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In tissue engineering applications, sacrificial molding of hydrogel monoliths is a versatile technique for
creating 3D molds to control tissue morphology. Previous sacrificial templates fabricated by serial pro-
cesses such as solvent casting and thermal extrusion/fiber drawing can be used to effectively mold inter-
nal geometries within rapidly polymerizing, bulk curing hydrogels. However, they display poorer
performance in controlling the geometry of diffusion limited, ionically cross-linked hydrogels, such as
alginate. Here, we describe the use of poly(vinyl alcohol)-calcium salt templates (PVOH-Ca) fabricated
by micro-injection molding, a parallel mass-production process, to conveniently cast internal geometries
within both bulk curing hydrogels and ionically cross-linked alginate hydrogels. Calcium salt solubility
was discovered to be a critical factor in optimizing the polymer composite’s manufacturability, mechan-
ical properties, and the quantity of calcium released upon template dissolution. Metrological and com-
puted tomography (CT) analysis showed that the template’s calcium release enables precise casting of
microscale channel geometries within alginate hydrogels (6.4 + 7.2% average error). Assembly of modular
PVOH-Ca templates to mold 3D channel networks within alginate hydrogels is presented to demonstrate
engineering scalability. Moreover, the platform is used to create hydrogel molds for engineering human
embryonic stem cell (hESC)-derived neuroepithelial organoids of a microscale, biomimetic cylindrical
morphology. Thus, injection molded PVOH-Ca templates facilitate customization of hydrogel sacrificial
molding, which can be used to generate 3D hydrogels with complex internal microscale architecture
for diverse tissue engineering applications.

Statement of Significance

Sacrificial molding of hydrogel monoliths is a versatile technique for creating 3D molds for tissue engi-
neering applications. Previous sacrificial materials fabricated by serial processes have been used to effec-
tively mold internal geometries within rapidly polymerizing, bulk curing hydrogels. However, they
display poor performance in molding geometry within diffusion limited, ionically cross-linked hydrogels,
e.g. alginate. We describe the use of poly(vinyl alcohol)-calcium salt templates (PVOH-Ca) fabricated by
micro-injection molding, an unparalleled mass-production process, to conveniently cast internal geome-
tries within both bulk curing hydrogels and ionically cross-linked alginate hydrogels. Calcium release
from the PVOH-Ca templates enables precise sacrificial molding of alginate hydrogels and the process
is biocompatible. Moreover, we demonstrate its use to engineer the morphology of hPSC-derived neu-
roepithelial organoids, and modular PVOH-Ca template designs can be assembled to enable scalable
3D customization of hydrogel internal architecture.
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1. Introduction

Hydrogel biomaterials are used throughout the tissue engineer-
ing field as versatile scaffolds to support three-dimensional (3D)
cell growth and shape the morphology of tissue constructs [1-6].
In vivo, normal tissue development and physiology relies upon
proper cytoarchitectural organization at multiple length scales
[7]. Hence, several methods have been developed for engineering
the macro-to-microscale architecture of hydrogel scaffolds, includ-
ing layer-by-layer 3D printing technologies, such as fused deposi-
tion modeling (FDM) and stereolithography (SLA) [1,3,8,9].
Recently, these methods have been used to fabricate sacrificial
templates that enable unprecedented, rapid casting of intricate
architectures within hydrogel monoliths [3,10,11]. For example,
Miller et al. used a FDM printer to create interconnected 3D lattices
composed of water-soluble carbohydrate glass filaments [3]. Sub-
sequently, the lattices could be encapsulated within hydrogels,
and upon dissolution, leave behind channel networks suitable for
generating microvasculature within prospective 3D tissues. Alter-
natively, sacrificial poly(vinyl alcohol) (PVOH), alginate, gelatin,
and polyethylene glycol (PEG) templates casted within SLA fabri-
cated molds have also been developed to engineer microscale
hydrogel architecture [12-15].

While these approaches enable casting of complex hydrogel
architectures, the fabrication techniques and sacrificial template
materials impose several limitations. First, FDM and SLA/solvent
casting fabrication techniques are not easily scaled for mass pro-
duction due to extended manufacturing cycle times per sacrificial
template. Second, carbohydrate glass templates are brittle and
inelastic nature, suggesting limited durability during normal han-
dling, whereas those of PVOH and alginate templates were not
directly determined [3,12,13]. Third, current sacrificial template
materials have only been proven to effectively cast complex
geometries within bulk curing hydrogels such as PEG, fibrin, and
methacrylated gelatin [3,14]. Poorer dimensional fidelity was
observed when Miller et al. used carbohydrate glass lattices to cast
channels within diffusion limited, ionically crosslinked alginate
hydrogels, a widely used tissue engineering scaffold and clinically
approved biomaterial [3,5,12,16,17]. Alginate in particular has sev-
eral advantageous biomaterial properties for tissue engineering
applications: facile and gentle cell encapsulation, ease of chemical
modification via densely presented carboxylic acid groups, and
enzymatic degradation mechanisms that are orthogonal to the
mammalian genome [5,17]. Thus, there remains a need to develop
a scalable mass production process for generating durable sacrifi-
cial templates capable of accurately casting internal architectural
features within both bulk curing and diffusion limited, ionically
crosslinked hydrogels.

