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Abstract

Advances in digital light projection(DLP) based (bio) printers have made printing of intricate
structures at high resolution possible using a wide range of photosensitive bioinks. A typical setup
of a DLP bioprinter includes a vat or reservoir filled with liquid bioink, which presents challenges
in terms of cost associated with bioink synthesis, high waste, and gravity-induced cell settling,
contaminations, or variation in bioink viscosity during the printing process. Here, we report a
vat-free, low-volume, waste-free droplet bioprinting method capable of rapidly printing 3D soft
structures at high resolution using model bioinks and model cells. A multiphase many-body
dissipative particle dynamics model was developed to simulate the dynamic process of
droplet-based DLP printing and elucidate the roles of surface wettability and bioink viscosity.
Process variables such as light intensity, photo-initiator concentration, and bioink formulations
were optimized to print 3D soft structures (~0.4-3 kPa) with a typical layer thickness of 50 ym, an
XY resolution of 38 + 1.5 um and Z resolution of 237 £ 5.4 ym. To demonstrate its versatility,
droplet bioprinting was used to print a range of acellular 3D structures such as a lattice cube, a
Mayan pyramid, a heart-shaped structure, and a microfluidic chip with endothelialized channels.
Droplet bioprinting, performed using model C3H/10T1/2 cells, exhibited high viability (90%) and
cell spreading. Additionally, microfluidic devices with internal channel networks lined with
endothelial cells showed robust monolayer formation while osteoblast-laden constructs showed
mineral deposition upon osteogenic induction. Overall, droplet bioprinting could be a low-cost,
no-waste, easy-to-use, method to make customized bioprinted constructs for a range of biomedical

applications.

1. Introduction

Three-dimensional (3D) bioprinting encompasses a
set of technologies that have been widely used to gen-
erate tissue constructs for several applications [1—
7]. Extrusion-based 3D bioprinting has found wide
acceptance in the field with applications ranging from
drug screening, disease modeling, tissue repair, and
regenerative medicine. This method involves direct
extrusion of bioinks containing cells and/or bioactive
factors from a printer nozzle [8-21]. However, these
methods face key limitations such as low print resol-
ution, surface finish, shape fidelity, and speed [22].

© 2024 The Author(s). Published by IOP Publishing Ltd

Inkjet bioprinting is non-contact method to print
tissue analogs with high cell viability and scalabil-
ity, however challenges related to printing thick tis-
sues with bioinks properties within a narrow viscos-
ity range as limited it use in the field [23, 24]. Among
the many bioprinting methods, digital light projec-
tion (DLP) based bioprinting methods are capable
of printing both acellular and cell-laden scalable 3D
architecture at high resolutions, speeds, and over-
all fidelity (table S1) [3, 4, 7, 25-29]. These meth-
ods use a liquid crystal display or a digital micromir-
ror device (DMD) to generate digital masks that
can spatially pattern and project light onto a vat or
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reservoir filled with liquid photo-sensitive bioink of
resin to print 3D constructs via rapid crosslinking
in a layer-by-layer manner [30-32]. Depending on
the optical setups and bioink formulations, structures
with a high XY resolution of 50100 pzm are possible.
Vat-based DLP bioprinting has already been used to
develop 3D tissue models [31, 33], hydrogel-based
microfluidic chips, heart valves, and scaffolds for joint
and ligament regeneration, among other constructs
[34]. However, many challenges arise due to the use
of vat in DLP bioprinting. Typically, the entire vat
must be filled with expensive photo-sensitive bioinks,
and after the printing process is finished, the remain-
ing bioinks are discarded. Unlike printing of com-
mercial resins, bioinks are often synthesized in-house
and can incur high costs based on the types of for-
mulations and cell types, so every effort should be
made to minimize waste. Even for short printing
times, cells within bioinks undergo gravity-induced
settling which can result in uneven cell distributions
within the printed structures [35]. Longer print dura-
tions increase the likelihood of (i) contamination and
cell death, (ii) low cell viability due to longer expos-
ure to photo-initiators, (iii) undesired bioink gelation
due to changes in viscosity; all these could lead to
failed prints [36, 37]. With vat-bioprinting, screening
and/or optimization of bioinks for specific applica-
tions also remains expensive and wasteful; as a result,
only limited variables are typically tested. To address
these challenges, we report a vat-free, low-volume
droplet bioprinting method capable of rapidly print-
ing acellular and cell-laden 3D soft structures at high
resolution using model bioinks such as poly(ethylene
glycol)-diacrylate (PEGDA) and gelatin methacrylate
(GelMA).

