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1. Introduction

Biocompatible 3D printed polymers via fused
deposition modelling direct C,C,, cellular
phenotype in vitrot

Rowan P. Rimington, @2 Andrew J. Capel, ©°
Steven D. R. Christie ©° and Mark P. Lewis {*2

The capability to 3D print bespoke biologically receptive parts within short time periods has driven the
growing prevalence of additive manufacture (AM) technology within biological settings, however limited re-
search concerning cellular interaction with 3D printed polymers has been undertaken. In this work, we
used skeletal muscle C,Cy, cell line in order to ascertain critical evidence of cellular behaviour in response
to multiple bio-receptive candidate polymers; polylactic acid (PLA), acrylonitrile butadiene styrene (ABS),
polyethylene terephthalate (PET) and polycarbonate (PC) 3D printed via fused deposition modelling (FDM).
The extrusion based nature of FDM elicited polymer specific topographies, within which C,Ci, cells
exhibited reduced metabolic activity when compared to optimised surfaces of tissue culture plastic, how-
ever assay viability readings remained high across polymers outlining viable phenotypes. C,Cy, cells
exhibited consistently high levels of morphological alignment across polymers, however differential
myotube widths and levels of transcriptional myogenin expression appeared to demonstrate response spe-
cific thresholds at which varying polymer selection potentiates cellular differentiation, elicits pre-mature
early myotube formation and directs subsequent morphological phenotype. Here we observed biocompat-
ible AM polymers manufactured via FDM, which also appear to hold the potential to simultaneously manip-
ulate the desired biological phenotype and enhance the biomimicry of skeletal muscle cells in vitro via AM
polymer choice and careful selection of machine processing parameters. When considered in combination
with the associated design freedom of AM, this may provide the opportunity to not only enhance the effi-
ciency of creating biomimetic models, but also to precisely control the biological output within such
scaffolds.

patible® parts which require additional surface modification”
prior to cellular interaction.® Such complex geometries can be

Additive manufacture (AM), commonly known as three di-
mensional (3D) printing, allows the generation of physical de-
vices within short time-periods from bespoke computer aided
designs (CAD), with technologies such as laser sintering (LS),
stereolithography (SL), fused deposition modelling (FDM) and
polyjet printing being utilised within biochemical engineering
for the fabrication of microfluidic reaction devices for flow
chemistry," live-cell imaging” and cellular scaffolds for tissue
engineering.” Although processes such as SL allow re-
searchers to print complex micron-sized geometries,*” epoxy/
acrylate based resins typically result in biologically non-com-
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replicated using LS, however consolidation variability of
sintered particles within builds have been documented to pre-
vent removal of un-sintered material from within micron-
sized features.” Although 3D printed cellular devices have
been fabricated using polyjet printing, they have also required
polymer coatings in order to improve cellular adherence.'
Typical photocurable resins, as seen in polyjet and SL, con-
tain photoinitiators and similar acrylate/epoxy backbones that
may alter intricate cellular physiological processes via the up-
take and subsequent metabolism of resin derived chemical
leachate within the culture medium, in addition to primary
interaction with the physico-chemical parameters of the poly-
mer. However, the exact mechanisms that drive the observed
decremental cellular viability in response to photocurable
resins are yet to be elucidated in mammalian cells.

FDM is the most widely used, inexpensive and commer-
cially available 3D printing process, using a temperature con-
trolled extrusion nozzle to deposit a viscous molten

This journal is © The Royal Society of Chemistry 2017
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thermoplastic polymer into a three-dimensional structure.'*
Various commercially available FDM printable polymers have
previously been utilised within cellular tissue culture: acrylo-
nitrile butadiene styrene (ABS),'> polycarbonate (PC),"* poly-
lactic acid (PLA)** and polyethylene terephthalate (PET),**"®
hence are considered favorable candidate polymers for rapid
prototyping of biologically receptive parts. Although FDM has
previously been utilised in flow chemistry'” and the forma-
tion of acellular microfluidic channels,'® utilising FDM for
microfluidic applications may result in increasing complexity
when implementing this technology within biological settings
due to the specificity of cell/material interactions'>*® in re-
sponse to alterations in topography, surface roughness and
other fundamental physical properties of the polymer.

