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Abstract

In situ bioprinting—the process of depositing bioinks at a defected area, has recently emerged as a
versatile technology for tissue repair and restoration via site-specific delivery of pro-healing
constructs. The ability to print multiple materials in situ is an exciting approach that allows
simultaneous or sequential dispensing of different materials and cells to achieve tissue biomimicry.
Herein, we report a modular handheld bioprinter that deposits a variety of bioinks in situ with
exquisite control over their physical and chemical properties. Combined stereolithography 3D
printing and microfluidic technologies allowed us to develop a novel low-priced handheld
bioprinter. The ergonomic design of the handheld bioprinter facilitate the shape-controlled
biofabrication of multi-component fibers with different cross-sectional shapes and material
compositions. Furthermore, the capabilities of the produced fibers in the local delivery of
therapeutic agents was demonstrated by incorporating drug-loaded microcarriers, extending the
application of the printed fibers to on-demand, temporal, and dosage-control drug delivery
platforms. Also, the versatility of this platform to produce biosensors and wearable electronics was
demonstrated via incorporating conductive materials and integrating pH-responsive dyes. The
handheld printer’s efficacy in generating cell-laden fibers with high cell viability for site-specific
cell delivery was shown by producing single-component and multi-component cell-laden fibers. In
particular, the multi-component fibers were able to model the invasion of cancer cells into the
adjacent tissue.

1. Introduction

Since its inception in the mid-1980s, three-
dimensional (3D) printing has emerged as a trans-
formative tool that can benefit and advance medicine
by rapidly prototyping medical devices, implants,
drug delivery systems, and complex tissues [1].

© 2023 The Author(s). Published by IOP Publishing Ltd

Notably, engineering artificial tissues from cells,
biomaterials, and bioactive molecules has many
applications in biology and medicine [2, 3]. These
engineered tissues are used to understand disease
formation and progression or to develop biological
substitutes to repair or replace damaged organs.
Lab-grown tissues can also be utilized to develop
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humanized in vitro models to validate drug safety
and efficacy [2, 4]. Accurate deposition of bioinks is
typically accomplished by a variety of techniques that
include micro-extrusion- [5], droplet- [6], inkjet-
[7], microfluidic(-assisted)- [8], and light-based 3D
printing [9]. The structural, physical, and biological
properties of bioprinted constructs can be controlled
through rational design of bioinks and selection of
the most suitable printing method(s) to mimic the
native tissue function. Indeed, recapitulating the
multiscale complexities of tissues requires advanced
technologies that involve high-resolution printing of
multiple bioinks and creating sophisticated multi-
luminal structures [10].

Printing tissues in dishes for organ transplanta-
tion face a few practical challenges, including consid-
erable processing times, the need for perfusable biore-
actors that mimic the in vivo environment for tissue
maturation, and inadequate mechanical properties of
the final construct that impede its manipulation post-
fabrication [11]. In situ bioprinting—the process of
depositing cells and biomaterials directly into the site
of injury—can potentially be used to overcome these
challenges for some applications. In this approach,
cell and bioink deposition can typically be achieved
via robotic arms or handheld printers that deliver
materials onto the surface. Subsequently, the body
itself acts as a bioreactor to mature the tissue/organ.
Moreover, because the tissue will be implanted in the
body, no further manipulation of the final construct
is needed [12]. More recently, handheld bioprint-
ing technologies have been evolving rapidly due to
their inherent advantages over both conventional
and in situ bioprinting. This approach enables dir-
ect control over biomaterial deposition, eliminating
the requirement for medical imaging to generate a
3D model of the implant. This significantly reduces
the amount of equipment required during use and
removes the limitations associated with computer-
aided control for printing constructs directly on the
wound site [13].

In a pioneering study, O’Connell et al developed
a handheld device consisting of a custom titanium
dual-channel collinear (side-by-side) printhead, each
connected to a different bioink cartridge powered
by a pressure regulator for pneumatic extrusion
and a ultraviolet (UV) light source for crosslinking
[14]. Their device is capable of generating dual-
material, co-linear fibers as well as fibers with dual-
material compositional gradients using a gelatin
methacryloyl (GelMA)/hyaluronic acid methacrylate
(HAMA) based bioink. While this platform was light-
weight, small, and allowed for the generation of con-
structs comprised of up to two materials, it was
limited to photocrosslinkable bioinks. Being made
with selective laser melded 3D printed titanium, the
device’s extruder is expensive to fabricate. Further-
more, the group noted that the pressure needed to
be constantly adjusted to maintain a constant flow
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rate due to variations in temperature caused by the
heat from the user’s hand. Ying et al developed a sim-
ilar portable, handheld bioprinter capable of depos-
iting cell-loaded photocrosslinkable bioink in situ
[15]. The device was comprised of a 3D-printed
compact, handheld syringe pump with an array
of UV light-emitting diodes (LEDs) aimed at the
tip of the syringe. They demonstrated the abil-
ity to print constructs composed of fibroblast cells
as well as human umbilical vein endothelial cells
embedded in a pore-forming GelMA/poly(ethylene
oxide) (PEO) two-phase emulsion bioink with high
cell viability. However, this design was limited to
generating homogeneous, single-material constructs
and was only compatible with photocrosslinkable
bioinks. Moreover, having the stepper motor, batter-
ies, and all other electrical and mechanical compon-
ents enclosed in the device adds a significant amount
of size and weight, negatively impacting ergonom-
ics and comfort, thus hindering long-term operation.
Duchi and coworkers further developed this plat-
form with the addition of a co-axial printhead which
allowed the generation of cell-embedded core/shell
GelMA/HAMA bioscaffolds with high cell viability
[16]. They also replaced their pressure-driven extru-
sion mechanism with a mechanical system with two
stepper motors acting as syringe pumps mounted dir-
ectly on the device. While this extrusion mechanism
allowed for a constant flow rate, irrespective of the
temperature or viscosity of the material, the need for
an individual stepper motor for each material also
has a significant impact on the size and weight of
the device, hindering the possibility of creating more
complex printheads with more than two materials.
Other groups including Tamayol and Sinha, extended
the applications of handheld bioprinters to wound
healing [17] and skeletal muscle [18] and achieved
remarkable outcomes in animal models.

The ability to print large quantities of bioinks
offers the advantage of covering large tissue areas
quickly, a feature that is desired for treating large
injuries such as burn wounds. To this aim, Hakimi
et al developed an extrusion-based handheld skin
printer capable of in situ deposition of biomaterial or
skin tissue sheets from a microfluidic cartridge [19]. A
stepper motor and onboard syringe pumps were used
to control the bioink/crosslinking agent flow rates and
deposition speed from the 3D printed microfluidic
cartridge. This device enabled conformal printing
of spatially-organized inks carrying dermal and epi-
dermal cells into flat and curved surfaces. Addition-
ally, it was compatible with various types of bioinks
including alginate, fibrin, collagen type 1, and hya-
luronic acid where an ionic or enzymatic crosslink-
ing approach could be adopted to aid the gelation of
the cell-laden sheet. Despit exciting results, his tech-
nology was limited to either homogeneous, or simple
dual-material chemical compositions and rudimental
fiber morphologies, not necessarily mimicking the
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multicellular and complex tissues found in the body.
Moreover, it was only compatible with a narrow
range of biomaterials, and required a rigorous fab-
rication process, all of which restrict their range of
applications.