2. Results and discussion

2.1. Strategy, setup design, and optimization

Figure 1(A) illustrates the schematic of DLP-based
droplet bioprinting. A 405 nm light, spatially pat-
terned using a DMD, is passed through a light-
transparent and oxygen-permeable PDMS window
to enable crosslinking of a single layer followed by
synchronized movement of the L-shaped stage. The
first step in printing a 3D construct is the genera-
tion of a CAD model (SolidWorks), then MATLAB
code is employed to slice the 3D structure into 2D
PNG images that serve as digital masks; 1-bit images
to define the spatial distribution for corresponding
2D slices. These processed images are supplied to a
custom LabVIEW code which precisely coordinates
stage movements and DMD-generated light patterns
to print the 3D construct in a layer-by-layer man-
ner. The oxygen permeability of the PDMS window
inhibits crosslinking at the interface and generates a
‘dead zone’ to facilitate continuous printing. Before
printing, a bioink droplet, whose volume is slightly
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higher than the volume of CAD model, is placed in the
fabrication window—the space between the PDMS
and stage; this forms a three-phase contact line at the
interface between the bioink, PDMS, and air. The sur-
face energy of the PDMS acts along the solid surface,
while the interfacial energy between the PDMS and
the bioink acts in the opposite direction. Tangentially,
the surface tension of the polymer acts on the drop
surface. The resulting vector force causes the bioink to
form a dome-like shape due to these combined forces,
which are characterized by a contact angle 6, which
is the angle formed at the intersection of a bioink,
air, and PDMS membrane at the three-phase bound-
ary (figure 1(B)). Upward stage movement draws
the bioink toward the fabrication window, then the
stage moves down to achieve the desired layer thick-
ness before light irradiation and photo-crosslinking.
As the printing process progresses, another three-
phase contact line is formed between the freshly cross-
linked structure, bioink, and air. This new contact
line defines a different contact angle represented by
0, (figure 1(B)). The presence of these two three-
phase contact lines results in the formation of a men-
iscus surrounding the freshly crosslinked structure
(video V1). Please note that manual pipetting of a
specific volume bioink in the fabrication window was
used to print structures reported here. Multiple lay-
ers (~50 pm layers™!) are printed in a layer-by-layer
manner to achieve the target thickness of samples;
for instance, 1 mm thick tissue will be printed by
using 20 layers, all achieved from a single droplet
placed in the fabrication window with upward move-
ment of the stage during the printing process. In
this work, we choose an up-down motion instead of
a continuous upward motion of the stage, to help
draw the liquid bioink into the fabrication window
(figure 1(C)). This process is repeated multiple times
to print the final structure in a layer-by-layer fash-
ion. For a typical structure with 100 layers, the volume
of excess bioink left behind is less than that required
to print 1 layer is left behind (waste ~<1% of
initial volume).

2.2. Simulation studies of the droplet printing
process

Designing experimental configurations for achiev-
ing the seamless and uninterrupted 3D printing of
diverse bioinks can prove to be both costly and
time intensive. Since viscosity, surface forces between
bioink, printhead, and PDMS and stage speed, all
contribute towards high print fidelity, we developed a
multiphase many-body dissipative particle dynamics
(mDPD) model [38, 39] to simulate the dynamic pro-
cess of droplet bioprinting with a system setup shown
in figure 2(A(i)). Here, the bioink droplet of 50 pl
with a viscosity of 4 mPa-s is used with printhead
diameter (D) = 6.9 mm. These parameters chosen
are similar to the parameters of the bioink used in
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Figure 1. (A) The schematic demonstrates the vat-free DLP-based droplet bioprinting (B) the figure showcases the meniscus,
which is governed by two contact angles: 6 represents the contact angle formed by the bioink on the PDMS surface, while 6,
represents the contact angle formed by the bioink on the crosslinked structure (C) inset 1-4 shows the upward and downward
movement of the stage facilitating the drawing of bioink in the fabrication area.

A0 G=0mm

Figure 2. (A) A sequence of simulation snapshots depicting the movement of liquid into the fabrication area as the print head

ascends through various heights, ranging from 0 mm to 5 mm. These snapshots correspond to the outcomes obtained when the
surface contact angle (6;) is set at 90°. (B). Snapshots of the simulation outcomes were obtained with a 5 mm gap (G) between
the printhead and substrate. The simulation involved varying the surface contact angle (6,) of the PDMS substrate, with values
set at 30°, 60°, 90°, and 110°.

this work and the corresponding experimental con-
ditions. The details of mDPD equations and para-
meterization are included in the appendix. Figure 2

and video V2 showcase the results of multiphase sim-
ulations involving a moving printhead with a wet-
ting contact angle (6,) set at 29° while varying the
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Figure 3. (A) Sequence of images showing the droplet printing process. Scale bar—1 cm (v) 3D printed structure after washing
and removal of tartrazine light absorber. Scale bar—2 mm. (B) (i), (ii) Plots and photo of the lateral of printed structure using
PEGDA 6k MW. Scale bar—1 mm (iii), (iv) Plot depicting the lateral and axial resolution of printed structure in PEGDA

400 MW. Scale bar—1.4 mm. Mean and standard deviation (n > 3). (C) (i)—(iii) Fabrication of the heart-shaped structure, lattice
cube and Mayan pyramid structure in PEGDA 6k MW using DLP printing from a droplet. Scale bar—2 mm for (i), 5 mm for (ii)

substrate’s wetting contact angle (6,). Figure 2(A(i—
v)) depicts snapshots from the simulation in which
the liquid is drawn into the fabrication area as the
print head ascends to various heights (ranging from
0 mm to 5 mm). This corresponds to the results
obtained when the surface contact angle (6,) is set
at 90°. It is important to note that this choice aligns
with the contact angle range of 85°-90° observed
in the different bioink formulations utilized in this
study. In figure 2(B(i-iv)), snapshots of the res-
ults are presented, when a gap between the print-
head and substrate (G) is 5 mm. The simulation
was performed by varying the surface contact angle
(6, = 30°, 60°, 90°, and 110°) of the PDMS sub-
strate. Observations reveal that lower hydrophilicity
(6, = 30°) promotes strong liquid adhesion with the
substrate, facilitating wider droplet spreading. This
necessitates a higher force to draw the liquid into
the fabrication area. Conversely, higher hydrophobi-
city (6; = 90° and 110°) weakens liquid adhesion,
making it easier to pull the bioink into the fabrica-
tion area. Higher hydrophobicity is considered better
as this allows easy and smooth drawing of material
into the fabrication area. However, our experiments
also indicate that the upward movement of the z-
stage is sufficient to pull the bioink with a contact
angle (6;) of 30° to the fabrication area. The mDPD
model was validated using experimental data related
to wetting contact angles, viscosities, and surface ten-
sions for various bioinks. This approach eliminates
the need for time-consuming trial-and-error exper-
imental setups, thereby expediting the entire design
process for 3D bioprinting experiments. Please note

that the simulation results were obtained using a max-
imum upward movement of 5 mm however during
printing, stage movement of just 50 ©m was necessary
to print a single layer; thus for each layer, the print-
head is programmed to move up by 200 m and move
down by 150 p2m, and this process is repeated for each
layer during the printing process.

