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Abstract
Despite the promise of stem cell engineering and the new advances in bioprinting technologies, one of
themajor challenges in themanufacturing of large scale bone tissue scaffolds is the inability to perfuse
nutrients throughout thick constructs. Here, we report a scalablemethod to create thick, perfusable
bone constructs using a combination of cell-laden hydrogels and a 3Dprinted sacrificial polymer.
Osteoblast-like Saos-2 cells were encapsulatedwithin a gelatinmethacrylate (GelMA)hydrogel and
3Dprinted polyvinyl alcohol pipes were used to create perfusable channels. A custom-built bioreactor
was used to perfuse osteogenicmedia directly through the channels in order to inducemineral
depositionwhichwas subsequently quantified viamicro-CT.Histological stainingwas used to verify
mineral deposition around the perfused channels, while COMSOLmodelingwas used to simulate
oxygen diffusion between adjacent channels. This informationwas used to design a scaled-up
construct containing a 3D array of perfusable channels within cell-ladenGelMA. Progressivematrix
mineralizationwas observed by cells surrounding perfused channels as opposed to randommineral
deposition in static constructs.Micro-CT confirmed that therewas a direct relationship between
channelmineralizationwithin perfused constructs and timewithin the bioreactor. Furthermore, the
scalablemethod presented in this work serves as amodel on how large-scale bone tissue replacement
constructs could bemade using commonly available 3Dprinters, sacrificialmaterials, and hydrogels.

Introduction

One of the largest barriers to engineering a large-scale
bone tissue replacement is the ability to supply
essential nutrients throughout the entire construct.
Since hypoxia and necrosis occur within cells that lie
outside of the natural diffusion range of 200–300 μm,
proper vasculature must be available within the
replacement tissue to ensure graft viability [1–3]. In
traditional static culture systems, nutrient diffusion,
and therefore mineralization and cellular viability, is
limited to the outer 200–300 μmof the constructwhile
deeper regions of the system remain hypoxic [4, 5].

In an attempt to increase nutrient diffusion into
engineered scaffolds, a variety ofmeans such as solvent
casting, particulate leaching, phase separation, gas
foaming, emulsion freeze drying, and fiber meshes
have been used to generate a wide range of porous
scaffolds [6–9]. While these particular methods have

been shown to enhance mass transfer within the
machined constructs as well as improve cell seeding,
cell proliferation, and construct mineralization, they
unfortunately have not provided a complete solution.
In particular, thesemethods do not provide the precise
control over pore parameters needed for larger tissue
constructs, often resulting in inhomogeneous cellular
densities and outcome measures that are hard to pre-
dict. Furthermore, as these methods typically require
harsh solvents and high temperatures, incorporating
live cells during fabrication is near impossible [9–11].
Alternatively, the encapsulation of osteogenic cells
within biocompatible hydrogel bioinks such as col-
lagen, alginate, and gelatin allows for a uniform and
controlled distribution of cells in situ [12–19]. How-
ever, the absence of macroporous voids in the cell-
laden hydrogel constructs present similar nutrient dif-
fusion limitations [3]. Additionally, although the cell
friendly hydrogel provides an environment which is
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able to closely mimic the natural extracellular matrix,
their weak mechanical stability provides yet another
obstacle for their use in bone tissue engineering.

Recently, 3D printing technologies have enabled
the creation of user-defined channels within cell-laden
hydrogels through the extrusion of bioinks in a layer-
by-layermanner alongside co-printed sacrificial mate-
rials [20–27]. Post-print, the sacrificial material is
removed via non-toxic means, resulting in user-
defined channels within bulk gels. However, methods
such as this require custom-made bioprinters with
specialized control hardware and software as well as
tunable viscoelastic bioinks that must be specifically
matched with the printing parameters. While perfu-
sion of these constructs with nutrients is possible, the
systems used are difficult to scale, thereby limiting
their usage in a clinical setting.

A simpler, and readily scalable, fabrication
method is one that combines the casting of cell-laden
hydrogels around pre-fabricated 3Dprinted structures
containing sacrificial materials. In this work, we utilize
an unmodified, commercially available 3D printer and
water soluble sacrificial material (PVA) to establish
perfusable channels within the center of a diffusion
limited, structurally supported GelMA hydrogel laden
with osteoblast-like cells. The construct is designed to
have one inlet and one outlet that provides a direct
interface between the cell-laden GelMA and perfusion
of nutrients via a scalable, pump-driven bioreactor
system. The simple horizontal channel geometry pro-
vides a robust method with which to analyze the influ-
ence of long-term (4 week) perfusion of osteogenic
media on the viability and function of encapsulated
cells. Additionally, COMSOL modeling of oxygen dif-
fusion is used to determine optimal spacing between
adjacent 3D printed channels, allowing for the design
to be scaled up into a perfusable, 5 pipe array.

