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Abstract

Aspiration-assisted freeform bioprinting (AAfB) has emerged as a promising technique for precise
placement of tissue spheroids in three-dimensional (3D) space enabling tissue fabrication. To
achieve success in embedded bioprinting using AAfB, an ideal support bath should possess
shear-thinning behavior and yield-stress to facilitate tight fusion and assembly of bioprinted
spheroids forming tissues. Several studies have demonstrated support baths for embedded
bioprinting in the past few years, yet a majority of these materials poses challenges due to their low
biocompatibility, opaqueness, complex and prolonged preparation procedures, and limited
spheroid fusion efficacy. In this study, to circumvent the aforementioned limitations, we present
the feasibility of AAfB of human mesenchymal stem cell (hMSC) spheroids in alginate microgels as
a support bath. Alginate microgels were first prepared with different particle sizes modulated by
blending time and concentration, followed by determination of the optimal bioprinting conditions
by the assessment of rheological properties, bioprintability, and spheroid fusion efficiency. The
bioprinted and consequently self-assembled tissue structures made of hMSC spheroids were
osteogenically induced for bone tissue formation. Alongside, we investigated the effects of
peripheral blood monocyte-derived osteoclast incorporation into the hMSC spheroids in
heterotypic bone tissue formation. We demonstrated that alginate microgels enabled
unprecedented positional accuracy (~5%), transparency for visualization, and improved fusion
efficiency (~97%) of bioprinted hMSC spheroids for bone fabrication. This study demonstrates
the potential of using alginate microgels as a support bath for many different applications
including but not limited to freeform bioprinting of spheroids, cell-laden hydrogels, and fugitive

inks to form viable tissue constructs.

1. Introduction

Bioprinting is a powerful technology enabling the
fabrication of anatomically correct tissue constructs
in a precise and rapid manner [1]. Despite great
progress in the field of bioprinting over the last
decade [2], the utilized bioinks have been mainly
limited to cell-laden hydrogels. Although hydrogels
possess favorable properties for bioprinting, such as

biocompatibility, biodegradability, and shear thin-
ning characteristics, the cell density that bioink can
carry is usually limited up to tens of millions per
milliliter, which is less than physiologically-relevant
cell densities [3]. And as a result of being individu-
ally encapsulated and confined in a hydrogel net-
work, bioprinted cells also experience limited inter-
and intra-cellular interactions [4]. Cell aggregates,
such as tissue spheroids, have been thus considered a

© 2022 IOP Publishing Ltd
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promising bioink candidate as they possess adequate
measurable properties (such as surface tension, stiff-
ness, etc) along with physiologically-relevant cell
densities [3].

Multiple bioprinting techniques including
extrusion-based bioprinting (EBB) [5], droplet-based
bioprinting [6], Kenzan method [7], and aspiration-
assisted bioprinting [8] have been explored for
bioprinting of cell aggregates like spheroids [3],
organoids [5], cell pellet [9], and tissue strands [10].
Despite these advances and considerable research,
three-dimensional (3D) bioprinting of tissue spher-
oids in highly intricate freeform shapes has been a
long-standing problem. In this regard, we recently
introduced the concept of bioprinting spheroids in
yield-stress gels (embedded bioprinting technique),
referred to aspiration-assisted freeform bioprinting
(AAfB) [11]. Here, spheroids are picked up by aspir-
ation forces and then transferred into a yield-stress
support bath for accurate placement on a target posi-
tion in 3D, making the availability of an ideal support
bath a crucial aspect for success in these embedding
bioprinting attempts. Only a handful of research have
demonstrated different yield-stress support baths in
embedded bioprinting of hydrogels like Carbopol
[11], Alginate microparticles [11], freeform reversible
embedding of suspended hydrogels (FRESH) [12, 13]
with limited spheroid fusion capabilities and posi-
tional precision [11]. For example, in our recent work
[11], we presented commercially available Carbopol
and alginate microparticles for AAfB of spheroids;
however, Carbopol induced major cell death after
three days of culture (~74% of cell viability), dis-
solved in the cell media quickly, and generated major
instability issues during fusion of spheroids. Whereas
alginate microparticles, prepared using standard pro-
cedures, demonstrated better spheroid viability but
were highly opaque limiting the vision and automa-
tion capabilities and the particle size was relatively
large limiting the fusion efficiency of spheroids (up
to 65%, 65% fusion efficiency indicates the disas-
sembly of 3—4 constructs out of 10). Thus, in spite
of these initial studies taking the leap towards pro-
gress in the realm of support baths [14, 15] enabling
embedded bioprinting of spheroids, challenges still
remain to overcome issues like low biocompatibility,
opaqueness and cumbersome preparation proced-
ures of existing support baths, difficulties in removal
of assembled spheroids after fusion. Hence, aspir-
ation followed by precise placement of individual
spheroids in yield-stress gels to enable fusion and
generation of tissues is not only significant, but also
a highly challenging approach and much research
is required to achieve an ideal support bath for
AAfB.

Here, we aim to present a yield-stress sup-
port bath for AAfB by introducing a new prepar-
ation procedure for alginate microgels resulting in
finer microparticles—(1) enabling effective transfer
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of spheroids from cell media to the gel compartment
without inducing any major damage to the spher-
oid integrity and viability, (2) facilitating a trans-
parent view of the gel domain, which is essential
for advanced vision and automation systems, (3)
improving bioprinting accuracy and precision, and
(4) providing shear-thinning and self-healing prop-
erties for successful transfer and then positioning of
spheroids in a close proximity ensuring their success-
ful fusion. In this study, we hypothesize that smaller
size of Alg microgels would serve as a promising con-
dition for AAfB with improved bioprinting precision
and accuracy and enhanced fusion efficiency of tissue
spheroids. By modulating the blending time and the
concentration of alginate, we achieved ~97% spher-
oid fusion efficiency and an unprecedented spheroid
bioprinting accuracy (~5% with respect to the spher-
oid size) during freeform bioprinting of spheroids.

Using the optimized alginate microgels, we
demonstrate successful assembly of human mesen-
chymal stem cell (hMSC) spheroids and their osteo-
genic differentiation for bone tissue formation. Since
osteoclasts are known to play a significant role in
native bone remodeling [16, 17], to the best of our
knowledge, we for the very first time, also demon-
strate the incorporation of human peripheral blood
monocyte (THP-1) derived osteoclasts into hMSCs
to form heterocellular spheroids and investigate their
role in self-assembly and consequently in formation
of bone tissue.

2. Materials and methods

2.1. Preparation of alginate (Alg) microgels

To prepare alginate microgels, sodium alginate (Alg,
#71238, Sigma Aldrich Inc., MO, USA) was dis-
solved in ultra-purified water at several concentra-
tions (0.5%, 1.0%, and 2.0% w/v) at room temper-
ature. The homogeneously mixed alginate solution
was loaded into a dropping funnel (1000 ml, Eisco
Labs) and added dropwise into 4% anhydrous cal-
cium chloride (CaCl,, >97%, Sigma Aldrich Inc.,
MO, USA) solution as a crosslinking agent. The flow
rate of droplets in the funnel was controlled by a
stopcock (maximized flow rate until single droplets
was maintained). After crosslinking of alginate for
30 min, beads were collected and washed thrice with
ultra-purified water to remove CaCl, solution and
uncrosslinked alginate residues. The beads were blen-
ded at 22000 rpm for 10, 20, and 30 min (B10m,
B20m, and B30m) at 4 °C to obtain different particle
sizes of Alg microgels using a single speed commer-
cial blender (E8100, Waring, USA) with a blending
container (E8485, Eberbach cop., MI, USA). The res-
ultant microgels were then divided into 50 ml con-
ical tubes and centrifuged at 2000 x g for 5 min. All
equipment used for the preparation of Alg microgels
were sterilized with 70% ethanol and ultraviolet (UV)
light for 30 min.

