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HIGHLIGHTS

Application of bioprinted algae as
O, generator in tissue (model)
engineering

O, produced by algae patterns
improved functions of
surrounding human cells

Endothelialization of channels
post-enzymatic digestion of
fugitive algae patterns

Three-dimensional-bioprinted unicellular green algae, Chlamydomonas
reinhardtii, was used as a sustainable bionic source of O, in engineered tissue
constructs. O, photosynthetically produced by bioprinted algae significantly
improved the viability and functionality of the human cells within surrounding
matrices while reducing their hypoxic conditions. Fugitive patterns encapsulating
the algae were enzymatically dissolved by cellulase digestion to create
interconnected microchannels, which were subsequently endothelialized,
generating vascularized tissues.
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SUMMARY

In this study, we present the photosynthetic oxygen (O,) supply to
mammalian cells within a volumetric extracellular matrix-like
construct, whereby a three-dimensional (3D)-bioprinted fugitive
pattern encapsulating unicellular green algae, Chlamydomonas
reinhardtii, served as a natural photosynthetic O, generator. The
presence of bioprinted C. reinhardtii enhanced the viability and
functionality of mammalian cells while reducing the hypoxic condi-
tions within the tissues. We were able to subsequently endothelial-
ize the hollow perfusable microchannels formed after enzymatic
removal of the bioprinted C. reinhardtii-laden patterns from the
matrices following the initial oxygenation period to obtain biologi-
cally relevant vascularized mammalian tissue constructs. The feasi-
bility of co-culture of C. reinhardtii with human cells, the printability
and the enzymatic degradability of the fugitive bioink, and the
exploration of C. reinhardtii as a natural, eco-friendly, cost-effec-
tive, and sustainable source of O, would likely promote the develop-
ment of engineered tissues, tissue models, and food for various
applications.

INTRODUCTION

Millions of people lose their lives on an annual basis due to health issues associated
with organ failure." According to the World Health Organization, only about 10% of
the global need for organ transplantation is being met as a result of donor organ
shortage.” Thus, there is an increasing demand for artificial tissue substitutes to
replace those that are damaged/diseased to restore tissue and organ functions. Tis-
sue engineering represents a promising approach that aims at in vitro production of
functional tissues for clinical transplantation to replace and restore the functions of
those that are damaged.3 Over the past decade, three-dimensional (3D) bioprinting
techniques have been explored extensively for fabricating tissue scaffolds for
biomedical and tissue-engineering applications.* 3D bioprinting enables in vitro
fabrication of volumetric tissue constructs of predefined architectures and shapes,
possibly also with embedded vasculature, by precise positioning of bioinks that
are typically composed of hydrogels, cells, and/or bioactive agents.* ® Moreover,
3D-bioprinted tissue models, such as those of the liver, heart, skin, muscle, lung,
and tumors, have been used to study the pathophysiology of diseases as well as

the pharmacokinetics and pharmacodynamics of drugs in vitro.””

Despite advances in the fabrication of 3D tissues and their models in vitro, there are
still major limitations such as maintaining high cell viability and functionality

Progress and Potential
Sufficient and homogeneous
distribution of oxygen (O,)
facilitates cell growth within three-
dimensional (3D) tissue constructs
whereas limited supply of O,
induces cell death. This work
reports the unique adoption of
3D-bioprinted Chlamydomonas
reinhardltii as a natural
photosynthetic O, generator for
enhancing functions of
engineered tissue constructs

in vitro. Interestingly, the
cellulase-mediated digestion of
the bioprinted C. reinhardtii-
laden patterns embedded within
mammalian cell-encapsulating
GelMA matrices created
perfusable and interconnected
microchannels. These
microchannels, when
subsequently endothelialized,
made it possible to obtain
biologically relevant vascularized
tissue constructs. These
bioprinted unicellular microalgae
represent a bionic and sustainable
source of O, promoting the
development of engineered
mammalian tissues.
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throughout a tissue construct, which is largely determined by the availability of ox-
ygen (O,)."? Sufficient and homogeneous distribution of O, facilitates cell growth, '’
and inadequate supply of O has been shown to induce cell death within 3D tissue
constructs.'? In fact, when the thickness of a tissue construct exceeds a few hundred
micrometers to a few millimeters, hypoxic condition occurs especially in the central
regions, due to the limited diffusion of O, into the 3D matrix.'® Efforts have been
made to improve O, supply in engineered tissue constructs such as incorporation
of O,-releasing biomaterials, including sodium percarbonate,’ magnesium
peroxide,'® calcium peroxide,’® and hydrogen peroxide,'” in the form of scaffolds'®
and microspheres,’'” among others. Nevertheless, these O,-releasing biomaterials
are usually to different levels cytotoxic due to the production of hydrogen peroxide,
reactive O, species, and decomposition of salt by-products affecting the cell
viability within the tissue constructs, as well as typically fast and rapidly declining
release profiles.”” Another approach relies on incorporation of vascular channels,
with or without relevant cells, within the tissue constructs.’® 3D bioprinting allows
rapid fabrication of vascular channels within volumetric tissue constructs using sacri-
ficial (bio)inks, such as Pluronic F127,"* gelatin,?' agarose,?? and hydrocarbons,?
within the tissue scaffolds, which after removal create perfusable microchannels
that can be seeded with vascular cells for angiogenic sprouting and/or implanted

in vivo to promote the formation of vascular networks.”*>

Very recently, photosynthetic microalgae have been attempted as a source of O in
engineered tissue constructs. Bloch et al. described the co-encapsulation of pancre-
atic islets and unicellular alga, Chlorella sorokiniana, in alginate beads and showed
that these microalgae could generate sufficient O, for respiration and function of is-
lets under in vitro anoxic environments. They simply mixed islets and C. sorokiniana
in sodium alginate and then extruded it through a pipette tip into a calcium chloride
solution.?® Hopfner et al. established the co-culture of Chlamydomonas reinhardtii
and murine 3T3 fibroblasts in 3D collagen scaffolds. They seeded C. reinhardtii
and fibroblasts on commercially available collagen-based scaffolds and demon-
strated that the scaffolds harboring C. reinhardtii produced enough O, thereby
decreasing the hypoxic response under low-O, culture conditions.?” Haraguchi
et al. reported the fabrication of 3D tissue scaffolds in which Chlorococcum littorale
and C2C12 mouse myoblasts or rat cardiac cells were layered one above the other
by the cell sheet-engineering approach.?® This study showed the possibility of an
in vitro symbiotic relationship between mammalian cells and algae. Moreover,
Lode et al. demonstrated the 3D bioprinting of C. reinhardtii and C. sorokiniana
encapsulated in alginate/methylcellulose (3:1) blend by means of extrusion bio-
printing and demonstrated the growth rate and viability of the bioprinted microal-
gae.”” These authors also fabricated the patterned human Sa0S-2 cells and C. rein-
hardtii co-cultured 3D scaffolds by alternate plotting of hydrogel laden with SaOS-2
and C. reinhardtii. In this pioneering work, the potential of 3D bioprinting for crea-
tion of patterned human cell/algae co-culture scaffolds was briefly demonstrated,
yet the structures produced were less physiologically relevant, as the fully exposed
porous patterns did not seem to take advantage of the oxygenation by the algae.

Here, we present 3D fabrication of perfusable vascularized tissue constructs via bio-
printing of photosynthetic C. reinhardtii encapsulated in a sacrificial cellulose-based
blend bioink with predesigned geometries. Cellulose is the water-insoluble natural
polymer of glucose and is the main structural component of plants, algae, and fungi,
which provides them with the mechanical strength and maintains the structural
integrity.>**" Cellulose-based hydrogels are prepared from water-soluble ether de-
rivatives of cellulose, such as methylcellulose, ethyl cellulose, hydroxyethyl cellulose,
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hydroxypropyl methylcellulose, and sodium carboxymethylcellulose, through phys-
ical or chemical crosslinking.?%*? Carboxymethyl cellulose sodium salt (NaCMC) can
also be used as a rheology-modifier, stabilizer, and thickener in a wide range of

formulations.**

As a proof-of-principle demonstration, we embedded the bioprinted C. reinhardtii-
containing sacrificial structures within gelatin methacryloyl (GelMA)-based hydrogel
constructs harboring liver-derived cells, and evaluated the availability of O, pro-
duced by the bioprinted C. reinhardtii as well as their ability to support the viability
and functions of human liver-derived cells within the tissue constructs. We subse-
quently investigated the feasibility of forming hollow microchannels following cul-
ture and enzymatic removal of the bioprinted C. reinhardtii patterns and of seeding
endothelial cells in the microchannels to obtain vascularized hepatic tissue-like con-
structs. Development of such a fugitive bioink that allows initial oxygenation and
subsequent vessel formation within a single tissue construct has not been reported,
which however is a critical step toward successful engineering of viable and func-
tional tissues.