2.3. Droplet printing of high-resolution structures

with design complexities

The experimental time sequence of the structure
printed from a droplet (volume = 120 ul) of 10%
PEGDA 6 K hydrogel mixed with 1 wt% of LAP
(water-soluble type I photoinitiator) and 0.1 wt%
of tartrazine (light absorber to limit the curing
depth)—a bioink formulation widely used in the
field of bioprinting (figure 3(A), video V3). Based
on the CAD model, the droplet volume of 120 ul
was manually pipetted in the fabrication window
(figure 3(A(i))). The z-stage was lowered to the ini-
tial position and the spatially patterned 405 nm laser
beam with a light intensity of 2.17 mW c¢m~2 was
irradiated to photo-crosslink a single layer of defined
thickness. This process is repeated with synchronized
upward movement of the z-stage to generate the 3D
structure in a layer-by-layer fashion with an expos-
ure time of 7 s layer ! (figure 3(A(i-iv)), video V3).
Printed structure was immersed in water for 12 h
to remove the uncrosslinked bioink and tartrazine
(figure 3(A(v))). The bioink waste volume left behind
is approximately equal to the volume needed to cross-
link a single layer; with a typical layer thickness of
50 pm, waste is less than 1% of initial droplet volume.
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Printing resolution of droplet bioprinting can be
influenced by multiple factors such as light exposure,
stage step-size, bioink properties such as transpar-
ency, monomer reactivity, radical diffusion, and pho-
tochemical efficiency. Here, we characterize the lat-
eral (xy) and the axial (z) resolutions using PEGDA 6k
bioink formulation described above. To assess the lat-
eral resolution, we employed a technique that involves
the printing of lines ranging from 4 to 20 pixels
based on a digital mask. The array of lines exhib-
ited varying linewidths, ranging from 38 + 1.5 um
to 237 £+ 5.4 pum, as illustrated in figure 2(B(i-ii)).
Results show that theoretical and printed linewidth
are close to each other; this study used a laser intens-
ity of 2.17 mW cm™? and an exposure time of 7 s.
Notably, when attempting to achieve a feature size of
30 pm using a 3-pixel line, we encountered difficulties
in preserving the integrity of the structure through-
out the developmental stages. Consequently, this fea-
ture size was deemed impractical for our bioink for-
mulation. The axial resolution, also known as the
z-directional resolution, is influenced by the curing
depth, which refers to the thickness of the photo-
crosslinked layer. The curing depth relies on the z-
directional motion of the stage, the optical absorb-
ance of the photosensitive bioink, and the kinetics
of cross-linking. It is crucial to control the curing
depth to prevent unwanted crosslinking beyond the
desired thickness, leading to artifacts, especially in
the printing of hollow channels, undercuts and over-
hangs. To address this issue, we used photo-absorbers
Tartrazine to increase optical absorbance and assess
the curing depth using a roof-shaped structure that
spans across two adjacent pillars. Due to the soft
nature of PEGDA 6k bioink, it cannot maintain its
mechanical integrity when printed as a single layer.
(Viscosity of bioink and storage modulus of the cross-
linked structure of corresponding bioinks are presen-
ted in the method section (table 1)) Therefore, roof
structures with six layers, each with a thickness of
50 pm, were used with exposure times varying from
7 to 11 s; exposure times below 6 s were not able
to generate robust structures. Results show that the
ideal curing thickness for the roof structure is 300 pm
(6 layers; 50 pm thick per layer), while the penetra-
tion depth ranged from 354 £ 27 to 538 £ 19 um
with increasing exposure times (7-11 s) and a con-
stant laser intensity of 2.17 mW c¢cm 2 (figure 2(B(iii—
iv))). These optimized operating conditions were
used to print complex 3D structures. The structures
of the human heart, lattice cube, and Mayan pyr-
amid were printed using PEGDA 6k with 1% LAP
and 0.10% tartrazine (figure 2(C(i~iii))). Herein, the
CAD design was sliced into a layer thickness of 50 pm.
Each layer was printed with the laser intensity of
2.17 mW cm~2 and an exposure time of 7 s and
the structures were washed/developed by immers-
ing the structure in a water solution. These struc-
tures demonstrate the capability of droplet printing
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to shape soft material into user-defined 3D struc-
tures with hollow features such as undercuts and
overhangs.