2
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2.2. Morphological evaluation

To visualize the morphology of Alg microgels,
Safranin O red staining kit (American MasterTech
Scientific, CA, USA) was used according to the man-
ufacturer’s instructions. Briefly, the stained algin-
ate microgels were placed between a glass micro-
scope slide and cover slide after dilution (1:10 with
deionized (DI) water) to clarify microgel particles
and imaged using an optical microscope (EVOS FL,
Thermo Fisher Scientific, MA, USA). The particle
size was investigated by a laser granulometry using
a Mastersizer 3000 (Malvern Panalyticals, Worcester,
UK) and the volume-weighted mean particle size was
quantified. To qualitatively demonstrate the trans-
parency of Alg microgels (B30m) with different con-
centrations (0.5%, 1.0%, and 2.0%), each microgels
solution was loaded into a 24-well plate positioned
on Nittany Lion logos and photographs were taken.
The transparency of Alg microgels was also quantitat-
ively assessed through the optical absorbance using a
PowerWave X spectrophotometer (BioTek, VT, USA).
Alg microgels were loaded into a 96-well plate with a
volume of 100 yl for each well and then centrifuged
to remove air bubbles. Next, optical absorbance was
measured at a fixed wavelength of 560 nm (n = 10).

2.3. Rheological characterization

Rheological properties of Alg microgels were char-
acterized using a rheometer (MCR 302, Anton Paar,
Austria). All rheological measurements were per-
formed in triplicates with a 25 mm parallel-plate geo-
metry at room temperature (22 °C) controlled by
a Peltier system. Amplitude sweep test was carried
out to evaluate the viscoelasticity of microgels at a
constant angular frequency of 10 rad s~! in a strain
range from 0.01% to 100%. The yield stress of Alg
microgels was determined using RheoCompass soft-
ware (Anton Paar, Austria). The frequency sweep test
was carried out in an angular frequency range of
0.1-100 rad s~ ! at a strain in the linear viscoelastic
region to examine the storage (G') and loss modu-
lus (G”) without destroying the sample. To investig-
ate the shear-thinning behavior of Alg microgels, a
flow sweep test was achieved in the shear rate range of
0.1-100 s~!. A recovery sweep test was performed to
evaluate the changes of the viscosity of Alg microgels
after applying low and high shear rates at five inter-
vals: (1) a shear rate of 0.1 s~! for 60 s, (2) a shear
rate of 100 s~! for 10 s, (3) a shear rate of 0.1 s~! for
60's, (4) ashear rate of 100 s~ for 10's,and (5) a shear
rate of 0.1 s~ for 60 s.

2.4. Fabrication and osteogenic differentiation of
hMSC spheroids

Human bone marrow-derived mesenchymal stem
cells (hMSCs, RoosterBio Inc., MD, USA) were used
to fabricate spheroids. Cells at passages from 4
through 7 were used. hMSCs were cultured in mes-
enchymal stem cell expansion media (R&D Systems,
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MN, USA) at 37 °C in 5% CO; in a humidified
sterile incubator. To prepare hMSC only spheroids,
the expanded hMSCs were trypsinized, centrifuged,
and transferred to each well of a U-bottom 96-well
plate (Greiner Bio One, Austria) with 15000-20 000
cells per well. Spheroids were obtained with a size of
400-800 pm as we reported before [11]. Bioprinted
spheroids were then cultured in human osteogenic
differentiation media (Cell Applications Inc., USA)
for 28 d post-bioprinting to enable their differenti-
ation into an osteogenic lineage. The differentiation
media was changed every 2-3 d.

2.5. Fabrication of heterocellular spheroids

Human peripheral blood-derived monocytes THP-
1 (ATCCR TIB-202™, VA, USA) was added to
pre-warmed ATCC-formulated RPMI-1640 medium,
supplemented with 10% FBS and 0.05 mM 2-
mercaptoethanol to reach the desired cell density.
After reaching a cell density of ~1 x 10° cells per ml,
the suspension media was collected and centrifuged.
The cell pellet was resuspended into an osteoclast dif-
ferentiation media constituting of RPMI 1640 sup-
plemented with 40 ngml~! phorbol 12-myristate 13-
acetate (PMA, Abcam, Cambridge, UK), 10 nglnr1
receptor activator of nuclear factor-kappa 3 ligand
(RANKL, Abcam), 10% FBS, antibiotic/antimycotic,
and non-essential amino acids (Gibco, USA) [16-18],
mixed with hMSC cells in different ratios of 2:1 and
3:2 hMSCs:THP1 (referred as 2:1 hMSCs:THP1 and
3:2 hMSCs:THP1) and pipetted into each well of a U-
bottom 96-well plate to facilitate formation of het-
erocellular spheroids (~400 pum in diameter) with
~15000 cells per well. Cultures were maintained in
a mixed media of osteoblast and osteoclast differenti-
ation media at the same ratio as of the cells in hetero-
cellular spheroids at 37 °C under humidified atmo-
sphere of 5% CO,. Cell medium was changed every
2-3 d during the entire course of the experiment.

2.6. Aspiration-assisted freeform bioprinting

An in-house custom-made bioprinting system, repor-
ted before [8, 11, 19], was utilized with modific-
ations for AAfB. As depicted in figure 1(A), the
bioprinting setup was composed of a nozzle, spher-
oid reservoir, and placement area. In the placement
area, a 35 O Petri dish was fixed, and a 3D prin-
ted pocket was added in the Petri dish to hold Alg
microgels during bioprinting. The pocket chamber
(15 x 15 x 2 mm?®) was fabricated by an Ultimaker
3 (Netherlands). The 3D printed pocket was steril-
ized with 70% ethanol, followed by exposure under
UV for 1 h. Microgels were loaded into the square
pocket before bioprinting. To visualize the bioprint-
ing process in real-time, three microscopic cameras,
for top, bottom, and side views, were installed as
presented in supplementary videos 1 and 2 (avail-
able online at stacks.iop.org/BF/14/024103/mmedia).
Fabricated spheroids, after 24 h of seeding, were

3
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Figure 1. Aspiration-assisted freeform bioprinting process. (A) A schematic demonstration of AAfB, where spheroids were lifted
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Figure 2. Various configurations with AAfB in Alg microgel (0.5% Alg with B30m) with different sizes of spheroids (250-600 zm).
Mlustration of (A1) dumbbell, (B1) pyramid, (D1) linked ring, and (E1) spheroid-in-a-box constructs, and bioprinted spheroids
for (A2) dumbbell, (B2) pyramid, (C1, C2) Saturn, (D2) linked rings, and (E2) spheroid-in-a-box constructs.

D1 EEE El !!
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transferred into the reservoir. A straight stainless steel
nozzle with a size of 27G (inner diameter: 200 pm,
Nordson, OH, USA) was used to aspirate spheroids
by applying 70 mmHg aspiration pressure, which
was optimized for the preservation of cell viabil-
ity during bioprinting in our previous work [11].
The lifted hMSC spheroids were gently placed in
desired positions in microgels (figures 1(A4)—(A6))
at a bioprinting speed of 2.5 mm s~! to generate

various configurations of bioprinted structures—
dumbbell (figure 2(A2)), pyramid (figure 2(B2)), Sat-
urn (figure 2(C1)), linked rings (figure 2(D2)), and
spheroid-in-a-box (figure 2(E2)) constructs using
different sizes of spheroids ranging from 250 to
600 pm. The spheroids were then cultured in their
expansion media for 2 d to study the effects of micro-
gel properties on bioprinting performance prop-
erties such as circularity, accuracy, and precision.
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AAfB was also utilized to bioprint heterocellu-
lar spheroids along with hMSC-only spheroids to
form triangular tissue patches. Next, the bioprin-
ted hMSC spheroids were cultured in hMSC expan-
sion media. For osteogenically-inducted bioprinted
structures, hMSCs only, 2:1 hMSCs:THP1, and 3:2
hMSCs:THP1 groups were cultured in their respect-
ive aforementioned differentiation media. The gel
compartment was removed after 1-5 d of incuba-
tion (depending on fusion) by adding 4 w/v% sodium
citrate (Sigma Aldrich Inc.) for 15 min as a lyase
for alginate (supplementary figure 6) [20]. Bioprin-
ted constructs were washed three times with Dul-
becco’s Phosphate Buffered Saline (DPBS, Corning,
NY, USA) and cultured with the media that was used
for the related tissue structures.