To address these limitations, we have developed micro-
injection molded PVOH-calcium salt composites (PVOH-Ca) as
enhanced sacrificial templates for engineering 3D hydrogel molds
with complex internal architecture (Schematic 1). Injection mold-
ing processes are unmatched in manufacturing scalability due to
their automated, parallel production of finished polymer compo-
nents within seconds [18-20]. Interestingly, calcium salt solubility
was discovered to be a critical parameter in optimizing the PVOH-
Ca composite’s micro-injection molding processability and the
resulting templates’ durability and casting efficacy. PVOH compos-
ited with calcium acetate (Ca(C,H30;);) salts produced templates
with enhanced mechanical properties and calcium release upon
aqueous dissolution, which accelerated the curing rate of alginate
hydrogels at the template/hydrogel interface. PVOH-Ca(C;H30;),
templates were observed to cast 500 pm diameter channels within
alginate hydrogel monoliths with an average dimensionality error
of only 6.4+7.2%, and equivalent performance was observed

within bulk curing polyacrylamide hydrogels. To demonstrate pro-
cess scalability and versatility, modular PVOH-Ca(C,H30,), tem-
plates were injection molded, assembled into multicomponent
Lego®-like structures, and used to generate 3D channel networks
within alginate and polyacrylamide hydrogels. The biocompatibil-
ity of the PVOH-Ca(C,H30,), template-mediated hydrogel molding
process was demonstrated in the presence of hESC-derived neuro-
spheres. Additionally, the templates were used to engineer hESC-
derived neuroepithelial organoids with a biomimetic, microscale
cylindrical morphology. These results demonstrate the utility, bio-
compatibility, and versatility of PVOH-calcium acetate templates
for sacrificially molding hydrogels with custom internal architec-
tures for tissue engineering applications.

2. Materials and methods
2.1. Materials

Sterile Pronova SLG1000 sodium alginate was purchased from
Pronova Biopolymer. Calcium salts (CaCOs, Ca(C;H30,),, Cal, and
CaCly), Eriochrome Black T, Ammonium Chloride, and Magnesium
Chloride were purchased from Sigma Aldrich. Calcium sulfate
and ammonia were purchased from Acros Organics. Polyacry-
lamide, tetramethylethylenediamine (TEMED), and ammonium
persulfate were purchased from Biorad. Functionalized PEG-
norbornene hydrogel materials were kindly provided by Prof. Wil-
liam Murphy (UW-Madison). Polypropylene 6061 aluminum and
316 stainless steel raw materials were purchased from
McMaster-Carr Supply Company. Dexron-VI automatic transmis-
sion fluid (ATF) was purchased from Autozone and used as the
imaging contrast dye for alginate perfusion.

2.2. Extrusion compounding

Calcium salts were ground via mortar and pestle and sieved until
less than 300 um in dimension. The salts were hand mixed with
PVOH (Monopol C100, Monosol Inc.) and conditioned under vac-
uum at 70 °C for 4 h. The mixture was fed through a volumetric fee-
der (Tuf-Flex 100, Schenck Accurate) into a co-rotating twin screw
compounding extruder (18 mm Leistritz AG) equipped with a screw
designed with only feedforward elements and a 6 mm strand die
(Schematic 1). Post compounding, the extrudate was run through
a pelletizer to prepare the composite for injection molding. Com-
pounding parameters are listed in Supplemental Table S1.

2.3. Mechanical and thermal analysis

Tensile properties were measured using an Instron 5967
Universal Tensile Testing Machine (30 kN) with injection molded
ASTM D638 Type V tensile bars elongated at 50 mm/min [21].
Thermogravimetric analysis (TGA) was performed on PVOH-Ca
composite samples ranging from 20 to 60 mg within platinum pans
(DSC Consumables Inc.) ramped to 600 °C at 10 °C/min (Q50 TGA,
TA Instruments). Differential scanning calorimetry (DSC) was per-
formed using hermetic aluminum pans (DSC Consumables Inc.)
between 0 and 210 °C at a ramp rate of 10 °C/min (Auto Q20, TA
Instruments). Viscosity characterization was performed with a par-
allel plate rheometer (AR2000, TA Instruments) using injection
molded discs with a 24.5 mm diameter and 2 mm thickness.

2.4. Micro-injection molding

Custom injection molds were designed with 3D modeling soft-
ware (Solidworks 2014, Dassault Systems) and fabricated from
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Schematic 1. Illustration of PVOH and calcium salt compounding followed by injection molding of a sacrificial PVOH-Ca template, which is subsequently encapsulated and
dissolved within an alginate hydrogel monolith. Release of calcium ions at the hydrogel-template interface enhances interior lumen molding fidelity. The resulting
engineered hydrogel can then be used to mold the microscale morphology of hPSC-derived cell aggregates/organoids.

6061 aluminum blocks with a computer numerical control (CNC)
vertical machining center (MiniMill 2, Haas) programmed using
computer aided design/manufacturing (CAD/CAM) software (Mas-
ter CAM X7, CNC Software, Inc.). All micro-injection molding was
performed on a 38 ton Arburg Allrounder 270A machine with an
18 mm injection unit using processing parameters found in Sup-
plemental Table S1.

