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As the tissue engineering and drug delivery communities place greater emphasis on producing constructs of
prescribed geometry and organization, three-dimensional printing is becoming as an increasingly important
technique. While numerous tissue printing techniques have emerged, little has been done to characterize the
properties of printing inks and the resultant effects on geometric fidelity, cell viability, and mechanical integrity.
These questions have been neglected largely because of the lack of methods to characterize the real-time
properties of printing inks. We present a novel technique for characterizing the homogeneity of hydrogel tissue
printing inks that measures loads during ink deposition and its temporal variation, called, mechanical noise. We
then used this technique to determine the effects of increased mixing on the homogeneity of alginate hydrogels
and determined whether this results in improved geometric fidelity of printed constructs. We also studied
potential adverse effects on cell viability and mechanical integrity of printed parts. Increased mixing between
alginate and crosslinker to 128 cycles yielded an 82% reduction in mechanical noise. Geometric fidelity also
improved with this increased mixing, in terms of a smoother surface texture, better matching of the target
geometry, and fewer point defects. Viability was not adversely affected by increased mixing, and it actually
improved by 34% with a 45min curing time. As mixing before printing was increased from 8 to 200 cycles, the
modulus also increased by 110% from 4.0 0.1 to 8.4 £ 1.0kPa. The results presented herein motivate a radical
shift in alginate printing protocol, and also propose a useful methodology for characterizing three-dimensional
printing materials.

Introduction number of strategies have been employed including the use
of photocrosslinkable (polyethylene glycollz’lg’zz) and ther-

I I YDROGELS ARE AN increasingly important class of bio- moreversible (gelatin,'”'***2¢ pluronic,”' and collagen'®**?")

materials for tissue engineering and drug delivery.
These materials have long been used for cell delivery in
beads,? disks,® and injectable form,* and recently their use
has been extended to processes such as injection molding™ !
and three-dimensional (3D) printing.lz’26 Although recently
emerging 3D printing applications hold tremendous potential,
there are specific challenges associated with using hydrogels
for 3D tissue printing. This process requires controlling the
sol-gel transition such that the material is sufficiently inviscid
while being extruded out of a print nozzle (to preserve me-
chanical integrity despite shear forces), and yet viscous en-
ough to hold its shape when patterned on a substrate. This
process must also preserve cell viability by minimizing shear
forces on cells during deposition and avoiding the use of cy-
totoxic initiators of the sol-gel transition. Toward this end, a

polymers. Our previous work has used ionically crosslinked
alginate I’lydrogels,lf”zs’26 with CaSO, employed to initiate
gelation before material deposition.'*

Although this process can be used successfully for 3D tissue
printing, it is vulnerable to high levels of variability, both
within a given print and across consecutive prints. Due to the
rapid kinetics of gelation upon contact with calcium, ionic
crosslinking of alginate can generate heterogeneous gels,'**
which could be detrimental to the tissue printing process.
While distribution of calcium ions is a concern that is unique to
alginate-based systems, spatial uniformity of crosslinking is
likely an issue for all hydrogel-based printing techniques. Such
heterogeneity may result from gradients in either chemical
crosslinkers or the physical phenomena that induce cross-
linking (e.g., heat or light). Although significant heterogeneity
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has been documented in molded alginate samples,27 there has
been little effort to evaluate the uniformity of printing material
or the homogeneity of printed parts. Attempts to conduct such
evaluation have been hampered by the lack of methods avail-
able for assessing the properties of these hydrogels in real-time
during deposition from a print nozzle.

Tissue printing technology has generated much interest
due to its ability to generate constructs for a variety of ap-
plications ranging from in vitro diagnostics to in vivo im-
plantation of metabolic or structural tissues. As such, there is
no single set of criteria for optimal construct properties (e.g.,
modulus, diffusivity, and permeability). Regardless of ap-
plication, it is desirable to have better control of construct
composition and organization. A great advantage of tissue
printing technologies is the potential to exert such control
through the processes by which printing inks are formulated
and deposited.