2.6.1. Accuracy and precision measurements

To evaluate the bioprinting accuracy and precision
in microgels, hMSC spheroids were bioprinted at a
predetermined target position on a micrometer cal-
ibration ruler. The calibration ruler was placed at
the bottom of a Petri dish and recorded by a USB
microscopic camera to monitor the target position.
For each microgel group, a total of 10 spheroids were
bioprinted and analyzed by ImageJ (National Insti-
tutes of Health (NIH), MD, USA), using the following
equation:

f [ ;'1:1 } (XTarget 7Xi)2 + YTarget - th

n

RMSE =
(1)

where RMSE (root mean square error) represents the
accuracy, Xrarger and Yrgpe are the X and Y coordin-
ates of the target position, respectively X; and Y; are
the position of bioprinted spheroid in X and Y axes,
respectively, and # is the sample size. Precision was
represented as the square root of the standard devi-
ation. The lower the percentage of accuracy and pre-
cision, the higher accuracy and precision.

2.7. Biological activities and fusion capability
assessment

To evaluate the biocompatibility of Alg microgels,
hMSC spheroids were placed into Alg microgels
and cultured at 37 °C in 5% CO, in a humidi-
fied atmosphere for three days. Cell viability was
assessed using LIVE/DEAD staining as we described
before [21]. Briefly, the cultured spheroids were
washed with DPBS, stained with a working solu-
tion composed of 2 uM Calcein AM (Invitrogen,
CA, USA) and 4 uM ethidium homodimer-1 for
30 min in the incubator and then imaged using a
Zeiss Axio Observer microscope (Zeiss, Jena, Ger-
many). To observe the fusion dynamics of bioprin-
ted spheroids, pairs of bioprinted hMSC spheroids
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were monitored using Zeiss Axio Observer micro-
scope for 6 h every 30 min. To quantify the fusion
capability, the intersphere angle and contact length
between paired spheroids (figure 6(A)) were normal-
ized with respect to Day 0 (n = 10). The fusion effi-
ciency of bioprinted spheroids was quantified from
the number of successfully fused spheroids divided
by the total number of bioprinted pairs (n = 10) for
two days post bioprinting (supplementary figure 3).
To represent the effect of microgel properties on the
deformation of bioprinted spheroids, hMSC spher-
oids (n = 9) were bioprinted in each Alg micro-
gels. Spheroids bioprinted in hMSC expansion media
without exposure to microgels were used as controls.
To quantify the morphology of spheroids, circularity
was calculated using Image] software [11] using the
following equation:

A
C=4m x ok (2)
where C represents circularity, A is the area, and P is
the perimeter of the bioprinted spheroid. The value
‘0’ indicated an infinitely elongated polygon and ‘1’
indicated a perfectly circular shape.

2.8. Immunohistochemistry and histology of
bioprinted spheroids

Bioprinted osteogenically-inducted spheroids were
fixed overnight in 4% paraformaldehyde in DPBS
(Thermo Scientific) and embedded in paraffin
(Thermo Scientific). Fixed samples were sectioned
into 10 pm thickness using a microtome. Cross-
sectioned samples were stained with hematoxylin
and eosin (H&E) staining using Leica Autostainer
XL (Leica) and then imaged using the Zeiss Axio
Observer. Calcium deposition was visualized with
a 2% of alizarin red S staining solution. Sectioned
samples were stained for 10 min at room temperat-
ure. Samples were mounted and imaged using the
Zeiss Axio Observer microscope. For immunostain-
ing, bioprinted osteogenically-inducted spheroids
were fixed and stained with bone-specific markers.
To visualize differentiation of hMSCs and THP1
into osteoblasts and osteoclasts, and cell nuclei, the
bioprinted structures were stained with osteoblast
differentiation marker Runt-related transcription
factor 2 (RUNX2; Abcam), osteoclast differentiation
marker tartrate-resistant acid phosphatase (TRAP;
Kerafast, MA, USA) and Hoechst (Sigma Aldrich
Inc), respectively. The stained spheroids were imaged
using the Axio Observer.

2.9. Gene expression using quantitative real-time
polymerase chain reaction (QRT-PCR)

qRT-PCR was conducted in order to evaluate the
osteoblast- and osteoclast-related gene expression
profiles in three different groups for bioprinted struc-
tures on Day 28. Samples were harvested at Day 28
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Table 1. Primers of the measured mRNA for qRT-PCR.

Gene Forward primer Reverse primer
OSTERIX CCT CTG CGG GAC AGC CCA TTA GTG
TCA ACA AC CTT GTA AAG G
BSP AAC GAA GAAAGC TCT GCCTCT GTG
GAA GCA GAA CTG TTG GT
RUNX2 GGTTAATCT CCG CACTGT GCT GAA
CAG GTC ACT GAG GCT GTT
CTSK CCG CAGTAATGA GCA CCCACA GAG
CACCCTTT CTA AAA GC
MMP9  TTCTACGGCCAC GAATCG CCA GTA
TAC TGT GC CTT CCC ATC
SMPD3  ACA CCT CCCTCA TCC ATA GGC AGC
GCACCAAGAC CAC AAT GAG A
GAPDH ATG GGG AAG GTG GGG GTC ATT GAT
AAG GTCG GGC AAC AAT A

and homogenized in TRIzol reagent (Life Techno-
logies, CA). Total RNA was isolated from bioprin-
ted structures using PureLink RNA Mini Kit (Ther-
moFisher) according to the manufacturer’s protocol.
RNA concentration was measured using a Nanodrop
(Thermo Fisher Scientific, PA). Reverse transcrip-
tion was performed using AccuPower® CycleScript
RT PreMix (BIONEER, Korea) following the man-
ufacturer’s instructions. Gene expression was ana-
lyzed quantitatively with SYBR Green (Thermo Fisher
Scientific, PA) using a QuantStudio 3 PCR sys-
tem (Thermo Fisher Scientific). Osteoblast, and
osteoclast-related genes tested included OSTERIX
(transcription factor Sp7), RUNX2, BSP (Bone sialo-
protein), CTSK (Cathepsin K), and MMP9 (Matrix
metallopeptidase 9). Phosphate mineralization was
quantified by measuring the gene expression level
of Sphingomyelin phosphodiesterase 3 (SMPD3).
The reader is referred to table 1 for the gene
sequences. Expression levels for each gene were
normalized to glyceraldehyde 3-phosphate dehydro-
genase (GAPDH). The fold-change of undifferenti-
ated hMSCs at Day 1 were set as 1-fold and values in
all groups were normalized with respect to that of the

group.

2.10. Alkaline phosphatase (ALP) assay

Differentiation of hMSCs into osteoblasts was invest-
igated at Day 28 using the alkaline phosphatase assay
kit (Abcam) according to the protocol provided by the
manufacturer. Briefly, tissues formed from bioprin-
ted spheroids were collected and then homogenized
vigorously using a homogenizer. Next, 400 ul of buf-
fer solution was added and the solution was centri-
fuged at 13000 rpm for 5 min. 80 ul of the super-
natant was then transferred to flat bottom 96-well
plates in triplicates, mixed with 5 pl of 5 mM p-
nitrophenyl phosphate and incubated for 1 h at room
temperature. The reaction was then stopped using a
20 pl of manufacturer provided stop solution, and the
optical density was measured in triplicates at 405 nm.
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2.11. Statistical analysis

All data are presented as mean + standard devi-
ation and analyzed by Minitab 17.3 (Minitab Inc.,
USA). Multiple comparisons were analyzed by one-
way analysis of variance (ANOVA) followed by post-
hoc Tukey’s multiple-comparison test to determine
the individual differences among the groups. Dif-
ferences were considered significant at *p < 0.05,
**p < 0.01, ***p < 0.001. For statistical analysis
of bioprinting accuracy and precision, and spheroid
fusion efficiency to compare results between 0.5%
and 1.0% Alg, two-way ANOVA was performed fol-
lowed by post-hoc Tukey’s multiple-comparison test
to determine the individual differences.

