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ABSTRACT: The creation of large, volumetric tissue-engineered Cryeta

constructs has long been hindered due to the lack of effective k 30”"']\ S <
vascularization strategies. Recently, 3D printing has emerged as a viable V POC Costing M sm;%?g /M
approach to creating vascular structures; however, its application is p;cmmg open Fore
limited. Here, we present a simple and controllable technique to Ghanne!
produce porous, free-standing, perfusable tubular networks from
sacrificial templates of polyelectrolyte complex and coatings of salt-
containing citrate-based elastomer poly(1,8-octanediol-co-citrate)
(POC). As demonstrated, fully perfusable and interconnected POC
tubular networks with channel diameters ranging from 100 to 400 ym
were created. Incorporating NaCl particulates into the POC coating
enabled the formation of micropores (~19 um in diameter) in the
tubular wall upon particulate leaching to increase the cross-wall fluid
transport. Casting and cross-linking gelatin methacrylate (GelMA) suspended with human osteoblasts over the free-standing porous
POC tubular networks led to the fabrication of 3D cell-encapsulated constructs. Compared to the constructs without POC tubular
networks, those with either solid or porous wall tubular networks exhibited a significant increase in cell viability and proliferation
along with healthy cell morphology, particularly those with porous networks. Taken together, the sacrificial template-assisted
approach is effective to fabricate tubular networks with controllable channel diameter and patency, which can be easily incorporated
into cell-encapsulated hydrogels or used as tissue-engineering scaffolds to improve cell viability.

KEYWORDS: polyelectrolyte complex (PEC), poly(1,8-octanediol-co-citrate), tubular networks, 3D embedded printing,
GelMA cell casting
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1. INTRODUCTION

Tissue engineering, an interdisciplinary endeavor with the
ultimate goal of regenerating or replacing damaged and
diseased tissues,' has made astounding progress in various

scaffolds to promote adequate tissue in%rowth with sustained
functionality and prolonged viability." ™"

Current strategies for introducing vasculature into tissue-
engineering scaffolds often rely on the infiltration of host

technical fronts, including, but not limited to, the establish-
ment of induced pluripotent stem cells as a robust cell source,
insights on the microenvironment-mediated cell phenotype,
and spatial control of cell organization via 3D bioprinting.” "
However, successful demonstration of its clinical utility
remains limited to avascular cartilage or thin dermal/skin
equivalents.” Although volumetric tissues with structural and
compositional complexity are much more desirable for
restoring the lost functions of damaged tissues, the noted
difficulties of recapitulating the architectural complexity,
cellular heterogeneity, and sufficient vascularization have
significantly slowed clinical advances.” The advent of
bioprinting has alleviated some of these challenges by
fabricating more intricate scaffolds to better mimic the desired
tissue topography and by spatiotemporally populating 3D
prints with various cell types.” Unfortunately, poor vasculariza-
tion continues to be a bottleneck for clinically sized, volumetric
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native blood vessels through angiogenesis, typically accom-
plished through the incorporation of proangiogenic growth
factors [e.g., vascular endothelial growth factor (VEGF)]."'~"*
This approach, however, is severely limited by the rate of
angiogenesis of native blood vessels, which is estimated to be
roughly § um/h."* As such, a scaffold with dimensions of a few
millimeters to centimeters would take weeks to be fully
vascularized even under optimal conditions, thereby unavoid-
ably leading to a hypoxic and necrotic core, as well as
heterogeneous regions of cell density and phenotype.”> To

EEIAPPLIED 1,

Received: January 13, 2024 .
Revised: ~ March 19, 2024 ‘
Accepted: March 25, 2024

Published: April 2, 2024

E.H t

https://doi.org/10.1021/acsami.4c00716
ACS Appl. Mater. Interfaces 2024, 16, 18522—18533


https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.4c00716&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00716?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00716?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00716?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00716?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00716?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/16/15?ref=pdf
https://pubs.acs.org/toc/aamick/16/15?ref=pdf
https://pubs.acs.org/toc/aamick/16/15?ref=pdf
https://pubs.acs.org/toc/aamick/16/15?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.4c00716?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

address this issue, direct bioprinting and template printing
methods have been explored to create vascular-like networks
within 3D scaffolds, offering immediate perfusion of nutrients
through open channels of a designed architecture.'®"”

Direct bioprinting, ie., printing tubular structures with
vascular cells (endothelial cells or smooth muscle cells)
suspended within the supporting material, offers immediate
support for cell growth and matrix production. Gelatin
methacrylate (GelMA) or derivatives of polyethylene glycol
used to encapsulate endothelial cells for direct printing can
support sustained cell viability and continued expression of
vascular markers."®'” Alternatively, template-based printing
normally involves the printing of a sacrificial template that is
used to create a channel structure within a cast material upon
removal. The templates can be removed manually or through
dissolution in an appropriate solvent, leaving an open channel
for nutrient perfusion and diffusion into the bulk cast. As
demonstrated, cells in a cast construct with perfusable channels
indeed show improved cell viability and metabolic activity
within the proximity of the channels.””*' Despite their
demonstrated potential for vitalizing encapsulated cells, both
strategies suffer from significant limitations. For example, many
hydrogels used in the bioprinting of vascular channels lack the
adequate mechanical strength and stability to support loads or
tissue growth before channels inevitably collapse from material
degradation.zz_24 Inclusion of other materials, such as
polymeric fiber fragments, carbon nanotubes, or hydroxyapa-
tite particles into hydrogels, can partially improve the
mechanical stability and can be physically blended without
involving cytotoxic solvents.”>~*° However, these additives
may affect printability, and the degradation byproducts need to
be considered for their cytocompatibility. In addition, only a
few select materials (e.g., sugar’’) can be adopted for template-
based channel formation without harming cells.”' ~** Solvents
used for template dissolution can often damage cells or lead to
high localized concentrations of template material byproducts.