2.4. Optimization of formulation and printing
conditions for cell-laden bioinks

Due to use of small-volume droplets, bioink optim-
ization becomes a rapid, low-cost, and simple pro-
cess. Here, we used model cell line (C3H/10T1/2)
to screen a range of bioink formulations using vary-
ing amounts of PEGDA 6 K hydrogel, GelMA hydro-
gel, and LAP photoinitiator; GelMA provides cell-
adhesive matrix for encapsulated cells, while PEGDA
6k provide high print fidelity. We optimized expos-
ure time, hydrogel composition, and photoinitiator
concentration using model C3H/10T1/2 s at an ini-
tial concentration of 1 x 10° cells ml~! (before mix-
ing with bioink); cell solution: bioink ratio was 2:8.
Combining 150 pl of a cell solution with a concen-
tration of 1 million cells ml~! with 600 ul of bioink
results in a final bioink with a cell concentration of
0.2 million cells ml~!. The ratio 2:8 was deployed
to adjust the balance between cell density and print
fidelity.

Optimization of exposure dose. Rectangular slabs
of 1 mm height (20 layers with a layer thickness of
50 pm) were printed using droplet bioprinting by
varying the exposure time from 2.5 to 4 s while main-
taining a constant laser intensity of 2.17 mW cm ™2
(figure 4(A)). Structures were printed using 5%
GelMA, 5% PEGDA, and 0.5% LAP. Structures prin-
ted using the exposure time of 2.5 s exhibit high cell
viability. However, the structure was partially cross-
linked, resulting in excessive swelling and deform-
ation upon immersion in the media solution. The
longer exposure time of 4 s resulted in a stiff struc-
ture with poor cell viability. An exposure time of
3 s per layer was found to be ideal in terms of
mechanical integrity and cell viability (figure 4(A)).
Optimization of bioink concentration. A  similar
structure was printed by varying the concentration of
the hydrogel (3, 5, 7.5 and 10%: GelMA + PEGDA)
while maintaining constant exposure time of 3 s
and laser intensity of 2.17 mW c¢m™2. Bioink for-
mulation of 3% GelMA and 3% PEGDA was too
soft to handle while bioink formulation of 7.5%
GelMA and 7.5% PEGDA showed decreased cell viab-
ility. Bioink formulation with 5% GelMA and 5%
PEGDA was chosen for subsequent studies based on
their cell viability and printing fidelity (figure 4(B)).
Optimization of LAP concentration. Here, we varied
the concentration of LAP (0.25%, 0.5% and 1% LAP)
while bioink (5% GelMA + 5% PEGDA), laser intens-
ity (2.17 mW cm~2) and exposure time (3 s layer—!)
was held constant (figure 4(C)). Based on the res-
ults, a LAP concentration of 0.5% was chosen for the
next set of experiments. While 0.25% LAP resulted in
higher cell viability, it led to incomplete crosslinking,
compromising the structural integrity and shape
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Figure 4. Optimization of (A) laser intensity and exposure time. (B) Bioink composition. And (C) photoinitiator concentration.
Optimized parameters are marked with red rectangles. Scale bars—500 m (mean and standard deviation were calculated with

n > 3 independent experiments.)

fidelity of the cell-laden structure. Therefore, the
decision to opt for 0.5% LAP is based on the priorit-
ization of maintaining fidelity as well as viability.

After optimizing the bioink, we used this method
to print (i) cellular construct, (ii) acellular constructs
to test whether the internal microchannels can be
endothelialized for potential vascular applications,
and (iii) osteoblast-laden constructs with mineral
deposition as a metrics for its longer-term (Day 21)
functional outcomes.

2.5. Droplet bioprinting of C3H/10T1/2—laden 3D
constructs

Using optimized conditions, droplet bioprinting was
used to print a cell-laden 3D structure with spa-
tially patterned channels using 5% GelMA, 5%
PEGDA, and 0.5% LAP as bioink. Prior to bioprint-
ing, the sample holder and PDMS slab were steril-
ized under UV radiation. Then, a 130 ul volume of
bioink, maintaining a C3H10T1/2: bioink ratio of 2:8
(1 x 10° cells ml~! before mixing) was manually
pipetted in the fabrication window, and a rectangular

slab structure of height 1 mm (20 layers with a
layer thickness of 50 pm) with multiple wells spaced
apart by 1 mm and 300 pm were printed using
a laser intensity of 2.17 mW c¢m™2, an exposure
time of 3 s layer !, and a layer thickness of 50 um
(figures 5(A) and (B)). After printing, the struc-
tures were washed with phosphate buffered saline
(PBS) for 5 min, cultured for 1 d under standard
conditions, and imaged using confocal microscopy
after. Results show a uniform distribution of encap-
sulated cells throughout the structure (figure 5(C)).
In addition, cell viability was assessed at different
time points at different spatial locations marked by
red (dotted) and blue (solid) rectangles at a depth
of 500 pum (figure 5(D)). Cell viability of the spa-
tial location marked by the red rectangle increased
from 51.66 £ 2.25% to 91 *+ 1.69% from Day 1-
7 respectively (figure 5(D(ii—v)). Encapsulated cells
were found to be more viable with dendritic mor-
phologies in areas marked by the blue rectangle
(96 + 1.24%), as the wells were closer together with
greater access to media, (figure 5(D(iv,v))).
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Figure 5. (A), (B) Illustration and photo of the 3D printed construct made with a 5% GelMA, 5%PEGDA, 0.5% LAP and 10T1/2
cell solution (scale bar- 2.5 mm). (C) Confocal reconstructed images showing uniform distribution of cells within the 3D printed
construct. Units are shown in micrometers. (D)(i) Top view cartoon of the bioprinted structure. (ii-v) Live—Dead stained images
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showing the viability of encapsulated cells on Days 1 and 7 at different locations, with comparative viability plots. (Scale
bars—500 pm). (Mean and standard deviation were calculated with n > 3 independent experiments.).