One particularly important process parameter, perhaps
most pertinent to the homogeneity of the resultant gels, is the
amount of mixing used to combine the alginate and cross-
linker solutions before printing. This poorly understood
process parameter was never studied in a 3D printing con-
text. Previously, eight mixings through as stopcock was
thought to be sufficient for 3D printing gels (a process in-
herited from the technique’s injection molding heritage®'"),
but this idea has never been tested.

The goals of this study were twofold: (1) to develop a
quantitative method for characterizing hydrogel homogene-
ity during printing, and (2) to use this technique to determine
whether increased mixing improved gel homogeneity and
geometric fidelity of printed parts, while preserving cell
viability and mechanical integrity. We present a novel
characterization technique that measures extrusion force in
real-time during deposition and describes gel homogeneity
in terms of the extrusion force temporal variation, called
mechanical noise. In addition to determining the effects of
mixing on gel homogeneity, we used visual inspection
to determine the effects of mixing on geometric fidelity of
printed parts. We also used the Live/Dead assay and con-
fined compression mechanical testing to determine whether
gel homogeneity benefits came at the expense of cell viability
and mechanical integrity, respectively.

Materials and Methods
Cell isolation

Chondrocytes were isolated from articular cartilage ob-
tained from the femeropatellar groove of 1- to 3-day-old
calves, as described previously.”® The tissue was digested for
18h at 37°C and 5% CO, in Dulbecco’s modified Eagle’s
medium containing 0.3% collagenase. The digest solution was
filtered with a 100 um cell strainer. The articular chondrocytes
were isolated from the strained digest solution by centrifu-
gation at 412 ¢ for 7min. Cells were washed twice with
phosphate-buffered saline (PBS). The initial viability was de-
termined using trypan blue (Mediatech, Herndon, VA), and
only batches of cells with viability of >90% were used.

Alginate hydrogel formulation and cell encapsulation

Alginate hydrogels for cell printing were prepared using
techniques based on those described previously.'* In this
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approach, alginate and calcium solutions are combined, and
through ionic crosslinking a gel is formed. A multilayered
construct can be printed with the material since the reaction
rate is sufficiently slow to allow for partially uncrosslinked
alginate to bond with subsequently deposited alginate/
calcium.*? The alginate was prepared by mixing low-
viscosity, high G-content nonmedical-grade LF10/60 algi-
nate (FMC Biopolymer, Drammen, Norway) with PBS at a
concentration of 20 mg/mL. For experiments requiring cell-
seeded gels, cells were mixed into the alginate solution using
a vortex spinner at a density of 50 million cells/mL before
mixing with the crosslinker. The CaSO, crosslinker was
prepared at a concentration of 10mg/mL in PBS. The algi-
nate and crosslinker were combined in a 2:1 ratio by volume
and then mixed a variable number of times (from 8 to 200
times, depending on the experiment) through a stopcock at
1 Hz. The mixed alginate hydrogel was loaded into a syringe
and allowed to cure for 15-45 min before use in any printing
or experimentation.

Solid freeform fabrication system

A Fab@Home open-source, open-architecture solid free-
form fabrication system was used for printing of the hy-
drogel31 (Fig. 1). This system, which was designed and
deployed by our lab, comprised a laser cut acrylic base with
a three-axis gantry motion system. Each axis was belt-driven
and actuated by a stepper motor (Haydon Switch & Instru-
ments, Waterbury, CT). Communication and motion was
coordinated by a universal serial bos (USB)-interfaced elec-
tronic control board based on the Olimex LPC-H2148 mi-
crocontroller. The open-source control software was written
by our lab, and along with the hardware design files, are
freely available at www.fabathome.org. This software im-
ported CAD models in stereolithography (STL) file format,
sliced the geometries layer-wise and planned tool paths for
each layer based upon user-specified printing parameters.
The standard printing parameters used in the following ex-
periments were 0.68 mm path width, 0.68 mm path height,
and 10mm/s gantry traverse rate. Software also communi-
cated with the control board and was responsible for coordi-
nating motion among the gantry axes and the deposition tool.