RESULTS

3D Bioprinting of the NaCMC-Based Bioink

The bioink was prepared by homogeneously mixing different amounts of NaCMC,
poly(vinyl alcohol) (PVA), gelatin, and alginate solutions. NaCMC and gelatin were
utilized as the main components, while PVA and alginate as the additives. During
bioprinting, a suitable viscosity of the bioink is important to ensure its proper extru-
sion.** Deformation and collapse can easily happen when bioprinting low-viscosity
materials; on the other hand, nozzles may be frequently jammed when high-viscosity
bioinks are used. We therefore examined the printability of bioink formulations with
different concentrations of NaCMC (3%-10% v/v), PVA (0.01%-0.1% v/v), gelatin
(2%-10% w/v), and alginate (0.5%-1% w/v), at different pressures (35-60 psi) as
well as at different feeding rates (60-100 mm s~"). The printability studies revealed
the optimal bioink formulation as 3% (v/v) NaCMC, 0.03% (v/v) PVA, 4% (v/v) gelatin,
and 0.8% (v/v) alginate at 55 psi of pressure and 70 mm s~ of feeding rate when a
27-gauge extrusion needle was used (Tables ST and S2; Figure S1). The appropriate
amounts of gelatin and alginate were added to improve the printability of the bioink
and to stabilize the shapes of the bioprinted structures. The polymer-polymer inter-
actions for the formation of the hydrogel were mainly due to the intermolecular and/
or intramolecular hydrogen bonding among the functional groups®* of the different
components (Figure 1A). Indeed, the viscosity of the optimized bioink was found to
be higher compared with individual components when measured as a function of
shear rate (Figure 1B).

The optimized bioink was then applied to fabricate honeycomb-shaped 3D con-
structs at room temperature under the optimized pressure and feeding rate. The
schematic illustration of the bioprinting process is shown in Figure 1C. The honey-
comb construct comprised seven hexagonal lobules with each lobule having a cir-
cumradius of 1.6 mm, and the length of each side of the hexagon was 1.6 mm. Imme-
diately after bioprinting, the 3D honeycomb constructs were transferred into a 0.3-M
calcium chloride (CaCl,) bath and incubated for 5 min to physically crosslink the algi-
nate component of the constructs. The fabrication of 3-, 4-, 6-, 10-, and 20-layered
honeycomb constructs was achieved under optimized conditions. Figure 1D illus-
trates the representative photographs of 3-, 4-, 6-, 10-, and 20-layered honeycomb
constructs with the respective side views in the top insets. Furthermore, 3D tubular,
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Figure 1. Formulation of the Fugitive Bioink and 3D Bioprinting

(A) Schematics of the bioink formulation.

(B) Viscosity characterizations of the optimized bioink and the different components of the bioink.

(C) Schematic illustration of the 3D-bioprinting process.

(D) Photographs of side and top views of the 3D-bioprinted honeycomb patterns with different layers.

grid, and crossed-grid constructs were printed to demonstrate the ability to extrude
complex patterns with different aspect ratios and structures using the optimized bio-
ink (Figure S2). Specifically, the 20-layered tubular pattern was 16 mm in diameter
while the 20-layered grid and crossed-grid patterns were 20 mm x 20 mm (length
x width) and 36 mm x 22 mm (length X width), respectively.

Enzymatic Digestion of the Bioprinted NaCMC-Based Sacrificial Patterns

We next demonstrated the unique utility of NaCMC-based hydrogel as a sacrificial
structure by cellulase-mediated digestion of NaCMC. Cellulase is an enzyme that hy-
drolyzes cellulose and some related polysaccharides to produce soluble sugars.*®
Among the water-soluble cellulose ethers, NaCMC is the only polyelectrolyte that
is sensitive to pH.”” Thus, we investigated the digestion of the bioprinted
NaCMC-based patterns with cellulase at different concentrations (1-5 mg mL™") us-
ing two different buffers (citrate and acetate buffers) and at different pH values (5, 6,
and 7). While the cellulase was found to be inactive in acetate buffer at all concen-
trations and pH values studied, it was less active in citrate buffer at pH 5 and pH
7. The optimal concentration of cellulase for complete digestion of the bioprinted
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NaCMC-based patterns was found to be 1 mg mL™" at pH é in citrate buffer at both
25°Cand 37°C. However, the cellulase digestion of the NaCMC-based patterns took
longer (~6 h) at 25°C compared with that at 37°C (~2 h). Similarly, we also studied
the digestion of the bioprinted NaCMC-based patterns embedded within GelMA to
create perfusable microchannels under optimized conditions at both 25°C and 37°C.
As expected, the digestion of the NaCMC-patterns within GelMA took compara-
tively longer when incubated with cellulase (1 mg mL™" in citrate buffer, pH 6) at
both 25°C and 37°C, yet both leaving behind the clear open microchannels post
digestion (Figure S3). At 25°C, it took approximately 12 h while at 37°C it took about
4 h. We further confirmed the formation of interconnected lumens within GelMA
constructs by the perfusion of colored microbeads, as shown in Video S1.

3D Bioprinting of C. reinhardtii-Laden Patterns

The excellent biocompatibility, bioadhesive properties, and cellulase-mediated
degradation®® of NaCMC have prompted the use of NaCMC-based hydrogel as
the fugitive matrix for the bioprinting of photosynthetic algae, C. reinhardtii.
Different concentrations of freshly pelleted C. reinhardtii (1.0-10 X 10° cells mL™")
were mixed with the bioink and bioprinted following the same procedure as those
without the algae. The density of 5 x 10 cells mL™" of C. reinhardtii was found to
be optimum for bioprinting. The addition of the C. reinhardtii did not noticeably
affect the printability of the bioink as well as the crosslinking, resulting in stable con-
structs with predefined geometries. As such, 4-, 6-, 10-, and 20-layered C. reinhard-
tii-laden 3D honeycomb structures were fabricated using 5 X 10° C. reinhardtii cells
mL~". Due to the transparency of the bioink, the homogeneous distribution of green
C. reinhardtii was clearly visible within the bioprinted patterns of various heights and
thicknesses (Figure 2A). Similarly, 20-layered C. reinhardtii-laden tubular, grid, and
crossed-grid constructs were printed demonstrating the faithful extrusion of
different patterns of C. reinhardtii-laden structures (Figure 2B). The 20-layered C.
reinhardtii-laden tubular pattern was 16 mm in diameter while the 20-layered C. rein-
hardtii-laden grid and C. reinhardtii-laden crossed-grid patterns were 20 mm x
20 mm (length x width) and 36 mm x 22 mm (length X width), respectively. Imme-
diately after bioprinting, the C. reinhardtii-laden patterns were placed in 0.3-M
CaCl, bath for 5 min and then incubated in Tris-acetate-phosphate (TAP) medium
at 25°C under continuous light illumination (light intensity 2,800 lux). While the C.
reinhardtii-laden structures were light green at day 1, they appeared dark green af-
ter 7 days of cultivation (Figure 2C). The growth of C. reinhardtii within bioprinted
pattern was observed both macroscopically and microscopically (Figure 2C).

The viability and growth of C. reinhardltii within the bioprinted patterns were further
confirmed by both live and dead assays using Sytox-orange dye and measuring op-
tical density (OD) values at 750 nm. The bioprinted C. reinhardtii was incubated in
the TAP medium at 25°C under continuous light illumination (2,800 lux), and live/
dead assay was performed at day 14. The Sytox-orange dye could penetrate
damaged cell membranes and therefore stain dead cells in orange, while viable cells
were visualized utilizing the red autofluorescence of chlorophyll (Figure 2D). The
viability of the bioprinted C. reinhardtii was about 90% at day 1, which gradually
increased with time and reached roughly 98% at day 14 (Figure 2E). Similarly, macro-
scopic, microscopic, and OD750 measurements using a microplate reader for the
bioprinted C. reinhardtii within 4-layered (Figures S4A and S4B), 6-layered (Figures
S4C and S4D), and 10-layered (Figures S4E and S4F) honeycomb structures also re-
vealed a gradual increase of the C. reinhardtii density over the culture period of
14 days. The cell density of C. reinhardtii was proportional to the number of layers
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Figure 2. 3D Bioprinting of C. reinhardtii
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A) Photographs showing bioprinted C. reinhardtii-laden honeycomb patterns with different layers at day 3.

B) Photographs of bioprinted C. reinhardtii-laden tubular, grid, and cross-grid patterns with different sizes.

D) Viability of C. reinhardtii at different days determined by live/dead assay using Sytox-orange.
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(C) Optical and fluorescence micrographs of bioprinted C. reinhardtii-laden honeycomb patterns.
()

(
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E) Viability of the bioprinted C. reinhardtii within 4-layered honeycomb patterns at different days, as represented by OD7s0. Results are presented as

means + standard deviations.

in the honeycomb structures demonstrating uniform growth of the algae throughout
the bioprinted patterns.

