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A B S T R A C T

Peripheral nerve tissue requires appropriate biochemical and physical cues to guide the regeneration process after
injury. Bioprinted peptide-conjugated sodium alginate (PCSA) scaffolds have the potential to provide physical and
biochemical cues simultaneously. Such scaffolds need characterisation in terms of printability, mechanical sta-
bility, and biological performance to refine and improve application in nerve tissue regeneration. In this study, it
was hypothesized that 3D scaffold printed with low concentrated multiple PCSA precursor would be supportive
for axon outgrowth. Therefore, a 2% (w/v) alginate precursor was conjugated with either arginine-glycine-
aspartate (RGD) or tyrosine-isoleucine-glycine-serine-arginine (YIGSR) peptides, or a mixture of RGD and
YIGSR (1:2) and was bioprinted in this study. The printability of the composite PCSA scaffolds was tested in three
different concentrations of crosslinker (i.e. 50, 100, and 150mM of CaCl2), and was evaluated by measuring
strand width, pore geometry, and angle-formation accuracy. Swelling, degradation, and compression experiments
were conducted over a 3 week period to evaluate the mechanical stability of the composite PCSA scaffolds.
Scanning electron microscopic (SEM) images were taken to study the surface morphology of the degraded scaf-
folds. Biological performance was assessed both for single and composite PCSA scaffolds by quantifying the
viability and morphology of seeded or incorporated Schwann cells (SCs), amount of secreted brain derived
neurotrophic factor (BDNF) by incorporated SCs, and directional neurite outgrowth of neuron cells in a 2D cul-
ture. Experimental results suggest that 30 kPa extrusion pressure and 18mm/s needle speed are suitable to
fabricate composite PCSA scaffolds with reasonable strand or pore printability (~0.95–1.0), and 50mM CaCl2
facilitated better strand and pore printability than the two other concentrations. Captured SEM images demon-
strate that all the composite PCSA scaffolds preserved the initial biofabricated porous structure over 3 weeks, but
they lost ~70% of the initial elastic modulus. In terms of biological performance, composite PCSA scaffolds
facilitated better viability and morphology of SCs, as well as supported superior directional neurite outgrowth
compared to that of a single PCSA scaffold.
1. Introduction

Peripheral nervous system (PNS) injuries lead to painful neuropathies,
poor sensational responses, as well as reduced function in muscles and
organs. Significant progress in tissue engineering [1–5], research over the
past decades has opened up the vast possibility to regenerate nerve tissue
across a critical gap (>2mm) with biofabricated scaffolds [1,6–8]. In
biofabrication, hydrogels, particularly sodium alginate (SA), has
frequently been studied and considered as a suitable biopolymer for
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biocompatibility due in part to being hydrophilic [2,9–12]. However, SA
lacks cell binding motifs in its molecular structure and has poor mechan-
ical strength [13].

A number of studies investigated the printability of SA or SA com-
posites, as well as the mechanical property (i.e. swelling, degradation,
elastic modulus, etc.) of SA scaffolds incubated in DMEM or physiologic
buffer over specific time points [14–16]. Several studies have used single
PCSA (i.e. RGD, YIGSR, etc.) hydrogels to investigate its biological per-
formance in tissue regeneration [17–19]. However, studies focusing on
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the printability of composite PCSA precursors in ionic crosslinkers and
the mechanical stability of composite PCSA scaffolds remains unexplored
thus far. Preparation of composite PCSA is a multistage chemical process,
and there is a possibility that the chemical treatment might alter the
molecular structure, orientation, and physical properties of SA. Since
these properties affect the mechanical stability, viscosity, and printability
of hydrogels, a systematic study is required to characterize the composite
PCSA precursor for their possible application in nerve tissue
regeneration.

Since SCs play a significant role in axon regeneration by upregulating
numerous biochemical signals and forming ‘band of Büngner’, the effect
of single or composite PCSA scaffolds on the biological activity of SCs
needs to be evaluated. Although some studies have investigated the effect
of a single PCSA hydrogel on the biological function of SCs [20], the
comparative studies between a single and composite PCSA scaffolds
affecting the biological activities (e.g. 3D viability, morphology, cell
processes length, and growth factor secretion) of SCs remains unstudied
till now. But this type of study is required to understand the effectiveness
of the conjugation of multiple peptides on the molecular chain of SA for
nerve tissue regeneration.

Stimulated neuron cells are more representative of in vivo dorsal root
ganglion neurons after nerve injury compared to unstimulated neuron
cells. Two-dimensional culture of stimulated neurons on PCSA strands
closely simulate the in vivo neurite outgrowth through the developing
growth cone. Although a number of studies have investigated neurite
growth on a patterned substrate [21,22], the study of stimulated neuron
cell culture on a single or composite PCSA strands remains unexplored.
Since nerve regeneration requires directional outgrowth of neurites, the
effect of PCSA pattern on the directional growth of neurites needs to be
assessed.

In this study, the printability of composite peptide (i.e. RGD and
YIGSR) conjugated 2% SA precursor in three different concentrations of
CaCl2, 50, 100, and 150mM, were evaluated by comparing the bio-
printed strand width, pore shape, and angular structure with theoretical
or computer-aided design (CAD) data. Mechanical stability, particularly
swelling, degradation, and elastic modulus were measured by incubating
the composite PCSA scaffolds in physiologic buffer (10mM PBS) over 3
weeks. To investigate morphological changes, the degraded scaffolds
were assessed by capturing SEM images. The 2D morphology of primary
rat SCs (RPSCs) on RGD, YIGSR, and composite peptide-conjugated 2%
SA hydrogel was studied over a 3-day culture period. The viability and
morphology of RPSCs incorporated into PCSA strands were studied over
a 7-day culture period. The amount of released BDNF by incorporated
RPSCs in the PCSA strands over a 3-day culture period was measured
using ELISA kits. To harvest stimulated neuron cells, the sciatic nerve was
transected two days prior to sacrifice, and the harvested neuron cells
were cultured for 7 days on the PCSA strands to assess the directional
neurite outgrowth.

2. Materials and methods

2.1. Materials

Medium-viscosity sodium alginate, MES buffer, N-hydrox-
ysuccinimide (NHS), N-(3-dimethylaminopropyl)-N0-ethylcarbodiimide
hydrochloride (EDC), calcium chloride (CaCl2), polyethyleneimine (PEI),
Tween 20, Hoechst 33342, mouse β-III tubulin and bovine serum albumin
(BSA) were purchased from Sigma-Aldrich, ON, Canada. The GIBCO Life
Technologies (Burlington, ON, Canada) was the supplier of calcium-free
and standard DMEM media. For the immuno cytochemistry experiment,
rabbit anti-S100 was purchased from Abcam (Eugene, OR, USA), whereas
AF 488 anti-mouse IgG, 40, 6-diamidino-2-phenylindole (DAPI), and AF
555 anti-rabbit IgG antibodies were procured from Thermo Fisher Sci-
entific, MA, USA. In addition, calcein-AM (1 μg/ml), propidium iodide
(10 μg/ml), RGD (GGGGRGDS), and YIGSR peptides were purchased
from Anaspec (Freemont, CA, USA).
2

2.2. Alginate modification

In this study, single (YIGSR or RGD) and dual peptides were linked to
sodium alginate molecule using covalent chemistry reported elsewhere
[23]. For single peptide conjugate reactions, 1mg RGD or YIGSR was
added to per gram alginate, while for composite peptide conjugate re-
actions RGD and YIGSR was added to alginate maintaining 1:2M ratio.
The RGD peptide was reported to affect the adhesion and proliferation of
PC12 cells, while the YIGSR peptide was found to regulate neuronal
differentiation at an elevated density [24]. Therefore, in this study RGD
and YIGSR peptide sequences have been covalently linked with alginate
hydrogel maintaining a 1:2M ratio to enhance the adhesion of neuron
cells and axon outgrowth. Initially, an alginate solution (1% w/v) was
sterilized using 0.2 μm filter (Thermo Scientific Nalgene), and
freeze-dried for 48 h. The freeze-dried alginate was dissolved in water
containing 0.1M MES buffer and 0.3M NaCl. The pH of the solution was
maintained at 6.5 for optimal reaction kinetics for binding peptides to
alginate molecules. Sulfo-NHS, a stabilizer for covalent reactions, was
added in the solution, maintaining a ratio of 1:2 to EDC. A magnetic
stirrer was used to mix the sulfo-NHS with the alginate solution for
20min. EDC was added next to activate 40% of the available uronic acid
residues on the alginate molecules in the solution (300mg EDC/g algi-
nate), and stirred for 10min. After sufficient mixing, the peptides were
added to the solution, and the covalent reaction was allowed to proceed
for 48 h at 20 �C under mild stirring. To purify the reaction mixture
by-products, salt, buffer, and any unwanted molecules, the experimental
solution was dialyzed with Spectra/Por dialysis tubing (MWCO
12-14000). Since precipitation technique using chemicals might affect
the PCSA precursors, the dialysis method has been used in this study to
get rid of tiny unwanted molecules. In the dialysis process, 40 L of
deionized water was used to increase the purity of peptide-alginate
conjugate over a period of 5 days. The final step was to freeze dry the
dialyzed solution, and resolubilize the modified alginate as required.