Materials andmethods

3Dprinting of frames and pipes
Acrylonitrile butadiene styrene (ABS) thermoplastic
frames with inner dimensions of 9 mm long×6 mm
wide×3 mm deep containing 1 mm holes along the
construct peripheries and sacrificial polyvinyl alcohol
(PVA, 400 μm diameter) pipes were printed using a
commercially available MakerBot Replicator 2 3D
printer (MakerBot) (figure 1(A)).

Design and fabrication of polycarbonate bioreactor
Polycarbonate bioreactors were machined from clear,
autoclavable, scratch and UV resistant polycarbonate
sheets (McMaster-Carr) (figures 1(D)–(F)). Briefly,
pre-milled polycarbonate blanks were machined in a
MT300 Pro CNC Milling Center (AutoMateCNC) to
create both the bottom bioreactor base and it’s
corresponding top plate (figures S1–2 are available
online at stacks.iop.org/BF/10/035013/mmedia).

The bottom bioreactor base plate contained four wells
approximately 13 mm long×9 mm wide×3 mm
deep surrounded by 10 screw holes machined using a
#43 drill bit. Vertical holes for perfusion along the
periphery of the base plate weremachined using a#52
(outer) and #72 (inner) drill bit for 21G needle
(Thermo Fisher Scientific) insertion. Top plates con-
tained screw holes machined using a#34 drill bit. To
ensure a water-tight seal between the polycarbonate
base and top, a polydimethylsiloxane gasket (PDMS,
Ellsworth Adhesives)mixed in a 1:4 ratio was cured at
60 °C for 24 h and inserted between the base and top
sections.

Gelatinmethacrylate (GelMA) synthesis
20% (w/v) gelatin methacrylate (GelMA) prepolymer
solution used for cellular encapsulation was synthe-
sized according to our previous work [28]. Briefly,
porcine skin gelatin (Sigma-Aldrich) was mixed at
10% (w/v) in phosphate buffered saline (PBS, Thermo
Fisher Scientific) and reacted with methacrylic anhy-
dride (Sigma-Aldrich). After dialysis and lyophiliza-
tion, GelMA macromer was stored at −80 °C until
needed. Prior to cellular encapsulation, GelMA
macromer was combined with PBS and 0.25% UV
photo-initiator Irgacure 2959 (Specialty Chemicals) to
form the prepolymer solution and sterile filtered using
a 0.20 μmfilter (Corning).

Cell culture andperfusion setup
Human osteosarcoma cells (Saos-2, ATCC), com-
monly used to represent the early stages of osteogen-
esis [29], were chosen as osteoblast analogs for our
model system. Dulbecco’s modification of eagle’s
media (DMEM, Life Technologies) supplemented
with 1%Glutamax (Life Technologies), 1% penicillin-
streptomycin (Life Technologies), and 10% fetal
bovine serum (FBS lot G12102, Atlanta Biologicals)
was used as the base media for Saos-2 culture. Cells
were maintained at 37 °C in a humidified, 5% CO2

atmosphere and passaged prior to any new experi-
ment. In order to chemically induce Saos-2 cells to
produce mineral, the base media was supplemented
with 100 μM L-ascorbic acid-2-phosphate (AA2P,
Sigma-Aldrich), 5 mM β-glycerophosphate (BGP,
Sigma-Aldrich), and 10 nM dexamethasone (DEX,
Sigma-Aldrich).