In this work, we proposed a handheld bioprinter
capable of depositing multiple materials with pre-
cise control over their spatiotemporal physicochem-
ical properties. Multi-material bioprinting is an excit-
ing approach for improving tissue biomimicry dur-
ing the printing process as this approach enables
simultaneous or sequential dispensing of different
materials and cells [2, 20]. The handheld bioprinter
reported herein is modular and equipped with a
mountable light-emitting compartment that facilit-
ates printing photo-crosslinkable bioinks. Further, we
have designed a passive temperature control mod-
ule that maintains the temperature of cartridges for
extended periods, allowing for long-term printing of
viscous bioinks. Multi-material printing is achieved
by means of multi-channel printheads with complex
fluidic circuitry that enable creating complex flows of
several bioinks in microscale. The versatility afforded
by the modular assembly and wide range of configur-
ations of the rapid-prototyped printheads allow for
the fabrication of microfibers with diverse composi-
tions and geometries. We showcased the widespread
use of this platform by printing multiple cells, drug-
releasing meshes, and sensors.

2. Results and discussion

2.1. Modular handheld printer enables depositing
fibers with controlled biochemical and biophysical
features

We combined high-resolution stereolithography
(SLA) 3D printing and microfluidic technologies to
develop an inexpensive, modular handheld bioprint-
ing system (figure 1). The device is composed of (i)
a printhead made with a high-resolution resin SLA
3D printer, (ii) pneumatic syringe cartridges adapted
for hydraulic extrusion, (iii) a 3D printed cartridge
enclosure, (iv) a mountable photocrosslinking sys-
tem composed of a 3D printed case with an array
of inexpensive 3 mm 405 nm LEDs (light emitting
diodes), and (v) an array of external syringe pumps
for hydraulic material extrusion. We demonstrated
the versatility of this system by printing fibers with
various shapes and material configurations, includ-
ing different cross-sectional shaped fibers, grooved
fibers, hollow fibers, multi-component fibers with
material gradients along the fiber length or cross-
section, co-axial, tri-axial and multiple-core fibers
(figures 1(A) and (B)). Our platform also introduces
a hydraulic-driven extrusion mechanism. This mech-
anism was chosen over current handheld extrusion
mechanisms, such as pressure-driven extrusion [14]
since the flow rate can be directly set on the syringe
pump and remains constant regardless of the viscosity
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and temperature of the bioink, eliminating the need
to adjust pressure values for different bioinks and
temperature variations, which can be an arduous pro-
cess, especially for low viscosity materials. Further-
more, having the syringe pumps separate from the
device significantly reduces its size and weight com-
pared to direct motor-driven extrusion mechanisms
[15, 18], resulting in a more ergonomic and comfort-
able design for improved long-term operation while
allowing for the addition of multiple materials and
maintaining a compact form factor. This hydraulic
approach also makes our device more accessible, as it
is compatible with any commercial or ‘DIY” syringe
pump system. Furthermore, we also incorporated
drug carriers, biochemical and biophysical cues to
demonstrate the versatility of the handheld bioprinter
in developing spatiotemporal drug delivery modules
and wearable biosensors. Additionally, the proof of
principle demonstration for the in situ printing of
single-core and dual-core cell-laden fibers were illus-
trated to further extend the versatility of this platform
in various biomedical applications.

2.2. Handheld printer for delivering multiple drugs
The bioprinted fiber can carry biologically active
molecules such as drugs, growth factors and proteins
for local delivery to the injury site to promote heal-
ing rate. We aimed to show that this system could
be tailored to be used as a platform for the tem-
poral and dosage-control delivery of different bio-
molecules (figure 2(A)). This feature allows us to pre-
cisely control over the release rate as well as deliver
multiple agents during the healing period. This was
achieved by printing fibers made of poly(ethylene
glycol) diacrylate (PEGDA)-Laponite carrying dif-
ferent concentrations of poly(lactic-co-glycolic acid)
(PLGA) particles (3, 6, 9 mg ml™!), which were
loaded with Rhodamine B (Rd) or 40 kDa fluor-
escein isothiocyanate-dextran (FITC-Dextran). The
single-channel printhead was used to print both fiber
types onto a petri dish, followed by photocrosslink-
ing by illuminating 405 nm light at 20 mW cm ™~ for
5 min.

As shown in figures 2(B) and (C), both profiles
showed that the concentration of PLGA inside the
fibers significantly impacts the dosage of released
drug. These results indicated that the fiber with
a PLGA concentration of 3 mg ml~! released
246 473 ugml~' and 54 1 ngml ™! of FITC-Dextran
and Rd, respectively, in five days, while these numbers
increased to 6120 &= 125 ngml~! and 17 2 ng ml ™~}
in the same time course for the fibers with 9 mg ml~!
PLGA concentration.

To demonstrate the capability of the handheld
printer to produce fibers for on-demand drug release,
we incorporated temperature-responsive Poly(N-
isopropylacrylamide) (PNIPAM) microparticles in
the printed fibers to trigger the release of bio-
molecules by an external stimulus (temperature).
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Figure 1. (A) Schematic of the design of the handheld bioprinter. (B) Schematic of the individual components of the device.
(C) (i—xii) Cross-sectional views and (xiii—xv) photographic images of the different kinds of fibers produced with the different
printhead configurations allowed by our platform. (D) Demonstration of handheld, in situ multi-material bioprinting on a
curved surface. (E) Handheld bioprinted constructs produced on pig skins with various wound shapes. (F) Demonstrating the
feasibility of producing complex constructs using multi-material printing.

To this end, we printed PEGDA-Laponite fibers
loaded with PNIPAM microparticles. The PNIPAM
microparticles were produced and loaded with FITC-
Dextran according to our previously developed

protocols [21]. As shown by figure 2(D), the FITC-
Dextran release profile demonstrated a temperature-
responsive behavior in which an increase in tem-
perature from 20 to 42 °C resulted in significantly
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Figure 2. (A) Photographic image of handheld bioprinter printing a multi-material construct directly on an artificially made

pig skin wound. Cumulative release of (B) FITC-loaded and (C) Rhodamine-loaded PLGA microparticles embedded in
PEGDA-Laponite fibers with concentrations of 3, 6, and 9 mg ml~! of microparticles in the fiber. (D) Cumulative release of
FITC-loaded thermoresponsive PNIPAaM microparticles embedded in PEGDA-Laponite fibers, maintained at 20, 37, and 42 °C.
(E) Schematic of tri-material printhead and microscopy image of the cross-section of the printed fiber. (F) Cumulative release of
three-material fiber with BSA, FITC-Dextran and Rhodamine-loaded PLGA microparticles, embedded in each side of the fiber.
The experiment was carried out with minimum of three replicates (n = 3). Results presented as mean £ SD (*p < 0.05,

higher diffusive flux of FITC-Dextran into the release
medium. Later in this manuscript, we will show
that electroconductive materials can be incorpor-
ated in the printed fibers, which can be used as an

electronic system for facilitating heat-trigger drug
release by altering the temperature. Equipping this
temperature-responsive drug delivery composition
with an electronic system allows for the activation
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Figure 3. (A) Schematic images of the cross-sectional view and the tip of the dual-material printhead. Microscopy images of
DAPI/Vimentin staining of (B) a monoculture of fibroblasts and (C) a co-culture of fibroblasts and HaCaT cells in each side of a

GelMA-alginate fiber after (i) 1 and (ii) 7 d of culture.

of drug release from each individual fiber, providing
precise control of the drug dosage by triggering an
adequate quantity of drug-eluting fibers.