Since we aimed to use the bioprinted C. reinhardtii as the source of O, for mamma-
lian cells in tissue constructs, we next studied the growth of C. reinhardtii within 3D-
bioprinted patterns at 37°C and compared it with that at 25°C, both under contin-
uous light-illumination conditions (2,800 lux). C. reinhardtii within the bioprinted
structures exhibited similar growth behaviors at 37°C as observed at 25°C, over
the 14 days of culture period when cultured in TAP medium (Figure S5). A gradual
increase of the C. reinhardtii density was observed over the culture period of
14 days at 37°C within 4-layered (Figures S5A and S5B), é-layered (Figures S5C
and S5D), and 10-layered (Figures S5E and S5F) honeycomb structures. We further
investigated the growth of C. reinhardtii in commonly used mammalian cell-culture
medium, Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S), for 7 days and
compared it with that in DMEM/TAP medium (1:1) and TAP medium, at both 25°C
and 37°C under mammalian cell-culture conditions and continuous light illumination
(2,800 lux). At both 25°C and 37°C, C. reinhardtii showed reduced growth in DMEM
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Figure 3. Growth of Bioprinted C. reinhardtii and Measurements of Dissolved O, Levels in Medium

(A) Photographs showing the bioprinted C. reinhardtii grown in TAP medium at 25°C.

(B) Photographs showing the bioprinted C. reinhardtii within a GelMA scaffold grown in TAP medium at 25 °C.

(C) Levels of dissolved O, released by bioprinted C. reinhardtiiin TAP medium at 25°C and 37°C. Results are presented as means + standard deviations.
(D) Photographs showing the bioprinted C. reinhardtii grown in DMEM/TAP medium (1:1) at 37°C.

(E) Photographs showing the bioprinted C. reinhardtii within a GelMA scaffold grown in DMEM/TAP medium (1:1) at 37°C.

(F) Levels of dissolved O, in DMEM/TAP medium (1:1) at 37°C in the presence or absence of bioprinted C. reinhardtiiembedded within GelMA/HepG2
matrices. Results are presented as means + standard deviations. *p < 0.05, **p < 0.01, ***p < 0.001.

(G) Photographs showing the bioprinted C. reinhardtii pattern within a GelMA matrix at day 7 and the formation of open microchannels within the matrix

after digestion of the C. reinhardtii pattern with 1 mg mL™" of cellulase in citrate buffer (pH 6) at 25°C for 12 h, followed by microscopic image showing
the open microchannel.

(H) Photographs showing the bioprinted C. reinhardtii pattern within a GelMA matrix at day 7 and the formation of open microchannels within the matrix
after digestion of the C. reinhardtii pattern with 1 mgmL~" of cellulase in citrate buffer (oH 6) at 37°C for 4 h, followed by microscopic image showing the
open microchannel.

when compared with DMEM/TAP medium and TAP media (Figure S6). When bio-
printed C. reinhardtii honeycomb patterns were cultured in DMEM/TAP medium
(1:1) at 37°C under mammalian cell-culture conditions, C. reinhardtii within the bio-
printed structures exhibited similar growth over the period of 4 days of culture as
that observed at 25°C, but the growth decreased gradually after day 4 due to the
presence of P/S in the DMEM (Figures 3A and 3D). Similar growth of C. reinhardtii
was observed when the C. reinhardtii-laden patterns were embedded in GelMA
matrices at both 25°C and 37°C (Figures 3B and 3E). The effect of P/S on the growth
of C. reinhardtii was confirmed by observing the growth of bioprinted C. reinhardtii
patterns over the period of 14 days in the presence or absence of 1% P/S in TAP me-
dium (Figure S7) at both 25°C and 37°C. The growth of C. reinhardtii within

Matter 4, 217-240, January 6, 2021 223




¢? CellPress

bioprinted patterns declined gradually over time, approaching negligible growth at
day 14. We then assessed the co-culture of mammalian cells such as HepG2 cells and
C2C12 cells with C. reinhardtii in DMEM/TAP medium (1:1) for 4 days at 37°C and
found that these mammalian cells could grow well together with C. reinhardtii
when cultured under normal mammalian cell-culture conditions (Figure S8). Thus,
DMEM/TAP medium (1:1) was chosen as co-culture medium for further cell experi-
ments. We also studied the effect of low light intensity (0 lux) and high light intensity
(11,000 lux) on the growth of C. reinhardtii at 25°C and 37°C. C. reinhardtii did not
grow at all under both low and high light intensities studied, indicating that absence
of light or presence of too much light were not favorable for the growth of C. rein-
hardtii at both temperatures.

As the bioprinted C. reinhardtii was intended to serve as the source of O, to boost
the growth of mammalian cells encapsulated in the GelMA hydrogel, we also as-
sessed the effect of UV exposure on C. reinhardtii by measuring OD7sg and ODges
using a microplate reader for viability and chlorophyll content, respectively. Bio-
printed C. reinhardtii patterns were exposed to different UV levels (0, 18, 45, and
72 mW cm™?) for 40 s and incubated for 7 days at 25°C and 37°C. At day 7, the
growth of C. reinhardtii within bioprinted patterns was measured at ODys, whereas
the chlorophyll was further extracted from the C. reinhardtii using 95% ethanol and
read at ODg4s. The OD759 and ODges evaluations revealed that the range of UV
tested had no noticeable adverse effect on the growth and the chlorophyll content
of the C. reinhardtii within bioprinted structures at both 25°C and 37°C (Figure S9).

O, Release by Bioprinted C. reinhardtii

The photosynthetic activity of the bioprinted C. reinhardtii was demonstrated by
measuring the O, released in the medium by photoautotrophic growth of C. rein-
hardtii within the constructs. Dissolved O, present in the TAP medium was first
removed by flushing with a nitrogen gas for 20 min, followed by incubation with
the bioprinted C. reinhardtii patterns at 25°C and/or 37°C. The O; released by bio-
printed C. reinhardtii was measured by changes of dissolved O, concentration in the
medium. Under continuous light illumination (2,800 lux) at 25°C, the O, concentra-
tion in the medium was found to be 11.5 mg L™" within the first 24 h. The concentra-
tion of dissolved O, remained almost at a similar level (~10.5 mg L") over the
period of 4 days at 25°C (Figure 3C). A similar level of dissolved O, 10.9 mg L
was found over the culture period of 4 days when the bioprinted C. reinhardltii pat-
terns were incubated at 37°C under continuous light illumination (2,800 lux), indi-
cating the significant photosynthetic activity of the bioprinted C. reinhardtii at
37°C (Figure 3C).

It is well-known that light is an important factor in a photosynthetic process. To gain
more insight into how light affects the O,-releasing ability of the bioprinted C. rein-
hardtii, we further investigated the growth and the subsequent release of O, by the
bioprinted C. reinhardtii patterns under limited light supplies at both 25°C and
37°C. To study the effect of the attenuation of light, we placed the cylindrical C. rein-
hardtii-laden matrices of approximately 6-cm height and 2-cm diameter in black bio-
reactors such that C. reinhardtii scaffolds received light only from the top while light
exposure to all other directions was prevented. The C. reinhardltii-laden constructs
were incubated in TAP medium for 7 days, and the growth of the algae and their
O; production were assessed. The C. reinhardtii-laden constructs that were incu-
bated under normal culture conditions whereby the whole constructs were exposed
to normal light source (light intensity 2,800 lux) were considered as controls. At both
25°C and 37°C, the C. reinhardtii showed similar behaviors of reduced growth
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corresponding to the attenuation of light with depth. While in the control group C.
reinhardtii showed uniform growth throughout the cylindrical constructs at both
25°C (Figure S10A) and 37°C (Figure S10C), the growth of C. reinhardtii was
observed only within the top regions of the cylindrical matrices placed in dark bio-
reactors. At both 25°C and 37°C, the growth of C. reinhardtii gradually decreased
with depth, and no growth was observed toward the bottom of the constructs placed
inside the black bioreactors. As expected, the O, production by C. reinhardtii was
drastically decreased when the light source was blocked at both 25°C (Figure S10B)
and 37°C (Figure S10D).