2.3. Preparation of rat primary Schwann cells (RPSCs)

To harvest RPSCs, the sciatic nerve was isolated from Sprague-Dawley
rats, the epineurium was dissected off, and the denuded nerve was cut
into small segments. All the surgical procedures of rodents were con-
ducted as per the approval of the University Committee on Animal Care
and Supply (University of Saskatchewan). The segments were digested in
collagenase (1 μg/ml) at 37 �C for 1 h, then the digested solution was
filtered to remove the ECM debris. To stimulate Schwann cell prolifera-
tion and inhibit fibroblast growth, the filtered cells were cultured in
Dulbecco's Modified Eagle Medium (Saint Louis, MO, USA) containing D-
valine, 10% fetal bovine serum, forskolin, and bovine pituitary extract
added N-2 supplement [25]. Immunofluorescence assays with S-100 and
DAPI were used to evaluate the purity of the collected cells (i.e. RPSC) in
culture. The cultures were incubated in a tissue culture dish (Thermo
Fisher Scientific, Rochester, NY, USA) at 37 �C in a 5% CO2-enriched
humidified incubator to achieve 100% confluency.

After reaching 100% confluency, RPSCs were detached from the tis-
sue culture plate using 1ml 0.25% Trypsin/EDTA (Invitrogen) and sus-
pended in 10ml DMEM supplemented with 10% fetal bovine serum. To
prepare sufficient density, the cell suspensions were transferred to 50ml
centrifuge tubes (Falcon®, Mexico) and centrifuged for 5min at 108 g
while maintaining 4 �C. The cell pellet was resuspended in 250 μl DMEM,
and the cell concentration was determined using a haemocytometer. The
cell density was adjusted by adding an appropriate amount of DMEM to
achieve the desired density for 2D and 3D culture. For 2D and 3D RPSC
culture, cell density was maintained as 2.5� 104 cells/cm2 and
2� 105 cells/ml hydrogel, respectively.

2.4. Bio-fabrication of scaffold

A pneumatic 3D Bioplotter (EnvisionTEC, Germany) was used in this
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study to print 2D pattern as per a predefined design. CAD software was
used to develop a cuboid shape (10mm� 10mm x 5mm) with 1mm
interstrand distance. To study Schwann cell viability in the bio-printed
strand, double-layered grid patterns were fabricated by alternating
perpendicular layers. The pattern was printed on a 12-well tissue culture
using a 200 μm tapered needle. The needle speed and dispensing pressure
were maintained as 18mm/s and 0.3 bar, respectively, in printing algi-
nate (2% w/v) strands. Calcium-free DMEM solution was used to prepare
a 2% (w/v) solution of pure alginate or peptide conjugate alginate. To
prepare alginate/cell mixture, RPSCs were trypsinized upon 100% con-
fluency, and then thoroughly mixed with alginate (2% w/v) solution
keeping cell density as 2� 105 cells/ml. To study neurite extension from
neuron cells, single layered patterns were bioprinted in each well of a 12
well tissue culture plate.

Alginate doesn't attach to bare tissue culture plates. To enhance the
adhesion property, 1 ml PEI (0.1% w/v) was added in each well of a 12
well plate and incubated overnight at 37 �C with 5% CO2. Before print-
ing, the PEI solution was aspirated from the well, and three successive
wash was conducted with 10mM PBS. Then, 1ml CaCl2 (50mM) solu-
tion was dispensed in each well to serve as a crosslinker. The 2D pattern
was printed into the CaCl2 solution where the Ca2þ rapidly crosslink the
hydrogel precursor. The printed cell/alginate mixture was kept in the
crosslinker solution for 2min to promote uniform crosslinking. Following
crosslinking, the CaCl2 solution was aspirated from the well, and the
pattern was washed with 10 mM PBS. One milliliter of cell culture media
(90% DMEM þ 10% FBS) was added to each well of the tissue culture
plate, which was then placed in an incubator.

2.5. Assessment of printability

To evaluate 2D and 3D printability, peptide-modified alginate scaf-
folds were printed maintaining various extrusion pressure (i.e. 20, 30,
and 40 kPa) and linear needle speed (i.e. 6, 8, 10, 12, 14, 16, 18, 20, 22,
24, and 26mm/s). The concentration of hydrogel precursor was kept as
2% (w/v), while the concentration of CaCl2 solution was varied between
50 and 150mM. Printability of composite PCSA strands was evaluated in
terms of strand diameter, interstrand distance, pore geometry, and
Fig. 1. Schematic of a printed pattern in an ionic crosslinker indicating s
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interstrand angle (Fig. 1). These parameters were compared with ex-
pected or CAD-generated geometry. The expected strand diameter as per
[26]:

Ds ¼
ffiffiffiffiffiffiffiffi
4Qt

πVn

r
(1)

where Ds, Vn, and Qt represent strand diameter, linear needle speed, and
volumetric flow rate of hydrogel precursor, respectively. Similarly,
printability of a square pore was calculated as per [27]:

Pr ¼ P2

16A
(2)

where Pr, P, and A represent the pore printability, perimeter of a pore,
and area enclosed inside a pore, respectively. To measure the printability
of alginate strands in an angular fashion, strands were printed at inter-
strand angles of 27�, 45�, and 60� that were assigned in the CAD pro-
gram. The printability of strand width, interstrand gap, and angular
geometry were measured as follows:

PD ¼ DT � DE

DT
x 100% (3)

where PD, DT, and DE represent dimension printability, theoretical
dimension, and experimentally obtained dimension, respectively. A
fluorescent microscope (Carl Zeiss Axiovert 100) was used to capture the
images of printed strands from a random spot and the best representative
images were selected for demonstration and calculation purpose. All the
dimensions were precisely measured using ImageJ software (National
Institutes of Health, Bethesda, Maryland, U.S.A.) and at least three rep-
licates were maintained for each experiment for statistical significance.
2.6. Swelling, degradation and compression test

To assess the swelling characteristics of composite PCSA scaffold,
10mMphosphate buffered saline (PBS) was used in this study. PBS buffer
was used to evaluate the influence of Naþ ions on the degradation of
trand diameter, perimeter of a pore, and area enclosed inside a pore.
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composite PCSA scaffolds. However, in the future study, simulated body
fluid (SBF) is recommended to evaluate the effect of multiple ions on the
degradation of PCSA scaffolds. Briefly, after 3D printing, the scaffolds
were immersed in 2ml PBS and incubated in CO2 at 37 �C for pre-
determined time intervals. In particular, swelling was measured at 1, 2, 3,
24, 48, 168, and 336 h after removing the free buffer from the scaffold
pores by blotting with Kimwipes™ using the formula;

SI ¼ Mt � M0

M0
x 100 (4)

where SI,Mt, andM0 represent swelling index, wet weight of scaffolds at
time intervals (t), and initial wet weight of scaffolds, respectively. To
obtain the initial weight, the scaffolds were taken out from crosslinker
immediately after fabrication, blotted with Kimwipes™, and weighed on
a scale. For each time point, swelling data was collected for three
replicates.

Scaffold degradationwas measured by incubating them in 10mMPBS
solution for particular time points. All the scaffolds were freeze-dried for
2 days and then weighed to obtain initial mass. The freeze-dried scaffolds
were immersed into 2ml PBS and incubated at 37 �C in 5% CO2 for 3, 7,
14, and 21 days. At the scheduled time point, the scaffolds were
collected, further freeze dried and weighted to obtain the final weights.
The scaffold degradation in terms of percentage mass loss was calculated
using:

ML ¼ M0 � Mt

M0
x 100 (5)

where ML, M0, and Mt represent percentage (%w/w) mass loss, initial
freeze-dried mass and freeze-dried mass at specific time points (t),
respectively. To evaluate statistical significance, degradation data was
collected for three replicates.