3. Results

3.1. Morphological characterization of Alg
microgels

To characterize the effect of blending time on the
size of Alg microgels, particle diameter and distri-
bution profile of microgels were assessed. Prepared
Alg microgels were stained with Safranin O red and
observed using optical microscopy (figure 3(A)). The
blended Alg microgels consisted of non-spherical
particles, mostly in polygonal shapes. The particle
size distribution of different Alg concentrations and
blending time was analyzed (figure 3(B)). The particle
size for all Alg concentrations noticeably decreased
as the blending time increased, which was corrobor-
ated quantitatively, shown in figure 3(C). For 0.5 and
1.0% Alg microgels, the particle size dropped from
~55-31 and 121-45 pm with increase in blending
time, respectively. In contrast, 2.0% Alg had larger
particles and it was challenging to reduce the particle
size compared to 0.5% and 1.0% Alg. Figure 3(D)
shows transparency of Alg microgels (B30m) at dif-
ferent concentrations, where the Nittany Lion logo
was blurred more as the concentration increased.
In figure 3(E), the optical absorbance demonstrates
the transparency of the Alg microgels at a fixed
wavelength (560 nm). The absorbance value close to
‘0’ indicated a perfectly transparent case without light
scattering. Correlated with figure 3(D), figure 3(E)
showed that the absorbance of 0.5% and 1.0% Alg
microgels was significantly less than 2.0% Alg micro-
gels, which means that 0.5% and 1.0% Alg microgels
were relatively transparent.

3.2. Rheological characterization of Alg microgels

Rheological assessment was carried out to understand
the characteristics of Alg microgels at different con-
centrations (0.5%, 1.0%, and 2.0%) and blending
time (10, 20, and 30 m). To operate AAfB, the sup-
porting bath ideally requires to demonstrate yield-
stress, shear-thinning, and self-healing properties.
The shear-thinning behavior allows facilitating the
needle movement in the bath, enabling precise pos-
itioning of bioprinted spheroids in desired positions
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due to proper yield stress. In parallel, the mater-
ial recovers from the structural deformities caused
by the needle movement owing to its self-healing
behavior. The frequency sweep, amplitude sweep,
flow sweep, and recovery tests were performed to

determine whether Alg microgels exhibit yield-stress,
shear-thinning, and self-healing behavior (figure 4).

Dynamic viscoelastic properties from the fre-
quency sweep test are presented in figure 4(A).
All groups showed superior storage modulus G
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Figure 4. Rheological characterization of Alg microgels at different concentrations and blending times (# = 3). Measured shear
modulus from (A) frequency sweep of microgels at an angular frequency ranging from 0.1 to 100 rad s~!; and (B) amplitude
sweep of microgels at a strain ranging from 0.01% to 100%; (C) shear strain vs. shear stress curves for Alg microgels; (D) flow
curves of Alg microgels from rotational testing at a shear rate ranging from 0.1 to 100 s~ !; (E) viscosity measurement at five
intervals at alternating shear rates (the shear rate of 0.1 s~ ! for 60 s and 100 s~ ! for 10 s).

indicating elastic properties, with regard to loss
modulus G”, (G' > G”) over the entire angular
frequency range 0.1-100 rad s—!. Besides, G’ was
elevated when the concentration of Alg increased
indicating that higher Alg concentrations possessed
higher mechanical rigidity. The shear moduli of 2.0%

Alg were considerably higher than those for 0.5% and
1.0% Alg.

The amplitude sweep test, as depicted in
figures 4(B) and (C), illustrates the physical char-
acteristics of Alg microgels. The results demonstrated
flow points of Alg microgels—where the material
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transitioned from an elastic gel state (G’ > G”) to a
viscous liquid state (G” > G'). Preceding the solution-
gelation (sol-gel) transition point (at G’ = G”'), all Alg
microgels showed linear viscoelastic behavior. 2.0%
Alg had a lower flow point indicating that 2.0% Alg
was easily deformed at the same amount of strain
compared to 0.5% and 1.0% Alg. However, as the
blending time increased, the sol-gel transition points
of 0.5% and 1.0% Alg were elevated to a similar level,
which demonstrated that 0.5% Alg (B10m, B20m,
and B30m), and 1.0% Alg (B20m and B30m) could
not be easily deformed.

Using the amplitude sweep test, the shear strain—
shear stress graphs were plotted to evaluate the yield
stress of Alg microgels. In figure 4(C), the shear stress
increased up to a certain point of shear strain and
then decreased afterwards. All plots had this inflec-
tion point, indicating the yield stress point. For 2.0%
of Alg with B10m, a continuous hardening stage
was observed even beyond the yield-stress point. By
increasing the blending time, 2.0% Alg experienced a
softening stage. 2.0% Alg microgels had significantly
higher yield stress regardless of the blending time
compared to the yield stress of 0.5% and 1.0% Alg
(supplementary figure 1). 1.0% Alg with increased
blending time showed a significant decrease in the
yield stress from 993 to 223 (B20m) and 298 Pa
(B30m). 0.5% Alg did not show major differences in
the yield stress for different blending times compared
to 1.0% Alg. 0.5% Alg (B10m, B20m, and B30m) and
1.0% Alg (B20m and B30m) had appropriate yield
stress so that spheroids could not only be transferred
in microgels without damage, but also to be main-
tained in their desired positions after bioprinting.

Viscosity versus shear rate (ranging from 0.1 to
100 s~ 1) plots were generated using the flow sweep
test to investigate the shear-thinning behavior of Alg
microgels (figure 4(D)). All Alg microgels possessed
shear-thinning behavior, where the viscosity dimin-
ished with shear rate, as microgels were favorably
rearranged along the flow direction [22]. The viscos-
ity of Alg was substantially augmented by increas-
ing the Alg concentrations in the entire range of
shear rate without sacrificing shear-thinning proper-
ties. When the blending time increased, the viscosity
difference between 0.5% and 1.0% of Alg decreased.
However, 2.0% Alg exhibited extremely high viscos-
ity and shear modulus. Therefore, 2.0% Alg micro-
gels with increased blending time did not exhibit sig-
nificant changes in their viscosity as much as 0.5% Alg
microgels under a high shear rate (100 s™1).

While bioprinting, the support bath was
deformed due to the high shear rate during the
needle movement. A support bath with self-healing
characteristics quickly recovers from the damaged
zone induced by the nozzle movement, making self-
healing properties of the support gel essential for
AATB. Self-healing properties were examined through
five cycles applied at two different alternating shear
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rates: low (0.1 s™!)—high (100 s™1)—low (0.1s7!)—
high (100 s~!)—low (0.1 s™!) as demonstrated in
figure 4(E). The low shear rate (0.1 s7!) was applied
for 60 s to imitate the stationary state of the support
bath without the needle movement, whereas, the high
shear rate (100 s~ ') was applied for 10 s to mimic the
state experienced during the needle movement. The
self-recovery behavior was observed by the differ-
ence between before and after applying the shear rate.
For 2.0% Alg, viscosity was elevated whenever a high
shear rate was applied indicating shear-thickening
behavior. When the support bath possessed shear-
thickening behavior, the material alters its properties
after the placement of spheroids. This poses lim-
itations during repetitive bioprinting of spheroids,
especially required for fabrication of scalable tissues.
1.0% Alg exhibited insufficient self-healing behavior.
After the high shear rate mode, the viscosity did not
fully recover. On the other hand, 0.5% Alg showed
appealing recovery properties for all blending times.
These rheological properties enabled spheroids to
be bioprinted without inducing any major deforma-
tions for the gel and spheroids. Based on the assessed
rheological properties, 0.5% and 1.0% Alg microgels
with 10, 20, and 30 m blending time were selected
for further consideration in spheroid bioprinting
experiments.