Prior to in situ polymerization, approximately
1×106 cells were suspended in 20% (w/v)GelMA to
create a 15% (w/v) solution (162 μl final volume), and
transferred to the 3D printed hybrid ABS frame/PVA
pipe construct via dropwise pipetting (figure 1(B)).
After the construct was filled, the cell-GelMA solution
was UV cured for 1 min 20 s at approximately
5 mW cm−2 via a Hamamatsu LED Controller
(Hamamatsu C11924-51; Hamamatsu Photonics K.
K., Japan). PVA pipes were eluted from the constructs
by incubation for 24 h in warmed media (figure 1(C)).
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Constructs destined for static culture conditions
remained in 12-well culture dishes, with media
renewed every 2–3 days. Constructs destined for per-
fusion conditions were transferred and press fit within
the polycarbonate bioreactor base (figures 1(D), (E)).
Construct perfusion was maintained using a syringe
pump system (NE-300 Just InfusionTM, New Era) at
0.2 μl h−1 per well, for up to 28 days (figure 1(F)).
Syringes were replaced as needed during the course of
the experiments.

Cellular viability
Cell viability of encapsulated Saos-2 cells was evaluated
using a Live/Dead assay for two time points: 1 day after
encapsulation and 14 days after either perfusion or
static culture using osteogenic media. Samples to be
evaluated were sliced into 1 mm thick sections and
transferred into culture media supplemented with
calcein-AM (live, 1:2000 dilution, Life Technologies)
and ethidium homodimer (dead, 1:500 dilution, Life
Technologies) for one hour prior to imaging.

Micro-CT analysis
Constructs were removed from the bioreactor intact,
fixed in formaldehyde (4% for 24 h), washed in PBS,
and placed lengthwise in a 16 mm diameter sample
holder for micro-CT imaging (micro-CT 40, Scanco
Medical AG, Brüttisellen, Switzerland). Foam spacers
were placed between samples, which were kept
hydrated with PBS. Samples were imaged at a
16–20 μm isotropic voxel resolution (55 kV, 145 mA,
200 ms integration time). After scanning, mineralized

tissue volume (bone volume, BV) and density (BMD)
were calculated by applying a lower global threshold
(166 mg HA cm−3) to the image, which was digitally
contoured to isolate the entire length of the perfusion
channel from the bulk construct mass (figure S3).
Thickness of the mineralized matrix surrounding the
perfusion channel was calculated using the 2D section
morphology tool in BoneJ [30]. Briefly, the recon-
structed micro-CT images (.isq files) were imported
into ImageJ, cropped to isolate the perfusion channel,
and a global threshold of 166 mgHA cm−3 was applied
prior to running BoneJ. The BoneJ plugin then
calculates an average ‘cortical thickness’ for each image
slice, which corresponds to mineral wall thickness in
this model. Consistency in thresholding between
ImageJ and Scanco software was ensured by importing
a scan of the Scanco hydroxyapatite (HA) quality
control phantom into ImageJ, and plotting greyscale
(ImageJ) values versus HA density. However, based on
the fact that the structural organization and chemical
constitution of the deposited mineral cannot be
verified via micro-CT, the cell-mediated deposition is
referred to as ‘mineral’ in the subsequent text.

Histological analysis
Perfused samples were prepared for histological analy-
sis via standard snap freezing protocols. Briefly,
sampleswerefixed in 4% formaldehyde for 24 h before
treatment with a 30% sucrose in PBS solution for 48 h.
After sucrose treatment, samples were embedded in
tissue freezing medium (Electron Microscopy
Sciences) and frozen over dry ice. Sections (10 μm

Figure 1.Design and performance testing of 3Dprinted construct and bioreactor apparatus. Schematic and representative images of
themechanically supportive ABS framewith inserted pipe before (A) and after (B)photopolymerization ofGelMA, and after
dissolution of the sacrificial PVApipe (C). Schematic image of a two-piece polycarbonate bioreactor containing a PDMS gasket
between layers (D) and leakage test of polycarbonate bioreactor showing liquid-tight seal inmachined device (E). Complete bioreactor
setup inside a standard cell culture incubator (F).
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thick) were cut on a Leica CM3050 cryostat (Leica
Biosystems, Germany) and mounted on lysine coated
SuperFrost Plus slides. Cover-slipped and stained
sections were imaged using a Nikon Eclipse E-400
microscope (NikonCorporation).

Hematoxylin and eosin (H&E) staining
Sections were stained by standard H&E procedure
using Mayer’s Hematoxylin and Eosin/Phloxine solu-
tions (Electron Microscopy Sciences). Sections were
then dehydrated through an ethanol series, cleared in
xylene, and cover-slipped with Permount (Fisher
Scientific) for imaging. Imaged sections were analyzed
via ImageJ (NIH) for cell quantification.