Figure 6. (A), (B) CAD and printed chip with embedded channel network. Red food color dye was used to visualize the flow path
(scale bar—2 mm). (C) Confocal image of a section of the 2 H11 lining from a single plane (scale bar—250 pim). (D) Cross
section at green line showing the formation of lumens by 2 H11 endothelial cells around the fabricated channel (red-actin and

blue-nuclei) (scale bar—200 pm).

2.6. Microfluidic chips with endothelialized
channel networks

In this work, we used droplet bioprinting to print
3D chips that consist of embedded microchannel
networks, a structure widely used in vascular tis-
sue engineering (figure 6(A)). The bioink formula-
tion consists of 7.5% GelMA, 10% PEGDA 6 K, and
20% PEGDA 700 (6:3:1), LAP 0.5 wt%. PEGDA 700

was added to provide additional structural strength
and increase printing fidelity. The structure was prin-
ted using 150 pl of the bioink with a laser intens-
ity of 2.17 mW cm™2, layer thickness of 50 pum
and exposure time of 2.5 s. To emphasize the chan-
nels within the structure, a red food color dye was
infused (figure 6(B)). Following printing, the struc-
ture underwent overnight sterilization using UV light.
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To promote cell adhesion around the channel, rat tail
collagen was mixed to a concentration of 0.5 mgml ™!
in a 20 mM acetic acid solution and carefully pipet-
ted into the channels. After 30 min of incubation, the
channels were fully aspirated, and a thorough rinse
with PBS was performed. Following that, endothelial
cell solution (2 H11s, cell density—10 M ml~!) was
perfused into the channels and allowed to incubate
for 20 min to facilitate cell adhesion. The structure
was then inverted and allowed to incubate for an
additional 20 min; without inverting, the endothelial
monolayer did not cover the entire lumen surface.
The cell solution was subsequently aspirated, and
fresh medium was introduced into the channels. The
structure was cultured under standard conditions for
5 d with medium changes every 2 d. Further, the
structure was inverted every two days to achieve a
homogeneous distribution of endothelial cells along
the channel wall. On Day 5, the cells were fixed,
stained for actin and nuclei, and confocal imaging
was used to characterize endothelial morphology
within the channel network. Results show that the
endothelial monolayer covers the entire channel sur-
faces (figure 6(C) and (D), video V4).

2.7. Droplet bioprinted structures subjected to
osteogenic induction exhibited mineral deposition
To demonstrate that bioprinted structures with relev-
ant functional outcomes can be generated, we printed
a rectangular slab using bioink 5% GelMA, 5%
PEGDA, and 0.5% LAP laden with model osteoblasts
(human osteosarcoma, Saos-2, ATCC) (figures 7(A)
and (B)). First, the printing process was rapidly
optimized using a low-volume bioink (80 ul), using a
laser power of 2.17 mW cm™2 and an exposure time
of 3 s layer—!. A total of 20 layers were printed with
a layer thickness of 50 pum. Post-printing, structures
were cultured in normal growth medium for 48 h
prior to introducing them to well plates with osteo-
genic media for a duration of three weeks. L-ascorbic
acid-2-phosphate (AA2P, Sigma-Aldrich), 5 mM -
glycerophosphate (BGP, Sigma-Aldrich) were part of
the osteogenic medium supplement. Results exhibit
high viability of encapsulated Saos-2 cells with min-
eral deposition throughout the structure, as assessed
by brightfield images, scanning electron microscope
(SEM)-energy-dispersive x-ray spectroscopy (EDS)
analysis, and micro-CT (figure 7). In contrast to con-
trol acellular samples with no mineral, printed con-
struct, the EDS spectra, and elemental maps revealed
the presence of calcium and phosphorus minerals
deposited by encapsulated Saos-2 (figures 7(F(ii-iv))
and S1). Calcium-phosphorus crystal nucleation is
known to begin within osteogenic cells and later
migrate to the extracellular matrix resulting in the
formation of hydroxyapatite crystals [40]. Micro-CT
also confirmed the presence of mineral formation
(figure 7(G), video V5).
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In this work, we show the feasibility of droplet
bioprinting using two proof-of-concept studies. We
also developed a multiphase many-body dissipative
particle dynamics model to simulate this process.
First, we used bioprinted 3D constructs with embed-
ded endothelialized microchannels (lumen size of
400 pm) (figure 6). This will advance tissue engin-
eering by providing a platform that closely mim-
ics the meso-vascular architecture within natural tis-
sues, and the lumen sizes achieved by our work
align well with state-of-art extrusion- and light-
based method as explained below. Extrusion-based
approaches often use a sacrificial material (i.e. gelatin,
agarose, sugar-glass, PVA, Pluronic) to create per-
fusable microchannels (~150-500 pm) within the
bulk bioink; following gelation of the bioink, the
sacrificial material is removed and then endothelial-
ized and matured in vitro before implantation [41—
43]. Recently, the ability to print within a support
bath/matrix (FRESH, SWIFT) has provided a new
way to print soft materials with superior design
complexity [44-46]. Optics-based methods such as
CLIP and SLATE can rapidly print centimeter-sized
constructs with complex intravascular topologies
[31, 47]. We envision that droplet bioprinted vascu-
larized models will be used for drug screening and
disease modeling applications, especially with the use
of patient-specific cells. Second, droplet bioprinting
shows that long-term (21 d) functional outcomes in
the form of osteoblast-mediated mineral deposition
can be achieved (figure 7).