Herein, we present a novel and effective strategy to create
free-standing, acellular tubular networks that are fully
perfusable and can be readily combined with other materials,
specifically cell-laden hydrogels. This current work takes
advantage of our recently established capability of printing
3D filament structures out of a sacrificial polyelectrolyte
complex (PEC), which can be rapidly dissolved in concen-
trated potassium bromide (KBr) solution.”> Similarly, 3D
filament structures were printed from the PEC ink and then
dip-coated with a continuous, thin layer of elastomeric
polymer, poly(1,8-octanediol-co-citrate) (POC), which led to
the formation of free-standing tubular networks upon removal
of the PEC template by incubation in KBr solution. POC,
commonly used for vascular grafts, was chosen as the coating
material due to its unique characteristics, including simple
fabrication methods and demonstrated cytocompatibility.**~*
This work explored the ability to create perfusable tubular
networks with varying channel diameters and micropores
across the channel wall to promote nutrient diffusion while
ultimately sustaining cell viability over an extended period in
volumetric cell-laden hydrogels by incorporating such perfus-
able networks.

2. MATERIALS AND METHODS

2.1. Materials. Poly(diallyldimethylammonium chloride) (PDAD-
MAC, My, = 200,000—350,000 Da), poly(styrene sulfonic acid)
sodium salt (PSS, My, = 500,000 Da), sodium chloride (NaCl, >

99.0%), pluronic F127, citric acid anhydrous (M, = 192.1),
potassium bromide (KBr, > 99.0%), gelatin from porcine skin
(Type A), and methacrylic anhydride were purchased from Sigma-
Aldrich (St. Louis, MO). 1,8-Octanediol (98%, MW = 146.23),
ethanol (99.5%, ACS reagent grade), methylene blue (M, = 373.90),
lithium phenyl(2,4,6-trimethylbenzoyl) phosphinate (LAP, > 98.0%,
My, = 294.21), penicillin-streptomycin (P/S, 10,000 U/mL), and
LIVE/DEAD viability/cytotoxicity kit were purchased from Thermo-
Fisher (Waltham, MA). CellTiter-Glo 3D was purchased from
Promega (Madison, WI). Fetal bovine serum (FBS) was obtained
from Atlantic Biologicals (Atlanta, GA).

2.2. Cell Culture. Human fetal osteoblasts, hFOB 1.19 (ATCC,
Manassas, VA), were cultured in complete growth medium composed
of DMEM/F12 (1:1) (Gibco, Grand Island, NY) with 10% FBS and
1% P/S. Cells were maintained at the permissive temperature of 34
°C for proliferation with 5% CO, and 95% humidity until reaching
roughly 80% confluence prior to subculture.

2.3. Formulation of PEC Ink and 3D Printing of PEC
Templates. PEC ink was formulated and prepared as previously
described.* Briefly, PDADMAC and PSS were separately dissolved in
deionized (DI) water with 0.25 M NaCl at a concentration of 2.5 M
regarding their monomer units. Solutions were then slowly added in a
flask under vigorous stirring at a 1:1 (v/v) ratio and allowed to mix for
30 min. Precipitate was collected in 50 mL centrifuge tubes and
centrifuged at 10,000 rpm for 15 min to remove excess water (Sorvall
Legend XR1 centrifuge, Thermo Scientific). Collected PEC
precipitate was dried overnight at 50 °C and then submerged in
excess 1.9 M KBr for 12 h to create a coacervate that would be used as
the printable PEC ink.

PEC coacervate was loaded into a 3 mL syringe fitted with a blunt
26G needle and placed on a syringe pump with varying feed rates
from 0.1 to 1.2 mL/h. Pluronic F127, dissolved in DI water (25%, w/
v) overnight, was transferred to a 35 mm Petri dish to fill half the
height of the dish and then left undisturbed at room temperature to
solidify. This served as a supporting matrix for the embedded printing
of 3D PEC templates with our customized 3D printer. KBr
concentration in the PEC ink determines the degree of coacervation,
and dilution of KBr through immersion in the DI water in the
Pluronic supporting matrix causes the PEC to solidify. 3D PEC
templates (10 X 10 X 2 mm), consisting of 6 successive layers of
alternating horizontal and vertical filaments, were accordingly
fabricated. PEC filament diameter was modulated by adjusting the
moving speed of the collecting stage and the feed rate of the PEC ink,
where a higher feed rate and a slower stage speed resulted in larger
filament diameters, and lower feed rates and faster stage speeds
created thinner filaments.>> For these studies, PEC filaments with
diameters of 250—350 ym were printed by using a flow rate of 0.45
mL/h and a stage speed of 30 mm/min.

Upon completion of printing, the Pluronic bath containing the
PEC scaffolds was placed inside a —80 °C freezer for 2 min to liquefy
the Pluronic. The PEC templates were then extracted from the
support bath and rinsed with cold DI water to remove the remaining
Pluronic. PEC templates were stored in DI water at 4 °C for further
use.

2.4. POC Synthesis and Formation of POC Tubular
Networks. POC prepolymer was synthesized as previously
described.*® Briefly, equimolar ratios of citric acid and 1,8-octanediol
were added to a glass vial and heated to 160 °C under stirring in a
mineral oil bath until a clear molten solution formed. At this point,
the temperature was lowered to 140 °C and stirred for another 10 min
to form the prepolymer solution. The prepolymer was diluted with an
equal volume of 100% ethanol and agitated overnight to create a 50%
(v/v) stock solution.