2.5. Complexometric calcium titration

A complexometric titration was performed to quantify the
amount of Ca ions released from PVOH-Ca templates upon dissolu-
tion. 1.4 g of each composite was completely dissolved in 50 mL of
deionized water. Then, 100 mL of 50 mM ethylenediaminete-
traacetic acid (EDTA) was added to the solution to chelate all free
Ca atoms. Eriochrome black T (EBT), a weaker chelating agent used
as an indicator, was subsequently added to the solution causing a
blue color that changes to pink upon its complexing with cations.
Then, MgCl, was titrated into the solution to react with the excess
EDTA to completion, which was indicated by the solution’s color
change due to Mg’s reaction with EBT. Once the solution turned
pink, we could estimate the amount of Ca released upon PVOH-
Ca template dissolution from the amount of titrated MgCl,. For
each template composition, the titration results were compared
with the total Ca salt content detected by thermogravimetric anal-
ysis (TGA).

2.6. Hydrogel fabrication

2.6.1. Polyacrylamide

Polyacrylamide hydrogels were fabricated within custom
polypropylene devices that suspended PVOH templates between
inlet and outlet needles (Fig. 1A). Five milliliters of 12% acry-
lamide/bisacrylamide was prepared, and 100 pL of ammonium
persulfate and 4 pL of TEMED were added to initiate the bulk poly-
merization reaction. After 5 min, the polyacrylamide solution was
added to the device to completely encapsulate the suspended
PVOH template. The solution was allowed to polymerize for one
hour. Then, the device was transferred to a 45 °C water bath and
incubated overnight for PVOH dissolution.

2.6.2. Polyethylene glycol (PEG)

PEG-norbornene (PEG-NB) hydrogels were fabricated within
custom stainless steel devices that suspended PVOH templates
between inlet and outlet needles (Fig. 1B). 4.5 mL of 4% (w/v)
PEG-NB was prepared to achieve 60% crosslinking [22]. The solu-
tion was added to the device to completely encapsulate the sus-
pended PVOH template. The device was placed under a UV lamp
and exposed to UV light at 365 nm wavelength for 20 s to induce
polymerization. Then, the device was transferred to a 45 °C water
bath and incubated overnight for PVOH dissolution. Post dissolu-
tion, the internal channel network was perfused with a mixture
of green food colorant and water to enhance imaging contrast.
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Fig. 1. Channel laden hydrogels molded using PVOH and PVOH-CaCl, sacrificial templates. (A) polyacrylamide, (B) PEG, and (C) alginate hydrogels cast using PVOH lattices.
(D) Alginate hydrogel cast using a 10% (w/w) loaded PVOH-CaCl, template. (E) Schematic of cross-sectional hydrogel slices made to measure outer, middle, and interior
channel diameters. Representative cross-sectional images of alginate hydrogels cast using (F) PVOH and (G) 10% PVOH-CaCl, templates. (H) Percent deviation of hydrogel
channels’ diameter from the sacrificial template’s dimensions. Data combined from duplicate experiments to yield n =8, 16 and 24 for outer, middle and inner channels,
respectively. Error bars represent standard deviation; 'P < 0.05, One-way ANOVA with post-hoc Tukey-Kramer test; Scale bars are 3 mm.

2.6.3. Alginate

Alginate hydrogels were fabricated within custom polypropy-
lene and stainless steel devices that suspended PVOH templates
between inlet and outlet ports. To form alginate hydrogels, a
5 mL solution of 2% sodium alginate in sterile, deionized water
was prepared by overnight mixing at 4 °C. A CaSO,-alginate slurry
was prepared by adding 300 L of 7.5% CaSO, in deionized water to
the 5 mL of 2% sodium alginate solution. The slurry was pipetted
into the device to encapsulate the suspended PVOH template,
and allowed to pre-gel for 10 min. Then the device was submerged
in a room-temperature bath of 2% (w/v) CaCl, in deionized water
overnight to induce bulk hydrogel gelation and completely dis-
solve the PVOH template. Post dissolution, the internal channel
network was perfused with Dexron-VI automatic transmission
fluid to enhance imaging contrast. For cell culture studies, stainless
steel devices and components are autoclaved, and the devices are
assembled and injected with Sodium Alginate and Calcium Chlo-
ride solutions in a sterile cell culture hood. The PVOH templates
are sterilized in a cell cultured hood with UV for 1hr prior to
assembly into stainless steel device.

2.6.4. Hydrogel imaging and reconstruction

Hydrogels were imaged using standard photography or a Micro-
CATII (Siemens AG.) at the University of Wisconsin Carbone Cancer
Center’s small animal imaging facility. The Digital Imaging and
Communications in Medicine (DICOM) image stacks were then

reconstructed and converted into STL graphic bodies using Mimics
software (Materialize NV.). Image analysis was performed using a
combination of Magics (Materialize NV.), MeshLabs, and Solid-
works (Dassault Systemes).

2.7. Neuroepithelial cell derivation

WAOQ9 (H9, WiCell) human embryonic stem cells (Passage 28-
40) were maintained in the pluripotent state in E8 medium (Ther-
mofisher) on Matrigel™ (WiCell) coated plates. The H9 line was
authenticated as karyotypically normal by the provider and within
6 months of these experiments and tested for mycoplasma with
negative results (WiCell). After banking, the cells were used for
no more than 15 passages during experimentation. Neural induc-
tion was executed as previously described [23]. Briefly, hESCs were
passaged with Accutase (Life Technologies) onto matrigel-coated
plates at a density of 1x10° cells/cm? with 10 mM ROCK inhibitor
(Y27632; R&D Systems). The following day, cells were changed to
E6 medium (ThermoFisher) for 4 days with daily, complete media
changes.