To assess the elastic modulus of 3D printed scaffolds incubated in
physiological buffer (i.e. PBS) for a different time period, compressive
force was applied to the scaffolds using a texture analyzer machine
(Texture Technologies, MA, U.S.A.). Briefly, after 3D fabrication, the
scaffolds were immersed into 2ml PBS and incubated at 37 �C in 5% CO2
for a period of 7, 14, and 21 days. The scaffolds were taken out of the 12-
well tissue culture plate at scheduled time intervals, excess buffer solu-
tion was blotted with Kimwipes™, and the scaffolds positioned between
the probes of texture analyzer machine to measure the elastic modulus.
The scaffolds were compressed up to 20% of their original thickness
while maintaining a uniform probe speed of 0.01mm/s. For each time
interval, compression testing was conducted on three replicates to eval-
uate the statistical significance. The data obtained from texture analyzer
machine was compressive force versus deformation, and dividing them
by area and height result in applied stress versus strain. To obtain the
area and height, the images of the associated scaffolds were captured,
and processed with ImageJ software. The slope of stress versus strain
curve up to yield point was considered as Young's modulus.

2.7. Scanning electron microscopy (SEM)

To assess the surface morphology of scaffolds at different time points
(i.e. day 0, 14, and 21), scanning electron microscopic images were
captured using a SEM machine (Hitachi SU8000, Japan). Briefly, the
scaffolds were collected at different time intervals and freeze-dried for 2
days, then positioned on carbon tape attached SEM stubs, and coated
with 10 nm gold layer (Q150T, Quorum Technologies, U.K.). Microscopic
images were captured from arbitrary sites on the scaffolds at 5 kV ma-
chine voltage and the most representative images of the surface
morphology are shown in this study for qualitative analysis.

2.8. Preparation of 2D surface and RPSC culture

The 2D alginate surface was prepared on round glass coverslips. To
4

prepare the coverslips, 1 ml PEI (0.1% w/v) was used to coat the 2D
surface overnight at 37 �C in an incubator. The PEI was aspirated, and
slides were washed with 10mM PBS buffer. 100 μl (2% w/v) of RGD,
YIGSR, and RGD/YIGSR-conjugated 2% alginate, and 2% pure alginate
precursor were dispensed on the cover glass. The hydrogel precursor was
crosslinked with 50mM CaCl2 for 1 h to obtain a flat 2D surface. To
prepare a positive control, 1 ml PLL solution was dispensed into each well
of a 12-well plate and kept in an incubator (37 �C) overnight to ensure
coating. Prior to cell culture, PLL was aspirated from the well, and 10mM
PBS buffer was used to wash the well properly. RPSCs were seeded on the
top of 2D surface and cultured for 3 days at 37 �C in a 5% CO2 enriched
humidified incubator.

2.9. Cell viability study

The viability of Schwann cells incorporated in the bioplotted strand
was assessed using a live and dead cell staining assay at day 0, 3, and 7.
Since the harvested neuron cells were cultured for 7 days period in this
study, the viability and morphology of RPSCs were also investigated for 7
days to maintain the consistency with the neuron cell culture. On the
scheduled period, culture media (90% DMEMþ10% FBS) was aspirated
from 12-well plate, and the culture plate was washed two times with
10 mM PBS. Then, 1 ml fresh culture media containing 2 μl of propidium
iodide (5 μg/ml) and calcein-AM (1 μg/ml) were added in each well of
the culture dish. The culture was incubated for 2 h at 37 �C with 5% CO2.
Prior to imaging, culture media was aspirated, and each well was washed
thoroughly with 10mM PBS three times to get rid of the free staining
agent. Using a fluorescent microscope (Axiovert 100, Zeiss), multiple
images were taken at different depths at selected spots in the bioplotted
strands. The best representative spot of the 3D culture in the strands was
chosen to evaluate the cell viability. ImageJ (National Institutes of
Health, MD, USA) software was used in stacking the multiple images and
measuring total dead and live cell population. The cell viability was
calculated using the equation:

V ð%Þ ¼ CL

CL þ CD
x 100 (6)

where CL, CD, and V represent the live cells, dead cells, and cell viability,
respectively.

2.10. BDNF-release assessment

Assaying of the release of brain-derived neurotrophic factor (BDNF)
conducted in this study with ELISA kit (BDNF Emax® ImmunoAssay
Systems - Promega Corporation, USA). A 96-well ELISA plate was coated
with anti-BDNF mAb in carbonate buffer overnight at 4 �C. The coating
solution was flicked out, and the wells were washed with TBST wash
buffer. To block the nonspecific binding sites on the well, blocking buffer
was added in each well and incubated 1 h at room temperature.
Following well blocking, the blocking solution was flicked out properly
and TBST buffer was used to wash the wells. To prepare a standard curve,
two rows of wells were used. Diluted BDNF standard (500 pg/ml) was
added to the first well of each row and 1:2 serial dilutions were con-
ducted down to the last well of each row. To prepare test samples, printed
strands of Schwann cells (2� 105 cells/ml) incorporated into various
alginate-peptide combination hydrogels were cultured for 3 days. For a
particular sample, the scaffold was fabricated dispensing 100 μl PRSC/
biopolymer mixture using a 3D bioplotter. At least 3 scaffolds were
printed in a 12-well tissue culture plate for a specific sample. For positive
control (i.e. PLL-coated plate), 2� 104 PRSCs were seeded and conducted
2D culture for 3 days. Since BDNF demonstrates a short half-life, a long
period of RPSCs culture might not significantly enhance the amount of
released BDNF in the hydrogel. Accordingly, in this study a 3 days culture
period of RPSCs was chosen instead of 7 days [28]. From each culture,
100 μl of supernatant was collected and added in the nonspecific sites
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blocked wells of ELISA plate. BDNF-standard- and test-sample-loaded
wells were incubated in a shaker at room temperature for 2 h. After 5
successive washes, diluted Anti-Human BDNF pAb in block buffer was
added in each well and the ELISA plate was incubated in a shaker at room
temperature for 2 h. The wells were vacated through flicking out the
added solution followed by 5 consecutive washes. Then diluted Anti-IgY
HRP in block buffer was added in each well and the ELISA plate was
incubated in a shaker at room temperature for 1 h. Finally, after flicking
out the solution and sequential washing of the wells, 100 μl TMB one
solution was added to each well. The ELISA plate was incubated at room
temperature in a shaker for 10min, then the reaction was terminated by
adding 100 μl 1 N hydrochloric acid to each well. The absorbance of
yellow color by the solution in each well was measured with a plate
reader at 450 nm wavelength.

2.11. Dorsal root ganglion (DRG) harvest, culture, and
immunocytochemistry

To stimulate the growth of the DRG neurons, the left sciatic nerves of
the rats were lesioned two days prior to sacrifice (Fig. 2). Fifteen male
Sprague-Dawley rats (weight 250–300 g) were randomly distributed into
3 groups (n¼ 5), and all received the following procedure. To prepare for
the surgical procedure, 1.5–2% isoflurane was used to anesthetize the
rats, and the flow rate of isoflurane and oxygen was maintained as
0.8–1 L/min. During the procedure, a skin incision was made along the
femoral axis, then blunt dissection of the underlying muscles was con-
ducted to reach the sciatic nerve, and then the nerve was transected. At
the end of the procedure, 4-0 silk was used to close the incision in the
skin. All the surgical procedures were conducted under sterile conditions.
The animals were given analgesic buprenorphine injections (0.05mg/kg)
every 8 h for 2 days postoperatively. Two days after the surgery, all the
animals in the groups were sacrificed.

The dorsal root ganglia of the sciatic nerve plexus (L4-L6) were
excised from the rats, collected in L15 media, and spun at 108 g for 5min
to collect the DRG pellets. To dissociate the neurons in the DRGs, the
pellets were incubated with collagenase (1 μg/ml) for 1 h at 37 �C, trit-
urated using a series of serum-coated Pasteur pipettes having large to
narrow openings, and further treated with trypsin (0.75 μg/ml) for an
extra 30min. Then cold horse serum was added to quench trypsin ac-
tivity, a 100 μm cell strainer was used to filter the ECM debris, and 15%
Fig. 2. Sciatic nerve transection to stimulate DRG neurons; (a) sciatic nerve trans
associated DRGs.
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bovine serumwas added to form a layered cell suspension. After spinning
the suspension at 121 g for 20min, the supernatant was aspirated to
isolate the neuron cell pellet, and DMEM was added to resuspend the
neuron cell population. Finally, 1000 neuron cells were seeded on each
single-layered alginate-peptide scaffold incorporated with SCs and
cultured for 7 days in DMEM with 10% horse serum. PLL-coated wells
seeded with neuron cells at the same density were used as a positive
control. In particular, the co-culture of neuron cells and RPSCs was
conducted incorporating RPSCs inside the 3D bioprinted strands and
seeding neuron cells on the top of the strands.