Alizarin red S staining
Calcium mineral deposition was visualized using
40 mM Alizarin Red S solution (4.1 pH, Sigma). After
staining for 5 min, slides were washed in deionized
water and mounted and imaged as previously
described.

ImageJ box plot analysis
H&E images were imported into ImageJ and analyzed
via a box analysis for cell quantification. Briefly, images
were converted to binary via automatic thresholding
and values representing cells were recorded in boxed
increments of 325 μm2 away from the edge of the
channel lumen. For each image, three different direc-
tionswere analyzed away from the central channel.

COMSOLmodeling
COMSOL was first used to model oxygen diffusion
within cell-laden GelMA constructs between adjacent
channels spaced 1 mm apart (edge-to-edge). Two
domains were considered. Domain 1 represented the
primary flow of nutrients supplied from the inlet
reservoir and was solved using Navier–Stokes steady
state flow analysis. Domain 2 represented the diffusion
of media and consumption by cells, and was solved by
diffusion-consumption analysis using Michaelis–
Menten rate laws. The ‘Reacting Flow of Porous
Media’ module in COMSOL was used to plot steady
state oxygen diffusion within cell-laden GelMA. The
GelMA matrix was represented via user-defined mat-
erial values of porosity (0.5) [31], and permeability
(1×10−7) [32]. Themaximumamount of dissolvable
oxygen was assumed to be 0.2185 (mol m−3) [33],
approximately representing oxygen dissolved inwater.
The consumption of oxygen by cells was represented
as a decrease in oxygen species over time, following the
equation, R=−kt, where R is the reaction rate
(R<0), k is the rate constant relating to oxygen
concentration, and t is time in (s). The rate constant
was determined to be 2×10−5 (mol s−1) by taking
into account the oxygen consumption rate of cells
within eachGelMA construct [34].

COMSOL was also used to model the changes in
oxygen diffusion within cell-laden GelMA constructs
due to mineral deposition around the lumen/chan-
nels. In this model, three domains were considered.
Domain 1 represented the primary flow of nutrients
supplied from the inlet reservoir and Domain 2 repre-
sented the diffusion of media and consumption by
cells encapsulated within GelMA. A new Domain 3
was introduced in the form of a donut-shell and repre-
sented both regions of mineral deposition and cell-
laden GelMA. With more perfusion time, the thick-
ness of Domain 3 increased and the porosity decreased
due to an increasing amount of mineral deposition.
The thickness of the donut-shell Domain 3 was
obtained from ImageJ data, while the material poros-
ity of Domain 3 Pdonut shell( )‐ at weeks 1, 2, and 4 was
calculated as described below. The porosity of Domain
3 was a combination of (i) the porosity of the miner-
alized GelMA (identified from CT data) and (ii) the
porosity of cell-laden GelMA (identified as void
regions in CT data) given by the following equation
(figures 6(B), (C)):

P A P A P1 ,donut shell mineral GelMA= * + - *( )-

where A is the fraction of the donut-shell area
occupied by mineralized GelMA and (1-A) is the
remaining fraction that is occupied by cell-laden
GelMA. Porosity of pure bone, Pmineral (0.035) and cell-
laden GelMA PGelMA (0.5) were obtained from pre-
viously publishedwork [31, 35]. In this work, the inner
channel radius was assumed to be 0.2 mm while the
outer donut-shell radius for weeks 1, 2 and 4 were
calculated as 0.2719 mm, 0.2854 mm and 0.2873 mm,
respectively, from the BoneJ cortical thickness mea-
surements of the mineralized crust. A, the fraction of
donut-shell area occupied by the mineral, was calcu-
lated via a two-step process. First, CT data was
imported into MIMICS (Materialise, Belgium), a
Medical Image Processing software program, and 30
surface slices were generated for each time point and
converted into 2D masks before being exported into
ImageJ as binary (.stl) files. Second, the freehand
boundary option in ImageJ was used to mark the
irregular outer boundaries in each image to calculate
the area occupied by mineral and void regions (area
occupied by cell-laden GelMA). This data was then
used to calculate Pdonut shell- for week 1, 2 and 4
(figure 6(D)).

