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Abstract
Recent advancements in 3Dbioprinting have led to the fabrication ofmore complex,more precise,
and larger printed tissue constructs. As thefield continues to advance, it is critical to develop
quantitative benchmarks to compare different bio-inks for key cell–biomaterial interactions,
including (1) cell sedimentationwithin the ink cartridge, (2) cell viability during extrusion, and (3) cell
viability after ink curing.Here we develop three simple protocols for quantitative analysis of bio-ink
performance. Thesemethods are used to benchmark the performance of two commonly used bio-
inks, poly(ethylene glycol) diacrylate (PEGDA) and gelatinmethacrylate (GelMA), against three
formulations of a novel bio-ink, Recombinant-protein Alginate Platform for InjectableDual-
crosslinked ink (RAPID ink). RAPID inks undergo peptide-self-assembly to formweak, shear-
thinning gels in the ink cartridge and undergo electrostatic crosslinkingwith divalent cations during
curing. In the one hour cell sedimentation assay, GelMA, the RAPID inks, and PEGDAwith xanthan
gumprevented appreciable cell sedimentation, while PEGDA alone or PEGDAwith alginate
experienced significant cell settling. To quantify cell viability during printing, 3T3fibroblasts were
printed at a constantflow rate of 75 μl min−1 and immediately tested for cellmembrane integrity. Less
than 10%of cells were damaged using the PEGDA andGelMAbio-inks, while less than 4%of cells
were damaged using the RAPID inks. Finally, to evaluate cell viability after curing, cells were exposed
to ink-specific curing conditions for fiveminutes and tested formembrane integrity. After exposure to
light with photoinitiator at ambient conditions, over 50%of cells near the edges of printed PEGDA
andGelMAdroplets were damaged. In contrast, fewer than 20%of cells found near the edges of
RAPID inkswere damaged after a 5min exposure to curing in a 10mMCaCl2 solution. As new bio-
inks continue to be developed, these protocols offer a convenientmeans to quantitatively benchmark
their performance against existing inks.

Introduction

As thefield of 3Dbioprinting continues to expand, so too
has the development of new bio-inks for cell-laden
additive manufacturing [1, 2]. To make cell-laden tissue
constructs, a suitable bio-ink must be printable, cell
compatible during printing, and cell compatible post-
printing. Recent development of new bio-inks has
focused primarily on the printability of the material and
the cell compatibility post-printing, often overlooking
the viability of the cells during printing. These studies
have enabledproof-of-conceptdemonstrations formany

different applications in tissue engineering and regenera-
tive medicine [3–8], tissue modeling [6, 7, 9, 10], and
stem cell biology [11]. As the field expands beyond
proof-of-concept studies, it will be increasingly impor-
tant to also consider the bio-ink compatibility with the
cells during the fabrication process tomake 3D bioprint-
ing scalable and cost efficient. Towards this goal, here we
develop three simple assays are developed that enable
quantitative assessment of a bio-ink’s cell compatibility
during the printing process. These assays are used to
benchmark a new family of bio-inks against an array of
commonlyusedbio-inks.
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Awide range of hydrogels have been developed for
injectable drug- and cell-delivery applications either
through the use of in situ crosslinking [12–14] or
through the use of thixotropic and self-healing rheolo-
gical properties [15–17]. To date, much of the devel-
opment of bio-inks has focused on translating these
strategies for clinically injectable hydrogels for use as
extrudable, printable materials [1]. However, as the
bioprinting community begins to develop complex
tissue constructs with high cell densities thatmore clo-
sely mimic the structure as well as the function of
native tissue, the viability of cells during printing will
become increasingly important. This is due in part to
the costly, time intensive nature of cell expansion for
many key cell types [18]. Additionally, functional tis-
sue mimics often require a high cell density, as cell
density influences cell phenotype for several cell types
[19–22]. Furthermore, the delivery of viable cells can
be important in maintaining the health and function
of the printed construct, as dead cells or cell fragments
fromprinting could release byproducts thatmay influ-
ence neighboring cells [23].