The design freedom associated with 3D printing technol-
ogy has reduced the complexity and enhanced the efficiency
of the engineering methods required to create biological
models,”*>* however despite the growing prevalence of 3D
printing, limited research regarding cellular compatibility
has been undertaken. As such, if these technologies are going
to form the platforms within which complex cellular physio-
logical processes are to be re-created, then understanding
and defining the compatibility between various mammalian
cell types and the printed materials is of paramount impor-
tance.”*** Skeletal muscle is of specific interest due to its
regenerative capacity via multipotent stem cells known as sat-
ellite cells,>® predicating its use within in vitro models®” as
pre-clinical test beds to study the cellular and molecular
mechanisms that are regulated in musculoskeletal and neu-
romuscular disease.”® Cell lines such as C,C;, murine skele-
tal myoblasts® are frequently used within these models due
to a lack of availability of primary human muscle cells, and
their capacity to provide a biologically relevant, repeatable
and reliable model of in vitro skeletal muscle.

Due to the potential to implement 3D printed parts to per-
form differing roles within varying biological systems, it is
essential to determine both the in-direct and direct effects of
printable polymers. Hence, this investigation sought to exam-
ine the direct (cells cultured directly on the material) and in-
direct (cells cultured in chemically leached medium) effects
of four commercially available and printable polymers; PLA,
ABS, PET and PC on C,C;, muscle cells when 3D printed via
FDM.
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2. Materials and methods
2.1. 3D printing and sample design

All 3D printing was performed via fused deposition model-
ling (Fig. 1) utilising a commercially available Ultimaker 2
system. 3D CAD modelling was performed using Siemens NX
8.5 software; with completed .stl files verified using Material-
ise MiniMagics. Completed .stl files were processed using the
in-house Cura Software for Ultimaker 2.

Prior to printing of ABS and PC parts, the build platform
was coated in an ABS/acetone solution (0.1 ¢ ml™") in order
to facilitate material adhesion. All other polymers were ex-
truded onto the standard glass build plate. Printing parame-
ters were fixed at 0.4 mm nozzle size, 50 mm s ' print speed,
0.1 mm layer height and 100% fill density, with polymer de-
pendent extrusion settings (Table 1). Each sample scaffold
had a diameter of 30 mm and thickness of 1 mm, designed
to cover the majority of the culture area of a six-well plate. All
3D printed scaffolds were sterilised under UV light for >30
minutes prior to each experiment.

2.2. Cell culture

C,Cy, murine skeletal myoblasts, (ECACC, Sigma, UK) all be-
low passage 10, were cultured in T80 flasks (Nunc™, Fisher
Scientific, UK) and incubated in a 5% CO, humidified atmo-
sphere at 37 °C (HERA cell 240i, Thermo Fisher, UK) in
growth medium (GM); composed of 79% DMEM (Sigma),
20% FBS (Pan Biotech) and 1% penicillin-streptomycin
(Fisher) until 80% confluence was obtained. Incubated cells
GM was changed every 24 h until confluence was attained,
prior to transfer into differentiation medium (DM); 97%
DMEM, 2% horse serum (Sigma) and 1% penicillin-strepto-
mycin for 120 h. C,C;, cell DM was changed once after 72 h,
prior to remaining in culture for a further 48 h.

2.3. Experimental treatments

Experiments were designed to simultaneously assess both the
direct and in-direct effects of each polymer on cellular viabil-
ity, morphology and myogenin expression as an indication of
skeletal muscle differentiation, after 3 days in GM (GM72 h)
and 5 days in DM (DM120 h). Experiments yielded n = 9 per
condition (control/polymer), totalling n = 18 per analyses at

Fig. 1

This journal is © The Royal Society of Chemistry 2017

(A) CAD model of sample prior to printing. (B & C) Ultimaker 2 during the printing of sample discs.
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Table 1 Polymer extrusion settings when 3D printed via FDM. Fan and
flow % refers to the speed, expressed as a percentage of its maximum, at
which cooling and polymer extrusion is achieved

Nozzle Build plate

temperature temperature Fan Flow
Polymer (°C) (°C) (%) (%)
Polylactic acid 210 60 100 100
Acrylonitrile butadiene 260 90 100 107
styrene
Polyethylene terephthalate 210 75 100 100
Polycarbonate 260 90 100 100

each time-point (GM72 h and DM120 h), derived from n = 3
experimental repeats. This protocol was completed separately
for each polymer (PLA, ABS, PET and PC). One experimental
repeat was conducted to assess the biocompatibility of the
adhesive (aquarium glue) used to facilitate the attachment of
3D printed discs to the surface of each well. Inmunofluores-
cence staining indicated comparable morphology in C,Ci,
cells cultured in both direct and in-direct conditions after
DM120 h, outlining the biocompatibility of this adhesive
(Fig. S1 and S21).