3.3. Spheroid printability and fusion efficiency

For enabling successful self-assembly of bioprinted
spheroids, positional accuracy and precision of spher-
oids is crucial. We showed that bioprinting accur-
acy was improved with increased blending time and
0.5% Alg showed significantly lower Ad compared
to 1.0% Alg as demonstrated in figure 5(B). Supple-
mentary figure 2(A) presents the positional accur-
acy and precision with respect to the size of bioprin-
ted spheroids. The positional accuracy was improved
with increased blending time such that 8.8%, 5.4%,
and 5.2% positional accuracy was attained for 0.5%
Alg with 10, 20, and 30 m blending time, respectively.
1.0% of Alg had a lower precision and accuracy com-
pared to 0.5% Alg, where 16.8%, 10.6%, and 9.1%
positional accuracy was achieved for 10, 20, and 30 m
blending times, respectively. The positional precision
for 0.5% Alg (B10m, B20m, and B30m) and 1.0%
Alg (B10m, B20m, and B30m) was determined to be
7.4%, 6.6%, 4.7%, 20.4%, 12.2%, and 8.3%, respect-
ively, where the precision increased with increasing
blending time. The highest accuracy and precision
was achieved with 0.5% Alg at B30m, thus, the smal-
lest microgel particles yielded the highest positional
accuracy and precision.

The deformability of spheroids is yet another
important factor that is critical for successful
bioprinting [8]. When the support bath had a higher
mechanical strength, aspirated spheroids were not
able to be bioprinted within the support bath owing
to the high resistance of Alg microparticles, leading
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Figure 5. Characterization of bioprinted hMSC spheroids in Alg microgels. (A) A schematic for quantitative assessment of
bioprinting accuracy (Ad), (B) positional accuracy (mean) and precision (standard deviation) of bioprinted spheroids (n = 10,
*p <0.05, **p <0.01,and ***p < 0.001); (C) quantitative assessment of the deformation of bioprinted spheroids in Alg
microgels (n = 9); (D) fusion efficiency of hMSC spheroids (n = 10, *p < 0.05, **p < 0.01, and ***p < 0.001).

to low positional accuracy and precision. Otherwise,
spheroids could be forcibly dragged to the desired
locations in the stiff support bath with increased
aspiration pressure, but this would induce struc-
tural deformation and decreased viability in spher-
oids. In this regard, we performed experiments to
explore the role of concentration and blending time
on the deformation of spheroids during bioprint-
ing. In figure 5(C), the deformation of spheroids was
represented by circularity. The circularity was quant-
itatively analyzed with optical microscopic images
of bioprinted spheroids (supplementary figure 4).
Before bioprinting, fabricated spheroids did not have
a perfectly circular shape (circularity: 0.74 £ 0.03). As
a secondary control group, spheroids were aspirated
with 70 mmHg back pressure and placed back into
the media yielding a circularity of 0.76 £ 0.06, which
implies that 70 mmHg aspiration pressure did not
significantly affect the morphology of spheroids. The
circularity of bioprinted spheroids in 0.5% Alg with
B10m, B20m, B30m, and 1.0% Alg with B30m were
observed to be similar to that of the control groups,
indicating preservation of circularity and retention
of the spherical shape. In contrast, bioprinted spher-
oids in 1.0% Alg with 10 and 20 m in blending time
induced major damage to the spherical shape. In

1.0% Alg, when the blending time increased, the cir-
cularity of bioprinted spheroids was improved. The
result implies that the smaller particles reduced the
excess yield stress of 1.0% Alg microgels and augmen-
ted the rheological properties, allowing spheroids
to be bioprinted without substantial deformation.
In order to test spheroid fusion efficiency, dumb-
bell shapes were generated using hMSC spheroids as
shown in figures 5(D) and 2(A1) and (A2). Here, the
spheroid fusion efficiency implies the percentage of
successfully fused spheroid pairs after a 2 day cul-
ture. The spheroid fusion efficiency for 0.5% Alg was
~60%, 90%, and 97% for B10m, B20m, and B30m,
respectively. For 1.0% Alg, spheroids bioprinted in
Alg microgels had ~49 (B10m), 47 (B20m), and 68%
(B30m) fusion efficiency. With increased blending
time, spheroid fusion efficiency was improved.

To characterize the dynamic fusion behavior in
Alg microgels, ferret diameter and contact length
of spheroids and intersphere angle between spher-
oids were analyzed (figure 6(A), supplementary figure
3, and video 3). As demonstrated in figure 6(B),
bioprinted spheroids in all Alg microgels exhibited
shrinkage over 2 d, consistent with other studies [11].
Considering that the diameter of spheroids became
smaller one day post bioprinting, contact length also
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decreased (figure 6(C)). On Day 2, the contact length
of assembled spheroids showed negligible difference
compared to that on Day 1. Figure 6(D) demon-
strates the intersphere angle between fusing spher-
oids. Regardless of the diameter and contact length,
the intersphere angle increased. Notably, bioprin-
ted spheroids in 0.5% Alg with B30m showed dra-
matically increased intersphere angle indicating that
bioprinted spheroids fused well in this group. In 1.0%
Alg microgels with B10m and B20m, the intersphere
angle did not change over two days, probably due to
the rigid properties of 1.0% Alg microgels. However,
the intersphere angle in 1.0% Alg microgels increased
when the blending time increased.

As presented above, 0.5% Alg with 30 m blend-
ing time exhibited favorable rheological character-
istics for AAfB enabling highest positional precision
and accuracy, and spheroid fusion efficiency without
inducing major deformation on the morphology of
spheroids during bioprinting. Thus, we preferred to
use 0.5% Alg with 30 m blending time for the rest of
the experiments.

3.4. AASB of heterocellular spheroids for bone
tissue fabrication

With the optimized Alg microgels (0.5% Alg with
B30m), we bioprinted hMSC spheroids and osteo-
genically inducted them to demonstrate bone tis-
sue formation. To systematically study the influence
of the addition of the osteoclastogenically inducted
monocytes, we also bioprinted the 2:1 hMSCs: THP1
and 3:2 hMSCs:THP1 in a similar fashion. These
spheroids were cultured in their respective ration
of differentiation media for 24 h and then bioprin-
ted into a triangular shape as discussed before. After
bioprinting, all the structures were cultured up to
28 d. H&E and alizarin S red staining and immun-
ostaining (figures 7(A) and (B)) with osteoblast and
osteoclast specific markers proved that both hMSC
only and THP1 involved structures showed compact
spheroid arrangements. The hMSC only spheroids
were observed to compact significantly and form
a tissue ball (figure 7(A)) over the 28 day culture
period, while the 2:1 hMSCs:THP1 spheroids were
observed to maintain the desired triangular shape
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Figure 7. Bioprinted homotypic and heterotypic spheroids (~400 p¢m in diameter) to study bone remodeling in vitro. (A) H&E
and (B) alizarin S red staining images; (C) immunostaining with RUNX2 for hMSCs differentiating into osteoblasts and TRAP for
THP1 differentiating into osteoclasts; (D) quantification of BSP, OSTERIX, RUNX2, MMP9, CTSK, and SMPD3 gene expressions
of bioprinted bone tissues (n = 3, *p < 0.05 and **p < 0.01); (E) ALP enzymatic assay activity. Scale bar: 200 pm.
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during the entire course of culture. All groups were
positive for calcium deposition (from alizarin S red
staining), with higher intensity observed in the 2:1
hMSCs:THP1 group compared to the hMSC only
and 3:2 hMSCs:THP1 groups (figure 7(B)). Immun-
ofluorescent staining showed that both RUNX2 and
TRAP staining were positive in the heterocellular
spheroids indicating osteogenic and osteoclastogenic
differentiation, respectively, with homogeneous dis-
tribution of both cell types inside the spheroids.
Osteoclastogenically-inducted cells were located
more in the periphery than the core of the struc-
tures in both 2:1 hMSCs:THP1 and 3:2 hMSCs:THP1
groups. qRT-PCR study shows expression of both
osteoblast and osteoclast specific bone markers,
indication appropriate differentiation of hMSCs and
THP1 into osteoblasts and osteoclasts, respectively.
3:2 hMSCs:THP1 group exhibited increased expres-
sion levels for the BSP gene (~6745-folds) and MMP9