The standard Fab@Home deposition tool was modified to
accommodate sterile syringes for biological applications. The
deposition tool gripped 10 mL disposable syringes (Exel In-
ternational Medical Products, St. Petersburg, FL) and pushed
upon the syringe plunger with a stepper motor at 0.25 mm/s
(Fig. 1). Tapered Luer-lok syringe tips (EFD Inc., East Pro-
vidence, RI) of 0.25mm inner diameter were attached to the
syringe barrel and were used as the nozzle. For experiments
utilizing cells, each tip was sterilized in 70% isopropyl
alcohol for 2 h.

Measurement of gel homogeneity

Gel homogeneity was assessed by measuring the real-time
extrusion force variation during deposition. With a perfectly
homogenous deposition material, if a constant displacement
rate were imposed on the syringe plunger, the uniformity of
the material would yield a constant extrusion force. That is,
the force required to achieve the target constant displace-
ment rate would also be constant, and the magnitude would
depend on the displacement rate, material viscosity, and
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orifice diameter. By contrast, if the deposition material were
compositionally heterogeneous, as portions of varying the
extent of crosslinking passed through the syringe tip, the
force required to maintain a constant plunger displacement
rate would vary. More specifically in the case of alginate
hydrogel deposition, as clumps of over-crosslinked gel
attempted to pass through the syringe tip at a constant dis-
placement rate, the clumps’ relatively the extent of cross-
linking would cause the plunger extrusion force to increase;
conversely, as under-crosslinked clumps passed through the
syringe tip, the plunger extrusion force would decrease. Gels
with greater compositional heterogeneity would exhibit
greater temporal variation of the plunger extrusion force.
This temporal variation in plunger extrusion force can be
quantitatively represented by calculating the standard devi-
ation of the plunger extrusion force over time. Herein, we
call the standard deviation of the plunger extrusion force
over time, mechanical noise.

A novel experimental platform was devised to measure
the mechanical noise exhibited by alginate hydrogels during
prints. We needed to precisely measure the plunger extru-
sion forces that typically occur within a deposition tool.
Toward this end, the syringe was held within a custom jig
(Fig. 2) that was mounted on an ELF3200 mechanical test-
frame (EnduraTec, Minnetonka, MN). The jig was mounted
to the static bottom plate of the test-frame and held the sy-
ringe vertically, similar to how the deposition tool houses the
syringe. The mechanical test-frame’s top plate was actuated
and capable of being driven at constant displacement rates.
A 50 1Ib load cell (Sensotec, Columbus, OH) was mounted
to the top plate of the test-frame and also connected to the
syringe plunger via a custom adapter (Fig. 2). The test-
frame’s actuated top plate behaved analogously to the
stepper motor of the deposition tool, in that both imposed
constant displacement rates onto the syringe plunger. The
test-frame’s top plate was displaced at 0.25 mm/s (the same
linear rate as the deposition tool’s stepper motor) to repro-
duce the syringe plunger extrusion rates that occur during
printing; meanwhile, the in-line load cell collected force data
at 200Hz. The forces reproduced in the test-frame were
highly representative of typical 3D printing scenarios since
the extrusion rates were identical and the same wetted
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FIG. 1. Fab@Home open-source
open-architecture three-
dimensional printing system. (a)
Hardware comprising three-axis
gantry motion system and
deposition tool. (b) The material-
filled syringes plug into the Fab@
Home’s deposition tool, and a
stepper motor pushes upon the
plunger to extrude material
through the Luer-lok deposition
tip. Color images available online
at www liebertonline.com/ten.

components (i.e., 10 mL Exel syringes and 0.25-mm-diameter
EFD syringe tips) were used in both systems. For these me-
chanical noise measurements, non-cell-seeded gels were
prepared according to the protocol described above, and the
extent of mixing was prescribed between 8 and 200 mixings.