To create the POC tubular networks, a dip-coating procedure was
developed in which PEC scaffolds were submerged in varying
concentrations of POC for S min prior to air drying for 10 min to
form a single layer of POC coating. The procedure was repeated to
achieve the desired number of coating layers with a designated
thickness. After coating, excess POC hanging between PEC filaments
was carefully removed. POC-coated PEC scaffolds were then
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polymerized at 100 °C for 72 h. After polymerization, approximately 1
mm of the edges of the coated scaffolds were trimmed off with a
surgical knife, and then submerged in 3 M KBr under agitation to
remove the PEC templates. Successful removal of PEC templates was
determined by visual inspection of solution removal through the POC
channels by using a vacuum aspirator. After PEC removal, the POC
tubular networks were thoroughly washed with DI water to remove
excess KBr. The lack of PEC precipitation during the wash step also
indicated the complete removal of PEC templates from the channels.

After PEC removal, free-standing POC tubular networks with open
channels (100—400 pm in diameter) were characterized for wall
thickness by careful examination of the cross sections as well as
channel diameter. Images were taken by using a Nikon SMZ 1500
stereomicroscope. At least 3 samples per condition were used for
measuring the tube wall thickness, where images of 3 randomly
selected regions of interest (ROI) were taken and 4 measurements
were obtained from each image, leading to 36 total measurements for
each condition (n = 36). A minimum of 2 samples and 18 individual
measurements were taken to calculate the mean channel diameter (n
= 18).

2.5. Tensile Testing of POC Tubular Networks. As-prepared
six-layer POC tubular networks were tested for mechanical properties
using an Instron 5965 mechanical testing machine with a 5 kN load
cell. Specimens were stretched at a crosshead rate of 1 mm/min until
failure, and both the stress and strain were recorded. A total of 5
specimens (n = S) were included for the measurement. Based on the
stress—strain plot, the elastic modulus, ultimate stress, and elongation
at the point of ultimate stress were determined.

2.6. Microcomputed Tomography of POC Tubular Net-
works. To visualize the 3D architecture of POC tubular networks
and to ensure complete removal of the PEC template, microcomputed
tomography (microCT) was used. POC networks, before and after
PEC removal, were imaged using a Bruker Skyscan 1272 CMOS (50
kV, 100 uA, 0.1° rotation step). NRECON software was used to
reconstruct the images into a 3D model, and CTVox software was
used for volume rendering.

2.7. Creation of Porous POC Tubular Networks. To improve
the free diffusion of nutrients through the walls of POC tubular
networks, particulate leaching was adopted to create micropores
within the POC wall. Pulverized NaCl crystals passed through a 30
um sieve were added to a POC prepolymer solution at a
concentration of 3% (w/v), retaining the integrity of tubular
structures while yielding diffusible pores through the wall. It was
determined that 8.72% of the POC surface area was occupied by
NaCl at this concentration (Figure S4, SI), sufficient to allow nutrient
exchange while retaining structural integrity. The solution was then
sonicated for 20 min to disperse any aggregated NaCl crystals before
being used for coating. To avoid sedimentation of NaCl crystals
during the coating procedure, drop-coating was developed and used
to coat NaCl/POC onto the PEC templates. Briefly, 50 yL of a
homogenized NaCl/POC solution was spread evenly over PEC
templates and air-dried for 15 min. To ensure a uniform distribution
of NaCl crystals in the POC solution during the coating procedure,
the solution was vortexed prior to each coating layer. After S repeated
coatings and removal of excess solution from PEC templates, the
NaCl/POC-coated PEC templates were polymerized at 100 °C for 72
h prior to removal of sacrificial PEC templates in KBr solution as
described above. Afterward, NaCl/POC tubular networks were
soaked in DI water with continuous agitation to leach out NaCl
and then dried in a vacuum oven for 24 h. Scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS)
were used to confirm the presence of pores and the complete removal
of NaCl. Average pore size and diameter were calculated based on the
SEM images using Image] software (n = 30).

2.8. COMSOL Simulation. To better understand the diffusion of
nutrients across the channel walls with varying porosities, COMSOL
Multiphysics (ver. 5.6) was used to simulate fluid flow through the
channels and subsequent mass distribution of a diluted solute. A
simplified setup was used to represent the scenario of POC tubular
networks embedded in a hydrogel matrix, i.e., a rectangle with a width

of 200 pm and length of 1200 ym, representing the cross section of a
segment of a POC channel, surrounded by another rectangle (320 ym
width and 1200 ym length) on each side to represent a portion of
surrounding hydrogel. Between the center rectangle and outer
rectangles was a 60 ym solid gap resembling the impermeable POC
channel wall with evenly distributed 18.9 ym microchannels for the
pores in the channel wall The number of microchannels was
determined based on the surface area occupied by NaCl in the 1, 2, 3,
and 5% POC-NaCl films (Figure S4E, SI). Perfusion through the
channels and nutrient transport through the pores were simulated
using the laminar flow and transport of diluted species physics
modules of COMSOL. Aqueous solution containing a high glucose
concentration (17.5 mM) was used as the model fluid, and the fluid
velocity was set to 100 gm/s. The simulation was run for a total of 10
min to map the glucose distribution throughout the surrounding
matrix.

2.9. Perfusion and Permeability Testing. To ensure the
patency and perfusibility of POC channels, 0.1% (w/v) methylene
blue (MB) in DI water was loaded in a S mL syringe with a 30G
needle and injected carefully through the openings of POC tubular
networks at a rate of 0.2 mL/h. Both solid wall and porous wall POC
tubular networks were perfused with MB on top of clean glass
coverslips. Following perfusion, tubular networks were removed and
the coverslips were imaged to observe the permeability of MB through
the channel walls.