During this study, we focused on different bioinks
made from PEGDA, GelMA and combinations
thereof; we chose these bioink formulations due to
their wide utility in the field. We report an optimal
bioink that is most suitable for cell encapsulation,
attachment, viability and print fidelity. We have tested
that this method can be implemented with a broad
range of ink viscosities (from 1.48 cps to 1400 cps),
although those results are part of a separate study. We
believe that extending this method to other bioinks
in the field is important, however, it lies outside the
scope of this study. In our experiments, we predom-
inantly utilized a 50 pm layer thickness, which can be
easily manipulated by moving the stage to the desired
height and optimizing exposure time. Achieving lar-
ger thicknesses, especially beyond 100 ym, may pose
challenges, particularly if the concentration of UV
absorber is high; this challenge is similar to other DLP
printers. The minimum loading corresponds to the
volume required to print a single layer, much lower
than other DLP bioprinters where the entire vat needs
to be filled before the printing process can begin. For
droplet bioprinting, discrete up-and-down motion
of the stage with a fabrication speed of 42 mm h~!
was used to minimize print defects due to gravity-
based cell settling [35]. This is slower than continu-
ous DLP printing, although a continuous printing
style can be adopted with droplet bioprinting in the
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Figure 7. (A), (B) CAD and droplet bioprinted construct, scale bar—2 mm. (C) The brightfield image of the construct after 21 d
of osteogenic static culture, depicting opacity due to mineral deposition. (Scale bar—2 mm) (D)(i), (ii) merged and fluorescent
image of one channel. (Scale bar—500 pzm). (E) Cell viability within the printed construct on Day 2 post-printing. (F)(i) A
scanning electron microscope (SEM) image was used to image the structure (a small section) shown in figure (C), followed by (ii)
calcium map (iii) potassium map, (scale bar—300 pm) and (iv) EDS spectrum depicting the presence of calcium and
phosphorus. (G)(i) Photographs of mineralized structure. (ii) Micro-Ct image of mineralized structure (scale bar—2 mm).

future. In the long-term, droplet bioprinting can be
used to generate large-scale viable and functional tis-
sues for implantation,”* however key challenges such
as the development of advanced multi-role bioinks

that support both droplet printing of multiscale
lumen sizes and adequately support patient-
specific stromal-endothelial cell function need to be
addressed.
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3. Conclusion

While extrusion and jetting-based bioprinters remain
widely used in the field [24, 48-50], many vat-
based photopolymerization methods have emerged
due to their ability to print high-resolution and com-
plex design architectures. However, current vat-based
bioprinters face many challenges such as low fidel-
ity printing with soft bioinks, low cell viability, large
waste and high costs due to the requirement of
filling the vat with expensive bioinks even for small
size prints, print defects due to gravity-based cell
settling and/or changes in bioink properties during
printing [30, 33, 48, 51]. Here, we report a vat-
free, droplet bioprinting method that can print acel-
lular and cell-laden constructs with minimal waste.
The up-and-down motion during printing allows for
efficient mixing of the cell-laden inks to generate
constructs with uniform cell density with over 90%
viability. A new model was developed to simulate
the dynamic process of droplet bioprinting. Overall,
this low-volume, low-cost method will be ideal for
screening bioink formulations with a large number
of design variables, as well as making customized,
high-resolution 3D constructs for a range of biomed-
ical applications.

4, Methods

4.1. GelMA synthesis

GelMA macromer was synthesized using a previously
reported protocol [52]. Briefly, 10 g porcine skin
gelatin (Sigma Aldrich, St. Louis, MO) was mixed
in 200 ml PBS (Thermo Fisher Scientific), stirred
at 45 °C, and methacrylic anhydride was added
to the solution, and stirred for 3 h. After stirring,
the mixture was dialyzed against distilled water for
1 week at 40 °C to remove the unreacted groups
from the solution. The dialyzed GelMA was lyo-
philized in a freeze dryer (Labconco, Kansas City,
MO) for one week. To prepare 15% (w/v) GelMA, a
stock solution was prepared by mixing 1.5 g freeze-
dried GeIMA with 10 ml of deionized water (dis-
solved at 40 °C), and 0.25% (w/v) UV photoini-
tiator lithium phenyl-2,4,6-trimethyl-benzoyl phos-
phinate (LAP) was added into the solution. GelMA
pre-polymer solution was diluted using DI water to
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obtain either 7% or 10% GelMA and filtered (pore
size = 0.2 pm) and used within 2 h after preparation.

4.2. LAP synthesis

LAP was synthesized in a two-step process according
to the literature [53]. At room temperature and under
nitrogen, 2,4,6-trimethyl benzoyl chloride (4.5 g,
25 mmol) was added dropwise to continuously stirred
dimethyl phenyl phosphonate (4.2 g, 25 mmol). The
reaction mixture was then stirred for 24 h therefore
an excess of lithium bromide (2.4 g, 28 mmol) in
50 ml of 2-butanone was added to the reaction mix-
ture from the previous step which was then heated to
50 °C. After 10 min, a solid precipitate formed. The
mixture was then cooled to room temperature, and
then filtered. The filtrate was washed with 2-butanone
(3 x 25 ml) to remove unreacted lithium bromide
and dried under vacuum to give LAP (6.2 g, 22 mmol,
88%) as a white solid.