To accurately describe the mechanical noise of the gel, two
types of noise needed to be filtered out from the raw plunger
extrusion force data. First, very high-frequency plunger ex-
trusion force variation appeared to be a result of plunger-
on-syringe wall friction (Fig. 3). This high-frequency noise
was determined to be nonmaterial specific plunger-on-sy-
ringe friction because it was also present in tests performed
with water. It was clear from these calibration experiments
that the high-frequency component of the plunger extrusion
force variation was not related to the deposition material
heterogeneity. A second type of noise that needed to be fil-
tered out was very low-frequency variation that was related
to the taper of the syringe barrel. For practical reasons related
to the injection molding process by which the syringes were
manufactured, most commercial syringes are designed with
a 1° taper, called the draft. Consequently, as the plunger
moved deeper into the syringe barrel, the diameter decreased
and the plunger-on-syringe wall friction increased, which
ultimately increased the plunger extrusion force. Again, this
low-frequency phenomenon was also present in tests with
water as the deposition material, and it was clear that the
effect was unrelated to material heterogeneity.

The high-frequency friction and low-frequency draft ef-
fects were both removed so that the resultant extrusion force
variation would be purely indicative of the material hetero-
geneity. To do so, a band-pass filter was applied to the
plunger extrusion force. Force variations between the fre-
quencies of 0.5 and 40 Hz were passed; these threshold val-
ues were determined experimentally by using water as a
calibration deposition material due to its low viscosity and
high homogeneity. Finally, the mechanical noise was calcu-
lated as the standard deviation of the band-pass-filtered
plunger extrusion force over 25s, with the first 5s dis-
regarded.

Statistically significant differences were analyzed using a
one-way analysis of variance (ANOVA), post-hoc Tukey test,
with a p-value of 0.05.
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FIG. 2. Gel homogeneity characterization platform. (a) Gels
are mixed by manually pumping alginate and crosslinker
solutions through a three-way stopcock at 1 Hz for a variable
number of cycles, depending on the experiment. (b) For gel
characterization, the syringe is held vertically by the custom
jig and material is extruded through the deposition tip into a
disposable weigh boat, which serves as a collection tray. An
in-line load cell measures the plunger extrusion force in real-
time during deposition. The mechanical test-frame imposes a
displacement at a constant rate and measures the plunger
extrusion force with a 50 Ib load cell at 200 Hz. Color images
available online at www.liebertonline.com/ten.

Geometric fidelity characterization

Geometric fidelity was qualitatively characterized by vi-
sually inspecting constructs printed on the Fab@Home solid
freeform fabrication system. Computer-aided design (CAD)
models of various geometries were converted into STL files
and loaded into the Fab@Home control software, including
high-aspect ratio cylinders, cubes, disks, and an ovine me-
niscus from CT imaging. Software subsequently planned the
tool paths and afterward, non-cell-seeded alginate gel was
mixed between 8 and 200 times, loaded into syringes, and
placed in the deposition tool. The gel preparation and prints
were conducted according to the protocol described above.

Photographs of the printed constructs were captured for
subsequent comparison between samples of different test
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FIG. 3. Effects of band-pass filtering. The dark black line
represents raw plunger extrusion force versus time for a 200
cycle-mixed gel through a tip of 0.25mm diameter at a
constant plunger displacement rate of 0.25mm/s. The 1°
draft tapering within the syringes causes the mean running-
average-load to monotonically increase. The dark gray line
represents the band-pass-filtered load, where frequency
components below 0.5Hz and above 40 Hz were removed (to
account for the draft and plunger-on-syringe friction). While
transient effects are still present during the first ~5s of the
filtered load resulting from the ramp-up of the test-frame, the
load reaches a steady state in which the running-average-
load no longer monotonically increases.

groups. Key characteristics emphasized during observation
included surface texture, similarity of the overall shape
compared to the intended geometry, and presence of point
defects such as missing material.