2.10. Synthesis of GelMA and Cell Encapsulation. GelMA
was prepared as previously described.’” Briefly, 10% (w/v) type A
gelatin from porcine skin was dissolved in DI water, and then
methacrylic anhydride (0.6 g per gram of gelatin) was added to the
solution and stirred until homogeneous. The solution was then
centrifuged at 3,500¢ for 3 min to remove unreacted methacrylic
anhydride. The collected supernatant was diluted 3X with DI water
and then dialyzed within dialysis bags (MW cutoff: 12 kDa) against
DI water at 40—50 °C for 14 days to fully remove unreacted
methacrylic anhydride. DI water was refreshed every 24 h. After
dialysis, the GeMA solution was lyophilized and stored at 4 °C for
further use.

For cell casting, GeIMA (7%, w/v) dissolved in complete growth
media containing the photoinitiator LAP (0.5%, w/v) was sterilized
by passing through a sterile 0.22 ym filter and kept at 37 °C until
further use. The human fetal osteoblast cell line, hFOB 1.19, was
chosen as a model because of its unique properties. hFOB cells have
been transfected with a temperature-sensitive mutant gene of the
SV40 large T antigen, resulting in thermally responsive cell
proliferation at 34 °C and osteogenic differentiation at 39 °C.**!
hFOBs were suspended in sterile GeIMA solution at a density of 3 X
10° cells/mL and then 300 uL of solution was cast into 3D printed
molds (12 X 12 X S mm) with sterilized POC tubular networks (10
min in 70% isopropyl alcohol and 30 min UV irradiation on both
sides) or no POC tubular networks serving as controls. Upon cross-
linking with UV for 30 s, the cell-encapsulated GelMA blocks were
trimmed to expose the POC channels for media infiltration and then
gently rinsed 3 times with sterile phosphate buffered saline (PBS)
prior to further incubation in growth media at 34 °C. Media was
refreshed daily.

2.11. Cell Proliferation and Viability Measurement. To
determine cell proliferation within the GelMA samples, the CellTiter-
Glo 3D assay was performed on days 0, 1, 4, and 7 following the
manufacturer’s protocol. CellTiter-Glo 3D is a luminescence-based
assay that is designed to penetrate 3D hydrogel scaffolds with highly
lytic capabilities to increase accuracy compared to other methods,
such as resazurin-based assays or MTT. Briefly, at each time point,
cultured samples (n = 3) were harvested and cut into 4 equal pieces to
ensure sufficient reagent penetration into the center of the gels.
CellTiter-Glo 3D reagent (250 L) was added to the samples along
with 250 uL growth media and shaken vigorously for S min prior to
an additional 25 min incubation for the luminescent signal to develop.
Solution (200 uL) was transferred to 96-well plates in duplicate for
luminescence measurement using a Biotek Synergy H1 microplate
reader with an integration time of 1 s. Readings on days 1, 4, and 7
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Figure 1. Schematic illustration of the key steps involved in the creation of porous, free-standing tubular networks using 3D printed sacrificial PEC
templates and a NaCl-containing POC coating. Images were created with BioRender.

were normalized to their day 0 values to eliminate the variation from
the experimental setup; thus, the percent increase in cell number for
each condition was calculated.

Cell viability was also analyzed on the 7-day cultured samples using
a LIVE/DEAD assay kit. Briefly, samples were rinsed with sterile PBS
and then incubated with calcein AM and ethidium homodimer-1 in
PBS for 45 min at 37 °C. After being rinsed with PBS, the stained
samples were examined by confocal microscopy (Cytation C10,
Biotek) and z-stack images were acquired. Live and dead cells were
quantified using GenS Image Prime 3.11 software (Biotek) and
viability was calculated by dividing the number of live cells with the
total number of cells (live + dead).

2.12. Fluorescence Staining. After 7-day culture, the cell/
GelMA samples were fixed with 4% paraformaldehyde for 2 h at room
temperature, permeabilized with 0.1% (w/v) Triton X-100 for 30 min,
and blocked for nonspecific binding with blocking buffer (EveryBlot
Blocking Buffer, Biorad) for 2 h at room temperature. To visualize the
cell morphology, samples were incubated with AlexaFluor 488-
conjugated phalloidin (Invitrogen, 1:200 dilution in PBS) for 2 h at
room temperature. Images were taken using a Cytation C10 confocal
microscope.

2.13. Statistical Analysis. To determine statistical significance, a
minimum of three samples were used for each group (n = 3) and
results were expressed as mean =+ standard deviation. A one-way
analysis of variance (ANOVA) and unpaired t test were performed to
analyze the data set, and p < 0.05 was considered statistically
significant.

3. RESULTS AND DISCUSSION

3.1. Fabrication and Characterization of POC Tubular
Networks. Following the process as illustrated in Figure 1,
free-standing POC tubular networks were fabricated. As a key
step toward the fabrication of POC tubular networks, PEC
templates composed of six successive layers of filaments were
first created from the optimized PDADMAC/PSS coacervate
in 1.9 M KBr according to our established embedded printing
technique (Figure S1A, SI), as described elsewhere.”> The

PEC filaments of the resultant 3D printed templates were
white and opaque (Figures 2B and S1B, SI), while exhibiting a
deformed oval shape of the cross section (Figure S1D, SI). We
have previously postulated that such an oval shape is most
likely caused by the gravity-induced deformation of non-
solidified PEC core because of limited water diffusion through
the dense and already solidified shell, as shown in the microCT
images (Figure S2C, SI). Previously, we did notice that PEC
filaments thinner than 120 ym would be fully solidified, having
a round transverse shape, whereas those thicker filaments
exhibited an oval shape.”® Close examination of the PEC
filaments revealed their relatively smooth surface (Figure
S1C,E, SI), which would be favorable to forming a uniform
POC coating layer during the dip-coating process.

