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Abstract

Bioinks with shear-thinning/rapid solidification properties and strong mechanics are usually
needed for the bioprinting of three-dimensional (3D) cell-laden constructs. As such, it remains
challenging to generate soft constructs from bioinks at low concentrations that are favorable for
cellular activities. Herein, we report a strategy to fabricate cell-laden constructs with tunable 3D
microenvironments achieved by bioprinting of gelatin methacryloyl (GelMA)/alginate core/sheath
microfibers, where the alginate sheath serves as a template to support and confine the GelMA pre-
hydrogel in the core during the extrusion process, allowing for subsequent UV crosslinking. This
novel strategy minimizes the bioprinting requirements for the core bioink, and facilitates the
fabrication of cell-laden GelMA constructs at low concentrations. We showed the capability of
generating various alginate hollow microfibrous constructs using a coaxial nozzle setup, and
verified the diffusibility and perfusability of the bioprinted hollow structures which are important
for the tissue-engineering applications. More importantly, the hollow alginate microfibers were
used as templates for generating cell-laden GelMA constructs with soft microenvironments, by
using GelMA pre-hydrogel as the bioink for the core phase during bioprinting. As such, GeIMA
constructs at extremely low concentrations (down to 1.5%) could be extruded to effectively
support cellular activities including proliferation and spreading for various cell types. We believe
that our strategy is likely to provide broad opportunities in bioprinting 3D constructs with cell-
favorable microenvironments for applications in tissue engineering and pharmaceutical screening.
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1. Introduction

Extrusion bioprinting has attracted widespread attentions as it is a relatively simple
technique that holds the potential to generate functional three-dimensional (3D) tissues or
tissue models by providing precise spatial manipulation of various components such as
living cells, supporting matrix, and functional molecules [1-5]. The bioprinting process
usually involves layer-by-layer deposition of bioinks. To bioprint 3D cell-laden constructs
with high structural fidelity, the bioinks should be designed with shear-thinning or rapid
solidification properties [4, 6, 7]. In addition, the bioprinting process should be benign to
ensure sufficient cell survival during bioprinting [8, 9]. Moreover, the bioprinted constructs
should provide the encapsulated cells with favorable environments for proliferation,
spreading, migration, and other normal cell activities [3, 4, 10].

Natural biomaterials are promising for the use in bioprinting due to their distinct
cytocompatibility [11, 12]. To date, the natural biomaterials adapted for bioprinting include
alginate [13-17], hyaluronic acid (HA) [6], collagen/gelatin [18] and their derivatives (e.g.,
gelatin methacryloyl (GelMA)) [19, 20], and fibrin [21], among others. For example,
alginate has been bioprinted often through the use of core/sheath coaxial nozzle based on an
ionic crosslinking mechanism [13-17]. HA has been modified into a shear-thinning and self-
healing formulation using guest-host chemistry for bioprinting [6]. To improve cell adhesion
and proliferation, both alginate and HA are usually further modified with the arginine-
glycineaspartic acid (RGD) peptide sequence or blended with other functional components
due to their lack of cell-adhesive moieties [6, 7, 22]. On the other hand, natural polymers
that possess intrinsic cell-adhesion sites have also been directly used for bioprinting. In an
example, bioprinting of collagen has been achieved by using a heated collector for thermal
gelation and a biocompatible crosslinker of genipin for post-printing treatment [23]. In
addition, collagen constructs have also been bioprinted using an aerosol crosslinking method
via a core/sheath coaxial nozzle [24].

More recently, GelMA as a versatile chemically modified form of gelatin, has been widely
used for extrusion bioprinted through /n situ photocrosslinking or physical gelation [4, 10,
19, 20, 25]. However, the concentration of GelMA bioinks used for bioprinting is usually
limited to relatively high values due to the requirement of rapid solidification for the
formation of 3D constructs during the deposition process [10]. We have recently developed a
bioink preparation method based on GelMA physical gels for direct GelMA bioprinting, but
the concentration was still limited to approximately 3.0% [26]. Alternatively, a microfluidic
bioprinting strategy has also demonstrated the possibility of extrusion of GelMA/alginate
blend bioinks using a coaxial nozzle setup, where the alginate component could be
immediately crosslinked with CaCl, to achieve microfibrous structures followed by UV
crosslinking of the GelMA component [7, 27, 28]. Nevertheless, the presence of alginate in
the bioprinted microfibers inevitably affects the behavior of encapsulated cells, although it
could be gradually released using a CaZ*-chelator.

