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Keywords: Low-concentration hydrogels have favorable properties for many cell functions in tissue engineering but are
3D bioprinting considerably limited from a scaffold fabrication point of view due to poor three-dimensional (3D) printability.
Indirect biOPﬁﬂtfﬂS ) Here, we developed an indirect-bioprinting process for alginate scaffolds and characterized the potential of these
Nerve tissue engineering scaffolds for nerve tissue engineering applications. The indirect-bioprinting process involves (1) printing a sa-
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crificial framework from gelatin, (2) impregnating the framework with low-concentration alginate, and (3) re-
moving the gelatin framework by an incubation process, thus forming low-concentration alginate scaffolds. The
scaffolds were characterized by compression testing, swelling, degradation, and morphological and biological
assessment of incorporated or seeded Schwann cells. For comparison, varying concentrations of alginate scaf-
folds (from 0.5% to 3%) were fabricated and sterilized using either ultraviolet light or ethanol. Results indicated
that scaffolds can be fabricated using the indirect-bioprinting process, wherein the scaffold properties are af-
fected by the concentration of alginate and sterilization technique used. These factors provide effective means of
regulating the properties of scaffolds fabricated using the indirect-bioprinting process. Cell-incorporated scaf-
folds demonstrated better cell viability than bulk gels. In addition, scaffolds showed better cell functionality
when fabricated with a lower concentration of alginate compared to a higher concentration. The indirect-bio-
printing process that we implemented could be extended to other types of low-concentration hydrogels to ad-
dress the tradeoffs between printability and properties for favorable cell functions.
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Abstract

Low-concentration hydrogels have favorable properties for many cell functions in tissue
engineering but are considerably limited from a scaffold fabrication point of view due to poor
three-dimensional (3D) printability. Here, we developed an indirect-bioprinting process for
alginate scaffolds and characterized the potential of these scaffolds for nerve tissue engineering
applications. The indirect-bioprinting process involves (1) printing a sacrificial framework from
gelatin, (2) impregnating the framework with low-concentration alginate, and (3) removing the
gelatin framework by an incubation process, thus forming low-concentration alginate scaffolds.
The scaffolds were characterized by compression testing, swelling, degradation, and
morphological and biological assessment of incorporated or seeded Schwann cells. For
comparison, varying concentrations of alginate scaffolds (from 0.5 to 3%) were fabricated and
sterilized using either ultraviolet light or ethanol. Results indicated that scaffolds can be

fabricated using the indirect-bioprinting process, wherein the scaffold properties are affected by



the concentration of alginate and sterilization technique used. These factors provide effective
means of regulating the properties of scaffolds fabricated using the indirect-bioprinting process.
Cell-incorporated scaffolds demonstrated better cell viability than bulk gels. In addition,
scaffolds showed better cell functionality when fabricated with a lower concentration of alginate
compared to a higher concentration. The indirect-bioprinting process that we implemented could
be extended to other types of low-concentration hydrogels to address the tradeoffs between

printability and properties for favorable cell functions.

Keywords: 3D bioprinting; indirect bioprinting; nerve tissue engineering; mechanical
properties; cell viability; alginate

1. Introduction

Recent progress in tissue engineering has placed the possibility of meeting the growing
worldwide demand for tissue and organ replacements within reach in the near future. To this end,
extrusion-based bioprinting has played an important role in fabricating complex structures layer-
by-layer to mimic native tissues (Naghieh et al.;.-2018b; Naghieh and Chen, 2019;
Vijayavenkataraman et al., 2018)..Hydrogels ‘have often been used in the extrusion-based
technique as a bioink to incorporate large cell populations, growth factors, proteins, and peptides
(Tan et al., 2016). Notably, properties of a hydrogel bioink depend on its hydrogel concentration
and affect cell viability (Matyash-et al., 2012), printability (Bertassoni et al., 2014; He et al.,
2016), and mechanical ~strength of the printed scaffolds (Skardal et al., 2015). At low
concentrations, hydrogels.are difficult, and at times even impossible, to print three-dimensional
(3D) constructs.-In contrast, hydrogels at relatively high concentrations can reduce cell viability
due to the increased mechanical strength of hydrogels (Ning et al., 2018) and higher induced
forces:.that cells .experience during the fabrication process (Li et al.,, 2009). The hydrogel
concentration.. can also influence mechanical properties (LeRoux et al., 1999). Further
investigation into these influences is urged (He et al., 2016).

By means of the extrusion-based technique, scaffolds made from hydrogels have been
explored for nerve tissue engineering (England et al., 2017; Ning et al., 2018; Potjewyd et al.,
2018). In nerve tissue engineering, considerable evidence supports the use of low-concentration
hydrogels due to their favorable effects on cell responses or functions (Matyash et al., 2012). It
has also been reported that low-concentration alginate (0.2 and 1% (w/v) is able to provide a



better environment for neurite growth and cell viability (Cao et al., 2012; Matyash et al., 2012).
While low-concentration alginate can support nerve tissue regeneration, poor printability makes
it an undesirable material for printing scaffolds (Matyash et al., 2012; Ning et al., 2016).
Hydrogels at higher concentrations have been used to enhance the printability and structural
fidelity but at the cost of reduced in-growth of new tissue (Augst et al., 2006). Therefore,
approaches that allow for addressing this issue are greatly needed. Among these approaches,
indirect printing has been evolved promising to tackle the poor printability of low.concentration
hydrogels (Houben et al., 2017; Tan et al., 2010; Yeong et al., 2006).