Elastic modulus characterization

Using the hydrogel fabrication protocol described above,
non-cell-seeded alginate hydrogel was mixed between 8
and 200 times, and subsequently cast between glass plates
using 1 mm spacer plates. Disks were stamped out with a
6-mm-diameter biopsy punch, postcrosslinked for 20min
in 2% CaCl,, and stored for no >1h in HEPES buffer. The
disks were then placed in an ELF 3200 (EnduraTec) me-
chanical test-frame in a confined compression chamber to
assess equilibrium modulus as described previously.*?
1000 g load cell (Sensotec) with 2 g resolution was attached to
the bottom plate and a displacement sensor to the top plate.
The bottom plate was filled with PBS to completely encom-
pass the sample with fluid. The two plates started at a dis-
tance corresponding to 0% strain and stepped 0.1 mm
toward each other every 100's until 45% strain was achieved.
Load data were acquired at a frequency of 5Hz, and dis-
placement and load data were converted to strain and stress,
respectively, by normalizing to sample thickness and area.
The stress—strain curve of each printed sample was analyzed
by first finding the equilibrium stress corresponding to each
imposed strain (0%—45%). The linear region of the equilib-
rium stress—strain curve was fit linearly; the slope of this line
was the Young’s modulus of the sample.

Statistically significant differences were analyzed using a
one-way ANOVA, post-hoc Tukey test, with a p-value of 0.05.

Viability test

Viability of the cells suspended in the alginate gel was
measured immediately after the printing process. Disks,
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6mm in diameterx2mm in height, were printed on the
Fab@Home using the same gel preparation and printing
protocol described above. Gels were mixed between 8 and
200 times. In addition to the standard syringe tip diameter of
0.25mm, diameters of 0.61 and 5mm were also used during
viability experimentation. Also, in addition to the standard
duration of 15min between mixing and printing, 30 and
45min curing periods were also tested with a 0.25-mm-
diameter tip. During material curing, the samples were ex-
posed to room temperature conditions. Each sample was
tested with the Live/Dead Viability Assay (Molecular
Probes, Eugene, OR). The samples were exposed to 0.15pM
calcein AM and 2puM ethidium homodimer-1 for 60min
at room temperature. The stained samples were analyzed
under a Nikon TE2000-S microscope equipped with an epi-
fluorescence attachment and a Spot RT digital camera. The
viability was calculated as the average of the ratios of live
over total cells in a hemacytometer (Hausser Scientific,
Horsham, PA), normalized by the initial cell viability.

Statistically significant differences were analyzed using a
two-way ANOVA, post-hoc Tukey test, with a p-value of
0.05. All data are presented as mean =+ standard error of the
mean.

Results
Effects of mixing amount on gel homogeneity

Gels that were prepared with greater mixing of the algi-
nate and crosslinker before printing exhibited much less
temporal variation in plunger extrusion force. That is, for
samples that were highly mixed, the max-to-min variation in
extrusion force was smaller than for those samples that were
mixed fewer times (Fig. 4). Gels that were mixed eight times
exhibited a load of ~1.5N, whereas gels mixed 200 times
only exhibited ~0.5N.

The effect of mixing amount on gel homogeneity was also
apparent when expressed in terms of mechanical noise, or
the standard deviation of the plunger extrusion force over
time (Fig. 5). For samples mixed eight times, the mechanical
noise was 0.77 £0.16 N (n=10). The mechanical noise dras-
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FIG. 4. Heterogeneity of gel reflected in temporal load. The
two lines represent band-pass-filtered temporal load, of
which the first 5s have been discarded to ignore transients
resulting from test-frame ramp-up. The 200 cycle-mixed gel
exhibits much narrower temporal variation in load, with a

range of ~0.5N, whereas the 8 cycled-mixed gel exhibits a
range of ~1.5N.
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FIG. 5. Mechanical noise versus number of mixing cycles.
As the number of mixing cycles between the alginate and
crosslinker increases from 8 to 200 cycles, the associated
mechanical noise monotonically decreases. At 8 mixing cy-
cles, the mechanical noise is 0.77 £0.16 N, and as the mixing
cycles increases to 120 cycles, the mechanical noise drops by
82% to 0.14 £ 0.01 N. Error bars represent the standard error
of the mean and n =10; *p < 0.05 versus eight mixings.

tically dropped to 0.25+0.05N at 16 mixings (p < 0.05) and
continued to drop to 0.14 £0.01 N at 128 mixings (1 =10). In
the low-mixing regime, merely increasing the mixing by
eight cycles yielded a 68% reduction in mechanical noise. The
additional mixing cycles between 16 and 128 mixings yielded
an additional 44% reduction in mechanical noise. Overall,
mixing 128 times instead of 8 times yields an 82% decrease in
mechanical noise (p < 0.05).