Three 13 mm cover slips (VWR International), added per
well in control conditions (direct/in-direct at GM72 h and
DM120 h time-points) for fluorescence analysis, were pre-
coated with 1 ml of 0.2% gelatin solution (Sigma) and incu-
bated for 15 min at room temperature, prior to seeding cells
at 1 x 10° in 2 ml GM per well for all analyses across each ex-
perimental repeat.

To assess the direct effects on cellular behaviour, 1 x 10’
cells were seeded directly onto the 3D printed scaffolds that
had been glued to three wells per six-well plate and left for
>1 hour to allow for initial cellular adhesion. Once adhered,
2 ml GM was added to each well. Control (CON) wells were
also seeded at 1 x 10> cells per well in 2 ml GM. To assess
the in-direct cellular response to the chemical leachate from
each polymer, 3D printed scaffolds were attached to the cul-
ture area of three wells per six-well plate that contained only
media (MEDIA ONLY). Each six-well plate was used for the
transfer of chemical leachate medium to its corresponding
experimental well during each repeat, ensuring that trans-
ferred medium was directly representative of either cumula-
tive polymer degradation or CON at each specific time-point.
Each MEDIA ONLY well was pre-incubated with 2 ml GM for
24 h prior to the start of each experiment, to ensure cells
were seeded within media that had been exposed to the
chemical leachate of each polymer. Once medium had been
transferred to experimental wells, this was replenished with 2
ml GM for 24 h incubation prior to each subsequent media
change. During the last 24 h in which the cells were cultured
in GM, DM was added to the MEDIA ONLY wells in prepara-
tion to induce differentiation.

Cells were fixed for fluorescence imaging and analysed
for cell viability at GM72 h and DM120 h time-points. After
cellular viability analysis was conducted, cells were then
washed twice with 2 ml PBS, prior to RNA isolation with

2984 | Lab Chip, 2017, 17, 2982-2993
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cells being immersed and homogenised in 0.5 ml TRIzol
per well.

2.4. Fluorescence staining and microscopy

Myotubes were washed twice in 2 ml PBS per well, fixed
(3.7% paraformaldehyde), permeabilised (Triton X-100,
Fisher, 1:500) and stained using f-actin molecular probe rho-
damine phalloidin (1:200; Life Technologies, Molecular
Probes). Dapi nuclear stain (1:2000; Life Technologies, Mo-
lecular Probes) was used to stain nuclei. Rhodamine
phalloidin was excited at 540 nm and emitted at 565 nm and
appears red in fluorescence images. Dapi was excited at 358
nm and emitted at 461 nm and appears blue.

Microscopy images were captured on a Leica DMIL LED
light microscope. Fluorescence images were visualised using
a Leica DM2500 fluorescence microscope (20x) with manufac-
turer's software (Leica Application Suite X). Images were
analysed using IMAGE ] 1.50a/Fiji (Java 1.6.0_24) software
(National Institute of Health, Bethesda, MD, USA). Image in-
clusion criteria (n = 1) were set at >5 images taken at random
locations per well. Myotube inclusion criteria were defined as
containing >3 nuclei per myotube. Cumulative frequencies
were calculated to determine the number of myotubes neces-
sitated per image for each analysis. Myotube alignment was
measured by drawing a line through the centre, spanning the
entire length of each myotube in Image-]J. Topographical
channel angle was determined by drawing a line through the
centre of each channel in Image-J. Myotube alignment data
was then normalised to the angle of each material channel or
90° (CON), sorted by numerical value and analysed using an
interquartile range. Orientation values expressed are the dif-
ference in alignment between polymer channel and myotube
orientation, with lower values indicative of greater alignment.
Analysis of nuclei alignment was performed using an in-
house macroinstruction designed for Fiji (Java 1.6.0_24) im-
age analysis software (Image J 1.50a).

2.5. Cell viability alamarBlue® assay

Cell viability reagent; alamarBlue® diluted 1:10 DMEM, was
used to assess cell viability in C,C;, at 72 and 120 h experimen-
tal time-points. alamarBlue® is non-toxic, stable in culture and
permeable through cell membranes allowing continuous moni-
toring of live cells in culture. Cells were washed twice with 2 ml
PBS prior to being treated with 2 ml per well alamarBlue®
stock solution and humidified 5% CO0, at 37 °C for 4 h. 100 pl
per well of solution was then added to a black well 96-well
plate and analysed for fluorescence intensity. alamarBlue®
fluorescence signal was excited at 540-570 nm (peak excitation:
570 nm) and emitted at 580-610 nm (peak emission: 585 nm).