Indirect bioprinting involves the creation of a sacrificial framework, which is used
temporarily to support the formation of a scaffold made of a polymer. (Tamjid. and Simchi, 2015).
Using indirect bioprinting, different materials, including bioactive materials and cells, can be
strategically incorporated in a scaffold. Furthermore, indirect bioprinting allows for control over
both the external and internal structure, thus creating scaffolds with advanced architecture
(Yeong et al., 2006). As such, indirect bioprinting offers a great degree of versatility with respect
to materials and structures, making it an attractive technique for the creation of complex
hydrogel scaffolds. Notably, indirect 3D hioprinting of hydrogel scaffolds for nerve tissue
regeneration has not been explored. Specifically, the mechanical and biological properties of
hydrogel scaffolds fabricated by.the.indirect approach remain unclear, raising the need to

discover their applications in.nerve tissue regeneration.

As inspired, we developed an indirect bioprinting process for fabricating alginate
scaffolds so as to address. the issue of poor printability of low-concentration alginate. Our
stepwise study included i) fabricating 0.5, 1.5, and 3% alginate scaffolds via the indirect
bioprinting process where 50% gelatin is used as the sacrificial framework; ii) investigating the
effects of UV .and ethanol sterilization techniques on the mechanical properties of the indirectly-
bioprinted scaffolds; iii) examining the degradation and swelling of the indirectly-bioprinted
scaffolds; ‘and iv) assessing the biological properties of the indirectly-bioprinted scaffolds. In
addition, bulk gels and directly-bioplotted scaffolds were assessed and compared in terms of the
viability of incorporated Schwann cells using a live/dead assay. The novelty of this work lies in
the development of a method to create scaffolds from low-concentration alginate to circumvent

its poor printability occurring in the direct bioprinting process. To the best of our knowledge, this



is the first report of mechanically-stable scaffolds fabricated by an indirect printing technique

and made of low-concentration alginate, with potential for nerve tissue engineering.

2. Materials and Methods
2.1.Materials and equipment

Gelatin (from bovine skin), medium viscosity sodium alginate (sodium salt from brown
algae, medium viscosity), calcium chloride (CaClz), Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), trypsin, ethylene-diaminetetraacetic acid (EDTA), and
fluorescent dyes (propidium iodide (PI), calcein, Hoechst 33342) were all obtained from Sigma
Aldrich (St. Louis, MO). Phosphate buffered saline (PBS; 0.0067 M) was obtained from
HyClone (Logan, Utah). Primary rat Schwann cells (PRSCs) were supplied by Saskatoon City
Hospital. A Sartorius scale (model 225d; Shanghai, China) was used for weighing samples. A
0.22-um bottle-top filter (Thermo Scientific, Ann Arbor; MI, USA) was used to filter alginate
solutions. A freeze-dryer (FreeZone, Labconco, USA) was used to freeze-dry samples. Sterile
circular coverslips (Thermo Scientific™) and 12/24-well tissue culture plates (Thermo Fisher

Scientific, MA, USA) were used for experiments.

2.2. Directly bioprinting of scaffolds and preparation of cell-incorporated
bulk gels

2.2.1. Direct bioprinting of scaffolds

3D scaffolds were directly printed on a 3D bioplotter (EnvisionTEC, Germany). For this,
12-well plates were coated with polyethyleneimine (PEI) for the purpose of enhancing the
attachment of first printing layer to the plate during the printing process (Rajaram et al., 2015)
and then the coated plates were placed in an incubator over a day for the subsequent use in
scaffold printing. Three hydrogels, comprised of 0.5, 1.5, and 3% alginate, representing low to
reasonably “high  concentrations, were chosen to investigate the mechanical and biological
performance of scaffolds fabricated by using a direct printing technique. For all groups, 300 pL
of sterile alginate were mixed with 20 uL of cell media (for cell preparation procedure refer to
82.2.2). The mixture was transferred to a 200-um needle and three samples of each concentration
were printed in a lattice pattern into PEI-coated wells (Figure 1). Printing parameters were
chosen based on a printability study, which aimed to identify the appropriate temperature,

pressure, and linear speed for each alginate concentration (results not shown). The print



temperature for the 3% alginate was set at 20 °C, and the pressure and linear speed of the head
were 0.3 bar and 14 mm/s, respectively. The print temperature for the 1.5% alginate was also 20
°C and the pressure and linear speed were set to 0.1 bar and 26 mm/s, respectively. The inter-
strand distance was 3.5 mm for all groups. After printing one layer, 1 mL of CaCl, was added,
then removed after 2 min and replaced with 1 mL of DMEM. The 0.5% alginate solution had
poor printability (inconsistent strands and beading) and was not printable with a 100-pm needle
(Figure 1c); using a 200-um needle resulted in a bulk gel with no visible lattice structure.
Therefore, instead of direct bioprinting of 0.5% alginate, bulk gel was used-for further studies.
To this end, 100 uL of the mixture (0.5% alginate and cells) was transferred into.three separate
wells. Then 1 mL of CaCl, was immediately added to each well, remaved, and replaced with 1

mL of DMEM. The plates were incubated at 37 °C and 5% CO2:
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Figure 1. 3D bioplotting of alginate hydrogels: a) cultivated Schwann cells mixed with alginate

hydrogel and then bioplotted, b) cell-incorporated alginate scaffold and staining result showing

one strand, and c) poor printability of 0.5% alginate printed with a 100-pum needle and staining
result of cell-incorporated gel.