4.3. PEGDA 6K synthesis

PEGDA (6000 MW) was synthesized in the laborat-
ory and subsequently dissolved in water to attain a
10% w/w concentration of PEGDA 6k, along with
1% w/w LAP [54]. To synthesize PEGDA 6Kk, 24 g of
PEG 6k were dissolved in 100 ml of anhydrous DCM
and cooled in an ice bath. Under a nitrogen blanket
and with continuous stirring, 1.12 ml of triethylamine
were introduced into the chilled solution, followed by
the gradual addition of a solution containing 1.27 ml
of acryloyl chloride, which had been diluted to a final
volume of 15 ml in anhydrous DCM via an addi-
tion funnel. The reaction mixture was allowed to stir
for 30 min under a nitrogen blanket, after which it
was left to proceed overnight with continuous stir-
ring in a covered flask under nitrogen. Following this,
quaternary ammonium salts were removed from the
reaction mixture using liquid-liquid extraction into
16 ml 2 M K;COj;. Once the emulsion separated, the
organic PEGDA-containing layer was isolated, dried
with anhydrous Na,SOy4, and then filtered. PEGDA
was then precipitated through dropwise addition to
hexane with vigorous stirring. The resulting precip-
itate was separated via vacuum filtration, followed
by washing with three aliquots of hexane and then
three aliquots of diethyl ether at —80 °C. Finally, the
washed PEGDA was dried under vacuum conditions
at room temperature for one week.



10P Publishing

Biofabrication 16 (2024) 035019

4.4. Relevant properties of bioinks

P Kunwar et al

Table 1. Viscosity, contact angle (6;) of bioinks, and storage modulus of the crosslinked slab of respective bioink were used in this work.
(Mean and standard deviation were calculated with n > 3 independent experiments. *Sample size of n = 1 due to drying at the edge.

Out of five samples only one was successfully completed.).

Associated Viscosity Contact Storage modulus of the
Bioink figure (mPa™s) angle (°) crosslinked slab at 1 Hz (KPa)
10% PEGDA 6 K Figure 3 3.19 £ 0.06 85+ 3.15 3.11 £0.18
5% Figures 5, 7 2.11 £ 0.044 91.23 £ 0.44 0.24 +0.019
PEGDAG6k + 5%GELMA
(1:1)
7.5% GelMA, 10% PEGDA  Figure 6 7.8929* 83.29 £ 0.31 2.70 £ 0.122
6 K, and 20% PEGDA 700
(6:3:1)
4.5. Optical setup 4.6. Rheological testing

The bioprinter employed in this study utilizes a
405 nm laser source provided by Toptica, capable
of generating a continuous-wave laser beam with a
maximum power output of 300 mW. To achieve the
desired laser beam characteristics, several compon-
ents are integrated into the system. Firstly, a shut-
ter (SHO5, Thorlabs) is strategically positioned after
the laser source to collimate and expand the beam.
To further refine the beam profile, a 2 f-transfer lens
assembly, consisting of lenses with focal lengths of
40 mm and 200 mm, is utilized. To achieve a uni-
form intensity distribution from the initial Gaussian
laser beam, spatial filtering is implemented using a
25 pm pinhole. Additionally, to mitigate the occur-
rence of laser speckles, a diffuser (provided by RPC
Photonics Inc.) is employed. The diffuser is moun-
ted on a rotating mount, which helps minimize the
speckle effect. The modified laser beam is directed
toward a DMD manufactured by DLi Inc. This DMD,
known as the 0.95” 1080p UV DMD, consists of an
array of micromirrors capable of spatially pattern-
ing laser beams. Following the patterning process,
the laser beam is projected onto infinity-corrected
projection optics, which consist of two lens systems
with focal lengths of 300 mm each. These lens sys-
tems are positioned at a distance of 60 ¢cm from
each other. To precisely focus the spatially patterned
laser beam within the fabrication window, the dis-
tance between the lenses is meticulously adjusted.
The fabrication process involves a PDMS slab posi-
tioned above a heater (WP-16 Warner instrument),
which is heated to a temperature of 40 °C specific-
ally for GelMA printing. This is because GelMA typ-
ically undergoes gelation at room temperature. The
movement and coordination of the PDMS slab are
facilitated by an L-shaped stage, which is controlled
by a three-dimensional linear stage provided by PL
The stage’s movements are coordinated using a cus-
tom LabVIEW code, ensuring precise positioning and
alignment.
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Rheological characterization was performed using a
TA Instruments Discovery Hybrid Rheometer (DHR-
3) with a temperature-controlled lower Peltier plate
(TA Instruments, New Castle, DE, USA). Resin vis-
cosities were measured using 40 mm parallel plate
geometry and a flow sweep from a shear rate of
0.1-100 s~'. All viscosity measurements were per-
formed at 25 °C except for resin formulations con-
taining GelMA, which were instead performed at
37 °C to prevent physical gelation. To obtain stor-
age modulus, frequency sweep experiments were per-
formed on photo-crosslinked hydrogel samples using
8 mm parallel plate geometry at 25 °C in the range
of 0.1-100 Hz. Cylindrical photo-crosslinked hydro-
gel samples were prepared via exposure to 405 nm
light patterned using an 8 mm diameter circular mask
in a 1 mm deep PDMS well. The resulting hydro-
gel samples were 8 mm in diameter and 1 mm thick.
Unless otherwise noted, all rheological measurements
were performed in triplicate.