2.8. Formation of organoids in alginate hydrogel channels

Neuroepithelial cells (NECs) were washed with 2 mL PBS, accu-
tased for 5 min, and removed from the surface by gentle pipetting.
After collection by centrifugation, cells were gently resuspended at
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a concentration of 250,000 cells/uL in E8 medium containing
10 uM Y27632 and 1:200 Penicllin-Streptomycin (Penstrep,
10,000U/mL) (Invitrogen). Using a PHD Ultra™ syringe pump (Har-
vard Apparatus) loaded with a 3 cc syringe connected via tubing to
a 1-200 pL gel-loading pipette tip (VWR, Cat. No. 37001-150), the
cells were collected and injected into the alginate hydrogel’s
molded channel at a rate of 5-50 nL/s in a sterile environment.
The injection process was visualized using an EVOS™ XL Core
Imaging System (ThermoFisher). After injection, the hydrogels
were removed from their stainless steel devices and cultured in
E8 media in 6-well plates for the first 24 hrs. Then, they were
transferred to a sterile 125 mL Pyrex Spinner flask (ThermoFisher)
agitated on an orbital shaker (Scilogex, Cat. No. SK-0330-Pro) for an
additional 4, 8, or 16 days in E6 medium containing 1:200 Pen-
strep. Complete media changes were conducted every third day.

2.9. Organoid fixation and immunochemistry

After culture, hydrogels containing organoids were washed
with PBS 3 times for 10 min, and subsequently fixed with
paraformaldehyde (PFA) for 15 min. After fixation, hydrogels were
transferred to a 30% sucrose-PBS solution for 1-3 days. Next, the
organoids were removed from the hydrogels by incubation in a
100 mM EDTA solution for 1hr, collected by gentle pipetting using
a cut 1000 pL pipette tip, and embedded in OCT compound (Sigma-
Aldrich) until sectioning. Organoids were sectioned as 30 pm thick
slices onto Superfrost Plus microscope slides (ThermoFisher). The
slides were washes 3 times with PBS to remove OCT, blocked with
TBSDT (Tris Buffered Saline + 5% Donkey Serum + 0.3% Triton X),
and incubated in primary antibodies against mouse-anti-N-
Cadherin (BD Biosciences, Cat. No. 610920) and rabbit-anti-Pax6
(Biolegend, Cat. No. 901301), or mouse-anti-N-Cadherin and
rabbit-anti-Laminin (Abcam, Cat. No. ab30320) for 3 days. All pri-
mary antibodies were used at a 1:200 dilution. After incubation,
the slides were washed 5 times with TBST (TBS + 0.3% Triton X)
and incubated for 1day in secondary antibodies Alexa 488®
donkey-anti-mouse and Alexa 555® donkey-anti-rabbit (1:250,
ThermoFisher) and stained with DAPI (Invitrogen, Cat. No.
D1306) for 20 min prior to washing with TBS 5 times. Slides were
mounted using Prolong Gold anti-fade (ThermoFisher) under No. 1
coverslips (ThermoFisher) and imaged using a Nikon AR1 confocal
microscope.

2.10. Statistical analysis

RStudio® was used to conduct all statistical analysis. Experi-
mental replicates or number of groups are detailed in figure
legends, and error bars show standard deviations. One-way ANO-
VAs with post-hoc Tukey-Kramer tests were conducted to deter-
mine statistical significance. P < 0.05 was considered statistically
significant.

3. Results
3.1. Injection molded, sacrificial PVOH and PVOH-CaCl, templates

In contrast to brittle carbohydrate glass sacrificial templates [3],
we opted to produce sacrificial templates using durable, water-
soluble, and biocompatible PVOH similar to Tocchio et al. [12].
Micro-injection molding was chosen as the fabrication technique
to mitigate manufacturing scalability concerns. Aluminum molds
were CNC-milled to produce sacrificial PVOH templates with a lat-
tice geometry consisting of cylinders that transitioned from 3 to
1 mm in diameter (Fig. 1E, and Supplemental Fig. S1). To evaluate
their hydrogel molding utility, the templates were encapsulated

within polyacrylamide, PEG, and alginate monoliths, and dissolved
overnight in a water bath to generate hydrogels with replicate
internal architecture. Post template dissolution, bulk curing poly-
acrylamide and PEG hydrogels displayed discernable internal
channel lattice networks (Fig. 1A-B). The PEG hydrogel’s channels
displayed a higher deviation from the PVOH template’s dimensions
presumably due to the hydrogel’s characteristic swelling [22,24]
(Fig. TH). However, a series of disconnected and non-uniform voids
were generated in alginate hydrogels, suggesting that the PVOH
template dissolved prior to the inward diffusion of crosslinking
Ca®* ions (Fig. 1C and E-F).