2.2.2. Preparation of alginate solutions with cells



A culture dish with PRSCs was examined under a microscope to assess the confluency of
cells for that 85-100% is required for cell passing; and for all cell-viability studies, the passage
number of cells were maintained between 6 and 14. The culture medium was completely
aspirated, then 5 mL of 10 mM sterile PBS was added along the sides of the plate, gently
swirled, then completely aspirated. One mL of sterile trypsin + EDTA was added, and the plate
was gently swirled so the mixture coated the entire surface of the plate. The trypsin.+ EDTA was
aspirated, and the plate was incubated for 5 min at 37°C and 5% CO.. Six mL of DMEM + 10%
FBS were added and gently re-pipetted to create an even suspension. The entire contents of the
culture dish were transferred to a 14-mL Falcon tube and centrifuged at 800 rpm for 5. min. After
centrifuging, 300 pL of the solution were kept in the Falcon tube and the cell pellet redistributed
in the solution. Cell density was 500,000 cells per 300 uL of selution. Then 80 uL of this
solution were added to each alginate sample (0.5, 1.5, and 3.0%), and‘then mixed with a multi-

rotator for 5 min.

2.2.3. Preparation of cell-incorporated Bulk Gels

A 0.22-um bottle-top filter was used to filter 0.5% (w/v) medium viscosity sodium
alginate solution, which was kept ina freezer at —80 °C for 24 h and then freeze-dried for 48 h,
while maintaining a sterile environment. . The freeze-dried alginate was re-dissolved in sterile
calcium-free DMEM to prepare 0.5, 1.5,.and 3% (w/v) alginate precursors. PRSCs were cultured
and trypsinized as per §2.2.2. Alginate precursors were thoroughly mixed with the cells at a
density of 5 x 10°cells/mL to obtain a homogeneous cell distribution in the hydrogel. The
mixture of alginate/cell suspension (100 pL) was poured onto sterile circle coverslips coated
with 0.1% w/v PEI solution, and then 1 mL CaCl> (50 mM) solution was layered over the

dispensed alginate solution to facilitate crosslinking for 6 min in a 24-well tissue culture plate.

2.3. Indirect bioprinting of alginate scaffolds

A 50% (w/v) gelatin solution was prepared by dissolving 20 g of gelatin in 40 mL of
distilled water using a magnetic stir plate heated to 50 °C. The gelatin framework was designed
using Magics CAD software (Materialise, Belgium), and then printed using a 3D bioplotter
(EnvisionTEC, Germany), as shown in Figure 2. Strands were printed and layered on top of one

another to form a 25 mm x 25 mm x 2.50 mm square lattice structure with a pore size of 2.5 mm.



A print pressure of 0.8 bar, temperature of 50 °C, speed of 16 mm/s, and a 24-gauge printing

needle were used for printing; and structures were printed with 20 layers.

3D printing of 50% | .
gelatin as a Y
sacrificial framework \\J

50% gelatin sffold =

Figure 2. Indirect biofabrication: a) 3D bioplotter used for the fabrication of gelatin scaffolds, b)
gelatin scaffold and bulk gel samples, and c) gelatin scaffold used for indirect biofabrication and
a close-up view of this sacrificial framework.

The 0.5, 1.5, and 3.0% alginate solutions were prepared by dissolving 0.2, 0.6, or 1.2 g of
alginate, respectively, into 40 mL«of distilled water using a multi-rotator. A 50 mM CacCl;
solution was prepared by mixing 2.2 g of CaCl, with 300 mL of distilled water. Gelatin
frameworks were cut into smallersamples of approximately 8 mm x 8 mm x 2.5 mm and then
placed in separate dishes. Alginate solution was added or impregnated to each of the gelatin
frameworks and then 0.1'mL of 50.mM CaCl, added on top of the frameworks. The frameworks
were then flipped and-impregnated with more alginate. Excess alginate and bubbles in the pores
were removed wusing a pipette, and 50 mM CaCl> was poured into the dishes. Dishes were
refrigerated for 18 h, then placed in an incubator at 37 °C and 5.0% CO: for 48 h in order to melt
and ‘remove .gelatin. Scanning electron microscopy (SEM) was used to investigate the
morphology of the indirectly-printed scaffolds. SEM images were captured using a Hitachi
microscope on gold-coated samples. Images were taken at each stage of the indirect-fabricated
scaffold preparation to determine pore size and strand thickness and analyzed using ImageJ®

software.

2.4. Sterilization of scaffolds by ethanol disinfection or UV irradiation
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Ethanol disinfection was carried out as per the previous study (Stoppel et al., 2014).
Three samples from each group of scaffolds were placed in separate dishes, and then 250 mL of
70% ethanol was pipetted into each dish. The samples were exposed for 20 min and then the
ethanol was removed and replaced with 250 mL of distilled water. The samples were soaked in
distilled water for 10 min before mechanical testing. UV sterilization involved placing samples
in separate dishes underneath a 254 nm UV light source for 20 min, with aluminum foil used to
enclose the area. Other sterilization techniques such as lyophilization, gamma-irradiation, and
ethylene oxide treatment were not explored as they have been shown to negatively affect the
alginate structure (Stoppel et al., 2014). Disinfection via ethanol or UV light was chosen to be

investigated as these techniques have not been investigated in many studies.

For post-seeding of indirect-fabricated scaffolds, scaffolds of each concentration group
were sterilized by soaking in 70% ethanol for 20 min, then transferred to sterile Falcon tubes,
and freeze-dried for 48 h. Freeze-dried samples were placed in PEI-coated wells of a 12-well
plate, then covered with 10 pL of cell mixture and 2 mL of DMEM. After 2 min, the DMEM
was removed and an additional 5 puL of cell mixture was added along with 1 mL of DMEM.
Scaffolds were kept in an incubator at 37 °C and 5% CO-.