Likewise, to evaluate the O,-production behaviors of bioprinted C. reinhardtii under
precisely modulated supplies of light source, C. reinhardtii-laden constructs were
subjected to light (2,800 lux)/dark cycles at 1-h intervals at both 25°C and 37°C.
When subjected to the 1-h/1-h light/dark cycles at 25°C, the level of dissolved O,
in medium was found to increase gradually from 5.7 mg L™" at 1 h to 6.9 mg L™
over the culture period of 13 h. After 13 h of culture, the level of dissolved O,
decreased slightly and remained at 5.9 mg L™" until the culture period of 20 h. There-
after, the O, level decreased rapidly over time and reached 1.2 mg L™" at 40 h (Fig-
ure S10E). The bioprinted C. reinhardtii followed a similar trend of O, release under
1-h/1-h light (2,800 lux)/dark cycles at 37°C (Figure S10F). The level of dissolved O,
in medium was found to be 5.5 mg L™" within 1 h and increased gradually up to
7.1mg L™ " at 11 h. After 11 h of culture, the level of dissolved O, decreased slightly
and remained at 6.3 mg L™" until 17 h. Thereafter, the O, level decreased rapidly
over time and reached 1.0 mg L™ at 40 h. These results suggested consistency of
growth of bioprinted C. reinhardtii under 1-h/1hh light/dark cycles at both 25°C
and 37°C. The growth of C. reinhardtii decreased drastically after 20 h when sub-
jected to the 1-h/1-h light/dark cycles under both temperature conditions.

We next measured the dissolved O, in medium in the presence of bioprinted C. rein-
hardtii-laden patterns embedded within HepG2 cell-encapsulated GelMA matrices
at 37°C (Figure 3F) and compared it with that for the control samples wherein the 3D-
bioprinted honeycomb patterns without C. reinhardtii were embedded within
HepG2 cell-encapsulated GelMA matrices. The dissolved O, levels in medium
were found to be similar within 24 h in the presence (10.5 mg L™") and absence
(10.0 mg L") of C. reinhardtii-laden patterns. Interestingly, while the O, level was
maintained at 9.6 mg L™ in the presence of the C. reinhardtii-laden patterns within
the next 24 h, the O, level decreased rapidly to 7.0 mg L™" in the absence of C. rein-
hardtii-laden patterns. In the presence of the bioprinted C. reinhardtii-laden pat-
terns, the dissolved O, was found to decrease slowly and reached up to 5.5 mg
L', whereas in the absence of C. reinhardtii, the dissolved O, decreased rapidly
to 3.6 mg L', over the period of 4 days of culture at 37°C. These results demon-
strated the photosynthetic activity of the bioprinted C. reinhardtii and consumption
of O, by HepG2 cells embedded within GelMA matrices.

Fabrication of Vascularized Hepatic Tissue-like Constructs

Our aim was to utilize the bioprinted C. reinhardtii as the source of O, to boost the
initial growth of mammalian cells within the in vitro tissue constructs and to eventu-
ally create the vasculature within the tissues by removing the C. reinhardtii-laden
patterns from tissue constructs.

We first examined the digestion of C. reinhardtii, after 3 or 4 days of growth in TAP
medium in the presence of 1 mgmL~" of cellulase at pH 6. It was found that almost all
C. reinhardtii cells died or became inactivated within 2 h of cellulase treatment at
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25°C, as observed by the reduced autofluorescence of chlorophyll as well as
ruptured cell walls (Figure S11). We further studied the digestion of the bioprinted
C. reinhardtii-laden patterns embedded within GelMA matrices by treatment with
1 mg mL™" of cellulase (pH 6) at both 25°C and 37°C. In the control group, the bio-
printed honeycomb patterns without C. reinhardtii were embedded within GelMA
matrices. The bioprinted C. reinhardtii honeycomb patterns or control patterns
embedded within GelMA matrices were cultured in TAP medium at 25°C or 37°C
for 4 days. At day 4, the constructs were treated with cellulase (1 mg mL™" in citrate
buffer at pH 6) to dissolve the embedded C. reinhardtii patterns or control patterns.
While the bioprinted C. reinhardtii or control patterns embedded in GelMA matrices
were digested completely within ~12 h at 25°C (Figure 3G), it took only ~4 hat 37°C,
leaving behind the open channels in the GelMA matrices (Figure 3H). The bioprinted
C. reinhardtii patterns embedded within GelMA matrices could be visualized under
fluorescence microscopy due to the presence of autofluorescence of chlorophyll. Af-
ter the enzymatic digestion, the complete removal of the bioprinted C. reinhardtii
within HepG2/GelMA matrices was confirmed by observation under the fluores-
cence microscope, whereby autofluorescence of chlorophyll of C. reinhardtii was
no longer discerned. The presence of interconnected lumens was further confirmed
by the perfusion of the medium through the microchannels.

We next embedded C. reinhardtii-laden patterns within HepG2-cell-encapsulated
GelMA matrices and allowed them to co-culture at 37°C for up to 3 days. While C.
reinhardtii-laden patterns embedded within HepG2/GelMA matrices could be visu-
alized under fluorescence microscopy due to the presence of autofluorescence of
chlorophyll, the HepG2 cells were stained with CellTracker Blue CMF,HC dye to
aid observation (Figure 4A). Based on the above results on the growth of the C. rein-
hardtii and the O, release, the samples were treated with cellulase (1 mg mL™" in cit-
rate buffer at pH 6) at day 4 to dissolve the embedded C. reinhardltii-laden patterns.
HepG2/GelMA constructs having bioprinted honeycomb patterns without C. rein-
hardtiiembedded served as the control group. The bioprinted C. reinhardtii honey-
comb patterns or control patterns embedded within HepG2-cell-encapsulated
GelMA matrices were allowed to co-culture in DMEM/TAP medium at 37°C for
4 days. At day 4, the scaffolds were treated with cellulase (1 mg mL™" in citrate buffer
at pH 6) to dissolve the embedded C. reinhardtii patterns or control patterns. As ex-
pected, the C. reinhardtii-laden patterns or control honeycomb patterns embedded
in HepG2/GelMA matrices were successfully dissolved within 4 h of cellulase treat-
ment at 37°C, leaving behind the open microchannels.

After ensuring successful removal of the bioprinted fugitive C. reinhardtii-laden pat-
terns or control patterns, the HepG2/GelMA scaffolds with open microchannels
were further incubated in DMEM at 37°C and 5% CO, for further functional studies
of the HepG2 cells within the GelMA matrices. Viability and proliferation of HepG2
cells within GelMA matrices were evaluated at day 3 and day 7 after the removal of C.
reinhardtii-laden patterns or control patterns by live/dead assay (Figure 4B) and
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium (MTS) assay (Figure 4C), respectively. The viability of HepG2 cells was higher
when incubated with the bioprinted C. reinhardltii patterns as compared with the con-
trol. We also studied the expression of hypoxia-inducible factor 1a (HIF-1a) by
HepG2 cells within the GelMA matrices at day 7 after the removal of C. reinhardtii-
laden patterns or control patterns to evaluate whether the O released by C. rein-
hardtii-laden patterns in the early stages of co-culture was sufficient for the survival
and proliferation of the HepG2 cells within the GelMA matrices. Compared with
the control group, the expression of HIF-1a. by HepG2 cells was significantly lower
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Figure 4. Co-culture of Bioprinted C. reinhardtii and HepG2 Cells

(A) Fluorescence micrographs showing CellTracker CMF,HC-labeled HepG2 cells (blue) in a GelMA
construct and the embedded, bioprinted pattern of C. reinhardtii (red).

(B) Fluorescence micrographs showing live (green)/dead (red)-stained HepG2 cells in GelMA
constructs at day 4, in the absence (control) or presence of C. reinhardtii.

(C) Viability of HepG2 cells in the absence (control) or presence of C. reinhardtii, at day 4 and day 7.
Results are presented as means =+ standard deviations. *p < 0.05.

(D) Fluorescence micrographs showing the immunostaining of HIF-1a expression by HepG2 cells in
the absence (control) or presence of C. reinhardtii at day 7. Nuclei were counterstained with DAPI
(blue).

(E) Quantification of HIF-1a expression by HepG2 cells in the absence (control) or presence of C.
reinhardtii at day 7. Results are presented as means + standard deviations. *p < 0.05.

within the GelMA matrices that received O, released by C. reinhardtii during the
initial 4 days of co-culture (Figures 4D and 4E). Thus, the use of the biosynthetic
source of O, within the GelMA constructs during the early stages of culture improved
the viability/density of the HepG2 cells in the GelMA matrices.

Furthermore, the morphology of the HepG2 cells within the GelMA matrices was eval-
uated by staining with F-actin, a major component of the cytoskeleton, at day 7 after
removal of C. reinhardtii-laden patterns or control patterns (Figure 5A). The cells were
counterstained with 4’,6-diamidino-2-phenylindole (DAPI) for nuclei. The functionality
of HepG2 cells within the GelMA matrices was further confirmed by immunostaining
for CYP3A4 and CYP1A2. CYP3A4 and CYP1A2 are the major CYP proteins expressed
in liver and are important for the metabolism of drugs.*? Fluorescence images of the
immunostained HepG2 cells within the GelMA matrices exhibited strong expressions
of both CYP3A4 (Figure 5B) and CYP1A2 (Figure 5C) compared with the controls.
Thus, the expressions of these structural and functional markers by HepG2 cells within
the GelMA matrices were observed to be improved when incubated with the bioprinted
C. reinharditii patterns during the early stages of culture compared with those in controls.
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Figure 5. Functional Studies of HepG2 Cells

(A) Fluorescence micrographs showing the expression of F-actin (red) by HepG2 cells within a
GelMA construct at day 7 in the absence (control) and presence of C. reinhardtii. Nuclei were
counterstained with DAPI (blue).