In this study, we report a novel strategy to fabricate cell-laden constructs with tunable 3D
microenvironments by bioprinting GelMA/alginate core/sheath microfibers using a coaxial
nozzle setup, where the physically crosslinked alginate sheath serves as the template to
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confine the GelMA bioink in the core and to allow for subsequent UV crosslinking (Figure
1). This strategy minimizes the bioprinting requirements for the core bioink, facilitating the
fabrication of cell-laden GelMA constructs at extremely low concentrations (<2.0%). We
firstly examined the influence of the bioprinting parameters on the extrusion performance.
To demonstrate potential applications, we then investigated the perfusion and diffusion
properties of the bioprinted alginate hollow microfibrous constructs. We finally examined
the cellular activities of various cell types in the GeIMA cores of the bioprinted GelMA/
alginate core/sheath microfibrous constructs.

2. Materials and methods

2.1. Materials

Gelatin, methacrylic anhydride, 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone
(photoinitiator, PI), alginate, and CaCl, were purchased from Sigma-Aldrich (St. Louis,
MO, USA). GelMA molecules were synthesized according to our previously published
protocol [25, 29], at a medium degree of methacryloyl substitution (53.8 + 0.5%). Cell
analysis and culture reagents including Live/Dead Kit, PrestoBlue, Alexa 488-phalloidin, 4,
6-diamidino-2- phenylindole (DAPI), fetal bovine serum (FBS), penicillin/streptomycin
(P/S), Hank’s balanced salt solution (HBSS), Dulbecco’s phosphate-buffered saline (DPBS),
and Dulbecco’s modified eagle medium (DMEM) were purchased from ThermoFisher
(Waltham, MA, USA). Endothelial growth medium (EGM)-2 was purchased from Lonza
(Walkersville, MD, USA). All reagents were used without further purification. It should be
noted that the concentration of GelMA, PIl, CaCly, and alginate was calculated by wiv (i.e, ¢
mL-1), while the concentration of FBS and P/S was calculated by v/v.

2.2. Bioprinter

A commercial 3D printer (Lulzbot TAZ 4, Aleph Objects, Loveland, CO, USA) was
modified to be capable of bioprinting hydrogel constructs. Specifically, we designed a
printhead that allowed for easy installation and detachment of the custom-made core/sheath
coaxial nozzle. The core/sheath coaxial nozzle was made by assembling a pair of 23G and
28G needles, where the core and the sheath were carefully aligned and bonded using epoxy
glue. To obtain a stable nozzle with rigid connections, it was further heated in the oven

(80 °C) for at least 3 h. Two individual syringe pumps were used to deliver the fluids for the
core and sheath of the coaxial nozzle.

2.3. Bioprinting

For the bioprinting of alginate hollow microfibrous constructs, the core and sheath of the
nozzle were fed with the CaCl, solution and the alginate bioink, respectively, where the
solvents were both deionized water. Unless otherwise noted, the concentration of the CaCl,
solution and the alginate bioink, the feeding rates of the CaCls solution and the alginate
bioink (equal rates), and the nozzle moving speed were kept constant at 6.0% and 1.0%, 500
uL min'1, and 500 mm min1, respectively.

For the bioprinting of GelMA/alginate core/sheath microfibrous constructs, the bioink for
the core was 1.0%, 1.5%, or 2.0% GelMA containing 0.2% PI, 1.0% CaCl,, and cells at a
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density of 2 x 108 mL-1. The solvent of the GeMA bioinks was medium for the respective
cell types. The bioink for the sheath was 1.0% alginate dissolved in DPBS. It should be
noted that significant cell death was observed when the core GeIMA biolinks contained
6.0% CaCly, and therefore 1.0% CaCl, was used instead of 6.0%. After mixing the cells in
the GelMA bioink, the bioprinting process was initiated immediately and completed in
approximately 10 min. After bioprinting, the GelMA bioink in the alginate sheath was
further immediately crosslinked by UV illumination at a power of 3.95 W ¢cm2 (OmniCure
S2000, Excelitas Technologies, Waltham, MA, USA), and washed with HBSS for 3 times of
5 min each to remove the residual CaCl,. The feeding rates of the CaCl, solution and the
alginate bioink (equal rates), and the nozzle moving speed were kept constant at 500 pL
min-1, and 500 mm min-1, respectively.