Theoretically, any material soluble in volatile organic
solvents and capable of forming a viscous solution can be
used to coat PEC templates. However, in this study, POC was
particularly chosen as the coating material due to its extensive
utility in vascular engineering’” and the facile fabrication
process of POC prepolymer (fluid phase) and subsequent
thermal-induced cross-linking (solid phase). In this study,
following the dip-coating process with POC prepolymer, the
coated PEC templates were polymerized at 100 °C for 72 h,
improving the mechanical properties and decreasing the degree
of unreacted monomer available to leach out into solution
during subsequent cell studies, thus avoiding acidification of
culture media (results not shown).

In the process of coating the POC prepolymer onto the PEC
filaments (Figure 2A), establishment of a continuous POC
prepolymer layer with desirable thickness would be essential to
maintain the patency and structural integrity of the POC
tubular networks upon PEC template removal. In this regard,
two relevant variables (i.e, POC prepolymer concentration
and number of coating layers) were modulated to determine
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Figure 2. Fabrication of free-standing POC tubular networks. (A) Schematic illustration of the POC coating and subsequent removal of the PEC
template core to create POC tubular networks; (B) stereomicroscopic image of 3D printed PEC filaments; (C) stereomicroscopic image of POC-
coated PEC templates; (D) stereomicroscopic image of the POC tubular network with hollow channels; (E) graphic depiction of coating layers and
POC concentrations suitable to form stable POC channels; (F) stereomicroscopic image of the cross sections of POC-coated PEC filaments; (G)
stereomicroscopic image of the cross sections of hollow POC channels after PEC removal with KBr; (H) linear increase of POC wall thickness as a
function of the coating layer of POC (n = 36); (I) mean diameters of resultant POC channels deviated from the designed ones using this

fabrication process (n = 18).

the optimal coating conditions. It was determined that POC
prepolymer concentrations lower than 30% (v/v) were unable
to form stable structures after PEC filament removal. While a
minimum of § coating layers were needed for 30% (v/v) POC
prepolymer, increasing the prepolymer concentration to 40%
(v/v) required as few as 3 coating layers to form a stable
structure (Figure 2E). Considering the difficulty of removing
the excess prepolymer from interfilament gaps of PEC
templates due to the high viscosity of 50% (v/v) POC
prepolymer, this concentration was not further evaluated in
this study. To ensure sufficient coating thickness, 40% (v/v)
POC prepolymer and S coating layers were therefore chosen
for subsequent studies.

Upon coating PEC templates with the POC prepolymer and
then further thermally cross-linking, the surface of PEC
filaments became glossy but remained opaque (Figure 2C)
due to the presence of a PEC template core (Figure 2F).
Incubation of cross-linked POC-coated PEC templates in 3 M
KBr was sufficient to remove the PEC filaments and form
hollow lumen structures (Figure 2G). The resultant free-
standing POC tubular networks were semitransparent (Figure

2D), consistent with transparency observed with POC films.**
Examination of the transverse sections of the tubular networks
with varying POC layers (up to S layers) revealed a linear
increase in wall thickness, from 31.8 + 5.4 (1 layer), 42.0 + 5.5
(2 layers), 44.4 + 15.5 (3 layers), 56.7 + 18.8 um (4 layers), to
63.7 £ 14.0 um (S layers). Each additional layer of POC
coating added 8.0 + 4.3 ym to the wall thickness (Figure 2H).
Such a linear increase of wall thickness in relation to the
number of coating layers implies the opportunity to further
modulate the mechanical properties and dimensions of free-
standing tubular networks as needed.

By variation of the embedded printing settings (i.e, PEC
feeding rate, printing head moving speed, nozzle size), PEC
filament size could be tuned, which subsequently allowed for
the modulation of the channel size of POC tubular networks.
The minimum and maximum channel diameters were found to
be 93 and 502 pm, respectively, and when targeting channel
diameters of 100, 200, 300, and 400 pm, the finished channels
had the corresponding average diameters of 147.6 + 23.1,
222.8 + 14.3, 332.6 + 43.3, and 414.2 + 50.0 ym (Figure 2I),
suggesting the relative reliability of this approach in creating
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tubular networks with desired sizes. These values were within
the expected range given previous work using this PEC ink
formulation and method for printing.*> Notably, the resultant
POC tubular networks closely followed the shape and
architecture of the PEC templates aside from the empty
lumen (Figure S2), suggesting the possibility of recapitulating
the hierarchical organization of vascular networks by using
more complex, biomimicking PEC template designs.
Importantly, the obtained tubular networks retained their
structural stability with good handling and manipulation
(Figure 3, Video S1, SI), which is critical to maintain the

A B poC tubular network

POC-coated
PEC template

Figure 3. Microscopic images of the free-standing POC microtubular
networks before (A, B) and after (C) folding to affirm the structural
stability.

intended patency upon subsequent embedding within a cast
material. During physical manipulation, the free-standing POC
tubular networks could be easily folded without noticeable
damage to the structure and completely recovered their
original form in as little as S s (Fi§ures 3C vs 3B), confirming
the elastomeric nature of POC.” Tensile testing was also
performed on the as-prepared POC tubular networks, further
confirming the elastomeric nature of the scaffolds. The tubular
networks exhibited an ultimate stress of 72 + 17 kPa and
elongation of 251 + 50% at the point of ultimate stress. The
average elastic modulus was determined to be 42 + 12 kPa,
demonstrating the elasticity of this material (Figure S4, SI). It
was previously observed that successive layers of PEC filaments
need to be in contact in order for the printed structure to
retain its shape and structural integrity, thus creating points of
interconnection between layers.” After coating with POC,
there is a continuous POC layer connecting the scaffold layers
at these intersections (Figure S3B, SI). Close examination of
POC tubular networks using microCT reveals hollow junctions
at the point of these interconnections, leading to the complete
connection of the cross lumens of adjacent layers (Figure
S3C,D, SI). Such interconnected lumens would be essential to
facilitate the perfusion of media throughout the entire tubular
networks.