2.5. Mechanical tests

The mechanical properties of the scaffolds were tested by uniaxial unconfined
compression on a BioDynamic 5010 testing machine (Bose, USA). Tests were repeated three
times for each group ‘of scaffolds. In each test, the geometrical features of scaffolds were
measured and characterized by taking pictures of scaffolds and analyzing them using ImageJ
software. The scaffolds-were then placed between the two smooth plates of the testing machine
and subjected to compression at a rate of 0.017 mm/s. A stress-strain curve was generated for
each group.of scaffolds, and the slope of the linear portion of the curve was evaluated to

calculate the elastic modulus.

2.6. Assessment of the swelling and degradation rates

Swelling correlates with a hydrogel’s ability to retain water and is an important property
to understand to prevent adverse effects on the surrounding tissue when a scaffold is implanted
in vivo. The rate of degradation is an important property to consider when creating a biomimetic

scaffold as well (Sun and Tan, 2013). Samples made of varying concentrations of alginate
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scaffolds (from 0.5 to 3%) were removed from the crosslinker solution and placed separately in
pre-weighed dishes. Excess liquid was removed with a Kimwipe tissue and the weights of the
dishes were recorded. In the next step, 2 mL of PBS were added to each dish, which were then
incubated at 37 °C and 5% CO». At various time points (1, 2, 3, 4, 6, and 12 h, 1 d and 7 d), the
dishes were removed from the incubator, the PBS was removed, the dishes were reweighed.

Percent swelling was calculated as

% Swelling = 2o % 100,

Wo

where wpo is the initial weight of the sample and w: is the weight measured at one the above time
points.

To study the degradation rate, 10 samples from each group were placed in-pre-weighed Falcon
tubes and then stored in the freezer at —40 °C for 4 h. Samples. were then freeze-dried and
weighed to determine their initial mass. Samples were then soaked in 1 mL of 70% ethanol for
20 min, the ethanol removed, and 2 mL of PBS added to each Falcon tube. The samples were
then placed in an incubator at 37 °C and 5% COaz for 1, 3, 6, 24, or 48 h. At these time points, the
PBS solution was removed, then the Falcon:tubes placed in the freezer, freeze-dried, and

reweighed. Degradation rate was calculated as

% Degradation = w x 100,
FDo

where Wepo is the initial weight of the freeze-dried scaffold and wepr is the weight of the freeze-
dried scaffold at one the above time points (1, 2, 3, 4, 6,and 12 h, 1 d and 7 d).

2.7. Cell viability and:morphological assessment

Fluorescent microscope imaging of the bulk gels took place on days 1, 3, and 8 using a
Zeiss Germany_microscope (Axiovert 100) and X-citee EXFO (series 120). Samples were
stained with 5'mg/mL Hoechst and 50 mg/mL P1/Calcein dye. Imaging of the cell-incorporated
scaffolds occurred on days 1, 4, and 8. Samples were stained with 5 mg/mL Hoechst and 1
mg/mL calcein, with 2 uL of each dye added to the samples and mixed with a pipette. Samples
were then incubated for 1 h. DMEM was removed, samples were washed with PBS, 1 mL of
fresh DMEM was added, and then the samples were imaged using fluorescent microscopy.

12



Images were analyzed with ImageJ to determine the circularity of cells as well as the number of

live and dead cells. Fractional cell viability was calculated as

. L Live Cell
Fractional Viability = % x 100.

2.8. Statistical analysis

T-tests were conducted to investigate differences between groups. Results:were
considered significant at P < 0.05. All results are reported as mean + standard deviation. Minitab
17 statistics software was used to check the significant effect of the duration of culture and the

concentration of alginate for cell viability studies using ANOVA (general linear model).

3. Results and discussion

3.1.Morphology of scaffolds

The architectural properties of a.scaffold are.characterized in terms of its external
geometry and internal structure. Figure 3 .shows the indirect fabrication of scaffolds from
alginate with different concentrations.and the morphology of gelatin and alginate scaffolds (after
refrigeration and incubation) using.microscopic and SEM imaging. It shows distinct differences
in the appearance of the scaffolds as well. All samples were visibly larger in area than the

sacrificial gelatin, as a temporary framework.
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Figure 3. Indirect biofabrication of alginate scaffolds using sacrificial gelatin [from left to right:
0.5, 1.5, and 3% alginate solutions, sacrificial framework (scale bar 5 mm), and pore of indirect-
fabricated scaffold after freeze-drying (scale bar 100 um)]: a) impregnated gelatin scaffolds after
18 h refrigeration, b) removing the sacrificial material after 48 h incubation, and ¢c) SEM images
of the side view of indirectly fabricated scaffolds with 0.5%, 1.5% (scale bar 500 um), and 3%
(scale bar 1 mm) alginate concentrations after freeze-drying.

Figure 4 compares the pore size in the X and Y directions, strand diameter, and sample
thickness across all sacrificial gelatin and indirectly fabricated samples after 18 h of refrigeration
and 48 h of incubation. After both refrigeration and incubation, the strand diameter of all
scaffolds increased compared to the original gelatin scaffold (0.763 + 0.004 mm). A slight initial

increase in pore size in all scaffolds occurred after impregnation of sacrificial frameworks with
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alginate and refrigeration. However, after incubation, the pore size of all scaffolds decreased to
significantly less than the original gelatin scaffold with a pore size of 1.507 + 0.055 mm and
1.518 + 0.061 mm in X and Y directions, respectively. Pore size, shape, and interconnectivity
have a profound influence on tissue regeneration and integration. Different pore sizes are
preferable for different anatomical locations to obtain functional tissue regeneration. For
example, scaffolds employed in bone tissue engineering having 160-700 um average pore size
(Naghieh et al., 2016), while in vascular tissue engineering pore sizes larger than400 pm inhibit
the formation of a vascular network (Bai et al., 2010; Kruyt et al., 2003).
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Figure 4. A comparison of pore size, strand diameter, and sample thickness from sacrificial
gelatin scaffolds to samples after a) 18 h of refrigeration and b) subsequent 48 h of incubation.
(*) and (~) indicate a significant difference from the original scaffold and the two other sample

types, respectively (p < 0.05,n=9).