2.6. RNA extraction and quantitative RT-PCR

RNA was extracted using the TRIzol method, according to
manufacturer's instructions (Sigma). RNA concentration and
purity were obtained by UV spectroscopy at ODs of 260 and
280 nm using a Nanodrop 2000 (Fisher, Rosklide, Denmark).

This journal is © The Royal Society of Chemistry 2017
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All RNA samples were analysed in duplicate. Twenty nano-
grams of RNA were used per RT-PCR reaction for RPII-f &
myogenin (Table 2).

RT-PCR amplifications were carried out using Power SYBR
Green RNA-to-Cy 1 step kit (Qiagen) on a ViiA™ Real-Time
PCR System (Applied Biosystems, Life Technologies),
analysed using ViiA™ 7RUO software. RT-PCR procedure was
as follows: 50 °C, 10 min (for cDNA synthesis), 95 °C, 5 min
(transcriptase inactivation), followed by 95 °C, 10 s (denatur-
ation), 60 °C, 30 s (annealing/extension) for 40 cycles. Rela-
tive gene expressions were calculated using the comparative
Cr (AACy) equation for normalised expression ratios; relative
expression calculated as 27", where Cy is representative of
the threshold cycle. RPII-3 was used as the housekeeping
gene in all RT-PCR assays. In order to compare conditions,
one control sample from each experimental repeat (n = 3)
was used as the calibrator condition in the C; (AACy) equa-
tion. RT-PCR data is presented as relative gene expression
level, determined by the AACy equation.

2.7. Scanning electron microscopy (SEM)

All scanning electron micrographs were obtained using a
LEO 1530 VP FE-SEM at 5 kV. Before loading into the SEM
samples were coated with 20% Au (gold) and 80% Pd (palla-
dium) in an argon atmosphere, using a Q 150R S/E/ES sputter
coater for 30 seconds at a current of 20 mA. Images were
obtained across 3 printed scaffolds for each polymer (n = 3)
with inclusion criteria set at >3 images/scaffold. Once ac-
quired, images were analysed using IMAGE ] 1.50a/Fiji (Java
1.6.0_24) software for mean channel width across >3 chan-
nels/image totalling >27 channels per polymer, with >3 mea-
sures obtained per channel.

2.8. Statistical analysis

Statistical analyses and significance of data were determined
using IBM©O© SPSS© Statistics version 22. Mauchly's test of
sphericity and Shapiro-Wilk tests were used to confirm
homogeneity of variance and normal distribution of data re-
spectively. Where parametric assumptions were met, a 2 x 2
ANOVA was used for alamarBlue®, gene expression and nu-
clei alignment analyses. One-way ANOVA was used to analyse
morphological data only concerned with DM120 h time-
point; myotube number, myotube width, myotube alignment,
in addition to channel width and all inter-polymer differ-
ences. Where significant interactions were observed, indepen-
dent t-tests (f) were used to analyse differences between con-
ditions at specific time-points. Non-parametric Kruskal-
Wallis (H) analysis was undertaken where data violated para-

Table 2 Primers utilised for examination of myogenin mRNA
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metric assumptions. All data is reported as mean + standard
deviation (SD). Significance was assumed at P < 0.05.

3. Results

3.1. SEM topographical characterisation of 3D printed
polymers

Topographical observations of each polymer (Fig. 2) outlined
different channel widths when polymers were 3D printed
using FDM, despite standardised nozzle diameter and print
mechanics. Channel width was defined as the central raised
‘plateau’ of polymer on each channel, that allowed improved
fluorescent micrographic focussing and image analysis com-
pared with the polymer groove on either side of it (Fig. 2).
Channel widths (Fig. 2E) observed in PLA had significantly
reduced diameter than ABS (P < 0.0005), PET (P < 0.0005)
and PC (P = 0.005), however no variation was observed be-
tween ABS and PET (P = 0.270). Despite comprising larger
channels than PLA, channels with significantly reduced width
were also observed in 3D printed PC samples when compared
to PET (P = 0.001) and ABS (P = 0.001), outlining potential
polymer dependent properties during post extrusion layer
cooling. This variability in surface topography between mate-
rial types is most likely to be a consequence of polymer de-
pendent expansion upon leaving the print head nozzle. This
phenomenon, known as the Barus effect or “die swell”, is typ-
ically associated with polymer extrusion processes.’® As the
molten bead of polymer passes through the nozzle it is
constrained with this energy being stored elastically. How-
ever, when the polymer melt leaves the print head and is no
longer constrained this energy is released, leading to a radial
expansion of the melt referred to as die swelling. The phe-
nomenon plays a significant role in determining the resolu-
tion achieved in FDM processes. In addition each polymer
bead experiences conductive cooling upon hitting the FDM
build plate. This cooling process will lead to a reduction in
bead width as it solidifies into the final build part. Both of
these heating and cooling phases are highly polymer depen-
dent. FDM filaments often contain a variable mixture of raw
material and processing aids, leading to some variability be-
tween FDM reels of the same polymer. Typically however
these reels contain >98% of the defined native polymer,
making trends in material topography regular and predict-
able between suppliers and machine manufacturers.*'