To demonstrate the ability to produce multi-
compartment fibers loaded with different molecules
in each compartment, we studied the release of a
small drug model Rd, a growth factor model (FITC-
Dextran) and a large protein model (bovine serum
albumin (BSA)) from tri-material, side-by-side fibers
over the time course of two weeks. All three molecules
were loaded in PLGA microparticles and suspen-
ded in separate solutions of PEGDA 7.5% (w/v) to
create three bioinks, each loaded with a different
molecule. The three bioinks were fed onto each chan-
nel of the printhead (figure 2(E)), and printed onto
a petri dish, photocrosslinking immediately upon
deposition using the LED module.

The release profile of Rd-loaded PLGA carriers
from the printed fiber showed a linear cumulative
release to the level of 21.1 + 3.2 (%) during the
release period (figure 2(F)). The results indicated the
size of the biomolecules had a significant impact on
the release rate. The release rate of Rd reached sig-
nificantly higher levels than BSA and FITC-Dextran,
owing to the smaller size of Rd, which facilitates its

flux from the pores presented in the PLGA micro-
particles and oriented fiber.

2.3. Multiple cells printing for co-culture studies

To demonstrate that our engineered handheld
bioprinter has the capability to print multicell-laden
fiber, we used a dual-material printhead that pro-
duced side-by-side materials in a single strand of a
fiber (figure 3(A)). To this end, fibroblast and HaCaT
cells were suspended each in a separate bioink com-
posed of 1, 5, and 0.3% (w/v) alginate, GelMA, and
lithium phenyl-2,4,6-trimethyl-benzoyl phosphinate
(LAP), respectively. A mono-culture fiber configur-
ation was made by feeding fibroblast-loaded bioink
into both channels of the printhead. Separately, a
co-culture fiber configuration was made by feed-
ing fibroblast-loaded bioink through one channel,
and HaCaT-loaded bioink through the other chan-
nel. Both channels merged into a single one before
reaching the printhead’s tip. The cell-laden fibers
were wet spun into CaCl, 1% (w/v) in PBS solu-
tion, while simultaneously photocrosslinking with
the LED module at 80 mW cm 2. The encapsulated
cellsin the fibers were visualized and distinguished via
staining nuclei with 4’,6-Diamidino-2-phenylindole
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dihydrochloride (DAPI) and mesenchymal cells with
vimentin (figures 3(B) and (C)). The confocal images
showed that after 7 d of culture, both cell types popu-
lated across the fiber. Figure 3(B) shows that the fibro-
blast cells (stained positive with DAPI and Vimentin)
completely covered the fiber after 7 d of culture in
the mono-culture configuration. On the other hand,
figure 3(C) shows that in the co-culture configura-
tion, clusters of HaCaT cells (stained positive with
DAPI) were formed in the right half of the fiber,
while the fibroblast cells not only spread across the
left half of fiber, but also partially infiltrated into
the right half. Post-fabrication live/dead images of
the produced fibers revealed that the majority of cells
stained with calcein (live) implying that the fabric-
ation technique had small effect on the cell viability
(supplementary info—post-printing viability). Pre-
viously, Mirani et al [22] showed that UV crosslinking
of cell-laden fibers can cause cell death and a reduc-
tion in the cell viability rate to less than 50%. Yet,
our design’s ultrafast, visible light photocrosslink-
ing approach reduced the cell death caused by UV
exposure.

2.4. Handheld printing of photocrosslinkable,
cell-laden GelMA fibers

Photocrosslinkable polymers such as HAMA [23] and
GelMA, [24] as well as polyethylene glycol deriv-
ates like PEGDA [25] hold great potential to be
used in fabricating 3D cell-laden tissue models. It
should be noted that the constructs made of pho-
tocrosslikable polymers have been shown to have
high printing resolution [26]. Furthermore, the spa-
tiotemporal control along with the low-temperature
production mode offered by these photocrosslink-
able bioinks facilitate 3D printing of complex cell-
laden structures [27]. However, cell death caused
by UV light irradiation and cytotoxicity induced by
the photoinitiator (PI) is a challenge associated with
3D printing of cell-laden photocrosslinkable poly-
mers. This fact highlights the importance of optim-
izing the dosage of PI and light parameters such as
wavelength, intensity, and irradiation time to minim-
ize these side effects [28]. Our system offers an ultra-
fast photocrosslinking approach using a low-cost LED
sleeve (figures 4(A)—(D), movie 1). To demonstrate
this feature, 3 million C2C12 cells were suspended in
a 1 ml solution composed of 10% GelMA solution
with 0.3% LAP and printed into rectilinear scaffolds.
The nuclei and actin microfilaments of C2C12 cells
encapsulated in the printed construct were visualized
by DAPI/actin staining (figures 4(E) and (F)) and
demonstrated cell spreading within bioink after 8 d
of culture. The confocal image taken after one day
showed an even 3D distribution of cell throughout the
fiber (figure 4(G)). Notably, the results demonstrated
that many of C2C12 cells developed a myotubule
morphology by day 8. Post-printing cell viability was

E Pagan et al

confirmed by an increase in the metabolic activity of
cells encapsulated in bioprinted constructs up to two
days (figure 4(H)). Taken together, these findings sug-
gested that the printing technique did not cause any
damage to the cells and that the cells were able to grow
and proliferate once the printing process was com-
pleted.

To assess the suitability of these microfibers for
cardiac tissue engineering, cardiomyocytes (CMs)
isolated from neonatal mice were bioprinted using
the handheld printer and the photocrosslinkable
bioink. Cell functional properties were evaluated
by immunofluorescence staining for DAPI/Act-
in/Troponin and beating properties of the con-
structs. The printed constructs showed a high
level of Troponin T expression, demonstrating a
high level of live CMs present within the fiber.
CM-laden GelMA microfibers showed elongated
and rod-shaped morphology of structural protein
(F-actin) and contractile protein (Troponin-T),
demonstrating relevant CM phenotype (figures 4(I)
and (J), movie 2). The cells also exhibited beating
after 5 d of culture (movie 3). Overall, our res-
ults indicated the feasibility of using the handheld
bioprinter to create constructs for cardiac tissue
engineering.

2.5. Coaxial bioprinting of cell-laden GelMA/
alginate bioinks

Co-axial bioprinting has been widely used to cre-
ate constructs from low-concentration bioinks [22].
The sheath flow often constitutes a crosslinking agent
that rapidly cures the bioink while it leaves the print-
head. The presence of the sheath flow also reduces the
effect of wall shear forces being applied to cells, thus
enhances post-printing cell viability [2]. The ability
of our handheld bioprinter to create cell-laden con-
structs using co-axial flow printing is demonstrated
by printing a composite bioink made of alignate
and GelMA. The feasibility of this printing approach
was demonstrated using two cell lines, including 3T3
fibroblasts and mouse CMs. We used CaCl, 1% (w/v)
as the crosslinking agent through the sheath chan-
nel. Live/Dead assay was performed after 1 and 7 d,
demonstrating high cell viability of more than 90%
(figure 5(A-i)). Initially the cells were more rounded,
but after 7 d, they showed a more elongated struc-
ture (figure 5(A-ii)). Separately, CMs were encapsu-
lated in the bioink and printed in the same coaxial
configuration. A live-dead assay also showed great
cytocompatibility of the bioink after 7 d of culture
(figure 5(B)).

2.6. Dual-core, multi-material fibers for tumor cell
invasion

The handheld bioprinter was also used to pro-
duce hydrogel fibers with multiple cores, which
enables creating multicellular structures. To showcase
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Figure 4. (A) Schematic image of the handheld bioprinter in its single-channel configuration with the mounted LED
photocrosslinking module printing on a wound. (B) Schematic image of the tip of the printhead with the mounted LED module.
(C) Photographic image of the device printing a two-layer, fluorescent dye-loaded GelMA mesh, immediately photocrosslinked
upon printing by the LED module. (D) Photographic image of a printed and crosslinked cell-loaded GeIMA mesh. (E) (i, ii)
Live/Dead microscopy images of a C2C12-loaded GelMA fiber after 1 d of culturing. (F) DAPI/Actin microscopy images of the
printed cell-loaded GeIMA meshes after (i) 1 d and (ii) 8 d of culturing. (G) Side projection of the cell-loaded GeIMA fiber.