3.2. Creation of Micropores through the Walls of POC
Tubular Networks. To increase nutrient transport across the
tubular walls, i.e., better mimicking the vascular function, salt-
leaching was employed to create a microporous structure
throughout the POC walls. To avoid the interruption of POC
channel structure by larger NaCl crystals, small particulates
(<30 um) were used. Furthermore, the amount of NaCl
incorporated in the channel wall may also affect the overall
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Figure 4. Fabrication and characterization of porous POC tubular networks. NaCl-embedded POC channels before (A) and after (B) salt-leaching
to remove NaCl particulates (white arrows indicate salt crystals, and arrow heads indicate pores after salt-leaching). (C) Histogram showing the
distribution of pore sizes created after salt-leaching (n = 30). (D) Stereomicroscopic image to show the time-resolved perfusion of 0.1% (w/v)
methylene blue solution through the solid wall POC tubular networks. (E) Comparison of the perfusion and diffusion of 0.1% methylene blue
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through the micropores.
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Figure 5. COMSOL multiphysics simulation on the perfusion of media containing 17.5 mM glucose through POC channels with varying porosity.
(A) Tlustration on the setup of the model with porous POC channel embedded in hydrogel. (B—E) Screenshot images of the simulation on the
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the respective porosity [(B) 1, (C) 2, (D) 3, and (E) 5% (w/v)] based on the concentration of NaCl in the POC solution. (F) Time-resolved
concentration change of glucose at 200 um away from the POC channel wall in the surrounding hydrogel in relation to varying porosity.

channel integrity and the nutrition diffusion capacity. Thus, a
POC prepolymer containing different concentrations of NaCl
(1—5%, w/v) was cast into films to better determine the
correlation between NaCl concentration and the total surface
area occupied by NaCl. As anticipated, inclusion of more NaCl
in the POC prepolymer led to the proportional increase in the
surface area occupied by NaCl, while also showing an
increased opportunity to cause NaCl aggregation, particularly
with 5% (Figure SSD,E, SI). In this case, 3% NaCl showed
better dispersion of NaCl crystals throughout the POC film
(Figure SSC, SI), which was consequently adopted for further
creation of the microporous POC tubular networks. Examina-
tion of the NaCl/POC-coated PEC filaments by SEM revealed
the presence of NaCl crystals (bumps) within the otherwise
smooth POC surface (Figure 4A). Soaking the NaCl/POC-
coated PEC filaments in DI water overnight efficiently leached
NaCl out of the POC wall, confirmed by the absence of both
sodium and chlorine in the elemental analysis of the pores
using EDS (Figure SS, SI). Successful removal of NaCl also led
to the formation of micropores across the POC channels. SEM
examination of the POC walls revealed abundant, randomly
dispersed pores in salt-leached POC channels (Figure 4B).
Through Image] analysis, it was determined that the median
pore size was 1632 + 1424 um* while the average pore
diameter was 18.9 + 5.8 um (Figure 4C), large enough to
transport both small and large molecules through the channel
walls*>** while also maintaining the structural integrity of the
tubular networks. While it has been shown that pores of this
size do not promote cellular migration,“s’46 the resultant
surface roughness may increase the proliferation and differ-
entiation of various cell types. Fibroblasts seeded on 3D-
printed polycaprolactone fibers with micropores created by

salt-leaching NaCl crystals less than 30 um displayed increased
proliferation compared to fibers with either larger pores or a
smooth surface.’” In addition, endothelial cells displayed
increased cell proliferation on surfaces patterned with micron-
sized surface roughness and also showed a higher proliferation
and cell alignment on scaffolds with ~50 um micro-
grooves.A'g’49 Pores of this size could be beneficial for
endothelial cells to proliferate and migrate along the channel
walls and further develop into capillary networks throughout
the surrounding matrices upon in vivo implantation. In this
regard, to facilitate the angiogenic process, it could also be
viable to seed endothelial cells onto the outside of such POC
microtubular networks prior to either embedding within cell-
encapsulated hydrogels or in vivo implantation. This may serve
as an effective strategy toward the fabrication of a fully
vascularized scaffold for volumetric tissue engineering, which is
highly desirable for reconstructive surgery.””>"