gene (~24 662-folds) at Day 28 as compared to those
in the hMSC only group. The expression level of
the RUNX2 gene (8-folds) for the 2:1 hMSCs:THP1
group was significantly higher than that of the hMSC
only group.

SMPD3 has been identified as a crucial regu-
lator of skeletal development and causes bone abnor-
malities with irregular mineralization in intramem-
branous and endochondral bone in its absence. A
higher expression of SMPD3 in the hMSC:THP1
groups was observed compared to the hMSC-only
control group indicating that SMPD3 increased until
hMSCs formed mature osteoblasts after which its
expression was downregulated [23]. After 28 d, all
assembled bone tissue constructs were examined for
their ALP activity to determine if hMSCs differen-
tiated into osteoblasts. The 2:1 hMSC: THP1 group
demonstrated the highest ALP enzymatic activity,
with no significant difference among all the groups.
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Overall, the heterocellular spheroids demonstrated
more calcium deposition and positive RUNX2 and
TRAP staining with adequate gene expression com-
pared to hMSC only group, demonstrating the feasib-
ility of using heterocellular spheroids as a more effect-
ive model to study bone tissue formation.

4. Discussion

In the field of tissue engineering and regenerative
medicine, artificial functional scaffolds with com-
plex geometry and orientations are often required to
mimic native tissues, especially for in vivo implanta-
tion or in vitro drug and disease modeling. Loading
of cells or cell aggregates in hydrogel scatfolds usu-
ally limits the overall cell density of these bioprin-
ted constructs, which henceforth restricts cell-cell
interactions. In addition, incorporation of native-
like cell densities in hydrogels brings an array of
complications including faster degradation of scaf-
folding hydrogels and inability to provide tempor-
ary support for tissue formation. Fabrication of tis-
sues with self-assembly of spheroids as building
blocks in a scaffold-free manner thus enables a more
physiologically-relevant microenvironment with the
potency to reach a native-like cell density. To develop
a freeform bioprinting technique that allows pattern-
ing of spheroids precisely in 3D without cell/spher-
oid encapsulated hydrogel, recently, our group intro-
duced AAfB as a promising bioprinting technique to
fabricate functional tissue structures with complex
3D geometry [19]. However, an ideal support bath for
enabling adequate spheroid fusion and transparency
for visibility has still not been achieved. For devel-
oping such a support bath, an appropriate under-
standing of the rheological properties is essential,
and without such exploration, it is difficult to pre-
dict whether the material has adequate yield stress
to support the bioprinted structures. The knowledge
of rheological properties is also crucial to confirm
self-healing property of the bath, allowing recovery
of the damaged region of the bath after bioprinting.
Inferior self-healing behavior induces major deform-
ation in the shape of microgels, especially during fab-
rication of scalable tissues where the bath experiences
a significant back-and-forth motion of the needle.
In our published work [11] and pilot studies, we
tested continuous polymer-based support baths, such
as Carbopol, xanthan gum, and Pluronic F-127 with
nanoclay along with particle-based support bath. For
Carbopol, we observed deformation of the gel due to
cell media diffusion into the gel over time. The media
diffusion caused changes in the viscoelastic behavior
of the gel, which consequently induced low fusion
efficiency. In addition, pH changed over time, causing
significant cell death. In experiments involving nano-
clay embedded Pluronic F-127, self-healing proper-
ties of the support bath were not sufficient because
Pluronic F-127 acted as a surfactant and thus, fusion
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of the bioprinted spheroids was limited, leading to
incomplete tissue formation. Xanthan gum had sta-
bility issues, which limited the positional precision of
bioprinted spheroids. Burdick group recently demon-
strated the use of guest-host hydrogel for freeform
bioprinting of spheroids [24]; however, no discus-
sion was provided for the drawbacks of the guest-host
hydrogel, such as spheroid fusion efficiency. Overall,
more advanced support baths with adequate under-
standing of the rheological properties are needed for
maximized bioprintability and spheroid fusion effi-
ciency with simplified material preparation.

In the current work, we systematically investig-
ated the rheological properties for the development of
a supporting bath with Alg microgels to demonstrate
enhanced functionality for bioprinting of spheroids
without adversely affecting their viability and shapes,
resulting from high shear stress during the AAfB pro-
cess. The proposed supporting bath is composed of
alginate microgels. Alginate is a natural substance
extracted from brown algae and is widely used in
various fields as a cost-effective, highly biocompat-
ible, and easily handled biomaterial. The alginate
microgel-microgel interactions are reduced when the
shear rate is increased such as moving a needle inside
the bath. Therefore, as observed in figures 4(D) and
(E), the viscosity decreased when higher shear rates
were applied. However, Alg microgels were able to
rearrange themselves after exposure to higher shear
rates (when the needle was moving inside the bath)
by efficiently packing and forming the originally
organized shapes due to self-healing characteristics.
The shear-thinning yield-stress gel immobilized the
spheroid in place and showed remarkable flowabil-
ity when the needle was moving inside the bath. Sup-
plementary figure 5 demonstrates how Alg microgels
deformed directly after the bioprinting of spheroids.
The scattered light on the uneven surface caused by
the deformed microgels appeared in dark color. For
1.0% Alg, the black region in the images indicated the
damaged microgels by the needle during bioprinting
due to the low self-healing behavior (figure 4(E)). The
1% Alg with 10 m blending time group exhibited a
high yield stress owing to the larger particle size. How-
ever, the increased blending time reduced the yield
stress (supplementary figure 1). The yield stress also
influenced the bioprinting precision and accuracy,
and the immoderate yield stress induced a morpholo-
gical change on bioprinted spheroids (figure 5(C) and
supplementary figure 4). For 0.5% Alg, however, even
after bioprinting, Alg microgels enabled neatly posi-
tioning of spheroids without any permanent deform-
ation on the gel. In contrast, with 2.0% Alg, spheroids
could not be easily transferred into the support bath
(data not shown) due to its high yield stress (supple-
mentary figure 1). Even if the spheroids were able to
penetrate into the gel, bioprinted spheroids lost their
original shape. In rheological assessments, the viscos-
ity of 2.0% Alg was elevated whenever a high shear
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rate was applied (figure 4(E)). The amplitude sweep
test (figure 4(B)) demonstrated that 2.0% Alg micro-
gels were easy to deform even though a low strain level
was applied indicating that 2.0% Alg microgels pos-
sessed a shear-thickening behavior, which is not suit-
able for AAfB. In this regard, 2.0% Alg did not exhibit
a strain-softening in the shear stress—shear strain
curve (figure 4(C)). Therefore, 2.0% Alg was not
considered for spheroid bioprinting. In figure 4(D),
the initial viscosity (at 0.1 s™!) of 0.5% Alg was
increased with increasing blending time. The smal-
ler size particles yielded higher viscosity due to the
increased probability of particle-to-particle interac-
tions [25]. However, 1.0% and 2.0% Alg microgels
might exhibit not linear rheological properties due
to the viscosity of the material itself and their larger
particle size compared to 0.5% Alg microgels [26]. In
morphological analysis, Alg microgels were not uni-
form but polydispersed (figures 3(A) and (B)). There-
fore, the trend of the rheological behavior was not
expected to be linear in polydisperse microgels. The
lower shear modulus of 0.5% Alg facilitated the blen-
ded Alg microgels to generate a narrow particle size
distribution (figure 3(B)).