(H) Relative fluorescence intensity of the cell-loaded GelMA meshes after 1 and 2 d of culturing (n = 3, *p < 0.05). (I) Live/dead
assay of CMs encapsulated in GelMA bioink after 7 d of incubation. (J) DAPI/Actin/Troponin assay of CMs encapsulated in

GelMA bioink after 5 d of incubation.

this capability, we produced constructs made of
double-core fibers with GelMA 5% (w/v) in each core
channel and a blend of GelMA 5% (w/v)/ alginate
1% (w/v) in the sheath channel. SKOV-3 cells were
encapsulated into one of the core bioinks and human-
derived fibroblast cells were encapsulated into the
adjacent core to emulate a cancer-stroma microen-
vironment. The invasion profile of cells with and
without fibroblasts was compared using a mono-
culture of SKOV-3 cells encapsulated in one core. The
fluorescent images of the tumor and stromal cells
inside the fibers revealed a time-dependent invasion
pattern of the tumor cells into the matrix from the
GelMA core of the fibers (figures 6(B) and (C)). This

method enabled the production of meters of multi-
core fibers for analysis (figure 6(D)). Cell prolifera-
tion was indicated by metabolic activity measurement
in both mono- and co-culture conditions, with co-
culture systems demonstrating a higher rate of pro-
liferation (figure 6(E)). The increased proliferation
in the co-culture group was due to a greater num-
ber of cells, demonstrating that the printing technique
had no effect on cell viability post-printing. After
3 d of culture, invasion length analysis revealed that
SKOV-3 cells invaded longer when co-cultured with
fibroblasts (figure 6(E)). This finding is in line with
previous studies that demonstrated the role of cancer-
associated fibroblasts on tumor growth and invasion
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(iii) DAPI/Actin/Troponin assay after 5 d of culture of CMs encapsulated in GelMA/alginate bioinks using coaxial printhead.

[29]. Based on these findings, constructs made of
multi-core fibers can be used an in vifro tool to
model tumor microenvironment for drug screening
applications.

2.7. Handheld printing of luminal constructs

Creating luminal constructs has major implications
in tissue engineering and regenerative medicine. Cre-
ating highly vascularized tissues is central to the pro-
duction of functional tissues with clinically relev-
ant dimensions. Further, numerous tissues in the
body are made of luminal structures that act as
a physical and chemical barrier to ensure proper
body function. Reproducing such structures requires
a method that enables formation of hollow tubes that
are perfusable [30]. To produce perfusable hollow
fibers, we used a coaxial printhead to deposit core—
shell fibers featuring a sacrificial core and a bioink
shell (figure 7(A)). Our platform enabled the con-
venient manual deposition of perfusable fibers to gen-
erate constructs in various shapes and configurations
(figures 7(B)—(G), movies 4-10) or three dimensions
(figures 7(C) and (F)). Coaxial and dual-core print-
heads were used to demonstrate the feasibility of fab-
ricating single-channel (figures 7(B)—(F)) or mul-
tichannel (figure 7(G)) hollow, perfusable vascular
structures with consistent or varying diameters. To
fabricate hollow fibers, an aqueous solution com-
posed of alginate 2% (w/v) and Laponite 6% (w/v)
bioink was flowed through the sheath channel while
a solution of Poly(vinyl alcohol) (PVA) 10% (w/v)
and CaCl, 1% (w/v) ran through the core channel(s)
to induce ionic crosslinking of the alginate. Lapon-
ite was used in the alginate bioink to maintain struc-
tural integrity during fiber crosslinking. The outer
and inner fiber diameters can be tuned by varying
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the core and sheath flow rates, as well as the printing
speed (figure 7(D)).

2.8. Printing of biosensors

Implantable and wearable sensors hold great prom-
ise for continuous wound monitoring. The hand-
held bioprinter was used to demonstrate the ability
to print sensors directly into the site of the injury.
pH is one of the indicators of the skin’s physiolo-
gical condition and can serve as an effective real-time
monitoring system. Previously we have developed
color-changing pH sensor array for early detection
of bacterial infections in wounds using image pro-
cessing applications and smartphones [31]. In this
approach, beads carrying a colorimetric pH-sensitive
dye are incorporated in alginate 2% (w/v)/Laponite
6% (w/v). Figure 8(A) demonstrates the direct depos-
ition of a pH-responsive colorimetric sensor on the
generated artificial pig skin. As shown by the photo-
graphic image of the sensors exposed to buffers with
different pH, the color of sensors changed from col-
orless to dark blue in response to variations in pH
within the range of 7-8.75 (figure 8(B)). This method
can be served as a point-of-care device to continu-
ously monitor pH level of the defect area and exam-
ine the healing process. To extend the application
of this platform, graphene oxide has been added to
the starting alginate/Laponite bioink to induce elec-
tro conductivity to the printed fiber. This feature is
widely applicable in developing biosensors, wearable
or implantable bioelectronics, and heating element
to trigger on-demand temperature-responsive drug
release [32]. Furthermore, electroconductive hydro-
gels are versatile platforms for engineering neural and
cardiac tissue [33]. This is because the stimulation
of cellular behavior (i.e. differentiation, migration,
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Figure 6. Schematic images of (A) the cross-sectional view and the tip of the dual-core printhead. Live/Dead fluorescent
demonstration of invaded SKOV-3 cancer cells in dual-core GelMA/Alginate fibers from day 1 to day 3 in (B) monoculture of
SKOV-3 cells, (C) Co-culture of SKOV-3/HNDEF cells. (D) Photographic image of wetspun dual-core GelMA-alginate fibers, with
each core loaded with either red or green fluorescent dye. (E) Relative fluorescence intensity shows the proliferation of SKOV-3
and SKOV-3/HNDF cells in mono-cultured and co-cultured GelMA-alginate fibers respectively. F) Invasion length of
mono-cultured and co-cultured GelMA-alginate in dual-core fibers. Data are expressed as mean = standard deviation (n = 3). *
p < 0.05.
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Figure 7. (A) Schematic images of the cross-sectional view and the tip of the coaxial printhead. (B-i), (C-i), (D-i) Schematic
images with accompanying photographic images of (B-ii) a serpentine hollow, perfusable fiber printed directly on an artificially
created pig skin wound, (C-ii) a spiral hollow, perfusable fiber and (D-ii) a hollow, perfusable fiber with varying diameter was
made by varying printing speed. (E) Perfusable fiber embedded in a hydrogel matrix. (F) Multi-layer perfusable fiber.

(G) Microscopy image a dual-channel hollow, perfusable fiber. All fibers were perfused with dye (red and/or green) for imaging.

Figure 8. (A) Handheld bioprinting of pH-responsive colorimetric biosensors on an artificially generated pig skin wound. The
biosensors allow for real-time detection of bacterial infection by changing color (B) from clear (healthy skin) to blue (infected
skin). (C) (i-ii) Conductive hydrogel fibers bioprinted on an artificially generated pig skin wound illuminating an LED when
voltage is applied to the fibers.
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and proliferation) can be done by applying electrical,
electrochemical, and electromechanical signals [33].
Figure 8(C)(i—ii) shows the capability of the hand-
held printer to produce electroconductive construct
directly at a site of injury. As shown by the photo-
graphic image, two conductive fibers printed on the
pig skin wound could illuminate a small LED when a
voltage was applied from an external power supply.