To conduct immunocytochemistry, after 7 days, the media was aspi-
rated from tissue culture well, and the cultures were thrice thoroughly
washed with 10mM TBS. Cold methanol (�20 �C) was used to fix the
cultures for 2 h. After fixation, methanol was aspirated and the cultures
were rinsed properly with TBS. Then the cultures were treated with
blocking solution (10mM TBS, 0.5% bovine serum albumin, 2% horse
serum, 0.05% Tween 20) for 2 h at room temperature to prevent back-
ground staining. Primary antibody rabbit anti-S-100 and mouse anti-βIII
tubulin (1:1000; Sigma Aldrich) was added to the blocking solution to
bind with specific proteins expressed by Schwann cells and axons,
respectively, and incubated for 2 h at room temperature. To remove any
remaining free antibodies, the cultures were thoroughly rinsed five times
by immersing the scaffolds in TBS for 10min each time. Blocking solution
containing two secondary antibodies and DAPI (1 μM) was added next
and incubated for 2 h at room temperature to fluorescently stain the
Schwann cells, axons, and nuclei, respectively; specifically, Alexa Fluor
488 goat anti-mouse and Alexa Fluor 555 goat anti-rabbit immuno-
globulin (1:500; Thermo Fisher Scientific) were used as secondary anti-
bodies. Then the samples were washed thoroughly five times with TBS
and mounted on glass slides using ProLong Gold antifade mountant
(Thermo Fisher Scientific). Confocal laser scanning microscopy (Leica
SP5, Germany) was used to capture 2D images layer-by-layer. Ori-
entationJ and NeuronJ were used to assess the orientation and length of
neurites on the patterned scaffold.

To study Schwann cell processes in a 3D scaffold, a similar protocol
was followed to conduct the immunocytochemistry, where mouse anti-S-
100 and Alexa Fluor 488 goat anti-mouse were used as primary and
secondary antibody, respectively. A fluorescence microscope (Axio
Imager M1, Zeiss) was used to capture 2D images. For a particular
location, 2D images were captured successively at a different height.
ection of a Sprague-Dawley rat, (b) schematic of transected sciatic nerve and



Fig. 3. Two-dimensional printability of RGD/YIGSR-alginate conjugate precursor: (a–c) microscopic images of alginate strands bioprinted using various pressures, (d)
printable and non-printable structures at 30 kPa extrusion pressure and different needle speeds, (e) plot representing the range of printable and non-printable pressures
at the elevated needle speeds, (f, i, and l) strand printability between intersections at extrusion pressures 20, 30, and 40 kPa with respect to various needle translation
speeds, (g, j, and m) strand printability at intersections at extrusion pressures 20, 30, and 40 kPa with respect to various needle translation speeds, and (h, k, and n)
pore printability at extrusion pressures 20, 30, and 40 kPa with respect to various needle translation speeds.

M.D. Sarker et al. Bioprinting 14 (2019) e00045
Three-dimensional images were built by stacking multiple 2D images
with ImageJ software. For each experiment, images were captured from
random locations, and the best representative images were shown in this
study.
6

2.12. Statistical significance

To measure statistical significance between two sets of data, Student's
t-test was conducted with Graph Pad Prism 5.0a software (GraphPad
Software, San Diego, CA, USA). A cut-off of p< 0.05 was used to
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determine statistical significance. Experimental results were presented as
the mean and standard deviation (SD) of the calculated data.

3. Results

3.1. Printability of double layered pattern

Experimental results suggest that extrusion pressure and needle
translation speed regulate the strand width and printability of hydrogel
precursors in ionic crosslinkers. For a particular extrusion pressure, the
strand width decreases with the increase of needle translation speed
(Fig. 3(a–c)). At a particular extrusion pressure, biofabrication seems to
be possible for a range of linear needle translation speed. Below or above
the limit, excess accumulation or inadequate build-up of biopolymer on
the printing surface result in fabrication complexities (Fig. 3(d and e)).

The effect of extrusion pressure and needle translation speed on
strands printability in terms of the overall structure and strand width
have been presented in Fig. 3(f-n). In this study, printed strands
demonstrated nonuniformity in width along the direction of fabrication.
Two-dimensional scaffold printability was measured by comparing
strand width at the intersections, strand width between intersections, as
well as the pore shape to the theoretical values. As the dimensions of
bioprinted scaffolds approach the theoretical value, the printability value
becomes 1. Since the experimental value always differs from the theo-
retical one, in this study the acceptable value of printability has been
considered as 1� 0.1.

In this study, keeping the concentration of CaCl2 constant (i.e.
50mM), three different extrusion pressures (i.e. 20, 30, and 40 kPa) were
applied to print 3D patterns of 2% (w/v) composite PCSA precursor using
a 200 μm needle. A minimum dispensing pressure of 20 kPa was chosen
to avoid fabrication problems in the 3D scaffolds. At an extrusion pres-
sure of 20 kPa, the strand printability at the intersection was measured
as ~ (0.90–0.95) for needle translation speeds of 6 and 10mm/s,
while ~ (0.8–0.9) printability was noticed for 8, 12, and 14mm/s needle
translation speeds (Table 1). However, the strand printability between
the intersections was inferior ~ (0.7–0.85) for all speeds compared to
those at the intersections. In contrast, the pore shape printability was
superior ~ (0.95–1) to both the strand width measured at the in-
tersections and between intersections. At this pressure, scaffold fabrica-
tion seemed possible for needle translation speeds between 6 and
14mm/s.

At an elevated extrusion pressure (i.e. 30 kPa), reasonable strand
printability ~ (0.9–1.1) was identified at the intersections and between
intersections for 18 and 20mm/s needle translation speeds, respectively,
Table 1
Strand width printability with various extrusion pressures and needle
printability ranging from 0.9 to 1.1).
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with 18mm/s seeming to be ideal for all values. The scaffold pores were
close to a perfect square and showed a reasonable printability
value~ (0.95–1.05) for 14–18mm/s needle translation speed. However,
30 kPa pressure allowed biofabrication only for 12–20mm/s linear
needle translation speed. Further increasing the extrusion pressure to
40 kPa constricted the range of needle translation speed to 22–26mm/s,
for which 3D scaffold fabrication is possible. At this pressure, strand
printability at the intersections and between intersections was calculated
as ~ (0.8–1.2) and (0.9–1.35), respectively. In particular, strand print-
ability becomes unpredictable at elevated needle translation speeds. The
pores generated at these faster speeds demonstrated unsatisfactory
printability (~0.8–0.9).

Strand and pore printability at different extrusion pressures and
needle translation speeds that fall in the range of reasonable printability
(0.9–1.1) have been highlighted in the results listed in Table 1. For
extrusion at 20 kPa, the strand width and pore shape were found to be
under printed (i.e. <1) at all needle translation speeds calculated using
formula (1). In contrast, at pressures of 30 and 40 kPa, the strand widths
and pore shape were found either under or over printed (i.e.<1 or>1) at
different needle translation speeds (Table 1). These results suggest that
both needle translation speed and extrusion pressure affect the dimen-
sion of bioprinted strands. However, 40 kPa resulted in non-uniform
strands that led to poor printability (Fig. 3(l–n)). Table 1 suggests that
only extrusion pressure at 30 kPa and needle translation speed of 18mm/
s ensure outstanding strand and pore shape printability. Therefore, the
pressure and needle translation speed are recommended to fabricate the
composite PCSA scaffolds with 200 μm needle in the 50 mM CaCl2
solution.

3.2. Printability of angular pattern

Biofabrication of complex structure or organ often requires extrusion
of the hydrogel precursor in an angular fashion [14]. Therefore, in this
study, angle printability of composite PCSA precursor was evaluated with
respect to CAD data using formula (3). Since extrusion pressure at 30 kPa
and needle translation speed at 18mm/s resulted in superior strand
printability, strands were printed using this pressure and speed in the
50mM CaCl2 solution. Under these conditions, no overlap or accumu-
lation was noticed at the intersections (Fig. 4(a–d)). The angle print-
ability was measured as 1.073� 0.12, 1.03� 0.03, 1.047� 0.06, and
1� 0.02 for 27�, 45�, 60�, and 90� angles that were assigned in the CAD
parameters, respectively. Compared to strands at right angles, strands
extruded at acute angles showed more deviation from the CAD param-
eters (Fig. 4(e)). However, all the angles printed with the alginate
translation speeds (highlighted data in red represents reasonable



Fig. 4. Printability of RGD/YIGSR-alginate conjugate strands with respect to angular geometry and varying concentration of CaCl2; CAD angle (a) 27�, (b) 45�, and (c)
60�; (d) macroscopic image of extruded strands bioprinted at 45� CAD angle; (e) plot of angel printability with respect to CAD angle; macroscopic images of composite
PCSA strands extruded into 50mM CaCl2 at (f) 6 mm/s and (g) 8mm/s needle speed, 100mM CaCl2 at (h) 6mm/s and (i) 8mm/s needle speed, and 150mM CaCl2 at
(j) 6 mm/s and (k) 8 mm/s needle speed; plot of (l) strand printability into 50, 100 and 150mM CaCl2 at various needle speed and (m) pore printability into 50, 100
and 150mM CaCl2 at various needle speed.
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solution demonstrated reasonable printability (~1� 0.1).