Statistical analysis
Numerical data was entered into Microsoft Excel to
calculate mean and standard deviation and either
Student’s t-test or one-way ANOVAwas used to assess
statistical significance of differences. P-values less than
0.05were accepted as statistically significant.
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Results

Design and fabrication of a plug-and-flow construct
Mechanically supportive ABS cages capable of housing
GelMA hydrogels were printed using a commercially
available 3D printer. Sacrificial PVA pipes were printed
and inserted into holes within the ABS cage peripheries
(white, figures 1(A), (B)). GelMA prepolymer was cast
into the constructs and UV cured (figures 1(B), (C))
prior to the dissolution of the pipes (figure 1(C)). A fully
customizable, two-piece plug-and-flow bioreactor
fitted with a PDMS gasket was used to house the 3D
printed constructs (figures 1(D)–(F), S1–2). Within the
bioreactor base, the 3D printed constructs containing
GelMA hydrogels could be press fit and perfused with
DI water containing an orange food dye via a standard
syringe pump. Flowed wells containing no constructs
showed fluid-tight seals (figure 1(E) middle-top)
while the well containing an ABS cage and GelMA
hydrogel with dissolved pipe showed directed dye flow
(figure 1(E)bottom).

All aspects of the plug-and-flow model process
were capable of being fully sterilized using conven-
tional techniques. Accordingly, the systemwas capable
of being placed within a standard cell culture incu-
bator for extended periods of time (figure 1(F)). Nutri-
ents needed for cell viability were perfused through the
constructs via a syringe pump placed within the incu-
bator and gas exchange took place both through the
tubing and a pressure relief needle in the waste collec-
tion area.

PerfusableGelMA laden hydrogels containing Saos-
2 cells
In order to create cell-ladenGelMAhydrogels contain-
ing encapsulated cells and fully perfusable pipes, Saos-
2 cells were added to GelMA prepolymer and cast into
the constructs. After curing, constructs were placed in
cell culture media for 24 h prior to being placed in
either well plates for static culture or the bioreactor for
perfusion with osteogenic media (figure 2(A)). To
determine if the plug-and-flow bioreactor represented
a viable cell culture platform, cells were encapsulated
around the dissolvable pipes and cultured for 24 h in
order to determine process associated cell death. After
one day of culture, minimal cell death was observed
around the dissolved pipe (red, figure 2(B)). However,
constructs perfused with osteogenic media for two
weeks showed high cell viability (green, figure 2(C))
and significant mineral deposition around the entirety
of the pipe (figure 2(D)). Micro-CT imaging was used
to assess constructmineralization and showedmineral
deposition surrounding the channel along the entire
length of the construct (figure 2(E)).

Control experiments were run with cell-laden
GelMA constructs without channels. Cells were
encapsulated within ABS cages containing no dis-
solvable pipes and incubated for either 1 day or 14 days

in osteogenic media (figure 2(F)). After 1 day of cul-
ture constructs were sectioned into 1 mm slices and
showed low cell viability in the center of the hydrogel
(red, figure 2(G)). After 14 days of static culture high
cell death, in addition to a decreased number of cells,
was observed (figure 2(H)) and nomineral appeared to
form in the center of the hydrogel (figures 2(I), (J)).

Channelmineralization andmodeling
Micro-CT was used to evaluate mineral formation
around the construct channels under both static and
dynamic conditions. Samples cultured within the
bioreactor and perfused with osteogenic media for
either 1 (P-W1), 2 (P-W2), or 4 (P-W4) weeks showed
robust mineralization along the channel walls
(figure 3(A), right). Solid samples containing no
channels in static osteogenic culture showed mineral
deposition around the construct periphery with no
quantifiable activity within the center of the construct
(figure 2(J)). Under the same conditions, constructs
with channels were cultured in static osteogenic
conditions for either 1 (S-W1), 2 (S-W2), or 4 (S-W4)
weeks and showed increasing amounts of mineral
deposition along the central pipe walls (figure 3(A),
left). Additionally, in the static culture mineral was
also deposited on the surface of the constructs, but
appeared random and unordered. Furthermore, acel-
lular control experiments showed no presence of
mineral, indicating that the mineralization was com-
pletelymediated by encapsulated Saos-2 cells.

For mineral quantification, only the central chan-
nels of the constructs were digitally contoured in order
to normalize comparisons between static and perfused
samples (figure S3). Quantification of micro-CT data
for the central channels of each construct showed that
after one month of both static and perfusion culture,
mineralization of the inner lumens increased sig-
nificantly both volumetrically and in total mineral
content for the 4 week samples as compared to their 1
and 2 week counterparts (figures 3(B), S4). Addition-
ally, while the 2 and 4 week perfused constructs did
not have significantlymoremineral around their inner
lumens as compared to their static equivalents, sam-
ples perfused for oneweek did havemoremineral than
those induced for one week in static culture. Further-
more, despite the increase inmineral content, the den-
sity of mineral formed was consistent among all
samples at all time points, regardless of culture type
(figure 3(C)).