3. Conclusion

In this research we presented a novel, low-cost hand-
held bioprinting platform, that enables in situ depos-
ition of functional hydrogel fibers and different types
of cells such as dermal fibroblasts, HaCaT, C2C12,
and SKOV-3 cells. The printheads were fabricated
with a high-resolution SLA-DLP 3D printer. The
platform’s modularity allows for the equipment of
a mountable low-cost photocrosslinking system and
conventional pneumatic Luer lock cartridges, as well
as facilitating easy and rapid modification of the
device for different bioink compositions and print-
ing geometries. Overall, our platform enables the
direct extrusion of fibers with different morpholo-
gical characteristics, size, cross-sections, and material
gradients at the injury site. Additionally, our hand-
held bioprinter can print fibers with a wide range
of materials such as alginate, GelMA, and PEGDA
in pure or hybrid forms using different crosslink-
ing approaches. The printed fibers have the ver-
satility to be augmented with drug carriers, con-
ductive materials, and pH-responsive sensors, which
extend the application of the printed fibers to the
developing spatial and temporal local drug delivery
systems, tissue engineering scaffolds, and wearable
biosensors and bioelectronics. Furthermore, having
multichannel cartridge design allows printing mul-
ticore cell-laden fibers in which different types of
cells are co-cultured and proliferated, showing the
feasibility of our handheld bioprinter for the dir-
ect cell delivery applications. This ability to pro-
duce dual core cell laden hydrogel fiber provides the
opportunity to study the biological behavior of can-
cer cells in vitro. Taking everything into consider-
ation, in the context of regenerative medicine, this
convenient technology is attractive for clinical set-
tings for the efficient delivery of cells and therapeutic
agents.

4. Materials and methods

4.1. Chemicals

Polylactic acid (PLA), Gelatin Type A from por-
cine skin, Methacrylic anhydride (MA), LAP,
alginate, Poly(ethylene glycol) diacrylate (PEGDA,
Mn = 2000 Da), graphene oxide, PVA, Hank’s
balanced salt solution, Rhodamine B (Rd), BSA,
20 KDa FITC-Dextran, dichloromethane (DCM),
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PLGA, PNIPAM, N,N’-methylenebis (acrylam-
ide)  (BIS), 2-hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone as PI, ammonium persulfate
(APS), Span 80, a-naphtholphthalein, Dowex 1 x 4
chloride form beads, Triton-X100, DAPI and PBS
tablets were purchased from Sigma-Aldrich (Burl-
ington, USA). The rest of suppliers were indicated in
the text.

4.2. Handheld bioprinter design

The 3 ml bioink cartridges were purchased from Cel-
link (BICO, Gothenburg, Sweden). To fit within the
compact design of the device, the barrel flanges were
cut with an Exacto knife and replaced with the 3D-
printed barbed connectors. Individual syringe pumps
(Harvard Apparatus, Holliston, USA) with water-
loaded syringes were connected to the barbed ends
of the cartridges with plastic tubing for hydraulic
actuation-powered extrusion. The bioink cartridges
were attached to the printhead with female-to-female
Luer lock connectors. Six 3 mm 405 nm LEDs
(Mouser Electronics, Mansfield, USA) and a push-
button were embedded in the 3D-printed light curing
case and connected in series, powered by two 9 V bat-
teries to supply 3 V to each LED. All custom compon-
ents of the handheld bioprinter were designed using
Fusion 360 software (Autodesk, Inc., San Francisco,
USA). The housing and LED case were printed in PLA
material on an Ultimaker 2 3D printer (Ultimaker,
Utrecht, Netherlands). The printheads and barbed
attachments were printed in photocurable resin using
a Kudo3D Micro SLA 3D printer (Kudo3D, Dublin,
USA).

4.3. Bioink preparations

4.3.1. Sterile GelMA

Lyophilized GelMA was prepared using the method
described in our previous work [22]. Briefly, type-
A gelatin from porcine skin was dissolved in PBS
at a concentration of 5% (w/v) at 60 °C. MA was
slowly added to the gelatin solution while stirring
at 300 rpm. The solution was stirred for 3 h and
transferred into 12—14 kDa dialysis membranes. The
membranes were placed in a large beaker with deion-
ized water at 50 °C. The water was replaced twice a
day for 7 d to remove unreacted MA. The solution
was then filtered and lyophilized for 3 d to obtain
solid GelMA. GelMA bioink was made by dissolving
solid GeIMA in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Thermo Fisher Scientific, Waltham, USA.
Cat# 11 965 084) mixed with LAP. GeIMA and LAP
concentrations varied for different tests. The final
solution was filtered with a 0.2 pm sterile filter.

4.3.2. Alginate-Laponite

An alginate stock solution was made by dissolving
sodium alginate powder in deionized (DI) water at
a concentration of 4% (w/v) and kept at 60 °C for
1 h while stirring. The solution was then transferred
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into a syringe. Separately, Laponite stock solution was
made by adding Laponite powder (BYK, Wesel, Ger-
many) to a falcon tube with DI water at a concen-
tration of 12% (w/v) at 4 °C to prevent immediate
gelation and vortexed for 2 min. The contents were
immediately transferred into a syringe for the solu-
tion to gelate without creating bubbles. Both algin-
ate and Laponite stock solutions were mixed at a
50:50 ratio by connecting both syringes with a female-
to-female Luer lock adapter and repeatedly push-
ing the material back and forth between both syr-
inges, resulting in a homogeneous solution with final
concentrations of 2% (w/v) alginate and 6% (w/v)
Laponite.

4.3.3. PEGDA

PEGDA bioink was made by dissolving LAP in dis-
tilled water at 60 °C at a concentration of 0.3% (w/v).
The solution was left in a water bath at 60 °C for
15 min, periodically vortexing every 5 min. PEGDA
was then added to the solution to a concentration of
7.5% (v/v) and vortexed for 2 min. The solution was
then transferred into a syringe.

4.3.4. PEGDA-Laponite

A PEGDA stock solution was made by dissolving
LAP in distilled water at 60 °C at a concentration of
0.6% (w/v). The solution was left in a water bath at
60 °C for 15 min, periodically vortexing every 5 min.
PEGDA was then added to the solution to a concen-
tration of 15% (v/v) and vortexed for 2 min. The
solution was then transferred into a syringe. Separ-
ately, a 12% (w/v) Laponite stock solution was pre-
pared using the same method described in the ‘algin-
ate/Laponite’ bioink section above. Both PEGDA and
Laponite stock solutions were mixed at a 50:50 ratio
by connecting both syringes with a female-to-female
Luer lock adapter and repeatedly pushing the mater-
ial back and forth between both syringes, resulting
in a homogeneous solution with final concentrations
of 6% (v/v) PEGDA, 0.3% (w/v) LAP and 6% (w/v)
Laponite.