3.3. Printability into ionic crosslinker

Although 30 kPa extrusion pressure and 18mm/s needle translation
speed have been identified as the ideal parameters for printing 3D
pattern in the 50mM CaCl2 solution, printing the pattern in an elevated
concentration of CaCl2 solution requires further adjustments of the
extrusion pressure and needle translation speed. It has been observed
that 2% (w/v) composite PCSA precursor is printable in 50, 100, and
150mM CaCl2 solution only at 20 kPa extrusion pressure and 6–12mm/s
needle translation speed. Accordingly, to assess the strand and pore
printability of the composite PCSA precursor in the three different con-
centration of CaCl2 solution, 20 kPa extrusion pressure and 6, 8, 10, and
12mm/s needle translation speeds were used as the printing parameter
for strand fabrication.

In this section, the printability of composite PCSA precursor extruded
into three different concentration of CaCl2 (50, 100, and 150mM) was
evaluated by measuring pore shape and strand width and using formulas
(1) and (2). Experimental results show that both the concentration of
CaCl2 and the needle translation speed affect the pore geometry and
strand width in the biofabrication process for a given extrusion pressure
(Fig. 4(l, m)). In particular, strand widths were seen to reduce as a result
of an increase in the needle translation speed and changes in CaCl2
concentration (Fig. 4(f–k)).

When the alginate solution was extruded into 50mM CaCl2, it
demonstrated reasonable strand printability (~0.9–0.95) compared to
both 100 and 150mM CaCl2. Bioprinting the alginate precursor into
100mM CaCl2 with a needle translation speed below 6mm/s might
enhance the strand printability. However, biofabrication of large tissue
constructs at lower speeds is time-consuming, and thus the viability of
the incorporated cell population might be significantly compromised due
to a prolonged time with no growth media. Biofabrication of alginate
precursor in a 150mM CaCl2 solution seemed possible for only 6 and
8mm/s needle translation speed. Below this limit, the extruded alginate
solution was found to gel around the needle before settling down on the
printing plate due to the rapid crosslinking property of the CaCl2
solution.

The concentration of the CaCl2 solution also affects the pore shape of
the double-layered alginate scaffolds. CaCl2 at different concentrations
influences the dimensional uniformity of the extruded strands and thus
affect the pore geometry. Of the three concentrations of ionic cross-
linkers, 50mM CaCl2 facilitated the best printability ~ (0.95–1) of
porous structures.

3.4. Evaluation of mechanical stability

To evaluate the changes in the mechanical performance of RGD and
YIGSR peptide conjugated 2% (w/v) SA scaffolds in the physiologically
relevant environment swelling, degradation and compression assess-
ments were conducted in this section. The associated plots were pre-
sented in Fig. 5(a–c). All of the composite PCSA scaffolds swelled and lost
porous structure over 21 day incubation period when immersed in
10mM PBS solution (Fig. 5(d)). The percentage of scaffold swelling after
1, 2, 3, and 24 h were measured as 470.9� 24.2, 515.7� 22.07,
539.6� 17.86, and 584.4� 15.06, respectively. The data suggest that
remarkable swelling took place in the first hour, and then the scaffolds
swelled at a slower rate until hour 24. The swelling percentage started to
fall at 48 h (551.7� 17.43) and declined radically between hours 48 and
168 (551.7�17.43 and 397.9�23.82, respectively). The swelling rate
between hours 24 to 48 and hours 168 to 336 seems to be identical but
opposite in magnitude, probably indicating the saturation and drop of
scaffold degradation, while the rapid loss of swelling rate between hours
48 to 168 suggests severe surface and bulk degradation of the scaffolds.
The swelling graph in Fig. 5(a) further demonstrates that significant
change in swelling took place between hours 1 to 3 and hours 3 to 24, and
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hours 48 to 168.
The percentage of weight loss of the scaffolds at day 3, 7, 14, and 21

was calculated as 10.45� 3.746, 18.33� 2.665, 40.64� 6.777, and
52.63� 3.689, respectively. The degradation of scaffolds over time has
been presented graphically in Fig. 5(b). The degradation of the scaffolds
from day 3–7 and day 14–21 seem to happen approximately at the same
rate, while the degradation of the scaffolds between days 7–14 occurred
at an accelerated rate. However, between day 3–7 and 7 to 14, statisti-
cally significant degradation took place. In particular, all the scaffolds
lost approximately 20%, 40%, and 55% of their initial mass after 1, 2, and
3 weeks, respectively, when incubated in PBS.

The compression modulus was assessed over 3 weeks after incubating
the scaffolds in PBS and is presented graphically in Fig. 5(c). The Young's
modulus was measured as 40.3� 2.227, 23.7� 3.494, 14.67� 3.587,
and 14.47� 2.744 kPa at day 0 (i.e. immediately after fabrication), 7, 14,
and 21, respectively. All the scaffolds seem to lose Young's modulus at a
rapid rate between day 0–7, then the rate slowed down a bit between day
7–14, and finally reached equilibrium between day 14–21. The bio-
fabricated scaffolds lost ~50% of their Young's modulus in the first week,
and an additional ~20% of their Young's modulus by the following week
while incubating in PBS. Statistical analyses suggest that scaffolds lost
elastic modulus significantly between days 0–7 and days 7–14.

3.5. Evaluation of surface morphology

Surface morphology of RGD and YIGSR peptide conjugated 2% (w/v)
SA scaffolds incubated in PBS was assessed with SEM images
(Fig. 5(e–g)). The Fig. 5(e–g) demonstrates macro- and microscale
changes on the surface of the composite PCSA strands over a period of 3
weeks of incubation. The images demonstrated that over time, the strand
surface became micro-porous probably due to the effect of surface and
bulk degradation. Interestingly, the biofabricated pores were still evident
in the scaffolds after 3 weeks of incubation in PBS. However, structural
integrity seems to have been compromised over the incubation period.

3.6. Assessments of RPSCs morphology in 2D culture

Cell morphology was studied on prepared 2D surfaces for positive
control, negative control, and experimental groups using PLL, SA, and
PCSA hydrogel coatings, respectively, on round coverslips which are
shown in Fig. 6(a). During the culture period, most of the RPSCs seeded
on the SA surface maintained circular morphology and formed clusters
(Fig. 6(c)). In contrast, RPSCs did not form clusters on PLL (Fig. 6(b)) and
PCSA (Fig. 6(d–f)) surfaces, rather the cells started to spread over the 2D
surface, attached well to the polymer, and developed elongated
morphology. Notably, RPSCs cultured on single-PCSA-coated surfaces
showed a small number of cells with unipolar, bipolar, and multipolar
morphology. In contrast, RPSCs cultured on PLL- or composite PCSA-
coated surfaces showed a significant number of cells with unipolar, bi-
polar, and a multipolar morphology. Measuring the response of RPSCs to
the peptide-modified alginate demonstrated that the modified alginate
was superior in promoting suitable cell morphology over unmodified
alginate, and these results are shown in Fig. 6(g–i). The number of
attached cells per 0.06mm2 on the composite PCSA surface was
80.33� 8.96, which was close to the attached cell population (i.e.
89.67� 4.73) on the positive control. YIGSR-alginate conjugate (YCSA)
supported a higher number of cell (80� 4) attachment compared to that
of RGD-alginate conjugate (RCSA) surface (73.33� 4.16). Accordingly,
cell attachment on the composite PCSA, YCSA, and RCSA surface was
significantly higher than the negative control. Interestingly, of the three
experimental groups, cell attachment was significantly low on RCSA
surface related to the positive control.