2.4. Cell culture

Human umbilical vein endothelial cells (HUVECS, Angio-Proteomie, Boston, MA, USA)
were cultured in EGM-2 supplemented with BulletKit and 1% P/S. MDA-MB-231 and
MCF7 breast cancer cells, and NIH/3T3 mouse fibroblasts (American Type Culture
Collection, Manassas, VA, USA) were cultured in DMEM supplemented with 10% FBS and
1% P/S. Medium was changed every other day. The culture environment was maintained in a
37°C incubator with 5% humidified atmosphere of CO,.

2.5. Characterization of bioprinted constructs

The compressive mechanical properties of the bioprinted constructs after UV crosslinking
were measured using a mechanical testing machine (Instron 5943, Instron, Norwood, MA,
USA). Scanning electron microscopy (SEM, JSM-5600LV, JEOL, Akishima, Tokyo, Japan)
was used to image the freeze-dried constructs achieved by bioprinting of GelMA/alginate
core/sheath microfibers. Live/Dead staining was conducted according to the manufacturer’s
protocol (ThermoFisher), and imaged using an inverted fluorescence microscope (Zeiss
AXxio observer D1, Zeiss, Thornwood, NY, USA). Cell viability was quantified by counting
the numbers of live and dead cells according to the images using ImageJ. In addition, the
morphology of cells encapsulated within the bioprinted constructs was visualized using a
laser scanning confocal microscope (1X83, Olympus, Shinjuku-ku, Tokyo, Japan) after F-
actin and nuclei staining (phalloidin/DAPI). Cell proliferation was quantified using
PrestoBlue by measuring the metabolic activity.

2.6. Fourier-transform infrared (FTIR) and nuclear magnetic resonance (NMR) analysis

Crosslinked and uncrosslinked GelMA samples (1.0%, 1.5%, and 2.0%) containing 0.2% PI
and 1.0% CaCl, were prepared by freeze-drying. The FTIR spectra of freeze-dried samples
were measured with a Bruker Microspectrometer (MVertex 70, Bruker Optics Inc, Billerica,
MA, USA). The spectra were recorded between 600 and 4000 cm! by collecting 128 scans
at a 2-cm™L resolution in the ATR mode. Proton NMR (*H NMR) spectra were measured
using a 400-MHz NMR spectrometer (Unity Inova 400, Varian Associates, Varian, Palo
Alto, USA) with automated sampling, locking, shimming, and tuning. Prior to data
acquisition, freezedried samples were dissolved or homogenized (for crosslinked samples) in
1 mL of D,0 at 50 °C. The spectra were processed using iINMR software (Nucleomatica,
Molfetta, Italy). The free induction decays were Fourier-transformed using 8192 points and
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5-Hz exponential broadening. An exponential window function was used to increase signal-
to-noise ratio.

2.7. Statistical analysis

A comparison of values was performed by ANOVA and post-hoc test. Statistical analyses
were conducted with at least 3 independent samples per experiment. Statistical significance
was determined at p<0.05. Data were presented as average * standard deviation.

3. Results and Discussion

3.1. Bioprinting of perfusable alginate microfibrous hollow constructs

Attributing to the rapid gelation property upon contact with CaCl, and superior
biocompatibility, alginate has been widely used as a promising bioink for bioprinting [7, 30].
In this study, alginate hollow microfibers were generated and deposited into 3D constructs
using an extrusion bioprinter viaa core/sheath coaxial nozzle, where the core and sheath
channels of the nozzle were fed with a CaCl, solution and an alginate bioink, respectively
(Figure S1). To facilitate the bioprinting process, a modified printhead was designed, which
allowed for easy installation and detachment of the custom-made core/sheath coaxial nozzle
(Figure S2). The core/sheath coaxial nozzle was assembled by inserting a 27G needle into an
18G needle and fixing the connections using epoxy glue [7, 27]. It should be noted that the
fabrication of a concentric and stable core/sheath coaxial nozzle was the key to the
continuous generation of hollow alginate microfibers. Therefore, the two layers of the nozzle
were carefully aligned during the assembling process, and the nozzle was further heated in
an oven (80 °C) for at least 3 h to stabilize the connections.

