neuronal cell differentiation. Jahani et al. modified PCL

nanofibers with oxygen plasma and differentiated mesenchymal
stem cells into neural-like cells that expressed neuronal markers
𝛽III tubulin, Nestin, and MAP2.[49] Significantly longer neurites
and cells bearing neurites were observed when using both oxy-
gen plasma and CL11 modification together compared to oxy-
gen plasma and PCL alone. Hopper et al. observed that the
addition of amine-functionalized nanodiamonds to glass sub-
strates significantly increased NG108-15 neuronal cell neurite
outgrowth length and increased the number of cells outgrowing
neurites.[8] Joseph et al. also reported that amino group present-
ing SAM surfaces demonstrated greater potential to support neu-
rite outgrowth from rat neurospheres compared to other SAM-
coated coverslips.[13] Neuronal cell differentiation can also be in-
duced by changes to surface roughness and topography. Li et
al. reported that human iPSC differentiation into neural pro-
genitor cells could be controlled using different degrees of sur-
face roughness.[50] Lizarraga-Valderrama et al. also demonstrated
that rougher surfaces induced NG108-15 neuronal cell differen-
tiation when incorporating varying amounts of bioglass parti-
cles into polyhydroxyalkanoate solvent-cast films.[51] Changes to
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Figure 9. A) Absorbance of eluted crystal violet stain, from rat primary Schwann cells cultured on PCL, PCL + oxygen plasma fibers, and PCL + oxygen
plasma + CL11 fibers after 0.5, 24, and 72 h in culture. B) Proliferation activity of rat primary Schwann cells cultured on PCL, PCL + oxygen plasma
fibers, and PCL + oxygen plasma + CL11 fibers after 24, 96, and 168 h in culture (mean ± SD, n = 3 independent experiments; *p < 0.05, **p < 0.01,
and ****p < 0.0001).

mechanical properties can also induce and guide neurite elonga-
tion in NG108-15 neuronal cells.[52] Leach et al. exhibited longer,
more branched neurites extending from PC12 neuronal cells
on stiff substrates (102–104 Pa) compared to softer substrates of
10 Pa, whereas Kayal et al. did not observe any effect on neurite
outgrowth length from NG108-15 neuronal cells when culturing
cells on stiff and soft substrates.[52,53]

Viable Schwann cell attachment to a nerve scaffold is abso-
lutely crucial for successful peripheral nerve regeneration to oc-
cur, for proliferation of Schwann cells to form the Bands of
Büngner, and for mature Schwann cells to re-myelinate regen-
erating nerve fibers.[54]

Aligned PCL fibers, unmodified and modified, supported pri-
mary Schwann cell adhesion, proliferation, and viability. How-

ever, significant increases in cell adhesion, proliferation, and via-
bility were observed with the addition of oxygen plasma and CL11
aminosilane.
An increase in live Schwann cell attachment was observed

when using oxygen plasma and CL11 modifications. Similar re-
sults were observed in the study by Prabhakaran et al., who
observed an increase in RT4-D6P2T Schwann cell prolifera-
tion on air plasma-modified PCL fibers compared to unmod-
ified fibers.[55] Huang et al. reported that modifying chitosan-
PLGA films with oxygen plasma led to an increase in laminin
adsorption compared to modifying films with argon plasma,
which ultimately led to an increase in attachment and prolif-
eration of rat primary Schwann cells.[53] Mechanical cues can
also guide Schwann cell attachment, as seen in Rosso et al.,
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Figure 10. Confocal micrographs illustrating primary Schwann cell viability cultured on: A) PCL films, B) PCL + oxygen plasma fibers and C) PCL +

oxygen plasma + CL11 fibers (Scale bar = 100 μm). Live cells were stained with Syto 9 (green) and dead cells labeled with propidium iodide (red). D)
Number of live cells versus dead cells per sample and E) live cell analysis expressed as percentage (Data presented as mean ± SD, n = 3 independent
experiments, three replicates per n = 1 and three values taken per sample. A total 27 images per sample quantified; ****p < 0.0001).

who noted significant primary Schwann cell attachment from
DRGs on substrates of 20 KPa compared to softer substrates of
1–10 KPa.[56]