As we move towards printing full-scale tissues and
organs, the print times required may reach hours to
days [7]. Because of this, the cells used may need to
remain suspended in the bio-ink within the cartridge
for long time periods. Therefore, utilizing a biomater-
ial that maintains a homogeneous solution of encap-
sulated cells with minimal cell sedimentation is
desirable. In addition to more precise control of cell
density, cell sedimentation can also be detrimental to
bio-ink printability due to print-head clogging. Here
we developed a protocol to quantify cell sedimentation

and used it to evaluate two different strategies to pre-
vent sedimentation: the use of thickening agents for
solution (sol) phase inks such as poly(ethylene glycol)
diacrylate (PEGDA) and the use of gel phase inks such
as gelatin methacrylate (GelMA) (figure 1(A)). These
two bio-inks are common in the bioprinting field
because they demonstrate excellent cell compatibility
as ‘traditional’ 3D biomaterials, which resemble the
final printed construct [5, 7, 24–28].

Another key aspect of bioprinting we chose to
address is the viability of cells during extrusion. Cell
viability is often measured at 1–7 d post-printing,
which provides important metrics for long-term cell
compatibility and potential bio-ink effects on cell pro-
liferation. This measurement, however, does not pro-
vide information on the cell compatibility during
printing, such as acute cell damage that may occur
during the fabrication process. This is a fundamentally
different measurement, as non-adherent, dead cells
can condense and fragment after death [29], allowing
for diffusion out of the construct. Thus, cell viability
measurements at later time points do not adequately
quantify cell death that occurs during printing and
curing. Cell death during extrusion printing and cur-
ing is important because printing dead or dying cells
can affect the health and function of surrounding cells
[30]. During extrusion in sol phase bio-inks, cells may
undergo Pouseille flow, with a force profile that can
lead to cell membrane damage and death [31]. Some
gel phase bio-inks, in comparison, allow cells to
experience plug flow, with amore cell-protective force
profile (figure 1(B)). Here we present a simple method

Figure 1. Schematic of cell/bio-ink interactions that occur during pneumatic or piston driven direct-write bioprinting and can be
quantified through simple assays. (A)Cell sedimentation, which can lead to inhomogeneous cell distribution and needle clogging, is
more likely to occur in sol phase bio-inks compared to gel phase bio-inks. (B)When traveling through an extrusion needle, cells
experience different types of flowprofiles in different types of bio-inks, which can lead to cellmembrane damage and death. (C)
Different bio-inks often require different curing conditions, which can compromise cell viability through variousmechanisms, for
example fromdehydration or exposure to crosslinking reagents.
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to explicitly quantify cell membrane damage during
extrusion printing in different bio-inks.

In addition to cell death during extrusion printing,
bio-ink curing can also be detrimental to cells
(figure 1(C)). Previously, bioprinting studies have
modified traditional 3D printing of thermoplastics
onto dry substrates to make the fabrication process
more cell compatible. Unlike additive manufacturing
of plastics, one cannot use large temperature changes
to melt and cure the ink. Instead, light-induced curing
is very common due to its long history of use in tradi-
tional 3D tissue engineering applications and good
long-term cell viability. Additionally, light-based cur-
ing is fairly rapid, which improves print resolution of
the inks. However, during the bioprinting fabrication
process, cells experience much longer exposure to
photoinitiators, which can be cytotoxic [32]. Further-
more, these light-based curing methods are often per-
formed in air to maintain print fidelity and to allow
high transmission of light. This long exposure to air
can lead to dehydration and cell death. In response, a
variety of different bio-ink systems with alternative
curing processes recently have been reported [32–34].
Thus, another important evaluation criterion for dif-
ferent bio-inks is cell viability during the ink-specific
curing process.

Our group recently designed a proof-of-concept,
dual crosslinked hydrogel that can be printed into an
aqueous environment as an alternative to in air print-
ing methods [35]. This gel phase ink, called Recombi-
nant-protein Alginate Platform for Injectable Dual-
crosslinked ink, or RAPID ink, consists of two compo-
nents that undergo an initial crosslinking mechanism
that exploits reversible, hetero-assembly of com-
plementary peptide-binding domains (figure 2). The
first component is a recombinant protein (C7) with
seven repeats of a complementary peptide (C) that