3.2. Cell viability

C,Cy, cells were shown to display reduced metabolic activity
(Fig. 3A) after 72 h in GM (P = 0.047) and 120 h in DM (P =

Target mRNA Primer sequence (5'-3') Product length NCBI reference sequence
Myogenin F: CCAACTGAGATTGTCTGTC 173 NM_153789.2

R: GGTGTTAGCCTTATGTGAAT
RPII-B F: GGTCAGAAGGGAACTTGTGGTAT 197 NM_031189.2

R: GCATCATTAAATGGAGTAGCGTC

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM images for (A) polylactic acid (PLA), (B) acrylonitrile butadiene styrene (ABS), (C) polyethylene terephthalate (PET) and (D)
polycarbonate (PC) 3D-printed polymers via FDM. Arrows indicate central raised plateau of channel on each polymer. (E) Channel widths of PLA,
ABS, PET and PC 3D-printed polymers via FDM. Data presented as mean * SD from n = 3 discs per polymer. * one-way ANOVA/non-parametric
equivalent P < 0.05. Scale bars = 100 pm.

0.001) when cultured directly onto 3D printed transparent for condition (P = 0.004), however no main effect for time
PLA in comparison to control. Reduced cellular activity was (P = 0.129) or interaction (P = 0.673) were documented
also documented in cells cultured on PET with a main effect  outlining that although metabolic activity appears reduced in
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Fig. 3 (A) Cellular viability of C,Cs, cultured on 3D-printed polymers. (B) Viability of C,Cy, cultured in chemical leachate of 3D-printed polymers.
Data presented as mean + SD from n = 3 experimental repeats in each condition. # main effect for condition P < 0.05, ¥ main effect for time P <
0.05, §$ interaction P < 0.05, * one-way ANOVA/non-parametric equivalent P < 0.05. Polylactic acid (PLA), acrylonitrile butadiene styrene (ABS),
polyethylene terephthalate (PET) and polycarbonate (PC).
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the PET condition, this remained constant over eight days in
culture. C,C;, cells cultured on PC appeared to display di-
minished viability after 72 h in GM, however this effect was
not significant (P = 0.145) due to the high variability across
repeats. This variability was however reduced after 120 h in
DM resulting in significantly reduced metabolic activity (P =
0.001) at this time-point. Reduced metabolic activity was also
not observed in cells cultured on ABS with no significant dif-
ference between condition (P = 0.089), time (P = 0.327) or
interaction (P = 0.324).

Significant main effects for time (P < 0.0005), condition
(P = 0.024) and interaction (P = 0.036) were documented in
cells cultured to analyse the potential effect of leached chemi-
cal constituents (Fig. 3B) of PLA. No significant differences
in metabolic activity were observed between conditions after
72 h in GM, however cells cultured in PLA leachate appeared
to be more metabolically active than CON after 120 h in DM
(P = 0.008). Significant increases in cellular activity were also
documented in ABS after 72 h in GM (P = 0.036) compared to
CON, however this was not evident after 120 h in DM (P =
0.462). No significant difference was documented in meta-
bolic activity after 72 h in GM (P = 0.208) or 120 h in DM (P =
0.141) in cells cultured in chemical constituents of PET. No
difference in cellular viability was observed in C,C;, cells cul-
tured in chemical leachate of PC after either 72 h in GM (P =
0.848) or 120 h in DM (P = 0.225).

3.3. Morphological analyses

Morphological observations (Fig. 4) outlined significantly re-
duced myotube width (Fig. 5A) documented in cells cultured
on PLA (P < 0.0005), PET (P < 0.0005) and PC (P = 0.008) when
compared to their respective controls, however no difference
(P = 0.262) was observed between myotubes cultured on ABS
and CON. Myotubes did not differ in number between PLA
(P = 0.812), ABS (P = 0.091), PET (P = 0.741) or PC (P = 0.246)
and their respective controls (Fig. 5C) after 120 h in DM.
C,Cy; cells cultured in chemically leached medium showed
no significant difference in myotube width between CON and
PLA (P = 0.784), PET (P = 0.512) or PC (P = 0.957), however
thinner myotubes were documented (Fig. 5B) when cultured
in ABS chemical leachate (P = 0.016). Myotube number again
remained consistent between polymer conditions (Fig. 5D)
with no difference documented between CON and PLA (P =
0.848), ABS (P = 0.195), PET (P = 0.609) or PC (P = 0.081).
Despite the reduced myotube width observed in cells cul-
tured in ABS chemical constituents, it is likely that these re-
sults may primarily be indicative of biological variability
considering no significant difference was observed when
cells were cultured directly onto this material; simulta-
neously interacting with both the physical and chemical
characteristics of the polymer. However, due to the homoge-
neity of myotube widths of cells cultured in PLA, PET and
PC chemical leachate compared to their respective controls,
it may be plausible that the reduction in myotube width
documented in cells cultured directly onto the aforemen-