3.2.Mechanical properties
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Scaffolds indirectly fabricated from 0.5, 1.5, and 3.0% alginate were subjected to either
ethanol disinfection, UV irradiation, or no sterilization. Compressive stress-strain tests were
conducted to analyze the effect of varying %w/v concentration and method of sterilization on
mechanical strength. We note here other factors beyond sterilization technique, such as
crosslinking mechanism and molecular weight of the alginate, also affect mechanical properties
(Freeman and Kelly, 2017; Matyash et al., 2012; Naghieh et al., 2018a). Figure«5 shows that
scaffolds with a higher %w/v concentration of alginate have a higher elastic.modulus. This
corresponds to scaffolds with a higher solids concentration displaying greater mechanical
strength. Scaffolds treated with ethanol had the highest elastic modulus, followed by unsterilized
scaffolds, and then UV irradiated scaffolds. Polymers degrade when exposed to UV light (Nagai
et al., 2005; Wasikiewicz et al., 2005), which is likely the cause for.the decrease elastic modulus
in samples sterilized with UV irradiation. Similarly, bacterial degradation might alter the
structural integrity of the nonsterile hydrogel and thus affect the elastic modulus of alginate
scaffolds (Arnosti et al., 1994). Based on the.results above, the scaffolds treated with ethanol
were determined to have the best mechanical properties (from having a higher elastic modulus

point of view) and thus were subjected to swelling and degradation tests.
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different at p < 0.05).

3.3.Swelling properties

In this study, the hydrogels were soaked in PBS. An exchange reaction occurs between
the calcium (Ca?*) ions in the scaffold and the sodium (Na®) ions in the PBS, causing the
crosslinks in the alginate formed by CaCl, to break, releasing Ca* ions into solution (Lee and
Mooney, 2013). Water then enters the hydrogel and causes it to swell. Figure 6a shows the trend
over 24:h for.all ‘hydrogel precursors considered (0.5, 1.5, 3%), which reflects initial swelling
followed thereafter by degradation. Rapid swelling occurred in the first hour due to ion
exchange, polymer chain relaxation, and water uptake. The low-concentration alginate precursor
contains less mannuronic and glucuronic acid compared to the high concentration alginate
precursor. In particular, carboxylate ions (COOH-) supplied by either mannuronic or glucuronic
acid participate in the crosslinking process by forming a bond with divalent ions (i.e., Ca?"). The
strength and density of crosslinking depends on the availability of divalent and carboxylate ions

in the hydrogel. In this study, the swelling rate of the scaffolds occurred in the order 0.5% >
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1.5% > 3% alginate precursor in the first hour of incubation. After the first hour, the swelling of
the 1.5 and 3% alginate scaffolds continued at a slower rate due to the effect of saturation,
whereas the swelling of the 0.5% alginate scaffold started decreasing at a rapid rate due to the
initiation of degradation mechanisms. The swelling of 1.5 and 3% hydrogels appeared to decline
after 3 and 6 h, respectively. The slower swelling rate of the 3.0% alginate compared to 1.5%
alginate is attributed to its high crosslinking density and strength. The lower crosslinking density
in low-concentration alginate hydrogels (0.5 and 1.5%) caused rapid degradation. that reduced
the swelling of these scaffolds in the PBS earlier than for the higher concentration (3%) alginate.
Samples were weighed again after 1 week, but no significant change in swelling. was observed.
All tests were conducted in a constant volume of PBS, meaning no extra Na* ions were added to
each well of the tissue culture plate. Once the samples reached equilibrium:with surrounding Na*
ions after 8 h of incubation, little change in the amount of swelling.was‘identified in all samples
due to insignificant polymer chain relaxation, water uptake, and degradation, in agreement with
(Mendoza Garcia et al., 2017).
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Figure 6. Percent a) swelling over 24 h and b) degradation over 48 h of the three types of alginate
scaffolds created using the indirect fabrication technique.

3.4.Degradation properties
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Alginate hydrogels were degraded by the release of divalent ions crosslinking the gel, in
this case Ca®*, into the surrounding solution by an exchange reaction with monovalent cations
(Lee and Mooney, 2013), in this case the Na* ions found in the PBS solution. Figure 6b shows
the degradation trends of the three scaffold types (0.5, 1.5, 3% alginate precursor) over 48 h. The
0.5% alginate scaffold shows the most dramatic change, degrading 52% + 1.74 at 48 h. In
comparison, the 1.5% scaffold and the 3% scaffold both changed more gradually, degrading
27.4% + 5.11 and 15.14% + 5.09, respectively, after 48 h. The degradation profile-of 0.5, 1.5 and
3% alginate scaffolds increased in the order 0.5%>1.5%>3%. Similar to the observations related
to swelling, rapid degradation occurred in all alginate scaffolds from O to 3 h and then slowed
due to ionic equilibrium (Na*/Ca2*) with the surroundings (due to the fixed volume of PBS in
each culture well). Notably, both the 0.5 and 1.5% alginate samples:became structurally unstable
after 48 h but the 3% alginate samples maintained their structure for.almost one week (results not

shown).