(B) Fluorescence micrographs showing the expression of CYP3A (green) by HepG2 cells within a
GelMA construct at day 7 in the absence (control) and presence of C. reinhardtii. Nuclei were
counterstained with DAPI (blue).

(C) Fluorescence micrographs showing the expression of CYP1A (red) by HepG2 cells within a
GelMA construct at day 7 in the absence (control) and presence of C. reinhardtii. Nuclei were
counterstained with DAPI (blue).

(D) Albumin secretion by HepG2 cells in GelMA constructs as determined by ELISA. Results are
presented as means =+ standard deviations. *p < 0.05.

(E) Urea production by HepG2 cells in GelMA constructs as determined by ELISA. Results are
presented as means + standard deviations. In all these functional studies, the bioprinted C.
reinhardtii-laden patterns within the HepG2/GelMA constructs were dissolved at day 4 by cellulase
digestion. *p < 0.05.

In addition, we measured the albumin and urea production by HepG2 cells within the
GelMA matrices by ELISA. Both the albumin (Figure 5D) and urea (Figure 5E) secretions
were shown to be higher when HepG2 cells were co-cultured with the bioprinted C. rein-
hardtii-laden patterns during the early stages in comparison with the respective con-
trols. Thus, enzymatic digestion of bioprinted C. reinharditii or control patterns within
HepG2/GelMA matrices with 1 mg mL™" cellulase in citrate buffer (pH 6) for 4 h did
not have any negative influence on the HepG2 cells within the GelMA matrices, where
the cells maintained higher levels of viability as well as liver-specific functions, including
albumin production and urea synthesis, when compared with the controls. Prior to the
enzymatic digestion of C. reinhardtii-laden patterns within HepG2/GelMA matrices, the
effect of citrate buffer (pH 6) was assessed on the HepG2 cells and C2C12 cells using the
same amount of buffer as used for the enzymatic digestion. These cells were cultured in
2 mL of DMEM complete medium containing 400 pL of citrate buffer (pH 6) and incu-
bated at 37°C and 5% CO; in an incubator for 2 days. Any adverse effect of the buffer
(pH 6) was not observed on the growth and viability of the cell types tested.
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Figure 6. Vascularization of Microchannels

(A) Fluorescence micrographs showing GFP-HUVECs (green) seeded in the channels surrounded by
CM-Dil-stained HepG2 cells (red) in a GelMA construct, at day 5 of GFP-HUVEC seeding in the
microchannels after removing the bioprinted C. reinhardtii-laden patterns by cellulase digestion.
(B) Fluorescence micrographs showing live (green)/dead (red)-stained HepG2 cells in a GelMA
construct and HUVECs in the microchannels at day 7 of HUVEC seeding.

(C) Viability of HepG2 cells in the GelMA matrices at day 3 and day 7 of HUVEC seeding in the
microchannels. The control group had no HUVECs post-seeded into the microchannels. Results are
presented as means + standard deviations.

(D) Viability of HUVECs at day 3 and day 7 of seeding in the microchannels. Results are presented as
means + standard deviations.

(E) Fluorescence micrographs showing the immunostaining of CD31 expression (green) by the
HUVECs at day 7 of HUVEC seeding in the microchannels. Nuclei were counterstained with DAPI
(blue).

Finally, to generate the vascularized hepatic scaffolds, we seeded the hollow micro-
channels, formed after enzymatic removal of the C. reinhardtii-laden patterns, with
human umbilical vein endothelial cells (HUVECs) at 1.0-1.5 x 107 cells mL™" and
continued incubation in DMEM/endothelial cell growth medium (1:1) for 7 days un-
der standard cell-culture conditions. To facilitate visualization under fluorescence
microscopy, we initially seeded green fluorescent protein (GFP)-HUVECs (green)
in the microchannels while the HepG2 cells were stained with CM-Dil cell tracker
(red) before encapsulation in the GelMA matrices (Figure 6A). The GFP-HUVECs
were distributed evenly throughout the microchannels over the period of 7 days
of culture. HUVECs without GFP were further seeded within the channels to evaluate
the viability of HepG2 cells within the matrices and HUVECs within the microchan-
nels by live/dead assay (Figure 6B). We assessed the viability of the HepG2 cells
within the GelMA matrices after seeding HUVECs in the microchannels and
compared it with that of the control samples in which the microchannels were kept
empty (i.e., without HUVECs) after the removal of control bioprinted patterns (i.e.,
without C. reinhardtii). The viability of HepG2 cells was found to be higher (~91%
at day 3 and ~92% at day 7) in the GelMA matrices wherein HepG2 cells were
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co-cultured with C. reinhardtii-laden patterns during the early stages of culture and
later seeded with HUVECs after removal of the C. reinhardtii-laden patterns. In
contrast, the viability of HepG2 cells was approximately 70% at day 3 and 80% at
day 7 in controls wherein bioprinted patterns without C. reinhardtii were embedded
within HepG2/GelMA matrices and the microchannels that formed after removal of
the bioprinted patterns were not seeded with HUVECs (Figure 6C). However, as
largely expected, the viability of HepG2 cells within GelMA matrices was similar
both before and after HUVEC seeding in the channels of the same scaffold. Similarly,
the viability values of the HUVECs within the channels were approximately 83% at
day 3 and 97% at day 7 (Figure 6D). To further confirm the formation of compact
endothelial layer of HUVECs in the channels within hepatic scaffolds, we analyzed
the expression of the intercellular endothelial junction marker, CD31, by HUVECs.
For this, the hollow microchannels were seeded with HUVECs without GFP expres-
sion, followed by incubation in DMEM/endothelial cell growth medium (1:1) for
7 days. The immunofluorescence staining of HUVEC monolayers revealed strong
CD31 expression, indicating the formation of tight junctions among the cells (Fig-
ure 6E). Thus, we demonstrated that the O, supplied by bioprinted C. reinhardtii
within the tissue constructs boosted the viability of HepG2 cells during early days
of co-culture, which supported the sustained viability and the metabolic activities
of HepG2 cells within GelMA matrices that otherwise exhibited suppressed viability
and functions even with the perfusion of vascular microchannels.

DISCUSSION

O3 is required for most cell and tissue metabolic processes, and mitochondrial respi-
ration accounts for the majority of O, consumption in humans,*? where the aerobic
metabolism of glucose generates adenosine-5'-triphosphate (ATP). Additionally,
the citric acid cycle and g-oxidation of fatty acids are tightly coupled with the process
of oxidative phosphorylation and production of ATP. These ATP molecules then pro-
vide the required energy for most physiological processes. Thus, O, bioavailability is
vital to all cell functions and asserts its influence in regulating cell fate, morphogen-
esis, and organogenesis, among others.’ On the other hand, green plants and
algae synthesize ATP, reduce nicotinamide adenine dinucleotide phosphate
(NADPH), and excrete O, by using light energy and water (H,0).*? In the carbon-fix-
ation cycle, glyceraldehyde-3-phosphate (G3P) is synthesized from carbon dioxide
(CO,) and H,O by utilizing ATP and NADPH. Nutrients including carbohydrates
are synthesized from G3P. CO,, produced by respiration, is reused as a core compo-
nent in photosynthesis.”® This “symbiotic recycling system” has been recently
explored in in vitro tissue engineering to supply adequate O, to mammalian cells
and to reuse metabolites and waste products from mammalian cells. For example,
C. sorokiniana was co-cultured with pancreatic islets encapsulated in alginate beads,
which showed the generation of sufficient O, by C. sorokiniana for respiration and
function of islets under in vitro anoxic environments.?

O is a critical nutrient for maintaining the tissue microenvironment.** The sufficient
supply of O, and its diffusion into tissues are necessary for survival and physiological
functions of tissues and organs. In adult human tissues, O, concentration varies
widely depending on the vasculature, metabolic requirements, and functions of
each organ. For example, liver is one of the vital organs that plays major roles in
balancing biochemical environments in the human body, including blood protein
synthesis, glucose metabolism, fat metabolism, and detoxification of metabolites
or other chemicals. The O, consumption rate of rat hepatocytes was shown to be
high, almost 10-fold higher than that of other cell types and 3-fold more within
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the first 24 h after the inoculation process, during the attachment, spreading, and
reorganizing of the cells into confluent monolayers.** Similarly, it was shown that
O; is a critical factor for hepatocyte differentiation of human liver-derived cell lines,
HepaRG and HepG2-C3A, and that increased levels of O, lowers expression of HIF-
1o while increasing the expressions of albumin and hepatic transcription factor
CEBPa, thus indicating the importance of pericellular O, level for in vitro liver cell
differentiation and functions.”® Although various studies have been conducted to
develop engineered 3D tissue constructs including the hepatic tissues, the lack of
efficient O supply remains the primary limitation in tissue-engineered constructs.
In general, 3D tissue constructs require functional and stable vascular networks to
maintain the viability and biological functions of dense cell populations.