This journal is © The Royal Society of Chemistry 2017
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tioned polymers provides an indication of cellular interac-
tion with the physical/physico-chemical characteristics of
each polymer.

3.4. Myogenin mRNA expression

Myogenin AACr expression (Fig. 6A) was significantly up-
regulated after 72 h in GM (P < 0.0005) and 120 h in DM (P =
0.015) when cultured on PLA compared to CON, suggesting
early and potentiated activation of this gene. This response
was partially replicated when cells were cultured on ABS and
PC, with significant increases in myogenin documented after
72 h in GM (P = 0.046, P < 0.0005), however the early activa-
tion observed did not remain up-regulated after 120 h in DM
(P = 0.674, P = 0.354) compared to CON. Cells cultured on
PET displayed no difference in early myogenin expression af-
ter 72 h in GM (P = 0.233) or after 120 h in DM (P = 0.133).

No significant difference was observed in cells cultured in
PLA chemical constituents at either GM72 (P = 0.294) or
DM120 h (P = 0.563) compared to CON. Main effects for time
were documented in cells cultured in ABS (P < 0.0005), PET
(P < 0.0005) and PC (P < 0.0005) chemical leachate, however
no main effects for condition (P = 0.899, P = 0.186, P = 0.354)
or interaction were observed (P = 0.743, P = 0.076, P = 0.147)
outlining consistent increases in myogenin AACy expression
in both conditions between GM72 h and DM120 h time-
points (Fig. 6B).

3.5. Nuclear and myofibrillar alignment

Significant myofibrillar alignment was documented in cells
cultured on PLA (P < 0.0005), ABS (P = 0.006), PET (P =
0.001) and PC (P = 0.004) compared to CON after 120 h in
DM (Fig. 6C). Nuclear alignment was also documented in
cells cultured on PLA and PC with significant main effects
for time (P = 0.009, P = 0.008) and condition (P < 0.0005, P <
0.0005), however no significant interaction effects were ob-
served (P = 0.425, P = 0.469). C,C;, myoblast nuclei appeared
to exhibit enhanced alignment when cultured on both mate-
rials after 72 h in GM and 120 h in DM with the nuclei
displaying increasing alignment over time when cultured on
both PLA and PC, however this effect of time was not signifi-
cantly different between conditions on either polymer
(Fig. 6D). Enhanced alignment of nuclei cultured on ABS and
PET was also evident after both 72 h in GM (P = 0.004, P =
0.001) and 120 h in DM (P = 0.006, P = 0.002) when compared
to CON. As significant nucleic and myofibrillar alignment ap-
pears to be consistent across polymers, and is not observed
within in-direct morphological alignment analyses (data not
shown), it may be postulated that C,C;, cells are responding
to the topographical stimuli elicited as a consequence of the
extrusion based process of FDM.

4. Discussion

The capability to 3D print bespoke biologically receptive parts
within short time periods has driven the growing prevalence

Lab Chip, 2017, 17, 2982-2993 | 2987
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DM120 h time-points. (In-direct) C,C;, cultured in 3D-printed polymer chemical leachate and respective controls at GM72 h and DM120 h time-
points. Arrows are indicative of channel directionality. Scale bars = 100 um.

of AM technology within biological settings.”’>* This re- effective commercially available AM instrumentation. In addi-
search demonstrates the capability to specifically tailor de-  tion, there remains little compatibility data with regard to
sired biological phenotype within the printed microenviron-  cellular interaction with 3D printed polymers;*> a potentially
ment (Fig. 8A) via polymer selection, utilising time and cost  decisive factor of critical importance when creating platforms
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lent P < 0.05. Polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), polyethylene terephthalate (PET) and polycarbonate (PC).

for the examination of physiologically relevant cellular pro-
cesses. In this work, we used skeletal muscle cells in order to
ascertain critical evidence of cellular behaviour in response
to 3D printed polymers.