All scaffolds supported Schwann cell attachment, and cells
stained positive for S100𝛽 antigens. Schwann cells aligned them-
selves to the fibers in a typical elongated morphology, as seen
inFigure 8A–C, and no differences were detected between the
average Schwann lengths measured (Figure 8D). However, with
regard to aspect ratio (width:length), Schwann cells cultured on
oxygen plasma and CL11-modified scaffolds had a significantly
higher aspect ratio recorded compared to unmodified PCL scaf-
folds, indicating a more mature phenotype as seen in vivo. Sim-
ilar observations have been noted in other studies, suggesting
the addition of amine groups to surfaces supports and maintains
Schwann cell phenotype.[14]

Hopper et al. reported polygonal-shaped Schwann cells on
acrylic acid-coated surfaces, whereas mature Schwann cell
phenotypes and elongated cells were observed on amine-
functionalized nano-diamond surfaces.[8] Li et al. also reported
no change in Schwann cell phenotype on silanized chitosan scaf-
folds compared to unmodified chitosan scaffolds.[12]

E13 chick DRGs were isolated, as previously described,[7] and
placed onto modified and unmodified PCL scaffolds that had
been inserted into NGC lumens in a novel 3D ex vivo testing
system to mimic a peripheral nerve injury.[6] This study opted to
use embryonic chick DRG explants to obtain results indicative
of the in vivo response and reduce animal use (in line with
the 3Rs).[57] The addition of both oxygen plasma and CL11
modification to PCL scaffolds significantly promoted increased
axonal outgrowth length and Schwann cell migration distances
from embryonic chick dorsal root ganglia explants, with longer
axon outgrowth and further Schwann cell migration observed
on CL11 modified scaffolds. Similar results were observed in
Sandoval-Castellano et al., who observed an increase in axon
outgrowth length and Schwann cell migration distances from
E13 chick DRGs on air plasma-treated PCL scaffolds compared
to unmodified PCL scaffolds.[7] However, no difference was
observed when comparing amine group modified PCL scaffolds
with air plasma-modified scaffolds using single modifications.
It is likely that the addition of two modifications to one scaf-
fold (oxygen plus CL11) in our work is causing the significant
increase in axon outgrowth length in chick DRGs. This was
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Figure 11. Confocal micrographs of primary Schwann cells immunolabeled for Schwann cell marker S100𝛽 (green) and cell nucleus stain DAPI (blue),
to confirm Schwann cell phenotype, on: A) PCL films, B) PCL + oxygen plasma fibers and C) PCL + oxygen plasma + CL11 fibers (Scale bar = 100 μm).
E) Average Schwann cell length; F) aspect ratio (length/width) to identify Schwann cell phenotype (Data presented as mean ± SD, n = 3 independent
experiments, three replicates per n = 1 and three values taken per sample. A total 27 images per sample quantified and 100 cells measured per condition
for width and length; *p < 0.05).

observed in Sandoval-Castellano et al. when PCL was modified
with allylamine plasma, heparin, and the addition of nerve
growth factor and brain-derived neurotrophic factor, indicating a
need for multiple modifications.[7] Similar results were seen in
Hopper et al., in which longer neurites were observed from pri-
mary neurons cultured on acrylic acid and amine-functionalized
nano-diamond surfaces compared to neurons cultured on plain
glass and poly-L-lysine coated glass substrates.[8] DRGs have
also been reported to be mechanosensitive. Rosso et al. reported
longer neurites from embryonic DRGs on stiffer substrates
(20 KPa) compared to softer substrates of 1–10 KPa.[52,56] This
work demonstrates that changing surface chemistry, surface
topography, roughness, and mechanical stiffness all contribute
to changes in neuronal and Schwann cell adhesion, proliferation,
viability, and differentiation, providing sub-micron guidance
cues. However, the limitations of this work are the in vivo
response to the CL11 addition and the efficacy of the CL11 addi-
tion after sterilization using conventional methods for medical
devices, such as UV and gamma irradiation. Therefore, further
work will investigate the effect and degradation of the silane in
vivo, the effects of sterilization, and the in vivo response.