Figure 7a shows the progression of the degradation of the alginate scaffolds. The 0.5%
alginate scaffolds degraded rapidly, completely losing their physical structure after only 3 h; the
1.5% scaffolds began losing their structure after 3 h, with almost complete loss after 48 h; the
3.0% scaffolds underwent no dramatic visible change in structure over 48 h. The inner structure
of the different groups was investigated using SEM imaging. Figure 7b shows the internal
structure of indirect-fabricated scaffolds made from different concentrations of alginate after 24
h. Scaffolds fabricated from.low-concentration alginate (0.5%) had more porous structures than
those made from 3%-alginate, which had a rigid structure; the porous structure might facilitate
the higher rate of-degradation observed in the 0.5% alginate group. After 1 hour of incubating in
the PBS solution; 0.5% and 1.5% scaffolds had a smother inner structure than the 3% scaffold,
whichis_good evidence of surface/bulk degradation as well as the dissolution of the lower
concentration-alginate. The 3% alginate scaffold demonstrated a rough surface even after 24 h in
contrast to the other groups that showed evidence of erosion. The visual changes in Figure 7
closely follow the degradation trend in Figure 6b. The structural integrity of the 3% alginate
scaffolds over 48 h suggests their possible application in tissue engineering. As the scaffolds
retain well-interconnected internal channels, created using sacrificial gelatin, this type of scaffold
would be useful in studying micro-fluidics and vascularization (Huang et al., 2011). In contrast,
the relatively rapid degradation of the 0.5 and 1.5% alginate scaffolds could be useful in drug or
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cell release studies. Low-concentration hydrogels have promise in terms of neurite outgrowth for
nerve tissue engineering; being rapidly degradable, such low-concentration hydrogels could be
used as a filler material inside a conduit for their possible application in nerve guidance conduits,

as reported in detail elsewhere (Sarker et al., 2018).

The degradation experiments were conducted in a fixed volume of PBS and at a
temperature designed to simulate the physiologic environment. Under these conditions, ion
exchange takes place during the first few hours until equilibrium with the PBSuis achieved.
Because ion exchange is associated with degradation, observation of the degradation rate during
the first few hours is critical for understanding the mechanical behavior of alginate/gelatin

scaffolds in the physiologic buffer.
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Figure 7. Progression of degradation for 1.5 and 3.0% alginate scaffolds over 48 h: a) visual
observation.and b) SEM images of indirect-fabricated scaffolds with 0.5, 1.5, and 3% alginate.

3.5.Cell viability and circularity assessment
3.5.1. Fluorescent imaging of bulk gels
Each bulk gel was stained with Hoechst and PI to show the number of total cells and dead
cells, respectively. All hydrogels experienced a decrease in cell viability over the course of 8 d
(Figure 8). The 3% and 1.5% alginate hydrogels experienced a steep drop in fractional viability
from day 1 to day 8 (less than 40% and 30% for 1.5% and 3% alginate hydrogels, respectively),
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while the 0.5% gel had higher cell viability at the end of day 8 (more than 50%). The cells
seeded onto the 0.5% bulk gel had a higher fractional viability over 8 days than those on 1.5 and
3.0% bulk gels. This might be due to the lower concentration of this hydrogel making it a
favorable substrate for cells, as reported elsewhere (Matyash et al., 2012). Increasing alginate
precursor concentration results in a stiffer internal structure of the bulk gel, which interrupts
diffusion mass transfer mechanism between the cells and culture media and significantly affects
the metabolic mechanism of incorporated cells. In addition, strong bonds among. the. polymer
chains in the high-concentration alginate inhibit cell migration/proliferation as well as cell to cell
interactions. Therefore, high concentration alginate is not a promising biomaterial in terms of
cell viability but demonstrates relatively suitable mechanical properties for tissue engineering
applications. In contrast, low-concentration (0.5%) alginate demonstrates better cell viability
compared to high-concentration alginate but has poorer<mechanical stability. Hence, the
optimum concentration of alginate precursor needs to. be determined prior to fabrication to
achieve both satisfactory mechanical stability and cell viability. The decreased cell viability in all
alginate hydrogels with time could be improved by introducing interconnected channels through
indirect printing and the creation of scaffolds.with a porous structure. Such an interconnected
structure would facilitate diffusive 'mass transfer (i.e., nutrients, oxygen gas, proteins,

metabolites etc.) between the incorporated cell population and the surrounding culture medium.
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Figure 8. Fractional cell viability in.0.5, 1.5, and 3% bulk alginate gels over 8 d. Based on
ANOVA (general linear model), time, concentration, and their interaction are statistically
significant (p<0.05) (top pictures are-fluorescence microscope images of the total (left) and dead
(right) staining of Schwann cells using Hoechst and P1).

3.5.2. Fluarescent imaging of cell-incorporated scaffolds

Scaffolds were stained with calcein and Hoechst to show the number of live cells and
total cells, respectively. Calcein staining and optical images captured from the cell-incorporated
scaffolds after bioprinting are shown in Figure 9. The 0.5% alginate had poor printability (Figure
1) and so 0.5% alginate scaffolds were not considered; images in Figure 91 are for bulk gel.
Optical microscopy was used to illustrate cell development, with the images showing pores were
open and cells were well distributed (partially elongated cells with high cell density; Figure 9lI
and 111). Alginate scaffolds fabricated with 1.5 or 3.0% hydrogel precursor showed better cell
viability compared to 0.5% alginate gel on day 3 and 8 due to the interconnected bioplotted