To enable effective sacrificial molding of alginate hydrogels, we
hypothesized that compounding calcium salts into the PVOH tem-
plate material would accelerate the crosslinking rate at the tem-
plate/hydrogel interface and enable more precise sacrificial
molding. PVOH was compounded with 5% and 10% (w/w) CaCl,
using twin screw extrusion, and the PVOH-CaCl, composite was
injection molded into a lattice geometry (Fig. 1E). Sacrificial mold-
ing with PVOH-CaCl, templates yielded continuous channel net-
works within alginate hydrogels indicating that release of the
compounded calcium ameliorated casting efficacy (Fig. 1D-G).
Metrological analysis of cross-sectioned hydrogels (Fig. 1E-G)
revealed that compounding 10% vs. 5% (w/w) CaCl, into the PVOH
lattice template significantly improved molding of the channel net-
work geometry (Fig. 1H). However, the casted architecture’s
dimensions still deviated from those of the PVOH-CaCl, template
by ~30%. Thus, the addition of CaCl, to PVOH template material
significantly improved molding of internal architecture within ion-
ically crosslinked alginate hydrogels, but the molding fidelity could
be further improved.

3.2. Optimizing mechanical properties of PVOH-Ca templates

Although the PVOH-CaCl, sacrificial molding results were
promising, the addition of CaCl, into the PVOH substrate also
yielded undesirable fabrication side effects. Notably, the composite
was much more difficult to process via extrusion and injection
molding than neat PVOH material. For example, thermal degrada-
tion of the 10% PVOH-CaCl, composite was apparent both visually
and aromatically. According to a prior cement study, dissolved Ca®*
ions can produce crosslinking-like interactions between hydroxyl
groups within the PVOH polymer backbone [25]. Since CaCl, solu-
bility in water is high and increases with temperature (Supplemen-
tal Table S2), it was hypothesized that the thermal processing of
extrusion and injection molding amplified Ca?* crosslinking within
the polymer composite. Increased polymer chain cross-linking
would make PVOH-CaCl, templates more difficult to injection
mold, and it could decrease the release of Ca?* ions upon the tem-
plates’ aqueous dissolution. Therefore, we investigated whether
compounding PVOH with calcium salts of lower solubility would
minimize crosslinking interactions during material processing.
PVOH was compounded with 10% (w/w) calcium iodide (Cal,), cal-
cium acetate (Ca(C;H30,),), or calcium carbonate (CaCOs) salts,
which are listed in order of decreasing solubility (Supplemental
Table S2), and each composites’ mechanical and calcium release
properties were analyzed in detail (Figs. 2 and 3).

Tensile strength tests on injection molded PVOH-Ca ASTM D638
Type V specimens showed that the compounded calcium salts
decrease the material’s ductility, i.e. strain at break, and increase
its modulus and ultimate axial tensile strength (UTS) compared
to neat PVOH (Fig. 2A and B). The Ca salts’ effect on the composite’s
modulus and UTS is directly correlated with their solubility while
the effect on the composite’s ductility is inversely correlated. These
results agree with traditional polymer filler theory considering
polymer chain crosslinking by solvated Ca?* ions. Notably, sacrifi-
cial templates produced from PVOH-Ca(C;H30,), or CaCO3 com-
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modulus and ultimate tensile strength (UTS), n = 10 experimental replicates and error bars represent standard deviation. (C) Rheological analysis of each materials’ viscosity

over a range of shear rates.

posites versus carbohydrate glass have enhanced handling durabil-
ity due to a 50-fold increase in ductility [3].

Rheological measurements were conducted to assess each
PVOH-Ca composite’s viscosity and thereby relative ease of manu-
facturing by extrusion and injection molding. Using a parallel plate
rheometer to measure viscosity at continuous shear rates, PVOH-
Cal, or -CaCl, composites displayed a viscosity ~10 fold higher
than PVOH-neat, —Ca(C,H30,),, or -CaCO3 across an order of mag-
nitude shear rate range (0.1-1 per sec) (Fig. 2C). Similar to modulus
and UTS data, the composite’s viscosity was directly correlated to
Ca salt solubility. The decreased viscosity of PVOH-neat, -Ca
(C3H30;),, or -CaCO3 composites was observed to facilitate extru-
sion and injection molding processes as well as minimized notice-
able polymer degradation compared to PVOH-Cal, or -CaCl,. As
discussed later, optimizing the PVOH-Ca composite’s viscosity
was critical for feasible injection molding of sacrificial templates
with microscale dimensions, i.e. micro-injection molding.

3.3. Optimizing calcium release properties of PVOH-Ca templates

The lower solubility of calcium acetate and carbonate salts
made them ideal compounding agents for producing PVOH-Ca
composites with optimal mechanical properties. However, it
remained unknown how their decreased solubility would affect
Ca* ion release upon composite aqueous dissolution. To calculate
this quantity, we first needed to know the actual weight percent of

calcium salt in each PVOH composite. Since PVOH but not the com-
pounded calcium salts decomposes below 600 °C, thermogravi-
metric analysis (TGA), which measures mass loss over increasing
temperatures, was conducted on PVOH compounded with 10%
(w/w) calcium salts. As shown in Fig. 3A, the compounded salts
persisted in the ash content at 600 °C. When normalized to the
remaining neat PVOH ash, the salt masses were found to be consis-
tent with compounded values except for the PVOH-Cal, composite.
Considerable PVOH degradation was observed during PVOH-Cal,
extrusion, and this likely skewed the TGA results since degraded
PVOH does not burn off at 600 °C. Furthermore, the TGA curves
revealed that the onset of degradation (first curve inflection point)
of all PVOH-Ca composites occurred at lower temperatures than
the neat composite, potentially indicating disruption of PVOH crys-
tallinity by Ca®* ions. This further corroborates the presence of
intra-composite PVOH polymer/Ca?* crosslinking.