Effects of mixing amount on geometric
fidelity of printed constructs

Geometric fidelity was qualitatively assessed in terms of
surface texture, similarity to target geometry, and point de-
fects. Samples that were printed with gels mixed 200 times
exhibited much smoother surfaces than those mixed only 8
times. Further, the 200x samples exhibited closer similarity to
the target geometry and fewer point defects, such as loca-
tions with missing material or too much material.

The higher geometric fidelity of 200x printed gels, as
compared to 8x gels, was particularly evident in the print of
the ovine meniscus from CT imaging (Fig. 6). The surface
texture of the 8x sample was rougher and clearly displayed
the laminar nature of the layer-wise manufactured construct.
However, the 200x sample had a smooth surface and the
individual layers were visually imperceptible.

Further, the 200x samples better matched the intended
geometry particularly at the horns of the meniscus and alone
the top rim of the construct. As for point defects, the 8x
sample exhibited numerous cavities of missing material as
well as mounds of gel that are nonexistent in the target ge-
ometry.

Not only was within-print geometric fidelity higher for
200x gels, but also the print-to-print variability was much
smaller (Fig. 6). The 200x gels yielded constructs that were
consistently smooth, defect free, and similar to the target
geometry. However, the geometric fidelity of 8x gels greatly
varied from print-to-print, sometimes yielding prints of
moderate geometric fidelity but other times yielding very
poor geometric fidelity.
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FIG. 6. Geometric fidelity of
printed ovine menisci versus
number of mixing cycles. An ovine
meniscus (bottom-left) was imaged
using a computed tomography
scanner (top-left) and printed. The
print with the eight cycle-mixed
gel (top-middle) exhibited a rough
surface texture, presence of point
defects including cavities, and
deviation from target geometry
along the upper rim. The print
with the 200x gel (top-right)
exhibited a smoother surface tex-
ture, better matching of the target
geometry, and fewer point defects.
Also, print-to-print variability was
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poorer with the 8x gel, sometimes resulting in complete failures (bottom-middle), whereas the 200x gel produced more
consistent results (bottom-right). Color images available online at www liebertonline.com/ten.

Effects of mixing amount on elastic modulus
of printing gel

The compressive modulus of hydrogel disks increased
monotonically with mixing (Fig. 7). At 30 mixings, the
postcrosslinked printed disks possessed an elastic modulus
of 40+0.1kPa (n=>5). The elastic modulus increased to
5.9 +0.3kPa and 8.4 +1.0kPa, at 120 and 200 mixing cycles,
respectively (n=5). The fourfold increase in mixing between
30 and 120 cycles yielded a 50% increase in elastic modulus
(p <0.05). Overall, mixing the gel 200 times versus only 30
times yielded a 110% increase in elastic modulus (p < 0.05).

Effects of mixing amount on viability
of printed constructs

The first viability experiment tested the effect of tip di-
ameter, from 0.25 to 5mm, on viability with samples that
were printed 15min after mixing under various mixing
techniques, including 8x, 64x, and 200x. While the viabilities
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FIG.7. Elastic modulus versus number of mixing cycles. As
the number of mixing cycles between the alginate and
crosslinker increases, from 30 to 200 cycles, the associated
elastic modulus monotonically increases. At 30 mixing cy-
cles, the mechanical noise is 4.0+0.1N and as the mixing
cycles increases to 200 cycles, the mechanical noise increases
by 110% to 8.4+1.0N. Error bars represent the standard
error of the mean and 1 =5; *p < 0.05 versus 200 mixings and
Tp < 0.05 versus 150 mixings.

ranged from 65% to 77%, it did not do so as a function of tip
diameter or number of mixing cycles (Fig. 8).