4.7. Micro-CT analysis

The cellularized construct was removed from the
static media dish intact, fixed in formaldehyde (4%
for 24 h), washed in PBS, and placed on a solid 3D-
printed circular base. The base was placed inside a
20 mm diameter sample holder for micro-CT ima-
ging (micro-CT 40, Scanco Medical AG, Briittisellen,
Switzerland) and kept hydrated with PBS, utilizing
a foam spacer positioned on top to prevent sample
movement. Samples were imaged at a 10 ym isotropic
voxel resolution (55 kV, 145 mA, 200 ms integra-
tion time). After scanning, the reconstructed micro-
CT images (.isq files) were imported into Materialise
Mimics, a 3D medical image segmentation software,
for analysis. The images were cropped to isolate the
construct, and a lower global threshold of 200 mg HA
cm > was applied to identify minerals within. A 3D
reconstruction was created from this data and expor-
ted as a .stl file for visualization.
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4.8. EDS analysis

To perform EDS analysis, mineralized cell-laden con-
structs were subjected to solvent exchange via serial
incubation in ethanol solutions of increasing concen-
tration (10%-100% v/v ethanol in MilliPore water in
10% increments) for 30 min each. Solvent exchanged
samples were dried in vacuo for 24 h, then moun-
ted on aluminum stubs with carbon tape and sput-
ter coated with Au/Pd (Denton Vacuum Desk V,
25 mA; 60 s). Coated samples were examined on
a JEOL JSM-IT100LA SEM under high vacuum at
20 kV using Backscatter Electron Composition (BEC)
imaging for increased contrast between mineralized
and non-mineralized regions. EDS was used to detect
and map calcium, phosphorous, and carbon within
the samples. Cell-free control samples were analyzed
under the same conditions.

4.9. Cell culture and staining

4.9.1. C3H/10T1/2 cell line

This cell line displays fibroblast morphology that was
isolated from a line of C3H mouse embryo cells.
C3H/10T1/2s were maintained using a cell growth
media consisting of Basal Medium Eagle (BME,
Gibco™) supplemented with 10% heat-inactivated
fetal bovine serum (FBS, Atlanta Biologicals), 1%
Glutamax (Gibco™) and 1% penicillin-streptomycin
(10000 U ml~!, Gibco™). The cells were maintained
in a controlled environment at 37 °C with 5% CO,
and 90% humidity. The cells were harvested before
reaching full confluency with 0.05% trypsin.

4.9.2. Saos-cell line

Saos-2 is a cell line characterized by epithelial mor-
phology, originating from the bone tissue of a
patient diagnosed with osteosarcoma. We utilized
Saos-2 as a suitable model cell line for osteogen-
esis. The cultivation of Saos-2 cells involved using
Dulbecco’s modification of Eagle’s medium (DMEM,
Gibco™) as the foundational medium, supplemented
with 10% heat-inactivated fetal bovine serum (FBS,
Atlanta Biologicals), 1% Glutamax (Gibco™) and 1%
penicillin-streptomycin (10000 U ml™!, Gibco™).
The cells were maintained in a controlled environ-
ment at 37 °C with 5% CO, and 90% humidity.
The cells were harvested using 0.25% trypsin for new
experiments. To induce chemical mineral production
in Saos-2 cells, we introduced specific supplements
to the base medium. These supplements included
100 M AA2P (Sigma-Aldrich), 5 mM BGP (Sigma-
Aldrich).

4.9.3. 2H-11 cell line

This endothelial cell line is derived from the axil-
lary lymph node of an adult male mouse. We cul-
tured and harvested the 2H-11 cell line using the same
method as Saos cell. The 2H-11 cells were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM,
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Gibco) with 4 mM L-glutamine, 4500 mg 1=! gluc-
ose, 1 mM sodium pyruvate, supplement with 10%
heat-inactivated fetal-calf serum and 1% penicillin-
streptomycin.

4.9.4. Fluorescence staining

To study cellular morphology, the cells were stained
for F-actin and nuclei. The cells were first fixed with
4% formaldehyde for 30 min and then treated with
0.2% Triton X-100 in DPBS for 30 min to permeab-
ilize the cells. Subsequently, the cells were stained
with either phalloidin (Alexa-Fluor 568, Invitrogen)
at a dilution of 1/100 or with phalloidin-rhodamine
at a dilution of 1/250 in 10% horse serum (S0910,
Biowest) for 45 min at room temperature to visualize
f-actin, and DAPI (4,6-Diamidino-2-Phenylindole,
Dihydrochloride) (Life Technologies) at a dilution of
1/1000 for 5 min at room temperature to visualize
cell nuclei. The images of the fluorescently stained
sample were acquired using a confocal microscope
(Zeiss LSM 980).

4.9.5. Live/dead analysis

A Live/Dead assay kit from Invitrogen, which
includes Calcein AM and Ethidium homodimer, was
employed to assess the cell viability. To summarize, a
solution containing 1/2000 of Calcein AM and 1/1000
of Ethidium homodimer in phenol red free cell media
was carefully added to the cell-laden structure. The
structure was then incubated at 37 °C for 45 min,
after which images were acquired using an inver-
ted microscope (Nikon Eclipse). A 3D image of the
bioprinted structure was captured, and the number
of live and dead cells was determined by obtaining
the maximum intensity projection of all the z-stacks
using Image].

4.9.6. Coating of the channels with collagen
High-concentration rat tail collagen (RatCol® Type
I Collagen #IKD119261001), was purchased from
Advanced Biomatrix. 10 mg ml™! collagen was
diluted to a concentration of 500 pg ml~! in sterile
20 mM acetic acid. The printed microfluidic struc-
ture (figure 6) was submersed in diluted collagen and
incubated for an hour. Next, the collagen solution was
carefully aspirated from the channels of the structure
and rinsed with PBS before seeding cells.
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