The cell circularity measured on the RCSA, YCSA, and composite
PCSA surface were 0.54� 0.04, 0.8333� 0.06, and 0.4333� 0.08,
respectively, which was significantly lower than the negative control
(0.9733� 0.02). The cell circularity value was significantly higher on



Fig. 5. Assessment of mechanical stability and surface morphology of RGD/YIGSR-alginate conjugate scaffolds after PBS incubation at predetermined time points: (a)
swelling ratio, (b) degradation percentage, (c) Young's modulus, (d) macroscopic view of scaffolds at day 0, 7, 14, and 21, and SEM images of scaffolds at (e) day 0, (f)
day 14, and (g) day 21, and from left to right images with higher magnification have been presented.
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Fig. 6. 2D culture of primary rat Schwann cells on various polymer-coated round coverslips for 3 days; (a) top view of cells growing on polymer-coated coverslips in a
tissue culture plate after 3 days of culture; microscopic images of RPSCs grown on (b) PLL coated, (c) alginate coated, (d) RGD-alginate conjugate coated, (e) YIGSR-
alginate conjugate coated, and (f) RGD-YIGSR-alginate conjugate-coated surface; plots of (g) number of attached cells, (h) circularity of the adherent cells, and (i)
length of cell processes on different polymer coated 2D surfaces (Scale bar (b–e)¼ 50 μm; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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YCSA surface compared to RCSA, composite PCSA, or PLL coated surface
(0.46� 0.04). Notably, RPSCs showed identical morphology on com-
posite PCSA surface and positive control. The cell processes grew on
RCSA and YCSA surface were 10.23� 0.454 and 4.277� 0.323 μm,
respectively, which were shorter than the processes grown on positive
control (16.82� 2.396 μm). Statistically, the length of cell processes on
YCSA surface was significantly shorter than both the RCSA and the
composite PCSA surface (20.95� 2.481 μm). Remarkably, RPSCs
cultured on the composite PCSA surface grew longer processes than
positive control and significantly longer than RCSA surface. As Schwann
cells did not develop processes in unmodified alginate, this substrate is
not included in Fig. 6 (i).
3.7. Assessments of RPSCs viability in 3D culture

The cellular biocompatibility of the substrate is important for
ensuring cell viability. The cell viability assay results are illustrated in
Fig. 7. Again, unmodified alginate was generally inferior to the other
substrates, and cells often grew in clumps. RCSA strands showed favor-
able cell viability (90.71� 2.89) at day 0 but had decreased
(80.81� 5.547) by day 3, and this trend continued (85.05� 5.12) on day
7. RCSA strands also had RPSCs growing in clumps, though not as
11
frequently nor as large as unmodified alginate, and had a similar, even
distribution of dead cells as unmodified alginate. At day 0, 3, and, 7, the
percentage of RPSCs viability in the YCSA strands was measured as
91.74� 3.193, 87.33� 4.14, and 89.47� 3.644, while in the composite
PCSA strands was measured as 94.9� 0.7851, 90.63� 6.06, and
95.01� 1.954, respectively. It is obvious that RPSCs viability decreased
in all experimental samples at day 3, suggesting there might be extrusion-
induced cell damage or cell apoptosis in the PCSA hydrogel due to the
leftover toxic byproducts of the conjugate reaction. Over time the toxins
might diffuse out from the hydrogel and enhance the viability of RPSCs.
The hydrogel strands showed enhanced RPSCs viability at day 7
compared to day 3, suggesting both self-healing and proliferation of the
cells. Fig. 7(i–k) reveals that YCSA strands showed comparable results to
composite PCSA throughout the seven days. The result also suggests a
combined effect of composite peptides over a single peptide-alginate
conjugate. However, single and composite peptide-alginate conjugate,
though close in comparison, were inferior to the positive control (PLL-
coated plate) and superior to the negative control (alginate) in the 7-day
culture period. Moreover, experimental results indicated that RPSCs
viability among the peptide-alginate conjugates was statistically insig-
nificant at day 0 and 3, while cell viability in the composite PCSA strands
was significantly different from RCSA strands at day 7. RPSCs viability in



Fig. 7. Primary Schwann cell viability in bioplotted strands after 7 days of 3D culture where live and dead cell stains as green and red, respectively; live cells in (a) 2%
alginate, (b) 2% alginate –RGD conjugate, (c) 2% alginate –YIGSR conjugate, (d) 2% alginate –RGD-YIGSR conjugate; live and dead cells in (e) 2% alginate, (f) 2%
alginate –RGD conjugate, (g) 2% alginate –YIGSR conjugate, (h) 2% alginate –RGD-YIGSR conjugate (scale bar¼ 100 μm); cell viability graphs for (i) day 0, (j) day 3,
and (k) day 7 (*p < 0.05, **p < 0.01). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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the alginate strands was significantly low compared to the peptide algi-
nate conjugates and the PLL-coated plate over the culture period.
Moreover, cell viability in the PLL-coated plate was significantly greater
than RCSA strands over the 7-day culture period and YCSA strands at day
3 and 7.

3.8. Cell-biopolymer interactions in 3D culture

Three-dimensional printing creates an environment that embedded
cells can respond to in a way that better mimics in vivo environments.
Fig. 8(c–g) shows both the images of the cell processes that developed
and the quantification of how long the cell processes were. RPSCs are
seen to distribute uniformly in the RCSA, YCSA, and composite PCSA
strands. As with the 2D culture, RPSCs grew unipolar, bipolar, and
12
multipolar processes in the hydrogel. In the peptide-alginate conjugate,
cell processes combined together to promote cell-cell interaction.
Culturing RPSCs in RCSA strands resulted in longer cell processes
(21.54� 1.115 μm) than YCSA strands (14.12� 1.244 μm), which is
similar to the results from 2D culture (Fig. 6(i)). Similar to 2D culture, the
cell processes that developed in RCSA strands were shorter in length than
those in composite PCSA strands (24.48� 1.047 μm). Notably, the cell
processes grew in YCSA strands were significantly shorter than RCSA or
composite PCSA strands. Likewise, statistically significant cell process
difference was observed in the RCSA and composite PCSA strands. In
contrast, most RPSCs embedded in the alginate hydrogel showed circular
morphology, and though cell processes did develop in the alginate cell
culture, the processes (5.57� 1.157 μm) were much shorter than the
modified alginate cell cultures.



Fig. 8. Assessments of 3D culture of RPSCs and released BDNF in and from the bioprinted hydrogel strands with immunofluorescence assay and ELISA kit,
respectively; (a and b) single layered patterns; S-100 immunocytochemistry (green) on RPSCs for 3D cultures grown in (c) alginate, (d) RGD-modified alginate, (e)
YIGSR-modified alginate, and (f) RGD-YIGSR-modified alginate strands. [*p < 0.05, **p < 0.01, ***p < 0.001]. (g) Graphical presentation of cell processes length; (h)
yellow solution in the wells of ELISA plate indicating the amount of released BDNF, (i) standard BDNF plot, (j) secreted BDNF [**p < 0.01, ***p < 0.001]. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.9. Assessments of BDNF secretion

To evaluate the physiological function of RPSCs in 3D culture after 3
days, the level of BDNF was quantified using an ELISA assay. The graded
distribution of yellow color in the ELISA plate demonstrate the varying
amount of secreted BDNF by the embedded RPSCs in the hydrogel
(Fig. 8(h)). From the sequential dilution of standard BDNF in the ELISA
plate, the correlation between the known amount of BDNF and light
absorbance was developed in order to calculate the amount of secreted
BDNF by experimental samples (Fig. 8(i)). All RPSCs cultures showed a
release of BDNF. In similarity to the previously-discussed experiments,
cultures in alginate released the least amount of BDNF (6.847� 0.14 pg/
ml), and cultures in RCSA hydrogel showed lower levels of BDNF
13
(7.71� 0.19 pg/ml) release compared to YCSA and composite PCSA
hydrogel, which was 8.943� 0.36 and 9.067� 0.25 pg/ml, respectively.
Moreover, the amount of BDNF secreted by the RPSCs embedded in RCSA
hydrogel was significantly lower than in YCSA and composite PCSA
hydrogel. Interestingly, RPSCs embedded in YCSA and composite PCSA
hydrogel had very similar levels of BDNF (Fig. 8(j)), which is in contrast
to the length of the processes that developed in the 3D culture assay
(Fig. 8(g)). Compared to the PLL-coated plate that served as a control, all
of the modified alginate showed lower levels of BDNF release.