The generation of the hollow alginate microfibers was initiated prior to the bioprinting,
where the feeding rates of the CaCl, solution and the alginate bioink should match each
other within a certain range (Figure 2A). Otherwise, the hollow alginate microfibers could
not be continuously produced due to needle clogging, making the bioprinting impossible. To
further ensure successful bioprinting, the extrusion rate of the alginate microfiber and the
nozzle moving speed should also match each other. For example, when the extrusion rate of
the alginate microfiber was higher than the nozzle moving speed, hollow microfibrous
constructs with curvy channels were obtained (Figure 2B-E). Although curvy microfibers
were reported before [14], those with hollow interiors have not been demonstrated. While
irrelevant in the current work, these hollow and perfusable microfibrous constructs with
curvy channels might be useful for certain applications such as mimicking the tubules in the
nephron [31, 32]. When the two speeds were equal, the hollow microfibrous constructs with
straight channels could be generated (Figure 2F,G and Movie S1), and these conditions were
chosen in our subsequent studies. Further enlarging the difference of these two speeds
resulted in the failure of bioprinting because of needle clogging or the dragging of the
deposited microfibers.

We then systematically investigated the influence of bioprinting parameters on the channel
diameter of the alginate hollow microfibers. When the feeding rates of the CaCl, solution
and the alginate bioink (equal rates) were increased from 300 to 600 pL min-1, the channel
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diameter was decreased from 723 + 40 to 583 £ 19 ym (Figure 2H). In addition, the channel
diameter was increased from 469 + 8 to 691 + 37 um by elevating the feeding rate of the
CaCls, solution from 200 to 900 uL min-1 when the feeding rate of the alginate bioink was
500 pL min1 (Figure 21), while the channel diameter was increased from 531 + 61 to 637

+ 64 um by raising the feeding rate of the alginate bioink from 300 to 900 pL min- when
the feeding rate of the CaCl, solution was 500 pL min-1 (Figure 2J). Results also indicated
that lower concentration of alginate led to larger channel diameters (Figure 2K), while the
concentration of the CaCl, solution and the nozzle moving speed did not exert noticeable
influence on the channel diameter in the explored ranges (Figure 2L,M), at feeding rates of
500 mm min-1. Moreover, the thickness of the channel wall was around 100 um, which did
not significantly change when the bioprinting parameters were tuned. Our results indicated
similar trends but different absolute values with those reported in the literature, which is
reasonable due to the size difference of the core/sheath coaxial nozzles used in these studies
[14, 33, 34].

We next bioprinted a 10-layer construct, in which the distance between the contiguous
microfibers was around 2.3 mm (Figure 3A-C). By reducing the distance to 0.0 mm, an
integral piece of construct was bioprinted (Figure 3D-F), in which adjacent microchannels
shared single walls (Figure 3F), indicating that the individual microfibers in the construct
were bonded together. The integration should be attributed to the delayed crosslinking of the
external surface of the microfibers as the calcium ions was gradually diffused from the
interior, thus facilitating the bonding of adjacent microfibers through crosslinking of
alginate. It should be noted that both types of the 10-layer constructs were perfusable
(Movies S2 and S3), but slight deformation of the 10-layer constructs was observed due to
the soft nature of alginate hydrogels that could not act against the gravity. Much thicker
constructs are achievable by further increasing the number of layers, but perfusion is
challenging for these constructs with more than 10 layers because of increased quantity of
sharply curved channels and thus higher hydraulic resistance. Moreover, a perfusable
“MIT”-patterned construct was bioprinted (Figure 3G and Movie S4), indicating the
versatility of the bioprinting process.