4.3.5. Sterile alginate-GelMA

Alginate powder was sterilized by suspending it in
anhydrous ethanol in a 15 ml Falcon tube and left
without a lid inside a biosafety cabinet (BSC) until the
ethanol was fully evaporated. An alginate stock solu-
tion was prepared by dissolving the sterilized powder
in DMEM at 2% (w/v). A separate stock solution of
10% (w/v) GelMA and 0.6% (w/v) LAP was prepared
in DMEM and filtered with a 0.2 pym acetate cellu-
lose syringe filter. Both GelMA and alginate stock
solutions were mixed at a 50:50 ratio by connect-
ing both syringes with a female-to-female Luer lock
adapter and repeatedly pushing the material back and
forth between both syringes, resulting in a homogen-
eous solution with final concentrations of 5% (w/v)
GelMA, 0.3% (w/v) LAP and 1% (w/v) alginate.
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4.3.6. pH-responsive ink

pH-responsive bioink was prepared using the
method described in our previous work [4] with
slight modifications. Briefly, about 135 mg of
a-naphtholphthalein dye was dissolved in a beaker
with 6 ml of 100% ethanol, followed by the addition
of 24 ml dH20O and stirred for 30 min. 3300 mg of
Dowex 1 x 4 chloride form beads were washed in
a 50 ml Falcon tube with DI water by vortexing for
2 min, letting the beads fully sediment and repla-
cing the supernatant. This washing step was repeated
twice with DI water and once with 100% ethanol.
After removing the ethanol, 30 ml of DI water was
added to the beads, the suspension was vortexed for
2 min and added to the a-naphtholphthalein dye
solution. The final suspension was washed multiple
times by vortexing, waiting for the beads to sedi-
ment and replacing the supernatant with DI water
until the supernatant was completely transparent.
Sodium alginate powder was then added to the bead
suspension to reach a concentration of 2% (w/v)
and stirred until fully dissolved. The contents were
cooled down to 4 °C. Laponite powder was then
added at a concentration of 6% (w/v) and vortexed
for 1 min. The contents were immediately transferred
to a syringe before gelation of the Laponite to prevent
bubbles.

4.3.7. Conductive ink

Graphene oxide bioink was prepared using the
method described in our previous work [34] with
slight modifications. Briefly, graphene oxide was
added to DI water at a concentration of 5 mg ml™!
and sonicated for 5 min. Alginate powder was added
to the suspension at a concentration of 0.5% (w/v)
and vortexed for 5 min. The solution was cooled to
4 °C. Laponite powder was then added at a concen-
tration of 6% (w/v) and vortexed for 2 min. The con-
tents were immediately transferred into a syringe for
the solution to gelate without creating bubbles.

4.3.8. Cell-laden bioinks

The desired cells were dissociated and centrifuged to
prepare the cell-laden bioink, and the entire super-
natant was carefully removed. Using a pipette with the
tip cut, the desired sterile bioink was added to the cell
pellet which was resuspended by gentle pipetting.

4.3.9. PVA-CaCl, sacrificial crosslinking solution
PVA powder was added to distilled water at a con-
centration of 10% (w/v) and stirred at 60 °C until
fully dissolved. CaCl, powder (Fisher Scientific, Pitts-
burgh, USA) was then added to the solution at a con-
centration of 1% (w/v) and vortexed for 2 min.

4.3.10. Preparation of drug-eluting PLGA
microparticles

The drug models were initially loaded on the PLGA
microparticles. The double (W1/O/W2) emulsion/
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solvent evaporation technique was used to prepare
drug-loaded PLGA microparticles. In brief, 1 ml PVA
1% (w/v) aqueous solution containing 1 mg of the
drug (Rd, FITC-Dextran or BSA) (W1) was emulsi-
fied into 5 ml of DCM solution containing 10% (w/v)
PLGA and vortexed for 1 min to prepare the primary
W1/0 emulsion. After that, 20 ml of 0.5% (w/v) PVA
solution (W2) was added to the primary W1/O emul-
sion and vortexed for 1 min. The prepared W1/O/W?2
emulsion was then added to 80 ml of 0.2% (w/v)
PVA solution and stirred for 4 h at 35 °C to allow
the organic solvent to evaporate. To obtain the drug-
loaded PLGA microparticles, the emulsion was cent-
rifuged at 350 x g for 5 min. Finally, the obtained
microparticles were washed three times in distilled
water and freeze-dried.

4.3.11. Preparation of thermoresponsive, drug-eluting
PNIPAM microparticles

PNIPAM microparticles prepared according to the
previously published method with the assist of micro-
fluidic flow-focusing droplet generators [21]. Briefly,
the dispersed solution was prepared by dissolving
PNIPAM (10%, w/v), BIS 0.4% (w/v), PI 1% (w/v),
and APS 0.6% (w/v) in distilled water. The dispersed
phase and continuous phase composed of mineral oil
and span 80 10% (v/v) were injected into a micro-
fluidic chip using 1 ml and 10 ml syringes connected
to the chip’s inlets with Tygon tubings. These syringes
were mounted on syringe pumps (Harvard Apparatus
Holliston, USA) to precisely control the flow rates of
continuous and dispersed phases. In situ photopoly-
merization of the microparticles was carried out when
the generated microcarriers passed through a coil-
shaped collecting tube while being exposed to UV
light (20 mW c¢cm™2) for 15 min. To separate micro-
particles from oil, they were centrifuged and washed
two times with soap solution (1% v/v in distilled
water) followed by four times rinse in distilled water.
Finally, the collected microparticles were lyophilized
and then stored at 5 °C.

FITC-Dextran was passively loaded onto the
microparticles by immersing 10 mg of the lyophil-
ized particles into a 1 ml of FITC-Dextran solu-
tion (1 mg ml™!) for 48 h. The suspension vortexed
every 12 h to ensure that FITC-Dextran was uni-
formly loaded on the carriers. Then, the suspension
was centrifuged to remove the FITC-dextran solution
followed by washing the particles three times with
cold water (15 °C).

4.3.12. Bioprinting process

For all bioink/printhead configurations, the extrusion
rate of each channel was individually adjusted by set-
ting the flow rate of their respective syringe pumps to
the desired value. Bioprinting started as soon as all the
materials reached the tip of the printhead. The print-
ing surface or wet spinning media varied for each test.
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It should be noted that for all cell work, the interi-
ors of the printhead, hydrogel cartridges, connectors,
and tubing were all sterilized with 70% ethanol and
washed twice with PBS before printing the cells. Also,
the exterior of all components were sprayed with 70%
ethanol. The tubing and each cartridge were then
filled with PBS and a syringe with PBS was connec-
ted to a syringe pump for hydraulic actuation of each
cartridge.

4.3.13. Preparation and perfusion of hollow, vascular
fibers

Alginate—Laponite bioink was loaded into one cart-
ridge and attached to the sheath channel of the coaxial
printhead. PVA-CaCl, sacrificial crosslinking solu-
tion was loaded into a separate cartridge and attached
to the core channel of the printhead. For dual-core
fibers, two cartridges with PVA-CaCl, were attached
to each core channel of the dual-core printhead. The
fibers were printed on a petri dish or an artificially
made pig skin wound. CaCl, 1% (w/v) was deposited
over the fibers immediately after printing to accelerate
crosslinking. The sacrificial PVA-CaCl, solution was
cleared from the internal fiber channel using an air-
filled syringe with a 25 G needle inserted at the end of
the fiber. The fiber was then perfused with dye using
the same syringe and needle.

4.3.14. Preparation and release study of
single-channel, drug-eluting fibers

For single-channel drug-eluting fibers, drug-loaded
PLGA microparticles were dispersed into PEGDA-
Laponite bioink at concentrations of 3, 6, and
9 mg ml~!. Each drug-eluting fiber was made by
extruding 60 pl of the PLGA-loaded bioink followed
by photopolymerizing for 5 min under 405 nm visible
light.