3.10. Evaluation of protein expression of RPSC

As neurons regenerate, they respond to cues in their environment,
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and that includes Schwann cells. In Fig. 9, immunocytochemistry images
are shown of developing neurons from cells seeded on a 2D culture
surface that was embedded with Schwann cells. As mentioned earlier, the
neurons were collected from stimulated DRGs of Sprague Dawley rats
and seeded on the samples immediately after preparation. In Fig. 9(a–c),
the influence of Schwann cells and peptides on helping to support the
growth of neurons and axons is visible by the Schwann cells aligning
along the axon. In addition, the elongated morphology of the RPSCs in
the peptide modified alginate strands has been demonstrated using S-100
immunofluorocytochemistry. Particularly, clusters of RPSCs are found in
the close vicinity of neuron cells, suggesting the influence of chemotaxis
and cell-cell interactions. DAPI staining highlights all of the nuclei of
RPSCs and neuron cells in the hydrogel strands, demonstrating that
RPSCs are found more uniformly distributed in the RCSA strands
compared to YCSA or composite PCSA strands. Using β-3 immuno-
fluorocytochemistry to selectively stain neurons demonstrated that
neurons grew neurites in different directions on the peptide-modified
alginate surface. Since neuron cells were seeded on the PCSA strands
Fig. 9. β-3 tubulin immunocytochemistry (green) and S-100 immunocytochemistry (
nuclei for cultures grown on (a) RGD-alginate conjugate, (b) YIGSR-alginate conjugat
coated plate; [scale bar¼ 100 μm]. (For interpretation of the references to color in t

14
bioprinted in the 0� direction (Fig. 12(f)), the neuron cells should grow
their neurites in the same direction due to the presence of physical and
biochemical cues [29]. Notably, a higher number of neurites were found
aligned with the direction of 3D printing that were grown on the RCSA or
composite PCSA strands than on the YCSA strands. However, neuron cells
were found to grow tiny neurites on the alginate strands (i.e. negative
control), the images of immunocytochemistry were presented in Fig. 9
(d). The growth of neurites on the PLL-coated plate (i.e. positive control)
was also investigated and presented in Fig. 9 (e). The neurites were seen
to grow in different directions and coil around neuron cell body on the
PLL coated plate.

The 3D orientation of RPSCs, neurons, and neurites has been pre-
sented for single or composite peptide alginate conjugate strands
(Fig. 10(a–c)). The images clearly demonstrate the geometry of bio-
printed strands and the directional developments of neurites on the
patterned substrate. The Fig. 10(a–c) demonstrate that most of the neu-
rites grew on the outer surface of the PCSA strands.
red) on neuron cells and Schwann cells, respectively with DAPI staining (blue) of
e, (c) RGD-YIGSR-alginate conjugate strands, (d) alginate hydrogel, and (e) PLL-
his figure legend, the reader is referred to the Web version of this article.)



Fig. 10. Confocal microscopy of neuron and Schwann cells distributed three-dimensionally in the (a) RGD-alginate conjugate, (b) YIGSR-alginate conjugate, and (c)
RGD-YIGSR-alginate conjugate; β-3 tubulin immunocytochemistry (green) on neuron cells with DAPI staining (blue) of nuclei both for neuron and primary Schwann
cells; [scale bar¼ 250 μm]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.11. Evaluation of length and directional growth of neurites

Fig. 11 highlights the growth of axons from neuron cells along the
strand of the scaffold. In combination, these five figures demonstrate the
combined effect of biopolymer, Schwann cells and neurons in culture on
the directional growth of axons. Analogous to the effects of conjugated
peptides on the growth of cell processes of Schwann cells, the length of
the neurites that develop is dependent on the peptides that were used.
The composite PCSA promoted outstanding neurite growth
(1548.2� 126.4 μm), and the neurite length on RCSA strand
(1404.1� 361.2 μm) was superior to YCSA strand (926.8� 41.4 μm) or
PLL coated plate (639.0� 103.9 μm) or alginate strand
(238.0� 64.5 μm). Interestingly, neurite length on the PLL-coated plate
was found shorter than the PCSA strands. This further highlights the
probable influence of peptides and Schwann cells in helping to guide and
support the growth of neurites.

Three-dimensional printing can create microstructures that
embedded cells can respond to and potentially stimulate the directional
growth of cell processes. The addition of compounds, such as the peptides
that were conjugated to the alginate in this experiment, can influence the
ability for RPSCs to respond to those cues. The directional distribution of
neurites has been evaluated by frequency versus angular orientation
(Fig. 12(a–e)). The strands were fabricated in the direction of 0�, and a
significant number of neurites have been seen to align in the 0� � 30�

direction, though for all three peptide-alginate conjugates, neurite
growth was observed in the (75� to 90�) or (�75� to �90�) direction as
well, which suggests the probable growth of some misguided neurites
perpendicular to the strand towards culture plate. The fact that the ma-
jority of the neurites grew parallel to the strand in all three PCSA samples
suggests the dominant effect of peptides possibly aligned along the
0� direction. The most consistent directional growth of neurites along the
longitudinal axis was on the composite PCSA strands, with a frequency of
~0.08 for the direction of neurite extension. Notably, the YCSA strands
failed to facilitate consistent directional neurite growth of all three
experimental samples, since the maximum value of frequency was found
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on both 0 and 90� directions. Likewise, the alginate strands and PLL
coated plate failed to grow a greater part of neurites along 0� � 30� di-
rection, rather both the controls grew neurons randomly between 0 and
90� directions.

4. Discussions

In extrusion-based 3D printing, the printability of hydrogel precursor
largely depends on the viscosity of the precursor. The high viscous
hydrogel precursor required higher extrusion pressure, while the very
low viscous hydrogel precursor freely dripped from needle due to gravity
(i.e. without any pneumatic pressure) [30]. Furthermore, biofabrication
of scaffolds using hydrogel precursor in an ionic crosslinker might
require higher extrusion pressures compared to dispensing in air if the
crosslinker exhibits a rapid gelation rate. Particularly, at low dispensing
pressures, the hydrogel precursor might often get crosslinked around the
needle opening prior to settling on the fabrication plate. At a particular
pressure, adjusting of the needle or stage speed to faster or slower might
result in the fabrication of hydrogel strands that will most closely match
the theoretical values [31]. Unfortunately, biofabrication with the algi-
nate precursor in the ionic crosslinker did not allow for a wide range of
needle speeds. For this reason, only a few needle speeds were investi-
gated in this article.

Several factors caused the deviation of experimental results from the
theoretical values (e.g. strand width, pore shape, and angle formations).
Any mismatch between extrusion pressure, needle speed, and gelation
rate might result in poor printability. In particular, inconsistency be-
tween the biopolymer flow rate and needle translation speed might lead
to rupture and tearing due to under extrusion or random coiling. It is
because of the over extrusion of the biopolymer strand prior to settling
down and adhering to the plate. There might be no enough time for
crosslinking resulting in poorly formed scaffolds as well, as another
reason. Notably, PEI-coated tissue culture plates were used in this study
to allow the extruded strands to adhere to the plate and in their pre-
defined geometry. At higher linear speeds, the extruded strands start



Fig. 11. Outgrowth of neurites cultured on single layered scaffolds fabricated with (a) RGD-alginate conjugate, (b) YIGSR-alginate conjugate, (c) RGD-YIGSR-alginate
conjugate, and (d) alginate hydrogel. Neuron cells cultured on (e) PLL-coated plate was considered as positive control, (pink color demonstrates the directional
pathway of neurites) [*p < 0.05, **p < 0.01]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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floating in the crosslinking solution instead of settling down due to the
incongruity between gelation rate, surface attachment, and buoyancy
force. This suggests that there exists a limit for the minimum and
maximum linear speed for a particular needle opening with respect to
biopolymer viscosity and extrusion pressure. Below and above the limit,
the hydrogel precursor demonstrates poor printability. Accordingly, for
three extrusion pressures and a particular needle opening, a number of
linear needle speeds were identified in this study that caused moderate to
outstanding printability of composite PCSA precursor.

For all measurements, the second layers were chosen as the layer to
evaluate to eliminate the polymer spreading generated by the surface
tension on the printing surface. A nonuniformity in the strand width
along the length of the stand was seen due to the spreading and fusion of
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the second layer with the previous layer where they intersect. This
phenomenon resulted in under printability (~P˂1) at the intersections
and between intersections for the strands fabricated with 20 or 30 kPa
extrusion pressure for particular needle speeds. In contrast, for 40 kPa
extrusion pressure, over printability (~P> 1) at the intersections and
between intersections was observed due to excess hydrogel deposition
with respect to different needle speeds. Moreover, the concentration of
CaCl2 also affected the strand and pore printability. In crosslinking the
extruded strands, Ca2þ ions enter between the molecular chains of algi-
nate monomers and form intermolecular ionic bonds, which induces a
sol-gel transition. Using CaCl2 at higher concentration supplies more
Ca2þ ions to the extruded alginate precursors and promotes fast reaction
kinetics. Consequently, in this study it was noticed that strand fabrication



Fig. 12. 2D distribution of neurites grown on single layered patterns fabricated with (a) RGD-alginate conjugate, (b) YIGSR-alginate conjugate, (c) RGD-YIGSR-
alginate conjugate, and (d) alginate hydrogel. Neuron cells cultured on (e) PLL-coated plate was considered as positive control and (f) single layered scaffold
showing 0� and 90� direction.
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was possible only at lower needle speeds (i.e. 6 and 8mm/s) in the
elevated concentration of CaCl2 solution (i.e. 150mM). The invasion of
more Ca2þ ions into molecular structure cause shrinkage, which is
obvious in the experimental results. Thus, the shrinkage of composite
PCSA precursor caused inferior strand and pore printability at elevated
concentrations of CaCl2 (i.e. 100 and 150mM).