Here, we have presented a potent approach that integrates the use of 3D bioprinting
of C. reinhardtii as a sustainable source of O, for liver-derived HepG2 cells
embedded in volumetric hydrogel matrices, aiming at the fabrication of in vitro
densified hepatic tissue constructs with maintained viability and functions. The uni-
cellular green algae C. reinhardtii has long been used as a model microalgae for
photosynthesis research, and 3D bioprinting is the process of additively depositing
the bioink onto a surface to produce well-defined 3D structures to recapitulate or-
gan- and tissue-level functionality, including the vasculature.*® A bioink is essentially
a hydrogel containing one or more types of living cells, biomaterials, and other
growth supplements in various amounts, which mimics the extracellular matrix
(ECM) of the desired tissue and supports the growth of the embedded cells.”’

Considering that algal cell walls contain polysaccharides including cellulose, we
selected a structurally relevant polymer, NaCMC, as the main component of the bio-
ink for bioprinting of C. reinhardtii that supported its growth and proliferation. We
used the cellulose-based sacrificial bioink formulation consisting of NaCMC, PVA,
gelatin, and sodium alginate to facilitate the extrusion bioprinting of well-defined
sacrificial patterns and the growth of C. reinhardtii. NaCMC is a water-soluble cellu-
lose ether derivative of natural cellulose, in which sodium carboxymethyl groups
(CH,COONa) are introduced into the cellulose molecules to promote water solubi-
lity.*® The physical crosslinking of the NaCMC hydrogel occurs mainly through
hydrogen bonding due to the presence of a large number of hydroxyl groups on
the polymer chains.’”°% Gelatin is a soluble polypeptide produced by partial hydro-
lysis of collagen, the major component of the natural ECM, and is a thermoreversible
biopolymer with an upper critical solution temperature of approximately 30°C-
35°C, i.e., it becomes liquid at above this temperature range, and at temperatures
below roughly 25°C it forms a hydrogel.”’ Gelatin and gelatin-based hydrogels
have been extensively used in developing in vitro tissue models because of their
biocompatibility and biodegradability.®” PVA is a water-soluble and biodegradable
polyhydroxy polymer with high tensile strength. It is a synthetic polymer and has
excellent adhesive properties.®® The presence of hydroxyl groups attached to alter-
nate carbons in PVA favors the formation of hydrogen bonding.>* Alginate is a nat-
ural linear polysaccharide polymer that undergoes gelation by addition of divalent
cations such as Ca®*, stabilizing the polymer network via physical crosslinking.>*>°
These polymers have been used widely in hydrogel preparations for applications
in tissue engineering due to their biodegradability, biocompatibility, lack of toxicity,
and cost-effectiveness.” The aim of our study is to use NaCMC-based bioink as the
sacrificial matrix for bioprinting of C. reinhardtii and to apply the bioprinted C. rein-
hardtii-laden patterns as a living source of O, in the in vitro tissue constructs. The
bioink formulations and their printability studies showed the optimal bioink formu-
lation as 3% (v/v) NaCMC, 0.03% (v/v) PVA, 4% (v/v) gelatin, and 0.8% (v/v) alginate
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at a pressure of 55 psi and feeding rate of 70 mm s~ when the 27-gauge extrusion

nozzle was used (Figure 1).

The temperature and light conditions are the important factors for C. reinhardtii
cultivation. Several studies have shown that temperature can significantly influence
growth rate®” and carbohydrate and lipid production,*® as well as the induction of
pigment formation.”” While photoautotrophic growth occurs best between 25°C
and 28°C for C. reinhardtii,°® in these studies temperatures ranging from 10°C to
38°C were considered optimal based on the desired product. The viability assay
of C. reinhardtii within bioprinted C. reinhardtii-laden patterns under continuous
light exposure showed that the NaCMC-based hydrogel was compatible for the
growth of C. reinhardtii and that these photosynthetic unicellular algae were bio-
printing-friendly (Figure 2). Interestingly, the exposure of C. reinhardtii-laden pat-
terns under a range of UV light did not have any adverse effect on the growth
and chlorophyll content of the C. reinhardtii-laden patterns at both 25°C and 37°C
(Figure S9). The effects of the attenuation of light illumination on the growth of C.
reinhardtii and the subsequent O, production were evaluated using tall cylindrical
constructs approximately 6 cm high and 2 cm in diameter at both 25°C and 37°C.
The attenuation of the growth and a consequent reduction in O, production by C.
reinhardtii within the cylindrical constructs were observed with respect to the atten-
uation of illuminated light at both 25°C (Figures ST0A and S10B) and 37°C (Figures
S10C and S10D). It should be noted, however, that the overall size of the GelMA con-
structs was approximately 1-cm thick with 4 mm on the top and 4 mm at the bottom
of the embedded, bioprinted C. reinhardtii. The GelMA layer (4 mm) on the top of
the bioprinted C. reinhardltii pattern in each construct was transparent (Figures 3G
and 3H) and was not so thick that it would significantly attenuate the illumination
light and affect the growth of bioprinted C. reinhardtii within. Similar growth was
observed at 37°C when the constructs were cultured in TAP medium. However, at
37°C they showed high cell viability for 4 days and gradually decreased over the
period of 7 days in the presence or absence of GelMA matrices when grown in com-
bined media (Figures 3E and S7).

In a related manner, when the C. reinhardtii-laden patterns were subjected to the
1-h/1-h light (2,800 lux)/dark cycles, the level of dissolved O, in medium was found
to increase gradually at both 25°C and 37°C over the culture period of 13 h and then
decrease gradually until 20 h, followed by rapid reduction over 40 h (Figures S10E
and S10F). Even though the dissolved O, levels at 37°C and 25°C were comparable
when the light was on, the O level was relatively low at 37°C when the light was off.
In addition, the bioprinted C. reinhardtii-laden patterns showed high cell viability at
25°C over the period of 7 days both in the presence and absence of the surrounding
GelMA matrices (Figures 3A and 3B). Similarly, these C. reinhardltii-laden patterns
exhibited significant photosynthetic activities at both 25°C and 37°C over the period
of 4 days under continuous light illumination (2,800 lux) in the presence as well as
absence of the surrounding GelMA or HepG2/GelMA matrices (Figures 3C and 3F).

The excellent biocompatibility and the cellulase-mediated degradation®® of NaCMC
(Figure S3) have ensured the use of NaCMC-based hydrogel as the fugitive material
for the bioprinting of photosynthetic algae, C. reinhardtii. The enzymatic digestion
of the bioprinted NaCMC-based hydrogel patterns and C. reinhardtii-laden patterns
in the presence or absence of the surrounding GelMA matrices suggested that the
sacrificial NaCMC-based hydrogel, either with or without C. reinhardtii, could be
effectively eliminated using cellulase (1 mg mL™" of cellulase in citrate buffer at
pH 6) at both 25°C and 37°C, creating the interconnected microchannels within
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the tissue constructs (Figures 3G and 3H). During the enzymatic digestion process,
besides NaCMC, other major components of the bioink were also likely dissociated.
The gelatin, PVA, and alginate components were added to improve the printability
of the bioink and to stabilize the shapes of the bioprinted structures. The stable bio-
printed patterns were formed mainly due to the intermolecular and/or intramolecu-
lar hydrogen bonding among the functional groups of the polymers present in the
bioink®® (Figure 1). The thermoreversible gelatin hydrogel formed was gradually dis-
solved out from the bioprinted pattern at temperatures higher than ~30°C,°" leaving
the spaces for rapid proliferation of C. reinhardtii within the bioprinted pattern. PVA
is a biodegradable polymer that was present in very small amounts in the bioink, and
alginate is a natural polymer that undergoes gelation by addition of divalent cations
such as Ca®*. Therefore, when the NaCMC and/or C. reinhardltii component of a bio-
printed structure was digested with cellulase, the entire pattern became easily
dissolvable due to the damaged polymer network and significantly reduced
hydrogen bonds, thus compromising overall stability. In addition, the treatment of
C. reinhardtii-laden patterns embedded in HepG2/GelMA constructs with cellulase
in citrate buffer at pH 6 did not have any negative influence on the HepG2 cells,
which maintained higher levels of cell viability as well as reduced expression of
HIF-1a at day 7 compared with the control samples (Figure 4). Similarly, HepG2 cells
within the constructs exhibited liver-specific functions, including F-actin organiza-
tion, CYP3A4 and CYP1A2 protein expression, and albumin production as well as
urea synthesis (Figure 5). Since prevascularization of in vitro tissue constructs is crit-
ical before implantation for proper O, and nutrient diffusion and integration with

host vasculature,®®

we finally seeded HUVECs in the hollow microchannels and
proved that the cells were able to form a tight, confluent endothelium lining the in-
ner surfaces of the microchannels within 7 days, thus generating the vascularized he-

patic tissue-like constructs (Figure 6).