3.3. Perfusion and Permeability of POC Tubular
Networks. Ideally, the POC tubular networks should allow
for continuous perfusion of fluid, such as cell culture media,
through the entire interconnected network, while partially
diffusing the associated nutrients out of the channels to vitalize
the surrounding cells. To demonstrate whether the tubular
networks remained patent and interconnected for nutrition to
flow through, an aqueous solution containing 0.1% MB,
representing the biomolecules, was injected through a single
channel inlet of the free-standing tubular network with solid
POC walls, as shown in Figure 4D. As noted, the MB solution
gradually filled the entire network through the channel layers
above and below the initial inlet, evidenced by full perfusion of
horizontal and vertical channels (Figure 4D, Video S2, and SI).
To our surprise, the MB perfusion did not occur following a
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Figure 6. Cell proliferation and viability within the GelMA hydrogel with or without the presence of POC tubular networks (n = 3). (A)
Proliferation of hFOB cells within GelMA hydrogel as determined by the CellTiter-Glo 3D assay. The data were normalized by reading on day 0.
*p < 0.0S. (B—G) Representative fluorescence images of live (green) and dead (red) hFOBs encapsulated in GelMA gel with no channel (B, E),
solid wall channel (C, F), or porous wall channel (D, G) after culture for 7 days. The culture was stained with the LIVE/DEAD staining kit. No
channel culture shows highly necrotic core (E) with viable cells around the periphery (B). A majority of cells also show a constrained, round
morphology with a few of them showing small extensions (I, arrows). Solid wall channels have mostly live cells throughout the scaffold (C) that
display a more confined morphology (J), with some dead cells scattered (F, zoom-in image). Porous wall channels have considerably more live cells
with a healthy morphology (K) and fewer dead cells than solid wall channels (G, zoom-in image). Dashed white lines indicated channels; scale
bars: 1000 (B—E), 300 (F, G), 200 um (I, J, K). (H) Normalized viable hFOBs encapsulated in GelMA for no channel, solid wall channel, and
porous wall channel groups. The quantification was calculated based on live/dead images (n = S). Fluorescence staining of hFOBs embedded in
GelMA without tubular networks (I), solid wall networks (J), and porous wall networks (K) for F-actin (green). Arrowheads indicate round cells,
and arrows indicate cells that have spread. Bright green regions indicate autofluorescent POC networks (#). *p < 0.0S.
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layer-by-layer manner, that is, each individual layer would be
perfused and filled with solution before flowing into adjacent
layers. Instead, simultaneous infiltration of horizontal and
vertical channel layers was observed, which was likely a result
of the connected cross-luminal junctions of adjacent layers
(Figure S3A,C,D, SI). Differing from the solid wall channels,
the introduction of micropores throughout the POC walls
should enable the diffusion of nutrients out of the site of
perfusion flow and into the surrounding matrix. Such cross-
wall diffusion should be closely regulated by the porosity
induced through salt leaching.

To better understand the correlation between porosity and
nutrient diffusion rate, COMSOL simulations were conducted
on a simplified model of porous POC tubular networks (Figure
SA). In these simulations, a 17.5 mM glucose aqueous solution
(representing high glucose cell culture media) was perfused at
a constant flow velocity of 100 pm/s through the POC
channels with porosities corresponding to NaCl/POC ratios of
1,2, 3, and 5% (w/v). In the simulations, glucose was set to
freely diffuse through the micropores of the channel walls into
the surrounding hydrogel matrix. Heatmaps generated after $
min of simulation showed distinct differences in the
concentration of glucose diffused into the hydrogel surround-
ing the channel. At this time point, the highest degree of
glucose diffusion was observed with 5% NaCl porosity,
reaching 16.6 mM (Figure SE). In contrast, only 3.52 mM
was achieved with 1% NaCl porosity, the lowest among all of
the groups (Figure SB). To benchmark the maximum distance
for cells to obtain nutrients from the nearest blood vessel in
vivo, the average glucose concentration at 200 ym from the
outer edge of the channel wall was measured over the entire 10
min simulation. As shown in Figure SF, the average glucose
concentration increased over time for each porosity group,
however, the rate of increase greatly depended on the porosity,
with 1% NaCl porosity increasing the slowest and 5%
increasing the fastest, as obviously evidenced in the perfusion
simulations (Video S3, SI). 1% NaCl porosity was the only
group that did not reach 10 mM glucose after 10 min, while 2
and 3% NaCl porosities surpassed 13 and 15 mM, respectively.
Interestingly, 5% NaCl porosity displayed a “burst release” of
glucose early on and was the only concentration to reach 17.5
mM throughout the simulation. Despite this rapid saturation of
glucose observed in the COMSOL simulations, the presence of
NaCl aggregates in the 5% NaCl/POC films (Figure SSD) led
to the decision to use 3% NaCl for fabricating the porous POC
tubular networks.

To validate the COMSOL simulation results and further
assess the diffusion capacity of porous POC tubular networks,
the MB perfusion study was performed with both solid and
porous wall free-standing POC networks on top of clean glass
coverslips, as illustrated in Figure 4E(a). Like the solid wall
POC networks, porous POC networks were also perfusable
with MB (Figure 4E(b)). However, there was observable
leakage of MB out of the porous networks onto the glass
coverslip during perfusion, leaving behind a pattern identical
with the shape of the tubular networks (Figure 4E(c)). This
was not observed with the solid wall POC networks, where the
coverslip remained clean throughout the perfusion, indicating
the increased permeability and leakage caused by the addition
of micropores in the POC walls.