hetero-assembles with a proline-rich peptide (P) teth-
ered to the second component, an alginate biopolymer
[35, 36]. The 1:1 stoichiometric binding between C
and P peptides results in a reversible, shear-thinning
network with a relatively low modulus in the absence
of calcium ions [35]. The secondary crosslinking
mechanism exploits electrostatic alginate-Ca2+ inter-
actions. Upon printing the gel phase ink into a calcium
ion-rich bath, these secondary cross-links stabilize and
reinforce the scaffold. In this study, we present a
family of RAPID inks with varying alginate molecular
weight and P peptide avidity. Specifically, we bench-
mark these novel bio-inks against commercially avail-
able bio-inks (PEGDA and GelMA) using our three
simple, quantitative assays for cell compatibility dur-
ing bioprinting. While GelMA [5, 7, 37], PEGDA
[28, 38], alginate [31, 39, 40], and recombinant protein
hydrogels both with [35] and without alginate [36, 41]
are known to have excellent, long-term cell compat-
ibility when used as 3Dbiomaterials with encapsulated
cells, their ability to maintain short-term cell viability
and homogeneity during the printing and curing pro-
cesses is relatively unknown. We find that our family
of materials performs as well or better than the com-
parison bio-inks in these three criteria.

Materials andmethods

Material synthesis
RAPID ink
Both P1 peptide (EYPPYPPPPYPSGC, 1536 g mol−1)
and P2 peptide (EYPPYPPPPYPSGGGGGEYP-
PYPPPPYPSGC, 3234 gmol−1) were purchased from
GenscriptCorp (Piscataway,NJ, USA), and alginatewas
purchased fromNovamatrix (Sandvika, Norway) in the
LVG (MW 75–200 kDa) and MVG (MW>200 kDa)

Figure 2. Schematic of RAPID inks. Component 1, termedC7, is a recombinant engineered proteinwith seven repeats of peptide C
(shown in blue). Component 2 is high or lowmolecular weight alginate covalentlymodifiedwith one or two repeats of peptide P
(shown in crimson). Uponmixing the two components together, the C and P peptides hetero-assemble to form aweak network. Upon
exposure to calcium cations, the alginate undergoes additional electrostatic crosslinking.
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formulations. P1 and P2 tethered alginate was synthe-
sized using sulfo-NHS bioconjugation chemistry as
previously reported [29]. The number of tethered
peptides was quantified using a bicinchoninic acid
assay as previously reported [35] (see table S1, which is
available online at stacks.iop.org/BF/9/044102/
mmedia). The C7 protein was synthesized recombi-
nantly as previously reported; full amino acid sequence
is shown in figure S1 [30]. Alginate-P1 or alginate-P2
(2wt/v% inMilli-Qwater)wasmixed in a 1:1 ratiowith
C7 protein (10 wt/v% in phosphate buffered saline,
PBS) to create a gel phase bio-inkwith afinal concentra-
tion of 1 wt/v% Alginate-P and 5 wt/v% C7. For
bioprinting, cells were suspended in the C7 component
beforemixingwith theAlginate-P component. Second-
ary crosslinking occurred in a 10mM calcium chloride
solution.

PEGDA
The PEGDA bio-inks were prepared as described by
Hockaday et al [28]. Briefly, 700 Da average molecular
weight PEGDA (Sigma-Aldrich, Milwaukee, WI) was
dissolved at room temperature into PBS at 20 wt/v%
with rigorous stirring for 1 h. The solutionwas heated to
50°C, and alginate (LVG version, Novamatrix) was
dissolved into the solution at 1 wt/v% to generate the
PEGDA+Alg bio-ink. Alternatively, 0.5 wt/v%
xanthan gum (Sigma-Aldrich) was mixed into the
PEGDAsolution at 37 °C to generate the PEGDA+XG
bio-ink. The photoinitiator lithium phenyl-2,4,6-tri-
methylbenzoylphosphinate (LAP, Biobots, Inc., Phila-
delphia, PA) was dissolved into both bio-inks at
0.1 wt%. LAP was chosen due to its improved cell
compatibility over Irgacure 2959 [24, 42]. The storage
vialswere coveredwith foil after addingphotoinitiator.

GelMA
The GelMA bio-ink was prepared as described by
Bertassoni et al and Kolesky et al [5, 7] Briefly, gelatin
(type A porcine skin, Sigma-Aldrich) was dissolved
into Dulbecco’s phosphate buffered saline (DPBS,
Thermo Fisher Scientific, Waltham, MA) at 10 wt/v%
at 60 °C. The temperature was then lowered to 50 °C
andmethacrylic anhydride (Sigma-Aldrich)was added
at 8 v/v% at 1 ml min−1. The reaction was quenched
after 3 h via 5x dilution in DPBS and dialyzed with
15 kDa cutoff dialysis tubing in Milli-Q purified water
for 5 days at 37 °C. The solution was then lyophilized
for 1 week. The GelMA, which was a white foam, was
dissolved at 15 wt/v% in PBS at 60 °C to create the
bio-ink. LAP photoinitiator was dissolved at 0.1 wt%,
and the storage vials were coveredwith foil.