Swelling, degradation, and loss of Young's modulus of the alginate
scaffolds could be attributed to ion exchange, polymer chain relaxation,
and water uptake mechanism. The ion exchange (Ca2þ/Naþ) between
hydrogel and PBS solution probably relaxes the bond between polymeric
chains inside hydrogel and facilitates the water uptake mechanism. From
the swelling graph (Fig. 5(a)), it is obvious that most of the ion exchange
took place in the first 24 h since the incubation was conducted in a fixed
volume of PBS. Because the composite PCSA scaffolds started degrading
along with swelling over time, the swelling of the scaffolds was found to
decline after day 1. In particular, mass loss from the scaffolds reduced the
value of swelling obtained from equation (4). Similarly, the degradation
graph (Fig. 5(b)) demonstrates that probably surface degradation was
most prominent in the first week, while primarily bulk degradation and
polymer dissolution likely took place in the following weeks. However,
the lack of ion exchange slowed down the degradation process in the
third week. Since both swelling and degradation affect the Young's
modulus of the bioprinted scaffolds, the scaffolds lost 70% of initial
elastic modulus within the first two weeks of incubation.

The changes to the surface morphology of the composite PCSA
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scaffold over time has profound effects on tissue growth, particularly for
nerve tissue regeneration. Since the strand surface became micro-porous
over time, the scaffolds seem to be conducive for mass diffusion exchange
between the incorporated cell populations and the surrounding fluids
[28]. Moreover, the extended incubation period increased the roughness
of the composite PCSA scaffold, which could have an influential effect on
nerve regeneration [32]. The alginate scaffolds investigated in this study
contain both biochemical (i.e. conjugated peptides) and biophysical (i.e.
surface roughness) cues required for axon outgrowth. In nerve tissue
regeneration, the micro-porous scaffolds might ensure reasonable
viability of incorporated Schwann cells and facilitate neurite growth in a
nerve guidance conduit.

Biocompatible alginate has been frequently studied in various tissue
engineering application due to its low cytotoxicity and bio-printability.
However, alginate hydrogels are unable to regenerate tissue due to the
lack of cell-binding peptides in the molecular structure. Since
extracellular-matrix-derived RGD and laminin-derived YIGSR peptides
bind to integrin and laminin receptors of neuron cells, respectively, co-
valent chemistry was used to link RGD and YIGSR peptides to SA
monomers in this study to enhance axon growth. Modification of the
alginate by individual single peptide-modified alginate showed favorable
results, though the results from the composite peptide-modified alginate
suggested that there is an interactive effect from their combination.
Unmodified alginate generally showed very poor results in promoting
cell attachment, morphology, and processes. RCSA was routinely
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superior to YCSA hydrogel, though composite PCSA hydrogel was
generally superior to the other culture substrates being evaluated. While
RGD peptides facilitate cell adhesion and process growth through inter-
acting with integrin receptors, YIGSR peptides promote cell proliferation
by interacting with laminin receptors on neuron cells. This was demon-
strated where RCSA hydrogel influenced the RPSC cells to show more
elongated morphology and grow longer processes compared to YCSA
hydrogel, while YCSA hydrogels induced the formation of cell clusters
through cell proliferation. RPSCs attached very poorly to unmodified
alginate, whereas they attached to the modified alginate culture sub-
strates in comparable numbers to the PLL-coated tissue culture plate that
served as a positive control. A sign of favorable RPSC response is the
degree of polarity that the cells develop, where the composite PCSA
hydrogel was superior to the other culture substrates. Another measure of
the cellular polarity is the length of the processes that develops in the cell.
Here again, composite PCSA was superior to all other culture substrates,
and markedly so compared to the other modified alginates due to the
simultaneous interaction of the composite peptides with the two cell
receptors.

BDNF, a member of the neurotrophin family, supports the survival,
growth, and differentiation of neuron cells. In addition, BDNF stimulates
the regeneration of damaged peripheral nerves and the axon remyeli-
nation process. In tissue engineering applications, the controlled release
of BDNF has been shown to be beneficial for axon regeneration. How-
ever, released BDNF has a short half-life and thus will lose bioactivity
before axon regeneration is complete. In vivo, Schwann cells secrete
BDNF after nerve injury that regulate the growth of neurites from neuron
cells. Therefore, in this study RPSC were embedded in peptide-alginate
conjugates to provide a controlled and continuous release of BDNF and
to evaluate the potential for future application in promoting axon
regeneration. The amount of BDNF secreted by the RPSC was minimal in
this study. The number of incorporated cells in one layer, the amount of
taken supernatant, and the leftover BDNF in the hydrogel might cause the
small amount in experimental measurements. However, the RPSC
embedded in peptide-alginate conjugated strands secreted greater
amount of BDNF compared to negative control and smaller amount of
BDNF than positive control. In particular, RPSC incorporated in com-
posite PCSA demonstrated superior result of the three experimental
samples, suggesting the simultaneous interaction of integrin and laminin
receptor on the production of BDNF.

Physical and biochemical cues are essential for guiding neurite
growth after PNS injury. To achieve the goal, patterned structures were
biofabricated in this study using an alginate bio-ink that has been con-
jugated with either single or composite peptides. The seeded neuronal
cells were seen to grow their neurites on the patterned substrates and
responding to the cues in their microenvironment. RPSC seemed to
distribute unevenly in the YCSA- and composite PCSA-strands compared
to RCSA-strands, suggesting the effect of RGD peptide on cell migration
within the biopolymer. The single-layer strands didn't degrade much
during the 7-day culture period and maintained their structural integrity.
During the culture period, the neuronal cells grew ~1–1.5mm-long
neurites on all three peptide-conjugated alginates, which is quite
impressive. Of the five samples studied, composite PCSA strands
demonstrated outstanding outcomes in terms of directional neurite
growth. Therefore, alginate conjugated with multiple types of peptides
should be considered as a potential superior bio-ink for nerve tissue
regeneration for future study.

5. Conclusion

In this study, a set of experiments were conducted to characterize
PCSA scaffolds in terms of printability, mechanical stability, and neurite
outgrowth. Experimental results suggest that the selection of extrusion
pressure, needle translation speed, and crosslinker concentration has
profound effects on the strand printability of composite PCSA precursor.
However, arbitrary selection of these parameters does not facilitate
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reasonable printability. Using a needle translation speed range of
12–20mm/s and an extrusion pressure of 30 kPa supported better
average strand width printability (~0.9–1) than either 20 or 40 kPa
extrusion pressure. However, reasonable pore shape printability
(~1� 0.05) was observed when pressures of 20 and 30 kPa were main-
tained. Only one combination of extrusion pressure (30 kPa) and needle
translation speed (18mm/s) was selected based on outstanding strand
and pore printability, and was found to facilitate reasonable angle
printability (~1� 0.05) in 50mM CaCl2. Strands extruded in 50mM
CaCl2 at 20 kPa pressure maintaining 6–12mm/s needle translation
speed demonstrated reasonable strand and pore printability (~0.9–1)
compared to both 100 or 150mM CaCl2. SEM images revealed that
composite PCSA scaffolds incubated in 10mM PBS maintained their
structural arrangement over 3 weeks of incubation. However, the scaf-
folds lost 55% and 70% of initial mass and elastic modulus, respectively,
during the incubation period. In addition, RPSCs incorporated in com-
posite PCSA strands demonstrated somewhat better viability,
morphology, and BDNF release compared to that of single PCSA scaf-
folds. Moreover, composite PCSA strands facilitated better directional
neurite outgrowth of neurons compared to controls or single PCSA
strands. Therefore, it can be concluded that in future, composite PCSA
scaffolds would be useful to use as an artificial nerve graft in regenerating
damaged PNS. Since PCSA scaffold was seen to lose 70% of the initial
elastic modulus within the first two weeks of in vitro culture, for long
term in vivo studies it is recommended that the composite PCSA scaffold
could be used as a potential filler material in nerve graft fabricated with a
mechanically stable synthetic biopolymer.
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