4. Conclusion

In summary, in this work we have developed a surface deposi-
tion method resulting in the addition of two modifications, oxy-
gen plasma and CL11, to PCL aligned fiber scaffolds that sig-
nificantly change the surface chemistry and topography of PCL
by decreasing the water contact angle, changing surface energy
properties, adding reactive chemical groups, and significantly in-
creasing surface roughness and adhesion. These changes in sur-
face chemistry and topography, at the submicron scale, have sig-
nificantly supported NG108-15 neuronal cells, primary Schwann
cells, axon outgrowth, and Schwann cell migration from dorsal
root ganglia explants. The CL11 modification of glass substrates
has been extensively characterized for nerve tissue engineering
applications[14] and bone tissue engineering.[26] This is the first
study to modify biomaterials using an aminosilane other than
APTES for tissue engineering applications and the first to use
CL11modification for peripheral nerve repair. Our study and pre-
vious studies indicate that by using a longer-chain aminosilane,
surface topography, chemical deposition, and cell behavior can
be influenced and controlled at the submicron scale.[10,14,26]
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Figure 12. Light sheet micrographs of embryonic chick DRG explants on fibers immunolabeled for axon outgrowth marker 𝛽III tubulin (green), Schwann
cell marker S100𝛽 (red) and cell nucleus stain DAPI (blue) on: A) PCL films, B) PCL + oxygen plasma fibers and C) PCL + oxygen plasma + CL11 fibers
(Scale bar = 0.5 mm). D) Schwann cell migration length and average neurite outgrowth length was determined from Light sheet micrographs (Data
presented as mean± SD, n= 3 independent experiments, three replicates per n= 1 and a total of 9 DRGs per condition analyzed; *p< 0.05, ***p< 0.001,
and ***p < 0.0001).
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Silane modification is also a scalable and cost-effective tool to
modify biomaterials with a variety of chemical reactive groups
for many different applications in tissue engineering. The tech-
nology is simple and can be easily translated to a range of differ-
ent medical devices. Furthermore, amino-silanization of bioma-
terials can lead to further modifications, such as the addition of
bioactive molecules onto surfaces, such as growth factors, drug
therapies, and anti-microbial agents, such as the binding of hep-
arin through its amine linkage.[12]

5. Experimental Section

Fabrication of PCL Scaffolds: Aligned fiber PCL scaffolds, 10 μm in di-
ameter, were fabricated via electrospinning as per the methods previously
described.[7] Briefly, Polycaprolactone (PCL, Mn 80 000 g mol−1, Merck)
was dissolved in Dichloromethane (DCM, Fisher Scientific) at 37 °C to
form a 20 w/v% solution. The solution was ejected from a 1 mL (Beck-
ton Dickinson, BD) syringe at a rate of 9 mL h−1 using a syringe pump
(AL 1000–220, World Precision Instruments, WPI), at a voltage of 21 kV.
Fibers were collected on aluminum foil, wrapped around a rotating cylin-
drical mandrel (6 cm in diameter) attached to a motor (IKA Works).[20]

Characterization of PCL Scaffolds: The characterization of PCL scaf-
folds was performed as previously described.[20] Briefly, fibers were cut
into small segments and sputter coated with 20 nm thick gold (SC 500A,
Emscope) prior to imaging using a field emission SEM (Sorby Centre,
FE SEM JSM-6500F, Jeol Ltd.).[7] Images were analyzed using National
Institutes of Health (NIH) Image J software for fiber diameter and fiber
alignment.[57,58]

Silane Modification of PCL Scaffolds: PCL-coated substrates were
treated with oxygen plasma at 20W for 5min (Henniker PlasmaHPT-100).
In a fresh vessel, plasma-treated substrates were then submerged in a so-
lution of 2% v/v 11-aminoundecyltriethoxysilane (Fluorochem S25045) in
isopropanol for 1 h to modify the surfaces. Samples were rinsed in iso-
propanol, then washed in isopropanol on a rocker plate for 3 min, twice.
Samples were dried and kept under vacuum to limit the potential for
oxidation.[14,59]

Water Contact Angle Measurement: Directly following the silanization
process detailed as above in Section 1, water contact angle measurements
were carried out using the sessile drop method on an Attension Theta
Lite Optical Tensiometer (TL100, Attension, Biolin Scientific, Finland).[14]

Three technical repeats were used for eachmeasurement, with 10 replicate
measurements taken across the surface of 2 cover slips (5 measurements
from each). Infra-red images of the droplets were recorded at 15 fps for 10
s and analyzed using One-Attension software. Exported data was averaged
using MATLAB r2019a, following purpose-written code.[14]

X-Ray Photoelectron Spectroscopy: Samples were prepared as
above.[14] As soon as practicable, following drying (within 24 h),
samples were analyzed using XPS as previously described.[26] Briefly, a
Kratos Axis Ultra DLD spectrometer was used to perform XPS analysis
using a monochromated AlK𝛼 X-ray (1486.6 eV).[26] Three spots of each
sample were recorded below 5 × 10−8 Torr, and a total of four repeats
were analyzed to determine the relative atomic percent concentration,
calculated using CasaXPS version 2.3.15 software.[26]