To measure the drug release rate of FITC-dextran
and Rh, the fiber loaded with PLGA drug carriers was
immersed in 300 ul of PBS and incubated at 37 °C.
At predefined timepoints (1, 2, 4, 8, 24, 48, 72, 96,
and 120 h), 100 pl of the release medium sample
was collected to measure the drug concentration and
replaced with 100 pl of fresh PBS. The fluorescence
intensity of the collected medium at each time point
was measured using a Tecan Infinite M Nano plate
reader at Ao 490 nm Aem ™! 520 nm for FITC dex-
tran, and A\ 546 nm Aem ™! 585 nm for Rh. Using the
relevant calibration curve, the acquired fluorescence
intensity was converted to concentration (mg ml~1).
To avoid dilution error, calculation of released con-
centration of drug was carried out as follows:

C,=C,_1 +AC

AC=C,-C'\

where C,, and C,,_; are the cumulative concentrations
of drug at the nth and (n — 1)™ time points, C’,,
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represents the measured concentration of drug at the
n'™ time point, and C’,_, indicates the diluted con-
centration of drug at the (n — 1) timepoint.

4.3.15. Preparation and release study of three-channel,
drug-eluting fibers

PLGA microparticles loaded with BSA, FITC-
Dextran and Rh were dispersed into three separate
PEGDA bioinks at a concentration of 18 mg ml™!
(PLGA/bioink). All three bioinks were loaded
into three separate cartridges. The cartridges were
attached to each channel of the tri-material printhead
with the LED module attached. The tri-drug-eluting
fibers were made by extruding all bioinks at the same
flow rate until a total of 60 ul was extruded. The res-
ulting fiber had a concentration of 6 mg ml~! of each
drug-loaded microparticles.

To measure the release of three drugs (FITC dex-
tran, Rh, and BSA) from the fiber, 60 ul of drug-
loaded fiber was incubated in 300 pl of PBS. To main-
tain a constant volume of release medium, 100 ul of
the medium sample was obtained to test the drug
concentration at predefined time intervals (1, 2, 4, 8,
24, 48, 72, 96, 120, 144, 168, 192, 240, 268, 292, and
336 h), and 100 pul of fresh PBS was supplied. The
fluorescence intensity of the withdrawn medium at
each time point was measured using a Tecan Infinite
M Nano plate reader to determine the release of FITC
dextran and Rh (\e 490 nm Aem ™! 520 nm for FITC
dextran, and A 546 nm dem™! 585 nm for Rh).
Using the relevant calibration curve, the acquired
fluorescence intensity was converted to concentra-
tion (mg ml™'). For the BSA, 500 ul of Bradford
Reagent was added to 10 pl of the sample. The absorb-
ance of predetermined concentrations were meas-
ured at 595 nm using the plate reader to generate a
standard curve which was later used to calculate the
unknown concentrations of BSA released from prin-
ted meshes. Finally, based on the cumulative concen-
trations obtained as described before, the drug release
percentage at various time periods was calculated. Six
replicates were used in each drug release experiment.

4.3.16. Preparation and release study of
thermo-responsive drug-eluting fibers
Thermoresponsive, drug-eluting PNIPAM micro-
particles were dispersed into PEGDA-Laponite bioink
at a concentration of 10 mg ml~!. Each drug-eluting
fiber was made by extruding 60 ul of the blended
ink followed by photopolymerizing for 5 min under
405 nm visible light. After that, the release experiment
was carried out by immersing the prepared fibers in
300 ul of PBS at 20, 37, 42 °C in pH 7.4. At pre-
defined time intervals (1, 2, 4, 8, 24, 48, 72, 96, and
120 h), 100 pl of the supernatant was taken for ana-
lysis and replaced with fresh PBS with temperature
similar to that of release condition. The concentra-
tion of FITC-Dextran in the supernatant was analyzed
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by measuring the fluorescence intensity at an excita-
tion peak of 490 nm and an emission peak of 520 nm
using a plate reader (Tecan Infinite M200Pro). The
cumulative FITC-Dextran release from fibers was cal-
culated via converting fluorescence intensity to con-
centration by the prepared standard calibration curve
and obtaining the cumulative concentrations accord-
ing to the previously mentioned method. This exper-
iment was performed in triplicates.

4.3.17. Statistical analysis

A minimum of three repetitions were used in
each experiment, and the data were presented as
mean £ standard deviation (SD). Using GraphPad
Prism 7.0, a one-way ANOVA with Tukey’s multiple
comparisons was performed to compare the means.
The following values were noted for statistical signi-
ficance: *p < 0.05, **p < 0.01, ***p < 0.001, and
*#5%p < 0.0001.

4.3.18. Preparation of pH-responsive, colorimetric
meshes

pH-responsive colorimetric bioink was loaded into a
cartridge and attached to the single-channel print-
head. Two-layer meshes were printed directly on an
artificially made pig skin wound, and crosslinked by
adding 1 ml of CaCl, 1% (w/v) solution to each fiber
and let sit for 3 min. The excess CaCl, was removed
with a Kimwipe. 200 pl of buffer solutions at different
pH values (7, 7.5, 8, 8.75) were added to each mesh
and let sit for 1 h for colorimetric response to take
effect.

4.3.19. Preparation of conductive, graphene oxide
fibers

Graphene oxide bioink was loaded into a cartridge
and attached to the single-channel printhead. Two
fibers were printed directly on an artificially made pig
skin wound and crosslinked by adding 1 ml of CaCl,
1% (w/v) solution to each fiber and let sit for 3 min.
The excess CaCl, was removed with a Kimwipe and
the fibers and underlying pig skin were washed twice
with DI water.

4.3.20. Preparation of dual-material cell-laden fibers

Two separate sterile alginate-GelMA bioink solu-
tions were loaded with HaCaT cells and fibroblasts,
respectively. Two cartridges were loaded with the
fibroblast-laden bioink, and one cartridge was loaded
with HaCaT cell-laden bioink. For mono-culture
configuration, the two fibroblast-laden cartridges
were attached to either side of the dual-material print-
head. For co-culture configuration, one fibroblast-
laden cartridge was attached to one channel and the
HaCaT cell-laden cartridge was attached to the other.
Both configurations were wet spun by inserting the
tip of the printhead into a bath of Hank’s balanced
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salt solution (HBSS) containing 1% CaCl,, while sim-
ultaneously photocrosslinking with the LED module
at 80 mW cm 2,

4.3.21. Preparation of photocrosslinkable cell-laden
GelMA fibers

Sterile GeIMA 10% (w/v) + LAP 0.3% (w/v) bioink
solution was loaded with C2C12 myoblasts cells
(ATCC CRL-1772) (3 x 10° cell ml™') or CMs
(15 x 10° cell ml~!). The cartridge was cooled down
to 15 °C For thermal gelation of GelMA prior to
printing. The LED module and cooling sleeve (stored
at 4 °C) were mounted to the printhead. Fibers or
meshes were printed on a petri dish inside the BSC
while simultaneously being photocrosslinked with
the LED module. The constructs were then trans-
ferred to culture media.

4.3.22. Preparation of dual-core cell-laden fibers for
modeling tumor invasion

The in vitro tumor model was made the wet spin-
ning of dual-core fibers including two compart-
ments for tumor and stroma. Alginate/GelMA bioink
was loaded into one cartridge and attached to the
sheath channel of the dual-core printhead. Three sep-
arate sterile GelMA 5% (w/v) + LAP 0.3% (w/v)
solutions were loaded with either fibroblast cells
(2 x 10° cell ml™!), human ovarian cancer cell
line (SKOV-3) (4 x 10° cell ml~!), or left without
cells (blank). All three solutions were loaded into
three separate cartridges. To recapitulate the tumor
microenvironment in vitro including the crosstalk of
the stromal cells and tumor cells and its role in the
invasive behavior of the tumor cells, two experimental
conditions were designed. For the mono-culture con-
figuration, the cartridges with SKOV-3 cells and fibro-
blasts were attached to the core channels of the print-
head, whereas for the co-culture configuration, the
cartridges with SKOV-3 cells and blank were attached
to the core channels. Both configurations were wet
spun by inserting the tip of the printhead into a
bath of HBSS containing 1% CaCl,, while simultan-
eously being photocrosslinked with the LED mod-
ule attached to the printhead. Afterwards, they were
removed from the bath and incubated in the culture
media for up to 72 h.