Rheological characterization
An 8mm diameter, parallel plate on a stress-controlled
rheometer (AR-G2, TA Instrument, New Castle, DE)
was used for rheological measurements. For primary
crosslinking of RAPID, components were mixed

immediately before loading on rheometer. For second-
ary crosslinking of RAPID, materials were allowed to
cure for 10min in a 10mM calcium chloride solution
before loading on the rheometer. PEGDA+Alg, PEG-
DA+XG, and GelMA bio-inks were exposed to light
(λ=400–410 nm) for 5min for curing before loading
on the rheometer. Strain and frequency sweeps were
measured for all materials. For viscosity measurements,
a 20mmdiameter, cone geometry on a stress-controlled
rheometer was used, measuring the viscosity over a
strain sweep from a strain of 0.001–100. Viscosity was
determined in the linear regionof the strain sweep.

Cell culture
NIH 3T3 cells (Sigma-Aldrich) were cultured in high-
glucose DMEM medium with L-glutamine, 10% FBS
(fetal bovine serum), and 1% penicillin/streptomycin.
Cultures were maintained following the supplier’s
protocols. A cell concentration of 10 000 cells μl−1 was
used for all bio-ink assays.

Cell sedimentation assay
3T3 cells were labeled with Cell Vybrant DiO tracker
(Thermo Fisher Scientific) according to manufac-
turer’s protocol prior to encapsulation in bio-inks.
Bio-ink with cells (total volume of 100 μl) were then
added to a 70 μl cuvette (BrandTech manufacturer
number 759220), which is then closed with a styro-
foam cap and placed in the incubator for 1 h. After the
incubation period, the samples were rotated 90° and
immediately imaged using confocal microscopy (Leica
SPEwith a 10X objective) along the entire height of the
cuvette chamber (3.5 mm). Images were then stitched
together using Leica Application Suite software and
divided into four quadrants each of 0.89 mm. The cell
number in each quadrant was counted using ImageJ
(NIH freeware). The sedimentation coefficient d was
defined as:

n
c

c
,i

i

2

2
d = å

å( )

where n is the number of zones and ci is the cell density
in each zone. Three independent replicates were
performed, and statistical significance was determined
usingANOVAwithTukey post-test.

Cell viability during printing assay
Extrusion and photocuring was done using a BioBots
printer (BioBots, Philadelphia, PA). Encapsulated cells
were loaded into a 10 ml syringe with a 32-gauge,
blunt-tip nozzle (Jensen Global, Santa Barbara, CA).
Extrusion pressure was optimized to print at a rate of
60 or 75 μl min−1 for eachmaterial to standardize flow
rate between different materials (see table S2 for
extrusion pressures for each bio-ink). Each bio-ink
was printed directly into PBS to maintain cell hydra-
tion. Cell viability was then immediately measured
(without exposing the bio-inks and cells to any curing
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steps) using a LIVE/DEAD viability/cytotoxicity kit
according to the manufacturer’s protocol (Molecular
Probes, Eugene, OR). Labeled cells were imaged using
a confocal microscope (Leica SPE with 10X objective),
and at least three fields of view were imaged for each
sample. Three independent replicateswere performed,
and statistical significance was determined using
ANOVAwith Tukey post-test.

Cell viability during curing assay
For curing experiments, RAPID ink formulationswere
extruded directly into a 10 mM calcium chloride
solution, while PEGDA andGelMA formulations were
extruded directly onto a microscope slide in air before
exposure to light (λ=400–410 nm) for 5 min A total
of 5 μl of each material was extruded for each sample,
and all bio-inks were extruded slowly by hand using a
10 μl pipette to avoid cell membrane damage asso-
ciated with extrusion printing at high flow rates. To
mimic long print times, a subset of samples were
incubated for a further 60 min, with RAPID inks
exposed to 10 mM calcium chloride solution and
PEGDA and GelMA bio-inks exposed to air and
ambient light. Cell viability was thenmeasured using a
LIVE/DEAD viability/cytotoxicity kit (Molecular
Probes, Eugene, OR). Labeled cells were imaged using
a confocal microscope (Leica SPE with 10X objective),
and at least three fields of view were imaged near the
edge (within 25 μm) and within the middle of each
sample. Three independent replicateswere performed,
and statistical significance was determined using
ANOVAwith Tukey post-test.