Even though the rheological analysis allowed us
to obtain extensive data, profound and sophistic-
ated analysis of spheroid motion is also required to
reveal the interactions between microgels and the
nozzle with an aspirated spheroid during bioprint-
ing. Moreover, there is always possibility of differ-
ences between the rheological assessment and actual
bioprinting results. In the actual bioprinting process,
additional factors, such as gravity and surface ten-
sion driven forces between air and Alg microgels play
a role. We found that larger Alg microparticles yiel-
ded poor rheological properties and consequently,
lower bioprinting accuracy, which lowered spheroid
fusion potency as particles were entrapped between
bioprinted spheroids. By decreasing the size of Alg
microparticles, bioprintability and spheroid fusion
efficiency were enhanced throughout the presented
work. In cases of fabrication of scalable constructs,
it is also crucial to maintain yield stress of the sup-
port bath greater than the gravitational force. Insuf-
ficient yield stress leads to alteration in spheroid pos-
ition after printing, resulting in collapsed constructs.
As shown in figure 2, various geometrical configura-
tions of larger constructs were successfully bioprin-
ted with different sizes of spheroids in 0.5% Alg
with B30m. We observed that the bioprinted con-
structs could maintain their positions for a day in
0.5% Alg with B30m, which should be enough to
facilitate self-assembly forming the desired-shaped
tissue.

Because of known excellent biocompatibility of
alginate [4], hMSC spheroids were observed to be
viable at all time points over the three-day culture
with negligible cell death (supplementary figure 7).
The reduced sizes of Alg microgels with increased
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blending time did not affect the cell viability signi-
ficantly. For EBB, 2%—4% of alginate has been com-
monly used owing to adequate mechanical stability
post-bioprinting [4]. In such case, alginate is cross-
linked with a lower concentration of calcium ions
(depending on the crosslinking agent, e.g. 0.1%-0.5%
CaCl, [27],1.0% CaSOy [28], or 0.2% CaCOs5 [29]) to
maintain the printed shape after extrusion, followed
by further addition of a higher content of calcium
ions to crosslink the bioprinted structures. However,
for AAfB, a lower concentration (<1.0%) of algin-
ate is desired not only to protect spheroids during
bioprinting but also to obtain optimal mechanical
and rheological properties suitable for its use as a sup-
port material. Apart from the crosslinking strategy for
EBB, fully-crosslinked alginate gels are also utilized as
a support material by blending them for optimized
time periods [9, 11]. Therefore, a proper combination
of blending time and concentration of alginate is cru-
cial to modulate the microgel properties for AAfB.

In our recently reported work [11], 0.5% Alg
microgels with 10 m blending yielded a 35% spher-
oid positional accuracy with respect to the spher-
oid size; however, for this study, owing to changes
in preparation protocol, the same combination yiel-
ded an accuracy of ~9%. Even though we observed
a higher positional accuracy, Alg microgels disturbed
the spheroid fusion by getting entrapped between
bioprinted spheroids. Thus, the efficiency of spher-
oid fusion was <65% with 0.5% Alg with B30m.
However, we here were able to demonstrate >90%
fusion efficiency with decreased particle size. With
increased blending time, Alg microgels with consid-
erably improved yield stress and shear thinning prop-
erties and self-healing properties were attained, with
higher overall bioprinting ability with no negative
effects on cellular activities. In the previous work
[11], prepared alginate microgels were not transpar-
ent, making bioprinting or further imaging process
and monitoring of the fused tissue extremely challen-
ging. In this study, the modified preparation proced-
ure for Alg microgels provided us with the desirable
transparency of Alg microgels, adequate for AAfB.
Figure 3(B) shows inhomogeneous distribution of
Alg microgels. However, by increasing the blending
time, the distribution profile was almost similar to
normal distribution (reduced polydispersity) com-
pared to the distribution of microgels generated using
shorter blending times. The wide range in the dis-
tribution of particle size contributes to decreased
reproducibility in terms of transparency and spheroid
fusion efficiency. Therefore, to facilitate consistent
preparation of Alg microgels, fixed crosslinking time
and similar size of crosslinked Alg beads were pro-
duced using a dropping funnel. However, it is worth
mentioning that to minimize the Alg microgel size, we
here used a commercial blender, which yielded highly
irregular shapes. We thus recommend that for future
studies, it will be ideal to use other methods, such as
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microfluidics and droplet-based approaches [30], in
order to produce uniform polydispersed micron-size
particles, rendering them more appropriate for their
utilization in embedding bioprinting techniques.

To evaluate the effect of spheroid size on bioprint-
ing accuracy (supplementary figures 2(B) and (C)),
various sizes of spheroids were bioprinted in 0.5% Alg
with B30m. Our results show that smaller spheroid
size had better bioprinting accuracy then larger spher-
oid size.

When the support material has excessive yield
stress and viscoelasticity, biological activities of
bioprinted spheroids deteriorate, even though the
spheroids can be successfully positioned in the gel. In
addition, an optimal aspiration pressure for spher-
oid picking is important. The excess back pressure is
often associated with the deformation of the spher-
oids during bioprinting. As observed in supplement-
ary figure 4, bioprinting with an aspiration pressure
of 70 mmHg and bioprinting speed of 2.5 mm s™!
in 0.5% Alg microgels did not induce any substan-
tial change in the spheroid shape and viability; thus,
these bioprinting parameters were fixed through-
out the entire study. With the optimized rheological
properties and morphological assessment of blen-
ded Alg microgels with different concentrations of
alginate, multiple spheroids could be easily bioprin-
ted with >90% spheroid fusion efficiency. It is worth
mentioning that the initial fusion strength of the
spheroids is low right after bioprinting, and high
pipetting pressure might break the fused spheroids
while transferring them into the new culture flasks or
during media change. Thus, fused spheroids should
be treated gently in culture. Because of smaller sizes
of the tissue and hence, short bioprinting time (<10-
15 min for ten paired spheroids), bioprinting exper-
iments in this study were performed at room tem-
perature with no adverse effects on cell viability.
However, for fabrication of larger constructs (>50
spheroids), which requires more than 1 h of printing
time, a CO, chamber with controlled temperature is
recommended to be incorporated into the bioprint-
ing system to maintain high spheroid viability.

Despite the aspiration approach being used for
bioprinting of spheroids in this effort, it is compatible
with printing of other building blocks, such as rods
and toroids. For example, in our recent work [10],
we deposited tissue strands onto a pin array to fab-
ricate zonally-stratified articular cartilage. However,
irregular shapes of different morphological features
are a tad more complicated to be captured by aspira-
tion. Moreover, positional accuracy will be difficult to
predict because of irregular shapes and such irregular
shapes are also expected to generate larger drag forces
inside a support bath.