A complexometric calcium titration was performed on the
PVOH-Ca composites to assess the amount of Ca®" ions released
upon dissolution in deionized water (Fig. 3B). Calculating from
the titration and TGA data, the average percent of released Ca®*
content was determined to never be greater than ~50%. Also, the
Ca®* released from PVOH-Ca(C,H30,;), or -CaCl, composites was
equivalent and significantly higher than that released from
PVOH-Cal, and -CaCO;. The lower Ca%* content release from
PVOH-Cal, composites could be due to the considerable observed
polymer degradation during extrusion and the skewed TGA data
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Fig. 3. Analysis of the PVOH-Ca composite composition, material, and calcium release properties. (A) Representative thermogravimetric scans, n = 3 experimental replicates.
(B) Complexometric calcium titration results, n = 5 experimental replicates, ‘P < 0.05, One-way ANOVA with post-hoc Tukey-Kramer test. Differential scanning calorimeter’s
(C) second heating and (D) first cooling curve traces of neat and extruded (Ext) PVOH and PVOH-Ca composites.

whereas that of the PVOH-CaCOs is likely due to the salt’s low sol-
ubility in water (Supplemental Table S2).

As a final analysis to explain <50% calcium recovery from
PVOH-Ca(C,H30,), or -CaCl, composites, we performed differen-
tial scanning calorimetry (DSC). This analytical technique mea-
sures the thermal energy input required to induce a 1°C
temperature change in the sample, thereby allowing characteriza-
tion of the composite’s glass transition (Tg) and melting (Ty,) tem-
peratures and crystallization enthalpy (AH.). In DSC second
heating curves (Fig. 3C), the Ty is indicated by the curve’s first
inflection point, and the Ty, is indicated by the curve’s last inflec-
tion point. We observed a direct correlation between the compos-
ites’ Ty and an inverse correlation between the composites’ T,
relative to its calcium salt’s solubility (Supplemental Table S2).
Thus, crosslinking interactions between calcium ions solvated dur-
ing the extrusion and injection molding process with the compos-
ite’s PVOH polymers correlates directly with the salts’ solubility. In
the DSC cooling curve (Fig. 3D), the AH. is calculated as the area
under the curves’ exothermic peak. In analyzing this material prop-
erty, we observed an inverse correlation between the composites’
AH. and the compounded calcium salt’s solubility. Moreover, the
presence of a double exothermic peak in the neat PVOH and
extruded neat PVOH samples versus the single peak in the

extruded PVOH-Ca samples indicates that less types of crystals
are being formed in salt containing samples. Collectively, the DSC
results strongly suggest that the total compounded calcium con-
tent is not released from the PVOH-Ca composites upon dissolution
due to intra-composite PVOH polymer/Ca* crosslinking which dis-
rupts polymer crystallization. Importantly, our detailed analysis of
each composites mechanical and calcium release properties imply
that PVOH-Ca(C,H30,), templates would provide enhanced sacrifi-
cial molding capabilities, handling durability, and micro-injection
molding feasibility due to its comparatively high calcium ion
release upon aqueous dissolution (Fig. 3B), moderate ductility
(Fig. 2A-B), and low viscosity (Fig. 2C).

3.4. Micro-injection molded PVOH-Ca(C,H30,), templates

To fabricate sacrificial templates with microscale feature
dimensions, a micro-injection mold was CNC-milled in aluminum
with a fiber template geometry 2.2 cm in length that immediately
tapered from a 3 mm inlet/outlet diameter to a main fiber diameter
of 500 um (Fig. 4A and Supplemental Fig. S2). PVOH-Ca(C;H30,),
templates of 10% (w/w) salt loading were successfully microinjec-
tion molded. However, fabrication of equivalent PVOH-CaCl,
templates failed indicating the enhanced processability of the

Please cite this article as: J. D. McNulty, C. Marti-Figueroa, F. Seipel et al., Micro-injection molded, poly(vinyl alcohol)-calcium salt templates for precise
customization of 3D hydrogel internal architecture, Acta Biomaterialia, https://doi.org/10.1016/j.actbio.2019.04.050



https://doi.org/10.1016/j.actbio.2019.04.050

8 J.D. McNulty et al./Acta Biomaterialia xxx (XXxX) Xxx

v

—

B

230 ]
§ //\' ’ "\
220 /
S / \
-c L. ‘ - ) ,’ o ‘\
;:'; 10 a N )L Lo
3 . g ) e
L 0 \\. / * | oo J‘
£ \ ; .
o ’ " 4 \ /
§-10 |/
k5 | f
% \/
= -20 \lw

1 2 3

PVOH + 10% Ca(C,H;0,),

Fig. 4. Sacrificial molding using PVOH-Ca(C,H50,), templates. Representative images of (A) micro-injection molded 10% (w/w) PVOH-Ca(C,H30,), sacrificial fiber templates
(i), the molded channel within an alginate hydrogel (ii), and a profile (iii) and cross-sectional (iv) view of the microCT-imaged channel geometry. (B) Dimensional analysis was
performed on microCT scan reconstructions (A, iii and iv) of three separately cast alginate hydrogels at 10 points along each micro-channel. Black dots represent individual
measurements, red dot represents the mean. Scale bars are 3 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