More importantly, we found that, by using a customized printhead and nozzle we were able
to remove the nozzle and bioprinted hollow microfibrous construct together upon
completion of the bioprinting process while keeping them still connected, and transfer them
into a polydimethylsiloxane (PDMS) device to enable perfusion by directly fitting the nozzle
onto a syringe (Figures S2 and S3A,B). It should be noted that the connection between the
extruded alginate microfiber and the coaxial nozzle was not strong and was solely dependent
on the residual alginate within the sheath of the nozzle, and thus a movable supporting
device was installed around the middle section of the nozzle and was carefully moved down
to the tip to protect the connection immediately after bioprinting (Figure S4), to ensure that
no force was exerted during the transfer process. In addition, to achieve better connection,
the two syringe pumps should be stopped slightly earlier prior to finishing the bioprinting
process to prevent fluid overflow.

Although perfusion of bioprinted alginate microfibrous hollow constructs has been achieved
before, the connections between the microfibers and the perfusion devices are typically
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created by using a micropositioning system, limiting the concentration of alginate bioinks to
2.0% as lower concentrations would result in hollow microfibers that were too weak to
connect [14, 33, 34]. In comparison, our results indicated that as low as 1.0% alginate bioink
could be bioprinted into perfuable hollow microfibrous constructs, enabling the fabrication
of structures with higher wall porosity, which is crucial for the transport of nutrients,
oxygen, and waste during cell cultures or perfusion studies. Together with the customized
printhead and nozzle, the connection between the bioprinted microfiber and the perfusion
device (i.e., the core/sheath coaxial nozzle used for bioprinting) was formed automatically
during a bioprinting process. This connection could be subsequently protected by the
movable supporting device after bioprinting, allowing for convenient transfer of the
perfusable alginate hollow microfibrous construct into an additional device such as a
bioreactor, potentially serving as a platform for engineering tissues containing perfusion
vascular patterns.

We next conducted perfusion tests of the bioprinted hollow microfibrous constructs (4
layers) using a food dye at a flow rate of 200 uL min-1. As expected, the food dye not only
flowed out from the end of the continuous microchannel of the construct, but also diffused
through the microchannel wall due to the relatively high porosity of the 1.0% alginate bioink
used for the bioprinting. The diffusion process was quantified by calculating the normalized
gray-scale intensity of the areas within the enclosing microfibers using ImageJ, as a function
of perfusion length (the distance that food dye solution has traveled), which was captured
from the recorded perfusion videos (Movie S5). The normalized gray-scale intensity
increased from 1.00 + 0.04 to 1.23 + 0.04 when the perfusion length increased from 0.0 to
63.0 cm (Figure S3C,D and Movie S5), confirming the existence of diffusion during the
perfusion process, which should be attributed to the porous structure of the alginate hydrogel
[35] and the thin thickness of the microchannel wall. It should be noted that, the diffusion
property of these bioprinted hollow microfibrous constructs is critical for their extended
applications in generating vascularized tissues, due to the ability of nutrients, oxygen, and
waste to exchange through the porous walls of the microfibers [35].