As a proof of concept, AAfB of spheroids has
been utilized to generate triangular patterns using
hMSC only and heterocellular hMSCs:THP1 spher-
oids using Alg microgels to demonstrate fabrication
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of tissue patches and spheroid fusion efficacy. It is
worthy to note that the size of assembled tissues not
only depends on the size of spheroids, but also on
the types of cells used, preculture time of spher-
oids, and post-bioprinting culture time. During the
culture of bioprinted hMSC spheroids, the spheroid
size slightly decreased as shown in figure 6(B), sup-
plementary figure 3, and video 3. This is because
bioprinted spheroids in Alg microgels were inclined
to gain compactness without proliferation and migra-
tion into Alg microgels due to the lack of cell-binding
peptides of Alg, which is in line with a previous study
[19].1In 1.0% Alg microgels with B10m and B20m, the
intersphere angle did not extensively change over two
days, probably due to the rigid properties of 1.0% Alg
microgels.

hMSC spheroids are reported to readily self-
assemble forming tissue patches [11, 31]. The degree
of spheroid fusion can be modulated by optimiz-
ing the differentiation time period. The spheroids are
prone to maintain their shape more upon differen-
tiation towards osteogenic lineage, with a decreased
fusion efficacy [11]. To build up a large-scale struc-
ture, it is essential for bioprinted spheroids to fuse to
each other; otherwise, they can break apart. There-
fore, in this work, we studied the optimization of
Alg microgels for increasing the integrity of bioprin-
ted spheroids and in turn, improving the fusion effi-
ciency. Depending on the fusion from Days 1-5,
Alg microgels were gently removed by immersing
in sodium citrate as an alginate lyase (supplement-
ary figure 6) followed by washing with DPBS after
fusion. The spheroids were then cultured in their
individual differentiation media for 28 d to allow dif-
ferentiation of hMSCs and THP1 into osteoblasts and
osteoclasts, respectively. Figures 7(A)—(C) presen-
ted fused bioprinted tissue patches fabricated with
hMSC only and 2:1 and 3:2 hMSCs:THP1 hetero-
cellular spheroids. H&E images demonstrated com-
pact structure for all groups. THP1-involved groups
were observed to demonstrate more retention of
the bioprinted shape compared to the hMSC only
group. The triangular shape was clearly visible in 2:1
hMSCs:THP1 group. The hMSC only group formed a
tissue ball over the 28 day culture period due to more
compaction of hMSC spheroids. Calcium deposition
and phosphate mineralization were noticed in all
the groups from positive alizarin S red staining and
SMPD3 expression. Notably, more calcium depos-
ition was observed in 2:1 hMSCs:THP1 group com-
pared to the other groups indicating more bone tis-
sue formation, also corroborated from the SMPD3
expression.

Bone modeling cycle has been categorized into
three stages [16, 18]—(1) activation stage where
hMSCs and THPI1 start differentiating into preo-
steoblasts and preosteoclasts, respectively; (2) resorp-
tion stage when preosteoblasts form mature osteo-
blasts, and (3) formation stage where preosteoclasts
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are triggered to attach to bone and form osteo-
clasts. This leads to secretion of lytic enzymes caus-
ing resorption of bone and formation of pits. In
the formation stage, new tissue forms as preosteo-
blasts starts to form mature osteoblasts above resorp-
tion pits. Through these three stages, different pro-
teins are upregulated and downregulated at different
times like RUNX2 is upregulated during bone form-
ation [16, 18] and downregulated after mature osteo-
blasts are formed. Both TRAP and RUNX2 stain-
ing were positive for the hMSCs:THP1 spheroids,
with uniform distribution of RUNX2 across the entire
bioprinted structure domain, while the TRAP stain-
ing was more concentrated towards the periphery of
structures. This is probably owing towards more com-
paction potential of the hMSCs, enabling them to
occupy the core of the spheroids, whilst the THP1
lined up the periphery. In fact, THP1 alone did not
have the potency to self-assemble and form spher-
oids over a period of 48 h (data not shown). Immun-
ostaining also demonstrated stronger expression of
RUNX2 and TRAP activity for the 2:1 hMSCs:THP1
spheroids compared to the other groups. Thus, we
showed that the bioprinted structures with heterocel-
lular spheroids exhibited both osteogenic and osteo-
clastogenic properties, with more calcium deposition
and shape retention for the 2:1 hMSCs:THP1 group,
also corroborated from the ALP activity data. Expres-
sion of osteogenic and osteoclastogenic genes were
investigated for different groups of spheroids, includ-
ing BSP, OSTERIX, RUNX2 and MMP9 and CTSK
at Day 28. All the groups exhibit expression of osteo-
genic and osteoclastogenic markers, corroborating
the immunostaining data. A lower RUNX2 expres-
sion after 28 d demonstrates completion of mature
osteoblast formation in hMSC only group, whereas
the co-culture groups show a continued bone forma-
tion cycle with higher RUNX2 expression. Compared
to the hMSC only group, the 2:1 hMSCs:THP1 group
showed higher expression of the late- and mid-stage
osteogenic markers—RUNX2 and OSTERIX respect-
ively, with a lower expression of the early stage marker
BSP, indicating a higher degree of hMSC differenti-
ation into osteoblasts. Significantly higher expression
of MMP9 in 3:2 hMSCs:THP1 group, on the other
hand, indicates higher degree of extracellular mat-
rix degradation [32], which may not be ideal for the
fabrication of bone-tissue patches. In supplementary
figure 8, gene expression levels were normalized with
respect to 2D cultured THP-1 cells on Day 0. Com-
pared to figure 7 (normalized with respect to 3D cul-
ture hMSCs), we observed a very similar gene expres-
sion trend for the hMSCs only, 2:1 hMSC:THP1, and
3:2 hMSC:THP1 groups for all the investigated genes
(OSTERIX, MMP9, CTSK, RUNX2, and BSP), with
only changes observed for the absolute fold changes.
Thus, our results indicate that bone tissue fabricated
by AAfB of 2:1 hMSCs:THP1 spheroids provided a
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more biomimetic scenario to study bone remodeling
in vitro.

Thus, in this study, we aim to expand the under-
standing of the creation of a biofabrication plat-
form to be used for embedded bioprinting of pre-
fabricated spheroids. We demonstrated significant
improvements in the AAfB process for tissue spheroid
placement in 3D and determine the optimal rheolo-
gical properties to obtain an appropriate support bath
for AAfB. Using these optimized Alg microgels, vari-
ous types of spheroids can be used for the fabrication
of scalable and highly complex geometries of tissues
and organs.

As an application, we also presented the fabric-
ation of bone tissue patches expressing both osteo-
genic and osteoclastogenic genes using heterocellu-
lar hMSCs:THP1 spheroids as building blocks. We
understand that absence of vascularization in bone
is one of the major concerns for bone necrosis, par-
ticularly in cases of implantable bone scaffolds. As
the goal of this study is to develop bone tissue for
in vitro investigation of a coculture model for drug
and disease modeling and not for in vivo implanta-
tion, demonstration of vascularization is deemed out
of scope for the presented work. Even though we
acknowledge the importance of vascularization, and
have previously worked on coculture of endothelial
cells with hMSCs in spheroids [19], it may not be
a necessary aspect in some applications, such as in
our current study, where we looked at the incorpor-
ation of peripheral blood monocyte-derived osteo-
clasts into mesenchymal stem cells in a heterotypic
spheroid culture to study bone remodeling in vitro.
However, the proposed bioprinting approach can also
be applied for fabrication of vascularized bone tis-
sue for in vivo implantation in the future, where the
assembly of spheroids demonstrated in this work will
be able to facilitate scalable bone tissue formation.

5. Conclusion

In this study, Alg microgels were investigated to
support ASfB in a biocompatible and transpar-
ent medium, where decreased microgel size facilit-
ated higher bioprinting accuracy and precision as
well as spheroid fusion efficiency without inducing
major deformation and cell death during bioprint-
ing. 3D constructs bioprinted using heterocellular
stem cell spheroids in the proposed Alg microgels
exhibited successful self-assembly of spheroids with
shape retention, and expression of both osteogenic
and osteoclastogenic genes. Thus, our results indic-
ate that the proposed Alg microgels have the poten-
tial to be used as a prospective support material for
freeform bioprinting of tissue spheroids with remark-
able spheroid fusion efficiency and bioprintability,
demonstrated here with bone tissue fabrication as a
proof of concept.
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