structures (Figure 10). However, alginate scaffolds printed with 3% alginate precursor
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demonstrated poorer cell viability than the 1.5% alginate scaffold, indicating the effect of shear
stress-induced cell damage during the bioplotting process. Live cells within the 0.5% bulk
alginate gel showed a decreasing trend over the 8 d of in vitro culture; this is attributed to rapid
degradation and the non-porous structure. Incorporated Schwann cells in 1.5 and 3.0% alginate
scaffolds had a higher cell viability at day 3 than day 1 or 8 that might be due to the high
proliferation rate; the observed decrease in cell viability thereafter is likely due to the effect of
tissue remodeling. Compared to 3% alginate scaffolds, 1.5% alginate scaffolds maintained better
cell viability over the 1 to 8 day culture period, suggesting the efficacy of less stiff polymer in
the 3D cell incorporation approach. These results suggest the potential for scaffolds bioplotted
with sequential layers of soft and stiff hydrogel strands, which would simultaneously address

both biological and mechanical performance for specific tissue engineering-applications.
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Figure 9. Fluorescence microscope images of live staining of Schwann cells (scale bar 20 pum)
showing live cells: 1) 0.5% alginate bulk gel: a) day 1, b) day 4, c) day 8; Il) 1.5% alginate
scaffold: d) day 1, e) day 4, f) day 8; 111) 3% alginate scaffold: g) day 1, h) day 4, i) day 8

(optical images in 11 and I11 were captured after fabrication of the cell-incorporated scaffolds; all
scale bars are 500 pm).
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Figure 10. Fractional cell viability in each cell-incorporated scaffold after 8 d. Error bars are
standard deviation. Based on ANOVA (general linear model), time, concentration, and their
interaction are statistically significant (p<0.05).

3.6. Cell morphology in bulkgels and cell-incorporated/post-seeded
scaffolds

Calcein assay was used to stain the eytoplasm of Schwann cells to assess the morphology
of cells over time (DeCoster et al.,.2010). The circularity of cells in the three types of alginate
structures was analyzed using ImageJ. Circularity is measured on a 0.0-1.0 scale, with 1.0 being
a perfect circle. Low circularity values are associated with a more stretched, attached, or
differentiated state of incorporated cells. The circularity of cells in the 0.5, 1.5, and 3.0% alginate
bulk gels was 0.423 +0.118, 0.768 + 0.034, and 0.799 + 0.064, respectively, after 8 d (Figure
11a).. The lower circularity of cells in the 0.5% alginate gel at day 8 compared to other groups
occurred concurrently with rapid degradation during the culture period due to significant
polymer chain relaxation, swelling, and medium uptake within the bulk gel. Absorption of
culture medium facilitated the availability of various protein molecules within the matrix that
helped Schwann cells in the 0.5% alginate hydrogel express multipolar morphology. The higher
values for cell circularity for the other bulk gels (3 and 1.5%; Figure 11a) suggest the lower

concentration of alginate is more favorable for 3D Schwann cell cultures over time.
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Figure 11. Cell circularity on bulk gels and cell-incorporated scaffolds over 8 d.

In the 1.5 and 3% alginate scaffolds fabricated using direct bioplotting (Figure 11b),
incorporated cells were more circular than in the 0.5% alginate bulk gel (Figure 11a). The high
circularity is attributed to confined cells that are unable to migrate and interact with each other
inside the alginate strands of the bioplotted scaffolds. Furthermore, the trend in Figure 11b
indicates that the circularity.of cells in the 1.5 and 3% alginate scaffolds are close to 0.9 at day 3.
This might be due to a large number of cells, resulting from cell proliferation, becoming trapped
in a confined space, where they tend to remain in a more circular shape. This could also explain
the spike.in circularity on day 3 for both the 1.5 and 3.0% alginate scaffolds (cell retraction due
to proliferation). On a 2D tissue culture plate, Schwann cells usually demonstrate multipolar
morphology, extending multiple processes that are indicative of attachment, differentiation, and
migrated states. In the in vivo state, the morphology might differ from cell to cell as per the
location and function of the tissue or organ. In some applications, spherical morphology of cells
(such as chondrocytes and pancreatic islet cells) incorporated into alginate hydrogel can form

functional tissues (Calafiore, 2003; Chia et al., 2004); however, the elongated morphology of
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Schwann cells is expected in a 3D culture to facilitate the formation Bands of Bungner necessary

for the regeneration of damaged peripheral nerves.

Figure 12a shows an increase in circularity over 8 days for post-seeded scaffolds. Figure
12b demonstrates an increase in cells and cell clumping, and therefore the increased circularity
again might be due to the retraction of cells to make space for proliferating cells. Figure 12b also
shows the Schwann cells attached to the surface of the indirect-fabricated scaffolds. Schwann
cells continued to proliferate on the surface of the 0.5% alginate scaffold to day 8 (Figure 12b),
but this was less evident for the other alginate scaffolds (1.5 and 3%). ThiS.is consistent with
reports demonstrating the limitations of cell migration, growth, and differentiation using high-
density hydrogels (Zehnder et al., 2015). As shown in Figure 7b, pores are evident in the inner
structure of the 0.5% indirect-fabricated scaffolds and could facilitate the observed cell growth.
Furthermore, not only were more cells observed on the surface of 0.5% alginate scaffold, for all
sample groups, the seeded cells showed more spherical morphology over time in particular spots
on the alginate surface, indicative of cell proliferation. It.is well-established that polysaccharide
molecules lacking peptides in their structure do not facilitate cell attachment on the surface.
However, absorption of gelatin molecules released from the indirectly-fabricated framework on
the surface of alginate strands might enhance the surface properties of alginate scaffolds
fabricated by the proposed indirect approach. Moreover, some amount of gelatin might get
absorbed in the alginate hydrogel during the removal process, and thereafter have a positive
effect on the cellular behavior (You et al., 2016).
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Figure 12. Cell circularity of Schwann cells in post-seeded scaffolds over 8 d: a) cell viability for
different groups of indirect-fabricated scaffolds and b) optical images from samples from
different days indicating the morphology of cells (100x magnification).