The biological interaction with the physical properties of
3D printed polymers is an important aspect when consider-
ing the architecture of scaffolds for implantation® or the crea-
tion of physiologically representative in vitro pharmaceutical
screening models;>” processes which are currently being
revolutionised by the design freedom of AM. As such, it is im-
perative that the cells utilised within these models display vi-
able cellular physiological phenotypes. Here we observed
polymer dependent viability of C,C;, cells when compared to
respective controls, with decreases documented in PLA, PET
and PC polymer conditions; however it is important to out-
line that surfaces associated with 3D printing, will often yield
lower viability when compared to the industrially optimised
equivalent of tissue culture plastic. Hence, despite the statis-
tical significant difference observed in PLA and PET, it would
be plausible to suggest cells cultured on PLA, PET and ABS
all maintained a viable metabolic phenotype within culture
(alamarBlue assay readings >2000 a.u).

We observed no difference in cell viability in PET and PC
leachate conditions, in addition to increases in viability com-
pared to control in PLA and ABS, further outlining polymer
chemical bio-inertness. It is likely that increases in PLA and
ABS were as a consequence of assay variability opposed to
each polymer chemically stimulating metabolic activity, as
this would have also been evident when cells were cultured

This journal is © The Royal Society of Chemistry 2017

simultaneously with both the chemical constituents and
physical parameters of each polymer in the direct condition.
Such chemical bio-inertness would also suggest that the sig-
nificant decrements observed in viability of cells cultured di-
rectly on 3D printed polymers, are indicative primarily of cel-
lular interaction with the physical/physico-chemical
characteristics of the polymer and not that of any potential
chemical leachate within the culture medium. This may hold
specific relevance within flow reactor applications of 3D
printing, where it is of paramount importance to understand
the effects of polymer chemical leachate on cellular behav-
iour, with many parts designed where polymer interaction is
often confined to perfused medium, such as live-cell imaging
systems.”

Differential myotube phenotypes were observed in cells
cultured on 3D printed polymers, with reductions in width
documented in PLA, PET and PC conditions (Fig. 5A). Homo-
geneous myotube numbers across conditions suggests that
differences in width observed were consequential of reduced
total protein accretion, as opposed to hyperplasic phenotype.
Such reductions demonstrate correlation with polymer chan-
nel width (Fig. 7A); elicited due to the extrusion process of
FDM, with tighter channels appearing to stimulate thinner
myotube formation. Myotubes cultured on PLA exhibited the
significantly thinnest phenotype within the tightest channel,
when compared to myotubes within the incrementally wider
channels of PC, ABS and PET (Fig. 7A). The aforementioned,
in addition to the homogeneous myotube widths observed in
chemical polymer leachate conditions, suggests a potential

Lab Chip, 2017, 17, 2982-2993 | 2989
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(A) Myogenin AACt mRNA expression of C,C;, cultured on 3D-printed polymers after GM72 h and DM120 h. (B) Myogenin AACt mRNA ex-

pression of C,Cy, cultured in chemical leachate of 3D-printed polymers after GM72 h and DM120 h. (C) Myotube and (D) nuclei orientation of
C,C;; cultured on 3D-printed polymers. Data presented as mean * SD from n = 3 experimental repeats in each condition. # main effect for condi-
tion P < 0.05, ¥ main effect for time P < 0.05, $ interaction P < 0.05, * one-way ANOVA/non-parametric equivalent P < 0.05. Polylactic acid
(PLA), acrylonitrile butadiene styrene (ABS), polyethylene terephthalate (PET) and polycarbonate (PC).

polymer dependent threshold at which 3D printed polymer
scaffolds may cease to modulate myotube morphology.

Myogenin expression at GM72 h appeared more sensitive
to varying polymer channel widths, with cells cultured within
channels of PLA displaying significantly up-regulated
myogenin expression when compared to PC, ABS and PET
conditions at this time-point (Fig. 7B). In addition, cells
within the second thinnest channel of PC also displayed sig-
nificantly up-regulated expression of this gene compared to
ABS and PET. Despite documented increases in myogenin ex-
pression in ABS compared to CON, no difference was ob-
served between this polymer and the comparable channel
width of PET at this time-point, outlining potential differen-
tial thresholds of where 3D printed polymer scaffolds cease
to modulate morphology (>236.44 + 18.04 um) and early
potentiated myogenin expression (>267.78 + 27.39 um), when
3D printing with PLA, PC, ABS and PET polymers.