Atomic Force Microscopy: AFM microscopy was performed in a tap-
ping model with SCANASYST-AIR probes under ambient conditions on a
Bruker Dimension Icon AFM. PCL fibers, modified and unmodified, were
cast onto cover glasses and then stuck to a magnetic AFM support. Differ-
ent areas of the samples were then analyzed and characterized in Bruckers
NanoScope Analysis software (Version 2.0). The data were further aver-
aged weight-dependently on the surface area measured to obtain accurate
roughness Rq (Root Mean Squared Roughness) and Ra (Roughness Av-
erage) and adhesion values (how adhesive the polymer fiber is to the tip
of the AFM cantilever). Mechanical analysis was performed by fitting data
with the Derjaguin–Muller–Toporov (DMT)model to determine the elastic
modulus of modified and unmodified fibers, as previously described.[14]

Protein Adsorption Assay: A protein adsorption assay was performed
on fiber scaffolds to determine the amount of adsorbed proteins from
undiluted fetal bovine serum (FBS), as previously described.[41] Briefly,
fiber scaffolds were cut into 10 mm × 10 mm squares and incubated with
400 μL of undiluted FBS at 37 °C for 24 h.[41] Samples were washed once
with PBS, removed and placed into a new well plate. One milliliter of 2%
sodium dodecyl sulfate (SDS) in PBS was added to each scaffold for 24 h at
room temperature, under shaking conditions. A Bicinchoninic acid assay
was then performed to measure absorbance at 562 nm.[41]

NG108-15 Neuronal Cell Culture: NG108-15 (ECACC 88112303) neu-
ronal cells were cultured and used between passages 12–15 for exper-
iments. Experimental culture and conditions were used as previously
described.[20] Cultures were maintained for 7 days, changing the culture
medium to serum free Dulbecco’s Modified Eagle Medium (DMEM) after
2 days in culture.[14]

Schwann Cell Isolation and Culture: To isolate primary Schwann cells
for experiments, an adult male Wistar rat (10-12 weeks old) was sacrificed
by Schedule 1 according to local regulations and the regulation of the An-
imals (Scientific Procedures) Act 1986.[60] Briefly, sciatic nerves were iso-
lated, the epineurium removed, and tissuemechanically and enzymatically
dissociated to digest tissue and passed through a 2 μm cell sieve to isolate
primary Schwann cells.[60] Cells were cultured in specialized Dulbecco’s
Modified Eagle Medium (DMEM) containing D-Valine to inhibit fibrob-
lasts growth and obtain a pure culture of Schwann cells.[60] Once pure,
60 000 rat primary Schwann cells were seeded and cultured onto fibers for
7 days in Dulbecco’s Modified Eagle Medium (DMEM) containing 5 μm
Forskolin (Merck). The medium was changed on day 4 in culture.[14,60]

Dorsal Root Ganglia Isolation: Dorsal root ganglia (DRG) from em-
bryonic chicks were isolated as previously described.[25] Briefly, fertilized
brown chicken eggs (Henry Stewart & Co. Ltd.) were incubated at 37.5 °C
and 50–70% humidity for 13 days. E13 embryos were cleaned, and organs
were removed to observe the spinal column and cord. DRGswere collected
and placed into a petri dish containing warm DMEM media.[25]

Ex Vivo 3D Testing of Modified and Unmodified PCL Fibres: Unmodi-
fied and modified PCL fibers were threaded into 3D-printed Polyethylene
Glycol (PEG) tubes as previously described.[6] Briefly, PEG tubes contain-
ing PCL fibers were placed into tube holders on a metal grid in a 6 well
plate. Isolated chick DRGs were placed into fibers in PEG tubes and left
to attach for 20 min. Well plates were then filled with Dulbecco’s Modified
Eagle Medium (DMEM), and DRGs were left in culture for 7 days at 37 °C
and 5% CO2

6
.