3.2. Bioprinting of cell-laden constructs with tunable 3D microenvironments

After characterizing the bioprinting of hollow microfibrous constructs with optimized
parameters, we next investigated the use of the alginate hollow microfibers as templates for
building cell-laden constructs with soft microenvironments. The main change here lies in
that the core of the nozzle was loaded with a GeMA bioink containing CaCl; instead of a
pure CaCl, solution (Figures 1 and S5), while the sheath was still fed with the alginate
bioink. Attributing to the good printability, the alginate microfibers could function to support
and confine the GelMA bioink during the extrusion process, allowing for the subsequent UV
crosslinking to obtain stable cell-laden microfibrous structures. Such a strategy minimizes
the bioprinting requirements for the cell-laden bioinks, making it possible to generate soft
microenvironments by using GelMA bioinks at extremely low concentrations of down to
1.5%. To the best of our knowledge, such a pure GelMA microenvironment of 1.5% is so far
the lowest-attainable using extrusion bioprinting. Previously, the lowest concentrations of
GelMA bioinks achievable through extrusion bioprinting have been limited to 5.0% and
3.0%, as reported by the Burdick group and ourselves, respectively [10, 26].
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We next investigated the mechanical properties of the bioprinted 4-layer GelMAembedded
constructs (12 x 12 mm?2). Specifically, the Young’s modulus increased from 1.17 + 0.04 to
2.40 + 0.36 kPa when the concentration of the GelMA bioinks was elevated from 1.0% to
2.0% (Figure 4A,B), which were comparable to the pure GelMA constructs we reported
before [26], indicating that the structures were relatively stable. The SEM analyses were
additionally performed to study the fine structure of the bioprinted microfibrous constructs.
Images indicated that the 1.0% GelMA constructs only had the surrounding alginate wall
with a very dilute, almost non-existent GelMA network in the interior (Figure 4C),
indicating that the UV crosslinking did not generate measurable GelMA structures in this
case. By contrast, the 1.5% and 2.0% GelMA constructs owned porous structures in the
alginate hollow microfibers (Figure 4D,E). These results are comparable with our previous
reports that lower concentrations of GelIMA resulted in hydrogels with larger pores [26].

To encapsulate cells and initiate the ionic crosslinking of alginate during bioprinting, the
GelMA bioinks in the core of the nozzle were supplied with 1.0% CaCl,, which may exert
negative effects on the encapsulated cells, although GelMA itself has been proven
compatible with various cell types [5, 7]. Therefore, we investigated the influence of CaCl,
on the viability of different cells, including MDA-MB-231 and MCF7 breast cancer cells,
NIH/3T3 mouse fibroblasts, and HUVECs in 24-well plates with media containing the same
concentration of CaCl, for up to 20 min (control samples). Results indicated that CaCl, did
not show significant impact on the viability of MDA-MB-231 cells over the 20-min
treatment, all at above 92.6% + 2.5% (Figures 5A and S6A-E). In comparison, after the 20-
min treatment, the viabilities of MCF7, NIH/3T3, and HUVECs decreased from 94.2.0%

+ 2.8% to 80.4% =+ 0.7%, from 96.2.0% * 1.5% to 77.4% + 3.9%, and from 98.4% + 1.4%
to 87.3% = 5.1.0%, respectively (Figures 5A and S6F-T). These results were in the normal
range and acceptable for various biofabrication techniques [7, 10, 19], showing that our
strategy could be feasible for the bioprinting of soft cell-laden constructs.

To minimize the exposure time of cells in the presence of CaCly, the bioprinted constructs
were washed with HBSS immediately after UV crosslinking, and the entire bioprinting
process was completed within approximately 10 min. The cell viabilities post-bioprinting at
Day 1 were characterized by Live/Dead staining, which were in general lower than those of
the control samples. We noticed that the cell viabilities were quite low (from 43.4% + 3.9%
to 63.4% = 3.8% for MDA-MB-231, MCF7, NIH/3T3, and HUVECSs) when the cores were
fed with 1.0% GelMA bioink, which could be ascribed to the lack of cell-anchoring points
as the 1.0% GelMA bioink could be barely crosslinked (Figures 5B and S7A-D). In contrast,
the cell viabilities were significantly enhanced to the range between 64.6% + 5.6% and
88.7% + 4.0% for MDA-MB-231, MCF7, NIH/3T3, and HUVECs when the cores were fed
with 1.5% and 2.0% GelMA bioinks (Figures 5B and S7E-L). It should be noted that the
1.0% GelMA bioink could barely form hydrogel through UV crosslinking, while the 1.5%
and 2.0% GelMA bioinks resulted in successful formation of hydrogels, which could be
indicated by the aggregation of the encapsulated cells (Figure S7A-D) and the uniform cell
distributions (Figure S7E-L), respectively. According to the FTIR spectra, no significant
difference of crosslinking efficiency was observed among the different concentrations
investigated (Figure S8), while the TH NMR spectra indicated that the crosslinking
efficiency was quite high for the 1% GelMA bioink (Figure S9). Therefore, we believe that
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the failure of hydrogel formation through UV crosslinking in the case of 1% GelMA bioink
should be attributed to the insufficient density of the crosslinked polymer network but not
the crosslinking efficiency. Furthermore, we quantified the proliferation of the laden cells by
measuring the metabolic activities using Prestoblue. Overall, the proliferation of most cells
in the bioprinted constructs remained an increasing trend (Figure 5C-F). Exceptions include
the 1.0% GelMA constructs with MDA-MB-231 cells, and 2.0% GelMA constructs with
HUVECs, potentially indicating that different cells may have their preferred
microenvironments and stiffness [36, 37].