In addition polymer dependent myotube widths and gene
expression, we observed significantly enhanced nuclear align-
ment after 72 h in GM, outlining consistent cellular align-
ment across polymers. Cells cultured on all 3D printed poly-
mers also displayed significantly enhanced nuclear and
myofibrillar alignment after 120 h in DM, however only cells
cultured within the tightest channels of PLA exhibited statis-

2990 | Lab Chip, 2017, 17, 2982-2993

tically significant potentiated myogenin expression at this
time-point. The aforementioned consistency in nuclear and
myofibrillar alignment would appear to indicate that C,C;,
cellular alignment is being stimulated by a consistent feature
across scaffolds, suggesting that C,C,, cells display no prefer-
ential channel diameter (Fig. 2), or physico-chemical polymer
features when morphological alignment is desired.

Main effects of time observed in ABS, PET and PC chemi-
cal leachate conditions demonstrated that although
myogenin expression increased between 72 h in GM and 120
h in DM, this was homogenous across conditions outlining
negligible polymer chemical leachate stimulatory effects. The
aforementioned response of myogenin expression to reducing
channel width, in combination with the consistent level of
nuclear alignment documented across polymers at GM72 h,
would suggest that early cellular confluence within channels
is driving augmented myogenin transcription as opposed to
enhanced cellular alignment, with thinner channels achiev-
ing confluence quicker, hence resulting in increased time for
the transcriptional up-regulation of this gene (Fig. 8A). This
would also suggest that reductions in myotube diameter doc-
umented in correlation with decreasing channel width, are
primarily due to reduced cell number within each channels
specific local environment. The aforementioned significant

This journal is © The Royal Society of Chemistry 2017
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PLA scaffold after 120 h in differentiation medium: 10x objective. Data presented as mean + SD from n = 3 experimental repeats in each condition.
* one-way ANOVA/non-parametric equivalent P < 0.05.
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up-regulation of myogenin in PLA at DM120 h also indicates
that such enhanced early transcriptional activity may remain
potentiated throughout myogenesis, eliciting greater peak ex-
pression of this gene (Fig. 8B), simultaneously resulting in
highly differentiated cultures of reducing myotube width
within decreasing channel diameters (Fig. 7E).

Although C,C;, cells have previously been shown to
exhibit enhanced morphological alignment in response to to-
pographical cues, often coinciding with the enhanced differ-
entiation of skeletal myoblasts,* within this research it is

This journal is © The Royal Society of Chemistry 2017

important to caveat the potential for polymer dependent
physico-chemical signals to have also influenced the various
aspects of observed cellular phenotypes. As such, future
investigations should be undertaken to ascertain whether a
within polymer linear relationship between a range of 3D
printed topographies and C,C;, cellular phenotype is evident,
and whether this response is replicated across polymers. A
variety of polymer manipulatory techniques®*** have been
utilised to fabricate topographies to enhance the biomimicry
of skeletal muscle cell cultures, however such procedures are
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designed with the primary intention of manipulating mor-
phological alignment, in addition to often being the product
of complex time-consuming soft/photolithographic processes.
Here we observed the aforementioned desired cellular physio-
logical benefits being elicited through simple time efficient
3D printing methods, outlining the potential not only to
achieve cellular alighment but also to modulate desired bio-
logical phenotype via polymer selection at the press of a but-
ton (Fig. 8A). When considered in combination with the asso-
ciated design freedom and ever advancing technology of 3D
printing, this may provide the opportunity to not only en-
hance the efficiency of creating biomimetic models, but also
to control the biological output within such scaffolds. This
approach would be of significant interest across a diverse
range of tissue engineering applications, pertinently in
models whereby controlled and reproducible cellular align-
ment is necessary to produce a more biomimetic output.

5. Conclusions

This investigation observed biocompatible polymers 3D
printed via FDM which exhibit morphological alignment and
early differentiation of C,C;, cells when cultured directly on
the 3D printed scaffold, providing rationale for use when re-
creating platforms for cellular physiological processes. The
consequential benefits of 3D printing biologically receptive
parts observed in this work, in addition to the design free-
dom to rapidly produce and reproduce design iterations, also
appears to hold the potential to modulate biological pheno-
type and enhance the biomimicry of skeletal muscle cells
in vitro, factors of essential importance when creating biologi-
cal scaffolds. Future research should focus on the capabilities
of simple extrusion based processes such as FDM; which now
encompasses the commercial availability to manipulate nozzle
diameter (250-800 pum), in addition to more complex AM tech-
niques in the context of controlling biological responses. This
should be explored while simultaneously generating a compre-
hensive knowledge base of compatibility data with regard to
candidate materials from varying 3D printing processes across
a diverse range of mammalian cell type populations.
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