To further characterize the constructs perfused
within the bioreactor, BoneJ was used to analyze the
micro-CT data to determine the average thickness of
the mineral ring formed around the central channels
(figure 6(D), table). While an upward trend in thick-
ness could be inferred based on the data available,
there was no statistically significant change as a
function of time. Additionally, although total mineral
content did increase significantly over the course of
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Figure 2.Perfusion can directmineral deposition. Schematic representation of outcomes following osteogenic induction under (A)
perfusion or (F) static culture conditions. Cell viability by fluorescent live (green)/dead (red) staining after perfusion (B), (C) or static
culture (G), (H) conditions for either 1 (B), (G) or 14 days (C), (H), respectively. Brightfieldmicroscopy showed an accumulation of an
opaquematrix surrounding the perfused pipe (D) that was not evident in static constructs lacking a pipe (I) (scale bar: 400 μm).
Micro-CT imaging demonstratedmineral deposits surrounding the perfused pipe (E), whereasmineral accumulated only at the
periphery of constructsmaintained in static conditions (J).
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Figure 3.Representativemicro-CT image of totalmineral deposition after culture in osteogenicmedia under static (S) or perfused (P)
conditions for 1, 2, or 4weeks (A). For representative images, the entire framewas digitally contoured in order to visually showhow
mineralization occurs in static samples immersed in osteogenicmedia versus samples perfused directly with osteogenicmedia. Bone
volume ofmineral deposited around pipes after 1, 2, or 4weeks of both static osteogenic culture and osteogenicmedia perfusion
showed significant increases in volume after 4weeks (4 wk static and 4 wk flow n=7, 2 wkflow n =8, rest n=6. *p<0.05) (B).
Density ofmineral deposited around pipe after 1, 2, or 4weeks of both static osteogenic culture and osteogenicmedia perfusion
remained constant at every time point (4 wk static and 4 wk flow n=7, 2 wkflow n=8, rest n= 6) (C).

Figure 4.Cellular localization decreases andmatrixmineralization increases as function of distance from the perfused channels.
Representative Alizarin red (A) andH&E (B) histology stains of construct samples after either 1, 2, or 4weeks of perfusionwith
osteogenicmedia (scale bar: 500 μm). Box plot analysis ofH&E samples was used tomeasure cell number inmeasured increments
away from the central pipe (scale bar: 325 μm) (C). Box plot quantification of the number of cells as a function of distance away from
the lumen for 1, 2 and 4week perfused samples shows that cell number decreases as the distance from the perfused channel increases
(n=3, *p<0.05).
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4 weeks for the perfused samples, the high variability
in data, as well as the fact that the total mineral formed
was not significantly greater in the 2 and 4 week per-
fused samples as compared to their static counterparts
(figure S4), suggested that an increasing crust thick-
ness could be inhibiting diffusion into the surround-
ing hydrogelmatrix.

Histological analysis and quantification
Alizarin red S staining was used to visualize whether
the diffusion limitations affected mineralization away
from the perfused pipes, as well as verify that the
deposits observed by themicro-CT contained calcium.
After one week of perfusion, a small amount of
mineral was present away from the pipe (figure 4(A),
P-W1). After two weeks of perfusion, an increase of
mineral was observed away from the perfused lumen,
but appeared to decrease to levels consistent with
1 week of flow as the distance increased towards
the construct peripheries (figure 4(A), P-W2). After
4 weeks of perfusion, however, while the amount of
mineral observed closest to the pipe did not appear to
increase significantly, more robust staining was
observed (figure 4(A), P-W-4). Additionally, a signifi-
cant amount of mineral was detected further away
from the pipe in the 4 week samples as compared to
both the 1 and 2 week samples, indicating that
hydrogel degradation may possibly have played a role
in the ability of the Saos-2 cells to mineralize the
matrix after long-termperfusion.