4.3.23. Cell culture

Human neonatal dermal fibroblasts (ATCC PCS-201-
010) were cultured in high glucose DMEM supple-
mented with 10% fetal bovine serum (FBS) (Thermo
Fisher Scientific, Waltham, USA. Cat# 10437028)
and 1% (v/v) penicillin-streptomycin (Pen Strep)
(Thermo Fisher Scientific, Waltham, USA. Cat#
15140122) in an atmosphere of 5% CO2 at 37 °C.
Cells were cultured in a Corning T-75 cm? Rect-
angular Canted Neck Cell Culture Flask and pas-
saged with TrypLE Express (Thermo Fisher Scientific,
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Waltham, USA. Cat# 12605093) once they got around
90% confluence. HaCaT cells (AddexBio, San Diego,
USA. Cat# T0020001), a transformed human ker-
atinocyte cell line, were cultured in high glucose
DMEM with 10% FBS in Corning T-75 cm? Rect-
angular Canted Neck Cell Culture Flask and pas-
saged with Trypsin-EDTA (Thermo Fisher Scientific,
Waltham, USA. Cat# 25200072). The culturing pro-
tocol for C2C12 myoblasts cells (ATCC CRL-1772)
and human ovarian cancer cell line SKOV-3 cells
(ATCC HTB-77) was the same as the protocol for
HaCaT cells.

NIH-3T3 (ATCC CRL-1658) fibroblasts were cul-
tured in a medium composed of DMEM supplemen-
ted with 10% FBS and 1% antibiotic in a sterile incub-
ator (Heracell Vios 160i, Thermo Fisher Scientific,
Waltham, USA) with 5% CO, at 37 °C. The cells were
passaged after reaching around 80% confluence.

4.3.24. Neonatal rat CM isolation

Neonatal Sprague-Dawley rats (2d old) were obtained
from Charles River Laboratories (Wilmington, USA)
and were euthanized based on the protocol approved
by the Animal Ethics Committee of the Centre Hos-
pitalier Universitaire Sainte-Justine Research Centre
(CRCHUS]J, protocol number: 2021-3018). All the
procedures were in accordance with the guidelines
of the Canadian Council on Animal Care and the
US National Institutes of Health Guide for the
Care and Use of Laboratory Animals. Briefly, the
hearts were collected into HBSS cold buffer, cut
into smaller sections, washed with cold HBSS two
times, and digested into single cardiac cells by the
Neonatal Heart Dissociation Kit (Miltenyi Biotec,
Bergisch Gladbach, Germany) based on the recom-
mended protocol of the manufacturer. After diges-
tion, cells were pre-plated in DMEM-F12 (supple-
mented with 10% FBS, 1% Pen Strep, 0.2% BSA,
Insulin-Transferrin-Selenium solution [1:200], and
0.1 mM ascorbic acid) for 1 h. Finally, CMs were isol-
ated from cardiac fibroblasts via centrifugation as a
cell pellet.

4.3.25. Cell viability assessment

Printed samples were transferred to the six well-
plate and cultured containing the specific cell growth
media in an atmosphere of 5% CO2 at 37 °C. To
determine the cell viability, a live/dead cell viabil-
ity kit (Invitrogen, Waltham, USA, Cat# L3224) was
used following the manufacturer’s instructions. The
fibroblast, HaCaT, and SKOV-3 cell-laden fibers or
meshes were incubated in the live/dead solution for
30 min while protected from light at room temperat-
ure. The hydrogels were then washed once with PBS
and imaged with a Zeiss Axio Observer 5 fluorescent
microscope (Zeiss, Germany). For CM-laden fibers,
the fibers were washed with HBSS three times and
were further imaged by either Leica DMi8 wide-field
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or SP8-DLS confocal microscopes (Leica Biosystems,
Germany).

4.3.26. Immunofluorescence and actin staining

For fibroblast, HaCaT and C2C12 cell-laden fibers:
fibers were fixed with 10% neutral buffered formalin
(Thermo Fisher Scientific, Waltham, USA, Cat# 22-
220682) for 45 min at room temperature and then
washed three times with PBS. The fibers were per-
meabilized with 0.3% Triton-X100 in PBS for 10 min,
then incubated in a blocking buffer of 3% BSA
and 0.3% Triton-X100 in PBS for 30 min. The
primary antibody solutions were prepared in 1%
BSA and 0.3% Triton-X100 in PBS with a dilution
of 1:200 for anti-vimentin conjugated to AlexaFluor
488 (Thermo Fisher Scientific, Waltham, USA, Cat#
725402). Actin staining solutions (Thermo Fisher
Scientific, Waltham, USA, Cat# A12379) were pre-
pared by dilution in PBS as per the manufacturers
protocol. For antibody staining, hydrogel fibers were
incubated in the primary antibody solution overnight
at 4 °C protected from light. For actin staining, the
fibers were instead incubated in actin staining solu-
tion for 2 h at room temperature. All fibers were then
washed three times with PBS and the nuclei were
counterstained with 5 ;1g ml~! DAPI for 10 min. The
fibers were again washed three times with PBS and
finally imaged with a Zeiss Axio Observer 5 fluores-
cent microscope.

For CM-laden fibers: After 5 d of culture, CM-
laden fibers were fixed into 3.7% (w/v) formaldehyde
solution for 1 h at room temperature, followed by
washing three times with HBSS. The fibers were per-
meabilized with 0.3% (w/v) Triton-X 100 in HBSS for
30 min and then placed into a blocking buffer of 5%
(w/v) BSA and 0.3% (w/v) Triton-X 100 solution for
1 h. Cardiac troponin T primary antibody solution
was prepared by dilution into 1% (w/v) BSA solution
(1:200), and the fibers were incubated in this solu-
tion at 4 °C overnight. The fibers were further placed
into 1% (w/v) BSA solution containing donkey anti-
rabbit-Alexa Fluor 488 secondary antibody (1:400)
and Phalloidin iFlour 594 (1:1000) for 1 h. After three
times washing with HBSS, the counterstaining for
nuclei was performed with DAPI solution (1:1000)
for 10 min. The fibers were washed three times with
HBSS, and confocal imaging was done with SP8-DLS
Leica microscope.

4.3.27. Metabolic activity assay of encapsulated cells

A Prestoblue assay (Invitrogen, A13261), was used
to evaluate the proliferation of cells over time. Cell-
laden fibers were cut into 5 mm sections with a razor
blade which were carefully transferred into a 96 well
plate where they were cultured in complete media.
At each timepoint (1 d, 2 d), the fiber sections were
transferred to fresh wells containing 110 ul Prestoblue
working solution (10% (v/v) Prestoblue reagent in
media). After a 1 h incubation at 37 °C, 100 ul was

17

E Pagan et al

transferred from each well to a separate plate and read
on a microplate reader (560/590 nm ex/em). Cell-
laden fibers were washed with media then returned
to culture.

4.3.28. CMs beating observation

After 5 d of culture, the beating of CM-encapsulated
fibers was recorded by EVOS M5000 digital inverted
microscope (Thermo Fisher Scientific, Waltham,
USA).
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