4. Conclusions

Hydrogels are widely used in the bioprinting of scaffolds for tissue engineering
applications. Low-concentration hydrogels create a favorable environment for many cell
functions but are limited from the fabrication point of view due to poor printability. Here, we
illustrated the feasibility of fabricating scaffolds from low-concentration alginate using an
indirect-bioprinting process by means of a sacrificial gelatin framework. Scaffolds were
fabricated with varying concentrations of alginate and then sterilized using either UV or ethanol.

Next, the scaffolds were characterized biologically using Schwann cells for potential nerve tissue
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engineering applications. Our results indicate that scaffolds can be fabricated by the indirect-
bioprinting process at precursor alginate concentrations of 0.5-3%. Scaffolds created from 0.5,
1.5, and 3% alginate and sterilized with ethanol have a higher elastic modulus than those treated
with UV. Scaffolds made from 0.5 and 1.5% alginate experienced significant changes in
swelling, while those fabricated from 3.0% alginate demonstrated much more gradual changes.
In addition, 0.5% alginate scaffolds experienced dramatic degradation compared to those
fabricated from 1.5 or 3.0% alginate. The low-concentration alginate scaffolds provided a more
favorable environment for Schwann cells. Taken together, our results show the  indirect-
bioprinting process successfully addresses the poor printability of low-concentration alginate for
scaffold fabrication. The results further show that both the mechanical and biological properties
of fabricated scaffolds are affected by the concentration of alginate as well as the sterilization
technique utilized. These results provide an effective means. of regulating scaffold properties
during the indirect-bioprinting process. Furthermore,.the results indicate the possibility of
extending the proposed indirect-bioprinting. process. to .other types of low-concentration
hydrogels to address the tradeoffs between printability” and properties favorable for cell

functioning.
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Figure captions:

Figure 1. 3D bioplotting of alginate hydrogels: a) cultivated Schwann cells mixed with alginate
hydrogel and then bioplotted, b) cell-incorporated alginate scaffold and staining result showing

one strand, and c) poor printability-of 0.5% alginate printed with a 100-um needle and staining

result of cell-incorporated gel.

Figure 2. Indirect biofabrication; a) 3D bioplotter used for the fabrication of gelatin scaffolds, b)
gelatin scaffold and bulk gel samples, and c) gelatin scaffold used for indirect biofabrication and
a close-up view of this sacrificial framework.

Figure 3. Indirect biofabrication of alginate scaffolds using sacrificial gelatin [from left to right:
0.5, 1.5, and 3% alginate solutions, sacrificial framework (scale bar 5 mm), and pore of indirect-
fabricated scaffold after freeze-drying (scale bar 100 um)]: a) impregnated gelatin scaffolds after
18 h refrigeration, b) removing the sacrificial material after 48 h incubation, and ¢c) SEM images
of the side view of indirectly fabricated scaffolds with 0.5%, 1.5% (scale bar 500 um), and 3%
(scale bar'd mm) alginate concentrations after freeze-drying.

Figure 4. A comparison of pore size, strand diameter, and sample thickness from sacrificial
gelatin scaffolds to samples after a) 18 h of refrigeration and b) subsequent 48 h of incubation.
(*) and (~) indicate a significant difference from the original scaffold and the two other sample
types, respectively (p <0.05,n =9).

Figure 5. Elastic modulus for different scaffolds (fabricated from 0.5, 1.5, and 3% alginate) for
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control samples and those sterilized using UV or ethanol (results for all groups are significantly
different at p < 0.05).

Figure 6. Percent a) swelling over 24 h and b) degradation over 48 h of the three types of
alginate scaffolds created using the indirect fabrication technique.

Figure 7. Progression of degradation for 1.5 and 3.0% alginate scaffolds over 48 h: a) visual
observation and b) SEM images of indirect-fabricated scaffolds with 0.5, 1.5, and 3% alginate.

Figure 8. Fractional cell viability in 0.5, 1.5, and 3% bulk alginate gels over.8.d. Based on
ANOVA (general linear model), time, concentration, and their interaction. are statistically
significant (p<0.05) (top pictures are fluorescence microscope images of the total (left) and dead
(right) staining of Schwann cells using Hoechst and PI).

Figure 9. Fluorescence microscope images of live staining of Schwann cells (scale bar 20 pum)
showing live cells: 1) 0.5% alginate bulk gel: a) day 1, b) day 4,.c).day8; 1) 1.5% alginate
scaffold: d) day 1, e) day 4, f) day 8; Ill) 3% alginate scaffold: g) day 1, h) day 4, i) day 8
(optical images in 1l and 111 were captured after fabrication of the cell-incorporated scaffolds; all
scale bars are 500 pm).

Figure 10. Fractional cell viability in each cell-incorporated scaffold after 8 d. Error bars are
standard deviation. Based on ANOVA (general linear model), time, concentration, and their
interaction are statistically significant (p<0.05).

Figure 11. Cell circularity on bulk gels:and cell-incorporated scaffolds over 8 d.

Figure 12. Cell circularity. of Schwann cells in post-seeded scaffolds over 8 d: a) cell viability
for different groups of indirect-fabricated scaffolds and b) optical images from samples from
different days indicating the.morphology of cells (100x magnification).
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