Cell viability during irgacure exposure
3T3 cells were mixed with PEGDA+XG bio-ink in
the absence or presence (0.025 wt/v% or 0.05 wt/v%)
of the photoinitiator Irgacure 2959 (Sigma-Aldrich).
After one hour, cell viability was measured (without
exposing the bio-inks and cells to any curing steps)
using a LIVE/DEAD viability/cytotoxicity kit accord-
ing to the manufacturer’s protocol (Molecular Probes,
Eugene, OR). Labeled cells were imaged using a
confocal microscope (Leica SPE with 10X objective),
and at least three fields of view were imaged for each
sample. Three independent replicateswere performed,
and statistical significance was determined using
ANOVAwith Tukey post-test.

Results and discussion

Rheological characterization of bio-inks
In this study,we compared the effects of several different
sol phase and gel phase bio-inks on three cell compat-
ibility metrics for bioprinting. We first evaluated the
mechanical properties of the bio-inks pre- and post-
curing by measuring shear moduli (figure 3) and
viscosity (table S3). PEGDA+Alg is a viscous fluid pre-
curing, whereas PEGDA+XG behaves as a weak gel

due to polymer entanglements. Both materials have a
storage modulus, G′, approximately 5 kPa after curing
with LAP and light for 5min GelMA, a thermorespon-
sive bio-ink, shows weak, unstable gel behavior at 37 °C
and forms a stiffer gel at room temperature with a
modulus around 500 Pa. After curing using LAP and
light for 5min, GelMA reaches a modulus over 10 kPa.
All of these values are consistent with previously
published reports for these bio-inks [5, 28].

For our novel family of RAPID inks, three differ-
ent formulations were compared. All three RAPID
inks contain 5 wt/v% of the same C7 component and
1 wt/v% of P-tethered alginate. RAPID-high contains
a high molecular weight alginate (>200 kDa), while
RAPID-med contains a medium molecular weight
alginate (75–200 kDa), both tethered with peptides
bearing a single repeat of the P domain (figure 2).
RAPID-P2 contains medium molecular weight algi-
nate tethered with peptides bearing two repeats of the
P domain. All three variants showed similar rheologi-
cal properties pre-curing, with storage moduli con-
sistently greater than loss moduli (G′>G″),
indicating a stable, weak gel network has formed
through the hetero-assembly of C and P peptides pre-
sent on the two components. Previous work with gels
consisting of C7 and P-tethered PEG molecules had
found that increasing the avidity of the P peptide (i.e.
increasing from P1 to P2) resulted in moderately stif-
fer hetero-assembled gels [43]. However, here we dis-
covered that increasing the peptide length from P1 to
P2 decreased the conjugation efficiency of the peptide
to alginate (table S1), which likely compensated for the
effect of avidity, resulting in gels of similar stiffness.

After curing with calcium ions, all three RAPID
inks experienced significant increases in gel stiffness
due to electrostatic crosslinking of the alginate. As
expected, the RAPID-high had a higher G′ compared
to RAPID-med (4 kPa and 1 kPa, respectively). Also as
expected, RAPID-med and RAPID-P2, which have
similar alginate molecular weights, had similar gel
properties post-curing. After secondary crosslinking,
the mechanical properties are largely dominated by
the alginate component with little effect from changes
in P1 avidity after exposure to calcium. Together, these
data suggest that we could further alter the post-curing
mechanical properties of RAPID inks by tuning algi-
natemolecular weight.

Cell sedimentation
For all of our assays, we have selected to use the
commercially available 3T3mouse fibroblast cell line so
that results canbe easily replicated and compared across
different laboratories. In clinically relevant applications
of 3D bioprinting, itmay be necessary to load billions of
cells into the bio-ink cartridge and to keep these cells
homogeneously suspended during print times ofmulti-
ple hours or longer [7]. Thus, cell sedimentation is an
important criterion that must be considered during the
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development of bio-inks. Cell sedimentation is unfa-
vorable both because printing and processing is more
challenging if there is printer clogging, but additionally
because the cell density of the printed structure is
uncontrolled. Here we develop and report a sedimenta-
tion coefficient as a quantitative metric to compare
different bio-inks. The bio-inks were first mixed with
cells at 10 000 cells μl−1, loaded into a 70 μl cuvette and
left vertical at 37 °C for 1 h. Confocal microscope
images were then taken along the vertical axis (3.5mm
long), whichwas arbitrarily divided into four zones, and
the cell density in each zone was quantified with ImageJ
software (figure 4(A)). The sedimentation coefficient, ,d
was defined as:

n
c

c
,i

i

2

2
d = å

å( )

where n is the number of zones and ci is the cell density
in each zone. Using a larger number of zones did not

impact the sedimentation coefficient (data not
shown). This coefficient is the second-moment aver-
age divided by the first-moment average and is
analogous to the dispersity index of polymers [44].
Thus, δ=1 for a system with no cell sedimentation
and equal cell density across all zones.

PEGDA (20 wt/v%) has a low viscosity of 0.01 Pa s
(table S3), thus, as expected cells can quickly sediment
within a solution of PEGDA (δ=2.912±0.3,
figures 4(A) and (B)). Due to this, it is common to add
various thickening agents to PEGDA, and here we
evaluated both xanthan gum (0.5 wt/v%) and alginate
(1 wt/v%) for their ability to prevent cell sedimenta-
tion [26, 28, 45, 46]. Interestingly, while both thicken-
ing agents significantly inhibited cell sedimentation
relative to PEGDA alone, PEGDA+XG resulted in
significantly more homogeneous cell distributions
compared to PEGDA+Alg (δ=1.007±0.006 ver-
sus 1.484±0.3). These data are consistent with our

Figure 3.Rheological frequency sweep of storage (G′) and loss (G″)moduli for various bio-inks. All bio-inkswere tested at room
temperature except forGelMA,whichwasmeasured at room temperature and 37 °C. PEGDAandGelMAbio-inks were cured by
exposure to light (λ=400–410 nm) for 5 minRAPID inkswere cured by exposure to a 10 mMcalcium chloride solution for 10 min.

Figure 4.Cell sedimentation assay. (A)Confocal images of 3T3 cells encapsulated in various bio-inks for 1 h. (B)Quantified
sedimentation coefficient for each bio-ink demonstrates that xanthan gum (XG) is an effective thickening agent for PEGDAbio-ink
and that gel phase inks (GelMA andRAPID) prevent cell sedimentation.
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rheological analysis that demonstrated PEGDA+XG
is a weak gel of entangled polymers pre-curing, while
PEGDA+Alg is a viscous solution (figure 3). For all
of the gel phase bio-inks tested (GelMA and the three
RAPID ink formulations), negligible cell sedimenta-
tion was observed. Taken together, these data demon-
strate the potential advantage of using a bio-ink with
weak, gel phase rheology in the ink cartridge to main-
tain a uniform cell distribution. While the sedimenta-
tion time used in these experiments was 1 h, for future
applications that require longer print times, it will be
necessary to evaluate cell sedimentation over longer
time scales.

Cell viability during printing
In addition to cell sedimentation, cells experience
forces during the printing process thatmay impact cell
viability. Our previous work on injectable hydrogels
for cell transplantation demonstrated that syringe
needle extrusion forces can cause cell membrane
damage leading to significant cell death [31, 36, 47]. As
cells in pressure-based bioprinting undergo a similar
process (i.e. transport through a syringe barrel and a
small gauge needle), we hypothesized that they too can
experience detrimental mechanical forces during the
extrusion process [29]. When developing a protocol to
quantify this ‘print viability’, one can standardize
across various bio-inks based either on applied pres-
sure or flow rate. Our previous work has shown that
cell viability does not directly correlate with the
applied pressure for typical syringe needle flow rates
[31]; therefore, we instead chose to standardize the
flow rate for our protocol. Typical flow rates for
GelMA at 12 and 10 PSI were measured to be 75 and
60 μl min−1, respectively, in our printer setup. We
then individually optimized the pressure for each of

the other bio-inks to achieve similar flow rates (see
table S2 for a listing of all pressures). Cell viability was
immediately quantified without exposing any of the
bio-inks or cells to curing conditions.

The higher flow rate, 75 μl min−1, showed the
greatest significant differences between groups, with
the commercially available inks showing between 5%
and 9% cell death in all groups (figure 5). In compar-
ison, the three RAPID inks experienced between 2%
and 4%cell death at the same flow rate. Previously, our
group demonstrated that weak, physical gels can pro-
tect cells during syringe needle flow, presumably by
shear-thinning at the edges, which results in bulk plug
flow through the needle [31, 35, 47]. Similar trends
were observed at a flow rate of 60 μl min−1, though
with less statistical significance. This suggests that het-
ero-assembled, peptide-specific physical gels can sig-
nificantly protect cells from the damaging mechanical
forces experienced during 3Dbioprinting.