Morphological analyses were next performed. Without a sufficiently crosslinked network of
GelMA at 1.0% concentration, the encapsulated cells could barely attach (Figure 6A). In
comparison, higher concentrations (1.5% and 2.0%) of GelMA provided favorable 3D
microenvironments for the cells to adhere, spread, proliferate, and interact (Figure 6B,C).
Confocal images indicated that MDA-MB-231 cells tended to aggregate in the 1.0% and
1.5% GelMA constructs (Figure 6D-G), and smaller aggregates were found in the 2.0%
GelMA constructs (Figure 6H,1). MCF7 cells exhibited spreading in the 1.0% and 1.5%
GelMA constructs but much less spreading in the 2.0% GelMA constructs (Figure S10A-C).
For NIH/3T3 fibroblasts and HUVECs, considerable cell spreading only appeared in the
1.5% GelMA constructs (Figure S10D-I). In summary, all the cells displayed normal
spreading in the microenvironments with intermediate concentration of 1.5% GelMA. While
only cancer cells of MDA-MB-231 and MCF7 showed spreading in the 1.0% GelMA
constructs, probably attributed to their higher resistance to harsh environments than normal
cells. In contrast, cell spreading was limited in microenvironment of 2.0% GelMA with
relatively strong mechanics. These observations on the cell morphology were in good
agreement with the viability and proliferation data (Figure 5B-F), again suggesting the
varying microenvironmental effects on different cell types.

To enable sufficient cell spreading, microenvironments tunable towards low stiffness and
containing biologically active motifs are usually desired, which seldom satisfy the
requirements for conventional 3D bioprinting due to the weak mechanical properties of these
hydrogels in serving as bioinks. In addressing such a challenge, templating strategies have
been employed for the bioprinting of cell-laden constructs with soft microenvironments [2,
3, 24]. In a recent work, collagen/alginate constructs were bioprinted via an aerosol
crosslinking strategy [24]. However, since the aerosol crosslinking process was relatively
slow, this strategy necessitated pre-crosslinking of the alginate bioink by mixing it with
CacCls, prior to bioprinting to achieve structural fidelity, making it more complicated
comparing to our approach. As such, the concentration of the alginate bioink was limited to
4.0%, which could inhibit the diffusion rate and thus the transport of nutrients, oxygen, and
wastes through the alginate sheath. Indeed, although proliferation of osteoblast-like cells and
human adiposederived stem cells (hASCs) were demonstrated, spreading only occurred in
some cells after a 20-day culture. In comparison, our bioprinting strategy with low-stiffness
GelMA interiors and low-concentration alginate sheaths facilitated the spreading of the
embedded cells within relatively short periods of time.

To this end, our strategy could open an alternative way to bioprint cell-laden constructs that
allow for enhanced cellular activities such as proliferation and spreading. The results
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indicated that the bioprinted constructs may be suitable for encapsulating various cell types
while maintaining an integral structure due to the existence of the alginate sheaths
surrounding the microfibers as templates, which could be rarely achieved through other
reported strategies [10, 19]. It should be noted that, the bioprinted GelMA microfibrous
constructs were surrounded and thus separated by alginate sheaths, which would collapse
without the sheaths. Therefore, the alginate templates were not removed in any case in our
study to support the structures of the bioprinted constructs. While GelMA was used to
demonstrate the concept, it is further possible to adapt other hydrogel materials, such as
collagen [24], fibrin, and Matrigel as the internal bioink for desired applications.