In summary, to develop vascularized tissue constructs with sufficient supply of O,
in vitro, our present study has presented 3D bioprinting of C. reinhardtii using
NaCMC-based sacrificial bioink. The bioprinted C. reinhardtii-laden patterns served
as a natural photosynthetic O, generator within hepatic tissue constructs and sup-
ported the viability and functionality of the HepG2 cells within surrounding GelMA
matrices. The enzymatic degradability of the bioprinted NaCMC-based patterns
and C. reinhardtii further allowed the formation of hollow perfusable channels within
the tissue constructs, which could then be endothelialized with a uniformly distrib-
uted layer of HUVECs.

Although the 3D bioprinting of C. reinhardtii and its applicability as a source of O,
for in vitro tissue constructs as well as formation of channels within the tissue con-
structs was achieved, more effort is likely needed to optimize the long-term co-cul-
ture systems. These include the development of optimized media that facilitate the
co-culture of C. reinhardtii and human cells, as well as methods of illumination of
light in the standard cell-culture incubators, among others, for sustained supply of
O, produced by the photosynthetic algae to the human cells and/or tissues
in vitro. Further detailed studies on biosafety, toxicity, and immunocompatibility
of algae are important for their application in vivo and possibly in clinical translation
in the future. Besides, microalgae represent a rich source of several bioactive com-
pounds such as protein, carbohydrates, polyunsaturated fatty acids, carotenoids, vi-
tamins, and essential minerals, which when incorporated can enhance the nutritional
value of food products, thus providing multiple health benefits.®®> > Such a 3D bio-
printing technology can also be explored to develop various healthy innovative food
products enriched with both animal and plant proteins or their subproducts.
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EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the Lead Contact, Yu Shrike Zhang (yszhang@research.bwh.
harvard.edu).

Materials Availability

This study did not generate new unique reagents. Gelatin from porcine skin (type-A, 300
bloom), sodium alginate (low viscosity), methacrylic anhydride, CaCl,, NaCMC, cellulase
from Aspergillus niger, 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irga-
cure 2959), Triton X-100, bovine serum albumin, and urea ELISA assay kit were purchased
from Sigma-Aldrich (MO, USA). PVA (M,, 78,000 g mol~") was obtained from Polyscien-
ces (PA, USA). Dulbecco’s phosphate-buffered saline (DPBS), FBS, trypsin-ethylenedia-
minetetraaceticacid (trypsin-EDTA), P/S, DAPI, Live/Dead Viability/Cytotoxicity kit, Pres-
toBlue Cell Viability Reagent, Alexa Fluor 594-phalloidin, mouse CYP3A4/CYP3A5
monoclonal antibodies, Sytox-orange dead cell stain, and dialysis membrane (M,, cutoff
12-14 kDa) were obtained from Thermo Fisher Scientific (MA, USA). Endothelial cell
growth medium was obtained from PromoCell (Germany). Mouse anti-HIF-1a antibody
was obtained from Santa Cruz Biotechnology (CA, USA). Mouse anti-CD31 (P2B1) anti-
body, mouse anti-CYP1A2, Alexa Fluor 594-conjugated goat anti-mouse, and Alexa
Fluor 488-conjugated goat anti-mouse secondary antibodies were purchased from Ab-
cam (MA, USA). Human albumin ELISA kit was obtained from R&D Systems (MN, USA).
Sylgard 184 silicone elastomer kit as was obtained from Dow Corning (MI, USA) for the
fabrication of polydimethylsiloxane (PDMS) devices. Syringe filters (0.22 um in pore
size) were purchased from VWR International (MA, USA). The CellTiter 96 AQueous
One Solution Cell Proliferation Assay kit was purchased from Promega (WI, USA). All
other chemicals used in this study were obtained from Sigma-Aldrich unless otherwise
mentioned.

Data and Code Availability

This study did not generate custom code, software, or algorithms. All data needed
to evaluate the conclusions in the paper are present in the paper and/or Supple-
mental Information. Additional datasets that support the findings of this study are
available from the corresponding authors upon reasonable request. All requests
for raw and analyzed data and materials will be promptly reviewed by the Brigham
and Women's Hospital to verify whether the request is subject to any intellectual
property or confidentiality obligations. Any data and materials that can be shared
will be released via a Material Transfer Agreement.

Cells

HepG2 cells and murine C2C12 myoblasts were obtained from American Type Cul-
ture Collection (VA, USA), whereas HUVECs with or without GFP labeling were pur-
chased from Angio-Proteomie (MA, USA). HepG2 and C2C12 cells were cultured in
DMEM supplemented with 10% FBS and 1% P/S while HUVECs were cultured in
endothelial cell growth medium supplemented with the supplements. All cells
were incubated at 37°C and 5% CO, in a humidified incubator until 80%-90% conflu-
ence. The respective culture medium was replaced every 3 days.

C. reinhardtii (+) was purchased from the Carolina Biological Supply Company (NC,
USA) and grown on a standard TAP medium®® in 500-mL Erlenmeyer flasks at 25°C
under continuous light illumination of 2,800 lux using a relax LED bulb HD (General
Electric Lighting, OH, USA). For all experiments, biological triplicates were
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simultaneously grown to the mid-log phase (OD75¢ 0.5-0.6) and cells were harvested
by centrifuging at 1,000 x g for 5 min and discarding the supernatant.

Synthesis of GelMA

GelMA was synthesized as described previously.® In brief, 10.0 g of type-A gelatin
from porcine skin was dissolved in 100 mL of DPBS at 60°C, followed by addition
of 8.0 mL of methacrylic anhydride dropwise with continuous stirring. The reaction
was carried out at 50°C for 3 h and then quenched by a 5-fold dilution with warm
DPBS (40°C). The product was dialyzed with warm distilled water for 7 days using
a dialysis membrane (M,, cutoff 12-14 kDa), and finally lyophilized to obtain GelMA
in the form of a white porous foam. The GelMA was stored at room temperature until
further use.

Preparation of Hydrogel Precursor Solutions and the Bioink

The 10% (w/v) sodium alginate solution was prepared by dissolving sodium alginate
powder in distilled water under continuous stirring overnight at 37°C. Similarly, 9%
(w/v) NaCMC, 1.5% (w/v) of PVA, and 10% (w/v) gelatin solutions were prepared in
distilled water, separately. All the prepolymer solutions were prepared in glass vials.
The NaCMC solution was first mixed with PVA solution and then with gelatin and
alginate solutions using a vortex mixer and incubated at 80°C for 1 h to obtain the
homogeneous NaCMC-based hydrogel precursor solution (i.e., the bioink) contain-
ing 3% (v/v) NaCMC, 0.03% (v/v) PVA, 4% (v/v) gelatin, and 0.8% (v/v) alginate. This
homogeneous NaCMC-based hydrogel solution was sterilized by filtration through a
sterile 0.22-pm filter. The 0.3-M CaCl; solution was prepared by dissolving CaCl,
powder in deionized water, autoclaved at 121°C for 15 min, and stored at 4°C until
use.

The 5% (w/v) GelMA hydrogel precursor solution containing 0.3% (w/v) Irgacure
2959 was prepared by dissolving GelMA and Irgacure 2959 powder in DPBS at
50°C and sterilized by filtration through a sterile 0.22-um filter.

Viscosity Measurements

The viscosity profiles of the NaCMC-based bioink and its individual components at
optimized concentration (3% (v/v) NaCMC, 0.03% (v/v) PVA, 4% (v/v) gelatin, and
0.8% (v/v) alginate) were measured with a hybrid rheometer (HR-3, Waters, VA,
USA). All the individual components and the bioink, at the optimized concentrations,
were maintained at 25°C until their viscosity values were measured under a shear
ramp mode running from 0.01 to 1,000 s~ with a 1,000-um gap size at 25°C.