Cell viability during curing
After the cell-laden ink is printed, a curing period is
typically required to stabilize the mechanical properties
of the printed construct. Both GelMA and PEGDA use
photocrosslinking to maintain the structure after print-
ing. Photocrosslinking can be ideal for printing due to
the fast curing time [48–50], and photocrosslinking of a
variety of polymers has been used with great success for
tissue engineering applications [51, 52]. However,
photocrosslinking reactions require exposing cells to
photoinitiators, which are known to be harmful to cell
viability, particularly over long times. We show that
exposure to as little as 0.05% Irgacure 2959, a common
photoinitiator for tissue engineering studies [53], for 1 h
can kill over 20%of the encapsulated 3T3fibroblast cells
(figure S1). These data are consistent with previous

Figure 5.Cell print viability assay. (A)Quantification of LIVE/DEAD staining of 3T3 cells printed through a 32-gauge nozzle at
average speeds of 75 and 60 μl min−1. All bio-inks show less than 10% cell death during printing, while RAPID inks show less than 4%
cell death. (B)Representative LIVE/DEADconfocal images of 3T3 cells printed at a flow rate of 75 μl min−1 immediately after print
extrusion and before any curing steps.
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studies exposing human adipose-derived mesenchymal
stem cells to Irgacure [54]. Thus, for our further studies
we chose to use the LAP photoinitiator, which is known
tobe less cytotoxic than Irgacure [55].

In addition to cell death from photocrosslinking
reagents, cells can also undergo dehydration during
the curing process, as this often requires exposing the
printed construct to air [56]. To assess the effects of the
curing process on cell viability, we directly pipetted
5 μl of a cell-laden bio-ink onto a glass microscope
slide to avoid any cell death due to extrusion. After
5 min of curing using LAP and light, cells encapsulated
in all of the photocured bio-inks (PEGDA+XG,
PEGDA+Alg, and GelMA) experienced about 50%
cell death at the edge of the construct (figure 6, left).
Interestingly, at the center of the construct, the cell
death ranged from about 25%–40%, suggesting that
dehydration is a significant cause of cell death andmay
be altered by the relative hygroscopy of the bio-ink. In
contrast, RAPID inks are cured by a 5 min exposure to
a 10 mM calcium chloride solution to induce electro-
static crosslinking. Calcium is the ideal divalent cation
to use for bioprinting due to its fast gelation kinetics
relative to magnesium [57] and lower cell toxicity
compared to barium [58]. Due to its role in various cell
functions, high extracellular calcium concentration
can have a negative effect on cell viability or prolifera-
tion [59], however, here we limit the calcium con-
centration to 10 mM to limit the potential cellular
effects of calcium crosslinking. This curing process
was found to result in 15%–20% cell death at the edges
of the construct and 5%–12% in the center of the con-
struct, which was significantly less than all of the com-
mercially available bio-inks.

Next, to mimic what would occur during longer
print times of larger structures, we kept the photo-
cured bio-inks in air for an additional 60 min with
ambient light exposure (i.e. a total of 65 min passed
between printing and viability quantification). This
resulted in a dramatic increase in cell death for all of
the photocured bio-inks, with over 80% cell death
throughout the constructs, presumably due to dehy-
dration. For comparison, the RAPID inks were
exposed to 10 mM calcium chloride for an additional
60 min to mimic long print times. Interestingly, the
cell viability after 5 or 65 min of calcium chloride
exposure along the edges of the construct was not sig-
nificantly different. Unlike at 5 min, when cell viability
at the center of the RAPID ink constructs was higher
than at the edges, at 65 min the cell viability was simi-
lar throughout the entire construct, presumably due to
the equilibration of calcium and chloride ions
throughout the construct. These data suggest 3T3 cells
survive better during long-term exposure to calcium
chloride solution compared to dehydration during air
exposure. Together, our data demonstrate that as the
bioprinting community begins to scale-up this tech-
nology to print larger constructs, we will either need to
dramatically reduce the overall print time or develop
printing techniques that prevent cell dehydration.
Alternative techniques to prevent construct dehydra-
tion have been explored by groups printing into either
colloidal slurries [32, 34] or into a shear-thinning gel
bath [33]. Additionally, one could design a humidified
print chamber or hygroscopic bio-inks to help offset
the effects of dehydration during curing.