PVOH-Ca(C,H30;), composite material. Post sacrificial molding of
alginate hydrogels using the PVOH-Ca(C;Hs0,), templates, the
resulting micro-channels were filled with pigmented oil for pho-
tographing, and they were quantitatively analyzed by micro-CT
imaging and reconstruction analysis (Fig. 4A). Dimensional analy-
sis of the microCT reconstructions revealed that the molded chan-
nel diameter deviated from the template geometry by an average
of 6.4 +7.2% at any point along its long axis, i.e. 10 measurements
per molded channel (Fig. 4B). This demonstrates repeatable and
precise casting of microscale architecture within diffusion limited,
ionically crosslinked alginate hydrogels. Additionally, similarly
dimensioned neat PVOH templates left no discernable micro-
channel within alginate monoliths (data not shown).

3.5. Biocompatibility of the PVOH-Ca template sacrificial molding
process

To verify biocompatibility of the PVOH-Ca(C,H30,), template,
H9 hESC-derived neurospheres were co-encapsulated within algi-
nate hydrogels during the sacrificial molding process (Supplemen-
tal Fig. S3B). Neuroepithelial cells (NECs) were derived using the E6
protocol [23] and re-seeded at 180,000 cells/well in 96 well plates.
The cells aggregated over 2 days of culture in E6 media to form
spheroids that were collected and mixed into 2% (w/v) alginate
pre-hydrogel solutions. Then, the alginate/neurosphere solution
was pipetted into stainless steel hydrogel molding devices and
encapsulated the suspended sacrificial PVOH-Ca(C,H30,), tem-
plate. After template dissolution over 24 hrs in E6 media under
standard culture conditions, the hydrogels were fixed and sec-
tioned to analyze cell viability within the neurospheres using
TUNEL staining (Supplemental Fig. S3A). As a cell death control, a
cohort of hydrogel samples were subjected to a freeze-thaw cycle
prior to fixation. As a positive control, alginate hydrogels contain-
ing neurospheres in the absence of sacrificial templates were also
analyzed. TUNEL staining revealed that the presence of the sacrifi-
cial template had no significant deleterious effect on cell viability
compared to Freeze-Thaw (negative) and non-template (positive)
controls (Supplemental Fig. S3A and C). Moreover, minimal cell
death was observed during the sacrificial molding process overall
(Supplemental Fig. S3A). These results indicate that the PVOH-Ca

(C,H30,), template and sacrificial molding process is compatible
with standard cell culture.

3.6. Using sacrificially molded alginate hydrogels to control microscale
neuroepithelial organoid morphology

Human pluripotent stem cell derived organoids have revolu-
tionized the ability to model developmental morphogenesis
in vitro. However, standard organoid derivation protocols initiate
using a microscale spheroidal cell aggregate morphology, which
is achieved upon spontaneous aggregation of cell suspensions but
is not mimetic of many tissue-specific developmental processes
[26,27]. To demonstrate an organoid engineering application of
alginate hydrogels sacrificially molded using PVOH-Ca(C,H30,),
micro-fiber templates, we investigated the use of this platform to
engineer neuroepithelial organoids of microscale cylindrical mor-
phology, which is mimetic to the embryonic neural tube that gives
rise to all central nervous system tissues [7].

For successful contiguous aggregate formation within such sac-
rificially molded alginate hydrogels, it was hypothesized that high
concentration cell slurry injections into the hydrogel’s molded,
microscale channel is required. Thus, we investigated which H9
hESC cell slurry concentrations could be injected through a gel-
loading micropipette tip without decreasing cell viability due to
shear stress (Supplemental Fig. S4A). Cell suspensions of 100,000,
250,000, and 500,000 cells/uL concentrations were prepared, col-
lected and injected by syringe pump through a gel-loading micro-
pipette tip, and re-seeded back into Matrigel-coated 6-well plates
at a 150,000 cells/cm? density. Observation of the cell density 24
hrs post-seeding indicated that cell slurries up to 250,000 cells/
uL preserved cell viability and survival at levels comparable to
the positive control which used a standard cell subculturing proto-
col (Supplemental Fig. S4B). Based on this result, the 250,000 cells/
pL cell slurry concentration was used for injections in subsequent
neuroepithelial organoid formation experiments.