H&E staining was performed on the perfused sam-
ples to visualize differences in construct cellularity
over time (figure 4(B)) and a box analysis was used to
quantify what effect long-term diffusion had on the
distribution of cells away from the channel lumen
(figures 4(C), (D)). After one week of perfusion, a large
number of cells were observed approximately 300 μm
away from the channel, a distance in accordance with
diffusion limitation values as reported in the literature
(figures 4(B), (D)) [36]. However, as the mineral crust
increased over the course of 2 weeks to 1 month, the
quantity of cells dropped significantly 300 μm away
from the pipe.

Construct scalability
To test the scalability of this plug-and-flow approach,
an array of 5 dissolvable PVA pipes within a larger ABS
construct (11×8×6 outer dimension; 6×6×6
inner dimension) was 3D printed. The optimal pipe
spacing in the larger construct was chosen based on
COMSOL simulations of the radial consumption of
oxygen around the channels within the cell-laden
GelMA matrix (figures 5(A), (B)). Specifically, COM-
SOL simulations showed that the addition of a second
pipe spaced 1 mm away would ensure that the lowest
oxygen concentration anywhere between the pipes
would be approximately 80%, as opposed to 50% and
below with only one channel (figures 5(A)–(C)).

Additionally, the design criteria were chosen to allow
for the uncured cell-ladenGelMA to conformably flow
between the pipes, thereby ensuring there were no air
pockets left between the pipes after UV exposure.
Based on the analysis, it was determined that 400 μm
channels spaced approximately 1 mm apart (edge-to-
edge) would ensure that the entire hydrogel matrix
between the channels would be adequately supplied
with nutrients (figures 5(C), (D)).

The pipes were placed in three layers spaced at
least 1 mm apart in any direction (figure 5(D)) and the
larger construct contained two reservoirs to ensure
that all 5 pipes could be perfused via one syringe pump
(figure 5(E)). In order to flowmedia through the larger
system, the original bioreactor design was increased
only in the z-direction to highlight the ease of scaling
(figure 5(F)). After 4 weeks of perfusion, micro-CT
and alizarin staining showed robust cell-associated
mineral deposition along the length of each pipe, as
well as between the pipes and along the edges of the
bulk construct (figures 5(G)–(I)).

Estimation of the influence ofmineral formation on
oxygen diffusion
Based on the micro-CT results, it was clear that the
mineral deposited by the encapsulated cells around the
channel was not uniform (figure 6(A)). The annular
ring ofmineralized crust (figures 6(B), (C))was porous
with several void spaces that contained cell-laden
GelMA. To gain insight into the spatial changes in
oxygen diffusion due to the deposited mineralized
‘donut-shell’ around the channels, a new COMSOL
Domain 3 (figure 6(C)) was introduced in the form of
a ‘donut-shell’ with thickness values obtained from
BoneJ data, and material porosity Pdonut shell( )‐ values
calculated as described in the Methods section
(figure 6(D)). The results were plotted as percent
decrease in oxygen concentration radially away from
the channel/lumen edge (figure 6(E)). The results
demonstrate that a higher drop in oxygen concentra-
tion is possibly due to the formation of mineral. This
simulation provides qualitative explanation of the
observed experimental results.

Discussion

Provision of adequate vascular perfusion is one of the
most daunting challenges facing the manufacturing of
any tissue engineered construct [37, 38]. Accordingly,
over the past decade numerous groups have success-
fully combined various techniques and sacrificial
materials such as pluronics, 3D printed carbohydrates,
and 3D printed gels to create vascularized systems, but
in each case the process used was extremely specific to
the application being studied [20, 39, 40]. In our plug-
and-flow system, however, any component can be
readily exchanged and scaled based on the desired
application. For instance, the model cell could be
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replacedwith any other osteogenic cell such as patient-
derived multipotent marrow stromal cells or autolo-
gous osteoblasts. Alternatively, the printed hydrogel
could be easilymodified via the addition of side groups
and growth factors, or could be substituted for a
different hydrogel altogether. Furthermore, due to the
recent advances in 3D printing technology, numerous
different hard and soft materials could be printed
simultaneously, allowing for multiple cell types and
complex vasculature to be easily incorporated during a
single print using only slight modifications to our
approach.