When considering all three assays together, these
quantitative benchmarks provide a comprehensive
evaluation of cell–bio-ink interactions during the

Figure 6.Cell curing viability assay. 3T3 cells encapsulated in various bio-inkswere pipetted onto amicroscope slide and allowed to
cure for 5 min PEGDAandGelMAbio-inkswere curedwith exposure to light in air, while RAPID inkswere curedwith exposure to
10 mMcalcium chloride solution. Sampleswere either immediately assayed using LIVE/DEAD reagents (left) or, tomimic longer
print times, were further exposed to air (PEGDA andGelMA inks) or calcium chloride (RAPID inks) for 60 min before viability
quantification (right). Bio-inks that use photocrosslinking showed significantlymore cell death than the RAPID inks.
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construct fabrication process. We have developed
these assays to be simple and affordable, so that they
can be readily adopted by other labs to enable direct
comparison between different bio-ink formulations.
We also developed the assays to decouple the various
effects of different cell–bio-ink interactions; however,
during an actual bioprinting experiment, all three
types of cell-bio-ink interactions would be occurring
simultaneously. Thus, the ‘acute’ cell viability imme-
diately following construct fabrication (i.e. after extru-
sion printing and bio-ink curing) would likely be
much lower than the values reported here for a single
assay. After several days, membrane compromised
cells can fragment and diffuse out of the construct,
while surviving cells may proliferate to repopulate the
construct. For this reason, quantification of cell viabi-
lity in printed constructs should include both ‘acute’
and ‘long-term’measurements.

While the assays developed here have focused on
cell viability during fabrication, the long-term effects
of these different printing processes on cell function
are currently unknown. For instance, forces experi-
enced during the extrusion printing process or cellular
stress responses to dehydration could induce long-
term changes to cell behavior that would be unob-
served using only the metrics outlined here. Further-
more, these long-term cellular responses are likely to
be different for different cell types; thus, future assays
for cellular function will likely need to be developed
for specific 3D bioprinting applications. In addition,
while this paper only develops benchmarks for single-
cell-type printing, precise control over cell density will
become even more important when printing multiple
cell types, as the ratio of cell types in co-cultures is
essential in achieving the desired cell interactions for
the tissue type of interest [60–62]. Thus, a further
study of the effects of sedimentation on multi-cell-
type printing will be important in the future. The
development of simple, reproducible protocols to
quantitatively benchmark various bio-ink formula-
tions against one another should prove helpful to the
field in evaluating the appropriate bio-ink for specific
printing applications.

Conclusion

In this paper, we have developed three simple assays
that provide quantitative benchmarks to compare
various bio-inks developed for 3Dbioprinting applica-
tions, with a focus on cell compatibility during the
fabrication process. These quantitative assays allow
biomaterials scientists to directly compare different
formulation strategies when developing bio-inks for a
specific bioprinting application. These assays were
used to benchmark three novel RAPID ink formula-
tions against commonly used bio-inks, PEGDA and
GelMA. First, an assay was developed to determine a
cell sedimentation coefficient for each bio-ink. Two

different strategies (1. the use of polymer thickeners
for sol phase bio-inks or 2. the use of gel phase bio-
inks) were found to efficiently prevent cell sedimenta-
tion and maintain cell homogeneity for up to 1 h.
Second, an assay was developed to quantify the
amount of cell membrane damage that occurs during
typical extrusion printing protocols. While cell death
was 9% or less for all tested bio-inks, the peptide-
assembled RAPID inks were found to provide signifi-
cant protection to the encapsulated cells, resulting in
4% or less of damaged cells. Finally, an assay was
developed to quantify cell death that occurs during the
bio-ink curing process. Even when using a photocur-
ing protocol known to be relatively cell compatible
(LAP with light λ=400–410 nm), cell death after
5 min of curing was found to be about 50% near the
edges of the constructs. In contrast, curing of RAPID
inks with a 10 mM calcium chloride solution was
found to result in significantly less cell death, likely due
to inhibition of cell dehydration. By defining bench-
marks to quantify important bio-ink interactions with
cells during the fabrication process, we allow future
researchers to assess the suitability of potential bio-
inks for specific cell-laden 3Dprinting applications.
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