3D Bioprinting of C. reinhardtii-Containing Bioinks

Various bioink compositions containing different amount of NaCMC (3%-10% v/v),
PVA (0.01%-0.1% v/v), gelatin (2%-10% w/v), and alginate (0.5%-1% w/v) were
tested for the printability of the predesigned geometry at different pressures (35-
60 psi) and at different feeding rates (60-100 mm s™'). The homogeneous mixture
of NaCMC, PVA, gelatin, and alginate solutions that gave the best results at a given
pressure and feeding rate was used as the matrix for bioprinting of C. reinhardtii.
Immediately prior to bioprinting, a suspension of C. reinhardtii was pelleted and
different densities of C. reinhardtii (1.0-10 x 10° cells mL™") were resuspended in
the bioink. The bioink with or without C. reinhardtii was loaded into a 10-mL syringe
(BD Biosciences, MA, USA) fitted with a 27-gauge blunt needle, and extrusion bio-
printing was performed using a bioprinter (Allevi 2, PA, USA) with digitally controlled
pneumatic pressures, followed by crosslinking with the 0.3-M CaCl; solution. Pres-
sure to drive the syringe pistons was supplied by an in-house nitrogen line and
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maintained at approximately 55 psi by pressure regulators and gauges while the bio-
ink feeding rate was kept constant at 70 mm s™'. The bioink without C. reinhardtii
was used for bioprinting of scaffolds to be used as the control groups.

Characterizations of 3D-Bioprinted C. reinhardtii Patterns

The 3D-bioprinted C. reinhardtii patterns were incubated in the TAP medium at
25°C under illumination by LED light bulbs (light intensity 2,800 lux). Viability and
growth of the algae were evaluated by measuring the OD at 750 nm at different
time points and different temperatures (25°C and 37°C). In addition, live/dead assay
was performed by using the Sytox-orange fluorescent probe, with excitation and
emission peaks of 547 nm and 570 nm, respectively, according to the manufacturer’s
instructions. In brief, the bioprinted C. reinhardtii patterns were incubated in the TAP
medium containing 5 uM Sytox-orange fluorescent probe for 5 min at 25°C in dark-
ness. The Sytox-orange dye could penetrate damaged cell membranes and there-
fore stain dead cells in orange, whereas viable cells would exhibit the red autofluor-
escence of chlorophyll. The samples were analyzed using a Zeiss Axio Observer
inverted fluorescence microscope (Zeiss, NY, USA).

Measurement of Chlorophyll

Chlorophyll contents in the bioprinted C. reinhardltii patterns were determined at
day 7 using an ethanol extraction method.®”**® One milliliter of 95% ethanol was
added to each of the bioprinted C. reinhardtii patterns and vortexed to extract green
pigments at room temperature. It was then centrifuged at 3,000 X g for 5 min and
absorption was measured at 665 nm with a microplate reader (Tecan, Austria).

Measurements of O, Release from the 3D-Bioprinted C. reinhardtii Patterns
Dissolved O, present in the TAP medium was removed by flushing with a nitrogen
gas for 20 min, followed by incubation with the bioprinted C. reinhardtii patterns
at 25°C and/or 37°C. Thus, photoautotrophic O, release by C. reinhardtii was
measured by changes of O, concentrations in the medium using a dissolved O,
sensor kit (Atlas Scientific, NY, USA) according to manufacturer’s instructions. Simi-
larly, the O levels released by the bioprinted C. reinhardtii patterns embedded
within GelMA hydrogel constructs were also measured.

Fabrication of Vascularized 3D Hepatic Tissue-like Constructs

The 3D-bioprinted NaCMC-based C. reinhardtii patterns were gently washed with
DPBS and embedded in 5% GelMA hydrogels containing HepG2 cells to generate
the hepatic tissue constructs. The bioprinted C. reinhardtii-laden constructs were
embedded in GelMA hydrogel precursor solution with or without HepG2 cells and
crosslinked with UV light (6.9 mW cm~?) for 40 s. The overall size of the tissue constructs
was approximately 1-cm thick with 4 mm of GelMA on the top and 4 mm at the bottom
of the embedded, bioprinted C. reinhardtii. The constructs were incubated in TAP me-
dium or DMEM/TAP medium (1:1) for 3 days at 25°C or 37°C under 5% CO, in a humid-
ified incubator and at day 4, the samples were treated with 1 mg mL™" of cellulase in
citrate buffer (pH 6) for 2-24 h. The enzymatic removal of the sacrificial C. reinharditii-
laden constructs was confirmed by observation under an optical and fluorescent micro-
scope. The 3D-bioprinted patterns without C. reinhardtii were used as the control.

Cell Viability and Proliferation Assays

The viability of HepG2 cells in the constructs was evaluated by live/dead assay using
the Live/Dead Viability/Cytotoxicity kit (for mammalian cells) according to the man-
ufacturer’s instructions. For the cell viability assay, the constructs were washed three
times with DPBS and incubated with 500 pL well~" of the combined live/dead assay
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reagents (2 uM calcein AM and 4 uM ethidium homodimer I) for 20 min at 37°C in the
dark. The cells were then washed with DPBS and observed under the fluorescence
microscope. The MTS assay was performed using the CellTiter 96 AQueous One So-
lution Cell Proliferation Assay kit. The media were removed and the constructs incu-
bated with MTS assay solution for 2 h at 37°C in darkness. The absorbance was
measured at 492 nm with a microplate reader, and the results were expressed as per-
centages of the control. All the experiments were conducted in triplicates and were
repeated three times.

Measurements of Secreted Albumin and Urea

The concentrations of albumin secreted by the cells in the constructs were measured
using ELISA according to the manufacturer’s protocol. The HepG2 constructs with
embedded bioprinted patterns, with or without C. reinhardltii, were cultured at
37°C and 5% CO; in a humidified incubator for 3 days and then treated with 1 mg
mL~" cellulase in citrate buffer for 2 h to digest the bioink and C. reinhardtii. The
samples were further incubated 37°C until day 7. The culture supernatants were
collected at days 3 and 7 and stored at —80°C until analysis.

For albumin assay, all the reagents were brought to the room temperature before
starting the assay. A 50-pL amount of standard or sample was added to each well
of albumin ELISA plate and 50 pL of the antibody cocktail was added to each well
and incubated for 1 h at room temperature. Each well was then washed three times
with Wash Buffer PT. Next, 100 pL of TMB development solution was added to each
well and incubated for 10 min in darkness, followed by three washes. Finally, 100 pL
of the stop solution was added to each well and incubated for 1 min, and the OD was
recorded at 450 nm with the microplate reader.

Similarly, measurement of urea contents was performed using the Urea Assay Kit ac-
cording to the manufacturer’s instructions. In brief, 0, 1, 2, 3, 4, and 5 nmol well ™" of
urea standards were prepared by diluting 100 nmol mL~" of urea standard solution
with urea assay buffer, and 50 plL of each of the standard urea and 50 plL of each sam-
ple were placed in separate wells of a flat-bottom 96-well plate. Next, 50 uL of the
freshly prepared reaction mix was added to each well and mixed quickly by gently
rocking the plate. The reaction was then incubated at 37°C for 1 h in darkness and
absorbance was measured at 570 nm on the microplate reader. The samples were
run in triplicates unless otherwise stated.

F-Actin Staining of the Cells

The cells in the constructs were washed with DPBS, fixed with 4% (v/v) parafor-
maldehyde for 15 min, and permeabilized with 0.1% (v/v) Triton X-100 in DPBS
for 1 h. The samples were then blocked with 5% (w/v) goat serum in DPBS for 1
h, followed by F-actin staining by incubating the samples with Alexa Fluor 594-
phalloidin (1:200 dilution in blocking buffer) overnight at 4°C. After washing with
DPBS, the nuclei were counterstained with DAPI (1:1,000) for 5 min at room
temperature. Finally, the cells in the constructs were observed under the fluores-
cence microscope.

Immunocytochemical Analyses

For evaluation of the hypoxia conditions and demonstration of the functions of
HepG2 cells within the tissue constructs in the presence or the absence of C. rein-
hardtii, the cells were immunostained for HIF-1a, CYP3A4, and CYP1A2. At day 7,
the cells were washed with DPBS and fixed with 4% (w/v) paraformaldehyde for
30 min at room temperature, followed by incubation with the permeabilization
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buffer (0.1% [v/v] Triton X-100 in DPBS) for 1 h at room temperature. The cells were
then blocked with 5% (w/v) goat serum in DPBS for 2 h at room temperature and
incubated with respective primary antibodies (1:200 dilution) overnight at 4°C.
The samples were washed with DPBS and incubated with the corresponding second-
ary antibody at 1:200 dilution (Alexa Fluor 594-conjugated goat anti-mouse anti-
body or Alexa Fluor 488-conjugated goat anti-mouse antibody) overnight at 4°C.
Finally, the nuclei were counterstained with DAPI after washing with DPBS and exam-
ined under the fluorescence microscope. Similarly, HUVECs in the channels were
immunostained with primary mouse anti-CD31 antibody and secondary Alexa Fluor
488-goat anti-mouse antibody.

Statistical Analysis

All experiments were performed in triplicates and the results presented as mean +
standard deviation. Statistical analyses were performed by paired t test using Graph-
Pad Prism (CA, USA) and p < 0.05 was considered as statistically significant (*p <

0.05, **p < 0.01, ***p < 0.001 in figures).

SUPPLEMENTAL INFORMATION
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