In order to mimic the germinal neuroepithelial tube’s tubular
morphology [28], PVOH-Ca(C,H30,),, fiber templates with an ellip-
tical cross-section of ~300 x 600 um minor and major axes were
used to sacrificially mold alginate hydrogels. H9 hESCs were
injected into the alginate hydrogels’ sacrificially molded channel,
cultured for 24hrs in static well plate culture, and transferred to
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stirred tank bioreactor culture for up to 15 additional days (Fig. 5A
and B). Cylindrical cell aggregate morphology and morphogenesis
were analyzed at 4, 8, and 16 days of culture. In comparison to
the initial PVOH-Ca(C,H30,), templates, the morphing aggregates’
dimensions never exceed that of the template, and in many cases,
appeared to contract to dimensions smaller than the molded chan-
nels over the culture period (Fig. 5B and C). Formation of polarized
rings by Pax6" NECs, a.k.a. neural rosettes [23], with apical N-
Cadherin® polarization and basal laminin deposition were observed
by both Day 8 and 16 of bioreactor culture but largely absent at
Day 4 (Fig. 5D and Supplemental Fig. S5). At Day 4 primarily small
foci of N-Cadherin® polarization we observed, and as the bioreactor
culture proceeded through Day 16, the number of N-Cadherin®
polarization foci decreased significantly while both the number
and size neural rosettes increased significantly (Fig. 5E). These
results demonstrate that PVOH-Ca(C,Hs30,), template-molded
alginate hydrogels can be used to engineer neuroepithelial orga-
noids, the initial phase of neural organoid derivation [29], with a
biomimetic, microscale cylindrical versus spheroidal morphology.
Moreover, the organoids continue to develop while cultured within
alginate hydrogel molds.

3.7. Scalable 3-D molding of hydrogel architecture

Lastly, we attempted to demonstrate the injection molded
PVOH-Ca(C,H30,;), templates’ 3D scalability and versatility. Sacri-
ficial templates with a manifold design that connected via an inter-
ference fit with the previous lattice geometry were fabricated
(Fig. 6A). This enabled assembly of 3D PVOH-Ca(C,H30,), tem-
plates in a Legos®-like manner (Fig. 6B), and the assembly was
used to sacrificially mold 3D channel networks within polyacry-
lamide (Supplemental Fig. S6) and alginate hydrogels (Fig. 6C).
After template dissolution, the hydrogels were scanned using a
micro-CT and image reconstruction verified the resulting 3D chan-
nel networks’ patency and continuity (Fig. 6D). Thus, the design
and injection molding of modular, PVOH-Ca(C;H50,), components
that can be assembled into 3D sacrificial templates represents a

scalable and potentially limitless approach to precisely customize
the internal architecture of both bulk curing and ionically cross-
linked hydrogels.

4. Discussion

The ability to engineer tissue constructs with biomimetic mor-
phologies and cytoarchitectures has been greatly enhanced by the
development of techniques to fabricate biomaterial scaffolds with
macro-to-microscale features. Sacrificial molding is a promising
and scalable technique for rapidly casting complex, internal archi-
tectures within hydrogel scaffolds. Yet, while previous studies
demonstrated its efficacy using bulk curing hydrogels, noticeably
less molding fidelity was observed when applied to diffusion lim-
ited, ionically crosslinked hydrogels such as alginate. Furthermore,
these studies performed limited to no quantitative analysis of their
sacrificial molding approach’s feature casting fidelity [3,10,12].

Here, we fabricated injection molded, PVOH-Ca templates to
facilitate and enhance sacrificial molding within ionically cross-
linked hydrogels. Injection molded PVOH templates effectively
mold bulk curing hydrogels such as polyacrylamide and PEG. How-
ever, the addition of calcium salts to the sacrificial templates was
both necessary and sufficient to enable precise molding of micro-
scale features within alginate monoliths. Extensive characteriza-
tion unveiled that the PVOH-Ca composite mechanical, material,
and calcium release properties could be tuned based on the com-
pounded calcium salt’s solubility. Also, this analysis proved that
PVOH-Ca(C,H30,), composite possessed enhanced manufactura-
bility and sacrificial template properties, which were further
demonstrated by precise casting of microscale 2D and 3D internal
architecture within alginate hydrogels.

The micro-injection molded, PVOH-Ca(C,H30,), sacrificial tem-
plate’s utility for tissue engineering applications was validated by
its biocompatibility with cell culture and novel use to engineer
neuroepithelial organoid morphology. Unlike prior efforts to
engineering neural organoid morphology [30], this approach
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maintained a microscale cylindrical neuroepithelial organoid mor-
phology that is mimetic of the developing neural tube [28]. While a
biomimetic, singularly polarized, neuroepithelial cytoarchitecture
throughout the organoid was not achieved, a recent study of
micropatterned neuroepithelial tissues suggests that further opti-
mization of the 3D neuroepithelial organoid’s morphology could
lead to this seminal advancement [31].

5. Conclusions

The micro-injection molded, PVOH-Ca(C,H30,), templates
described herein were developed to maximize production scalabil-
ity and hydrogel engineering design versatility. We have demon-
strated their applicability to sacrificial molding of both bulk-
curing and ionically crosslinked hydrogel monoliths, and the tem-
plates can be mass-produced using micro-injection molding. The
complexity of internal hydrogel architecture that can be molded
is only limited by the need to create injection molds for each tem-
plate design, which can be costly if template designs features of
<300 pm are desired. Here, we demonstrated molding of channels
within hydrogel monoliths but this platform can be used for any
geometry, and once the PVOH-Ca(C,H30,), templates are fabri-
cated, the scalability of hydrogel engineering by sacrificial molding
is unmatched. Modular template geometries can even be fabri-
cated and assembled in Lego®-like configurations for rapid and
precise customization of hydrogels with complex, 3D internal
architecture. Finally, while we have demonstrated the platform’s
used for hESC-dervied neural organoid engineering, we predict that
it will be highly useful for diverse tissue engineering and advanced
biomanufacturing applications.
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