3.4. Viability of Cells Embedded in GelMA Hydrogels
with the Presence of Porous POC Tubular Networks. To
assess the potential for porous POC tubular networks to

enhance cell viability in cell-laden volumetric tissue constructs,
human fetal osteoblasts (hFOB 1.19) were suspended in 7%
(w/v) GelMA hydrogel solution at 3 X 10° cells/mL and cast
over sterilized POC networks. This high cell density was
chosen to replicate that which is typically required for bone
formation, as well as to test the samples in a highly metabolic
model.””™>° Cell-embedded GelMA was cast over the POC
tubular networks and then photocrosslinked to form large (S X
S X 3 mm) 3D constructs with dimensions beyond those of
oxygen diffusion. The constructs were further cultured for 7
days in static conditions to emulate the circumstances of in
vivo implantation. GelMA casts without tubular networks
served as controls. Cell proliferation was assessed using the
CellTiter-Glo 3D assay, and live/dead staining was used to
determine cell viability. As shown in Figure 6A, the presence of
tubular networks significantly increased the proliferation of
hFOBs encapsulated in GelMA. Notably, the control samples
without POC tubular networks showed the lowest cell
proliferation by day 7, where only a roughly twofold increase
was measured. This is most likely due to the cells within the
center of GelMA constructs dying from hypoxia, while only
those cells located in the superficial regions were able to obtain
the nutrition needed for continued growth. On the other hand,
the culture with porous POC tubular networks exhibited the
highest cell proliferation for all the time points, reaching 563 +
60% by day 7. This marked improvement most likely resulted
from the elevated transport of nutrients through the micro-
pores of the POC channel walls. Somewhat surprisingly, yet
encouragingly, the solid wall POC tubular networks also
significantly promoted cell proliferation on day 4 (205 + 24%)
and day 7 (365 + 62%). Despite the absence of micropores in
solid wall POC networks, the thin POC walls might display
oxygen permeability and allow for enough oxygen exchange for
some cells to proliferate but to a much lesser degree than the
porous networks. In addition, the hydrophilic nature of POC
might enable the flow of a small volume of media outside of
the POC networks at the boundary of the outer edge of the
walls and the surrounding GelMA. Further studies would be
needed to uncover the underlying causes.

Live/dead staining of 7-day cultured constructs revealed a
distinct distribution of live cells among all three groups (Figure
6B—G). Evidently, the constructs without tubular networks
had a large necrotic center zone dominated by dead cells,
surrounded by peripheral regions rich with live cells. Notably,
cells exhibited a considerably smaller and more round
morphology, with only a few cells displaying the presence of
filopodia (Figure 61, arrows). Such an observation was
consistent with the proliferation assay and agreed with
previously reported findings.*™>® As estimated, the live cell
region was about 500 ym in depth from all dimensions,
indicating the maximum depth that nutrients and oxygen could
reach via simple diffusion. In addition to an appreciable
number of dead cells, many live cells also existed in the center
of the constructs with solid wall tubular networks. However,
these cells did not spread remarkably well, showing a slightly
constrained morphology, evident from the fluorescence
staining for cytoskeletal protein F-actin filaments (Figure 6],
arrowheads). A small number of cells were able to spread out
(Figure 6], arrows), while a large portion remained round. In
contrast, the highest number of live cells with the fewest dead
cells was observed throughout the constructs with porous
tubular networks, where cells also maintained a highly
stretched, healthy morphology (Figure 6K, arrows) and
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considerably fewer round cells. Using Image] analysis to
quantify cell viability, the control, solid wall, and porous wall
groups displayed 12 + 2, 49 + 9, and 63 =+ 2% viability,
respectively (Figure 6H). In general, the Live/dead staining
results agreed well with the cell proliferation results, indicating
the substantial impact on cell viability brought forth by the
introduction of micropores.

Surprisingly, despite significant proliferation, there were still
a fair number of dead cells present in the constructs with
porous tubular networks. These could be attributed to several
reasons: (1) potential cell damage caused by the UV
irradiation used to cross-link the GelMA, (2) the minimal
mass exchange without media perfusion/agitation through the
tubular networks may have been enough to support the cells to
proliferate, but not enough to maintain the high viability, and
(3) the possible release of citric acid from POC degradation
may have harmed the cells. It is widely recognized that UV
irradiation can cause irreparable DNA damage to cells and the
photoinitiators used for GelMA cross-linking could lead to the
production of free radicals that further damage cells in the
GelMA.>"~¢! Although the damage caused by this is often
minimal in many cases, further studies should be done to
optimize the cross-linking conditions to avoid significant cell
death. To mitigate the potential accumulation of citric acid
byproducts while also promoting nutrient mass exchange, it
would be desirable to culture the 3D constructs containing
porous tubular networks in a perfusion bioreactor,””~** which
is an ongoing effort in our group. Taken together, it is
extremely promising that the porous POC tubular networks
significantly promoted cell proliferation while maintaining high
cell viability over a 7-day period, which is an essential step
toward volumetric tissue formation. During this first 7-day
period, we would fully expect to see signs of severe necrosis,
similar to the control constructs, if prolonged viability would
not be supported by the introduction of tubular networks. For
this reason, we firmly believe that cells would remain viable for
even longer periods of time as long as the tubular networks and
GelMA maintain their structural integrity long enough for
adequate tissue formation to occur.

4. CONCLUSIONS

In this study, we present a simple yet effective approach to
creating porous, free-standing, perfusable tubular networks that
can be incorporated in volumetric tissue constructs to improve
cell viability. Coating sacrificial PEC filaments with the
biocompatible elastomer POC led to the fabrication of
mechanically stable, perfusable POC tubular networks upon
the facile removal of PEC templates. Furthermore, the
inclusion of leachable salt particulates in the POC coating
generated micropores through the tubular wall for improved
nutrition transfer. Embedding such tubular networks with or
without micropores within cell-laden volumetric hydrogel casts
significantly improved cell viability compared with those
without tubular networks, and the presence of micropores
across the channel wall further notably increased cell
proliferation and viability. Taken together, this study provides
a proof-of-concept for fabricating versatile tubular networks
that can be readily incorporated into hydrogel-based tissue-
engineered constructs. Alternatively, these tubular networks
may serve as 3D scaffolds to support tissue formation to
partially address the technical concerns of timely vasculariza-
tion that have plagued the field of tissue engineering.
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