Cell Adhesion Assay: Cell adhesion on the modified and unmodified
scaffolds was determined using a crystal violet cell adhesion assay after
0.5, 24, and 72 h. First of all, 30 000 NG108-15 neuronal cells and 60 000
rat primary Schwann cells were seeded onto scaffolds and left to attach
at 37 °C and 5% CO2. At each respective time-point, culture medium was
removed and cells were fixed using 3.7% paraformaldehyde for 20 min at
room temperature. Samples were transferred to a new 24 well plate and
stained with a 0.2% crystal violet solution (w/v Sigma, UK, in 10% (v/v)
ethanol (Fisher Scientific, UK) for 10 min at room temperature. Samples
were then washed twice with PBS followed by the addition of a 10% acetic
acid solution, in deionized water to elute the stain from the cells. This
solution was transferred to a 96-well plates, and the absorbance was read
at 630 nm using a Bio-Tek ELx 800 absorbance microplate reader.[61]

Cell Proliferation Assay: The proliferation activity of the NG108-15 neu-
ronal cells, on the unmodified andmodified PCL scaffolds, was determined
using a resazurin assay as previously described.[62] Briefly, at relevant time
points, 24, 96, and 168 h, culturemediumwas removed, and samples were
cultured in a 100 μm resazurin salt in PBS solution for 4 h at 37 °C and 5%
CO2.

[62] The reduced formazan product was transferred to a black 96-well
plate, in triplicate, and the fluorescence was read in a FLx800 fluorescence
plate reader (Biotek Instruments Inc.) at 540/635 nm.[62]

Live/Dead Analysis: Live/dead analysis was performed on NG108-
15 neuronal and Schwann cells after 7 days in culture, as previously
described.[20] Briefly, culture medium was removed and replaced with
serum-free–medium including 0.001% Syto-9 (Invitrogen) and 0.0015%
propidium iodide (Invitrogen) for 30 min at 37 °C and 5% CO2.

[20] Im-
ages were taken on a Zeiss 510 upright confocal. Live and dead cells were
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counted using ITCN cell counter software on National Institutes of Health
(NIH) Image J software.[63] The data were expressed as the number of live
versus dead cells and a percentage of cell viability ± SD.

Immunolabelling of NG108-15 Neuronal Cells, Primary Schwann Cell, and
Chick DRG Neurite Growth: NG108-15 neuronal cells and neurites out-
grown from DRG explants, were labeled for 𝛽III-tubulin to assess neu-
rite outgrowth as a proxy of nerve regeneration. Briefly, cells were fixed
with 3.7% (v/v) paraformaldehyde for 20 min, cell walls broken down with
0.1% Triton X-100 for 45 min, and unreactive binding sites blocked with
3% bovine serum albumin in PBS for 30 min, all at room temperature.[20]

NG108-15 neuronal cells and primary neurons from chick DRGs were la-
beled with a mouse anti-𝛽 III-tubulin antibody (1:250 dilution, for 48 h
at 4 °C) followed by a Texas Red-conjugated anti-mouse IgG antibody
(1:250 dilution, for 90 min at room temperature).[20] Rat, and chick, pri-
mary Schwann cells were fixed, permeabilized, and blocked using the same
procedure as above. However, they were labeled with a polyclonal rab-
bit anti-S100𝛽 (1:250) antibody followed by a FITC-conjugated secondary
anti-rabbit IgG antibody (1:100) for 48 h and 90 min, respectively.[20] 4,6-
diamidino-2-phenylindole dihydrochloride (DAPI) was used to label all cell
nuclei for 30 min at room temperature.[20]

Neurite Outgrowth and Primary Schwann Cell Morphology Assessment:
Two different parameters were analyzed to assess NG108-15 neuronal
cell differentiation: average neurite length and percentage of cells with
neurites.[20] Images were taken using a 510 Zeiss upright confocal, and
three fields of view were taken per sample to obtain images: two from the
sides and one from the middle of the sample. A total of 27 images, over
three independent experiments, were analyzed. Images were analyzed us-
ing Image J (NIH), and neurites were traced using Neuron J plugin tracer
software from the cell body to the neurite tip.[64] The average Schwann cell
length and aspect ratio were calculated as previously described[65] using
the ruler tool on NIH Image J.[57,58] A total of 100 neurites were measured
to determine the average neurite length, and a total of 100 Schwann cells
were measured for width and length to calculate the average Schwann cell
length and aspect ratio.[20]

Statistical Analysis: GraphPad Instat (GraphPad Software, USA) was
used to perform statistical analysis.[14] One-way analysis of variance
(ANOVA; p< 0.05) was conducted to analyze the differences between data
sets, incorporating Tukey’s multiple comparisons test if p < 0.05.[14] Two-
way analysis of variance (p < 0.05) was conducted to analyze the differ-
ences between data sets when assessing live/dead cell numbers, incorpo-
rating a Sidak’s multiple comparisons test if p < 0.05. The data were re-
ported as mean ± SD, p < 0.05.[14] Each experiment was performed three
independent times with each sample repeated three times as n= 3, unless
otherwise stated differently.[14]
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