For this work, GelMA was chosen as our model
hydrogel to encapsulate cells as it is a collagen deriva-
tive which possess RGD groups necessary for cell
adhesion, contains readily tunablemechanical proper-
ties, and exhibits high structural integrity for experi-
ments lasting over one month [41, 42]. Additionally,
previous work has shown that GelMA properties such
as diffusion, swelling, compressive moduli, and degree

of crosslinking are highly consistent between batches,
allowing for the reduction of outside variables when
conducting experiments [43–45]. Furthermore,
GelMA is capable of being UV crosslinked with mini-
mal negative side effects to the encapsulated cells
[46, 47]. PVA was chosen to be the sacrificial material
and ABS was chosen to be the structural frame for our
model system due to the fact that they both are com-
mercially available, biocompatible thermoplastics
capable of being printed at high fidelities using com-
mon 3D printers. The selection of PVA allows for the
possibility of printing user-defined channel-patterns
for more complex tissue structures. Additionally,
post-processing removal of PVA from the system is
also simplified as PVA is water soluble, thereby redu-
cing the possibility for external contaminants to be
introduced into the system via manual pipe removal.
In this model a flow rate of 0.2 ml h−1 was used, a rate
well below what would be needed in a larger construct
containing primary cells [48–50]. The decision to use

Figure 5. Schematic representing the scalability of perfusable constructs.Multiple channels spaced at optimal distances are capable of
being perfused via one inlet (A). COMSOLmodeling of oxygen diffusion between one channel (B top) and two channels spaced 1 mm
apart (Bbottom), as well as COMSOLmodeling of the radial oxygen consumption by cells around the channels within cell-laden
constructs spaced 1 mmapart (C)was used to determine optimal pipe spacing in larger constructs. Schematic of a scaled cell-laden
construct (D) and corresponding ABS cage (6×6×6 mm3) (E). CAD isometric view of amachined, two-piece polycarbonate
bioreactor containing a PDMS gasket between layers (red) (F).Micro-CT imaging ofmineral deposition surrounding pipes ((G), side
view; (H)Cross-sectional view) after fourweeks of perfusionwith osteogenicmedia showed that themodel system could be easily
scaled. Representative Alizarin Red histology of a large-scale construct after perfusionwith osteogenicmedia for 4weeks showed
robustmineralization (scale bar: 500 μm).
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this lower rate was made, however, based on previous
work that has shown how higher flow rates in in vitro
bioreactor systems have led to significant increases in
cell death and reduced cell proliferation [51]. How-
ever, as the flow in this system is driven by a program-
mable syringe pump, further studies would easily be
able to address this issue.

It is known that fullymineralized bone (in this case
mineralized GelMA) is conducive to the diffusion of
small solutes through interstitial spaces, albeit in the
sub-nanometer range that cannot be observed with
the micro-CT voxel resolution used. Additionally,
even after 2 and 4 weeks of perfusion, we observed
large voids in the deposited mineral (figure 2(E))
which were likely filled with cell-laden GelMA,
thereby allowing for the diffusion of oxygen and other
nutrients even after the formation of the mineralized
crust. From the Live/Dead results (figure 2(C)), live
cells could be seen outside the mineralized crust, indi-
cating that diffusion of essential nutrients takes place
even after mineral formation. However, the crust does
possibly inhibit the oxygen concentration away from
the perfused pipes to a degree, as was qualitatively
explained via COMSOLmodeling (figure 6).

This work represents a simple ‘living’ bioreactor
system capable of creating mineral only around perfu-
sable channels. However, more work needs to be per-
formed to create a completely mineralized thick bone
construct. Themodularity of this model system allows
for the incorporation of other cell types as well as the
perfusion of growth factors with pulsatile perfusion
conditions. One promising direction to enhance

overall mineral formation is the co-encapsulation of
vascular endothelial cells with bone cells in this system
to facilitate the formation of perfusable micro-
vasculature between printed channels. Increased per-
fusion rates as well as the incorporation of pulsatile
flow and specific growth factors can also be optimized
within this model system. While long-term studies
building upon the foundation of this model are neces-
sary, this work provides early evidence that 3D prin-
ted, cell-laden hydrogels containing user-defined
channels can be used as amodel system for bone tissue
engineering applications.

Conclusions

Our study demonstrated that user-defined 3D printed
channels could be used to control mineral deposition
within a diffusion-limited environment using com-
monly available 3D printers, sacrificial materials, and
hydrogels. Based on these results, we anticipate that
this technology could be easily scaled and reproduced
in order to create thick, cell-laden constructs capable
of serving as vascularized bone tissue substitutes, as
well as be translated to other tissue engineering
applications.
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