One main limitation of the technology lies in the fact that, the cells have to be dispersed in
bioinks containing 1.0% CaCl,, which may exert negative effects on the cells, necessitating
fast completion of the bioprinting process followed by extensive wash with buffer solutions.
In addition, generation of dendroid structures using such co-axial extrusion bioprinting
strategies has been historically challenging, which is a limitation in our approach as well.
Nevertheless, we foresee that with additional optimization, our strategy could be generalized
to bioprint 3D constructs with cell-favorable microenvironments for widespread applications
in tissue engineering and pharmaceutical screening.

4. Conclusions

We have developed a strategy to generate cell-laden GelMA constructs with tunable and
favorable microenvironments for various cell types by coaxial extrusion bioprinting of
GelMA/alginate core/sheath microfibers, where the alginate sheath serves as a template to
support and confine the GelMA hydrogel in the core to allow for subsequent UV
crosslinking. This strategy could minimize the bioprinting requirements for the bioinks used
in the core, facilitating the fabrication of cell-laden GelMA constructs at extremely low
concentrations (<2.0%), which is challenge using conventional bioprinting strategies.
Indeed, such constructs based on GelMA alone are not structurally stable and have not been
possible to bioprint to date as they are too soft to overcome their gravity [10, 19]. It is
further worth noting that this strategy enables a high degree of control over the 3D
microenvironments for the encapsulated cells of various types, which has been difficult to
achieve with conventional bioprinting strategies [7, 10, 19].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic diagram showing the strategy of bioprinting GelMA/alginate core/sheath

microfibers into 3D constructs with tunable microenvironments.
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Figure2.
Bioprinting performance of alginate bioinks. A) Printability map showing the effect of

feeding rates of the CaCl; solution and the alginate bioink. B-G) Photographs showing
bioprinted hollow constructs with curved and straight channels, the feeding rates of the
CaCl, solution and the alginate bioink (equal rates) were (B, C) 900 L min1, (D, E) 700 pL
min1, and (F, G) 400 uL min-1. H-M) Channel diameter of the hollow constructs as a
function of (H) feeding rates of the CaCl, solution and the alginate bioink (equal rates), (1)
feeding rate of the CaCl, solution, (J) feeding rate of the alginate, (K) concentration of the
alginate bioink, (L) concentration of the CaCls, solution, and (M) nozzle moving speed.
Unless otherwise noted, the concentration of the CaCl, solution and the alginate bioink, the
feeding rates of the CaCl, solution and the alginate bioink (equal rates), and the nozzle
moving speed were kept constant at 6.0% and 1.0%, 500 uL min-! and 500 mm min-1,
respectively. The core-sheath nozzle was made using 23G/28G needles.
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Figure 3.
Bioprinting of 3D hollow microfibrous constructs. A-F) A 10-layer construct with a distance

between the contiguous microfibers of (A-C) 2.3 mm, and (D-F) 0.0 mm. G) A perfusable
“MIT”-patterned construct.
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Figure 4.
Bioprinting of GelMA/alginate core/sheath constructs with tunable microenvironments. A)

Stress-strain curves of the bioprinted constructs with different concentrations of GelMA. B)
Young’s modulus of the bioprinted constructs. C-E) SEM images of the bioprinted GelMA/
alginate constructs after freeze-drying showing the porosity of the cores: (A) 1.0% GelMA,;
(B) 1.5% GelMA; (C) 2.0% GelMA.
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Figureb.
Cell viability and proliferation. A,B) Quantified viability of cells (A) cultured in 24- well

plates over a 20-min incubation using media containing 1.0% CaCl, and (B) in bioprinted
constructs (Day 1). C-F) Quantified proliferation of cells over a 9-day culture period, for (C)
MDA-MB-231, (D) MCF7, (E) NIH/3T3, and (F) HUVECs.
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Figure 6.
Cell spreading in the bioprinted constructs. A-C) Schematic diagram showing the structures

of (A) 1.0% GelMA constructs, (B) 1.5% GelMA constructs, and (C) 2.0% GelMA
constructs. D-1) Fluorescence images showing MDA-MB-231 cells stained for F-actin and
nuclei at Day 9, in bioprinted constructs of (D,E) 1.0% GelMA, (F,G) 1.5% GelMA, and
(H,1) 2.0% GelMA.
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