The second viability experiment tested the effect of cure
time (i.e., the time between mixing and printing) on viability.
For gels printed through a 0.25-mm-diameter tip, 8x and 200x
gels did not have different viabilities with cure times of
15 min nor of 30 min. However, with a cure time of 45min,
the viability increased (p < 0.05) for 200x gels compared to 8x
gels (Fig. 9). With a 45min cure time, printed 8x gels only
had a viability of 64.5% =+ 5.1%. However, printed 200x gels
had a 34% higher viability, 87.1% +2.4%.

Discussion

This study is one of the first to present a method for as-
sessing the printing characteristics, in particular, the homo-
geneity, of tissue printing inks. A mechanical test-frame was
used to capture load data during extrusion of alginate hy-
drogel through a deposition nozzle. The load data were fil-
tered to remove friction effects unrelated to the hydrogel,
and the standard deviation of the temporal syringe extrusion
force was taken as the mechanical noise of the gel. Standard
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FIG. 8. Cell viability versus deposition tip diameter and
number of mixing cycles. The size of the deposition tip,
within the range of 0.25-5mm, does not have effect on the
viability of printed cells. Error bars represent the standard
error of the mean and n =10.
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FIG. 9. Cell viability versus time between mixing and
printing, and number of mixing cycles. Viability does not
significantly vary with mixing at cure times of 15 or 30 min.
However, with a cure time of 45min, the viability increases
by 34% from 64.5% +5.1% in an 8x gel to 87.1% +2.4% in a
200x gel. Error bars represent the standard error of the mean
and n=10; *p <0.05.

material characterization techniques, such as measurement
of elastic modulus and viscosity, do not serve as good indi-
cators of how a gel will behave during printing since the gel
likely comprises both solid and liquid components in un-
known, and possibly changing, proportions. Further, these
test methods fail to accurately describe a gel’s printability
due to the printing technique’s extreme sensitivity to het-
erogeneity of the printing ink. Due to the rapid kinetics of
gelation when calcium is mixed with alginate, these hydro-
gels are highly susceptible to localized variation in material
properties. As portions of varying crosslinking extents are
pushed through the deposition tool at constant displacement
rates, these variations in gel properties lead to inconsistent
flow rates that adversely affect the geometric fidelity of
printed parts; in extreme cases, the printer will completely
clog as over-crosslinked clumps attempt to pass through the
deposition tool.

Unlike traditional material characterization methods, the
technique presented herein not only describes the homoge-
neity of printing inks, but also does so directly in a 3D
printing context. That is, gel homogeneity was measured
within the same types of wetted components (i.e., syringes
and syringe tips) that are used in 3D printers and the forces
imposed on the syringes mimic those during an actual print.
This measurement within a 3D printing context enhances the
usefulness of the results obtained because the test conditions
so closely match those of the end-use; consequently, the
methodology is highly relevant for characterizing positive
displacement extrusion of hydrogels,'*'>?! as well as non-
hydrogel biomaterials.*>** This characterization methodol-
ogy is also applicable to characterization of bioprinting inks
for pressure deposition'>!”1#237263539 and rotary screw ex-
trusion**™** techniques, even though the printing apparatus’
configurations are not identical to the experimental setup.

Mixing had a profound effect on the homogeneity of al-
ginate gel during printing. Mixing 16 cycles versus the es-
tablished 8-cycle norm yielded a 68% decrease in mechanical
noise. Further, mixing 128 cycles versus 8 cycles delivers an
82% reduction in mechanical noise. Such high mixing cycles
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were completely at odds with the established injection
molding protocol,” ! which considered 128 or even 16
mixing cycles entirely unnecessary and detrimental to the
viability and mechanical integrity of resultant constructs.

Increased mixing of the alginate and calcium crosslinker
enhanced gel homogeneity due to the more thorough redis-
tribution of the calcium ions. As the gel is further mixed, the
additional mixing energy more evenly distributed the cal-
cium ions throughout the calcium-alginate mixture. With
more even calcium ion distribution, the local concentration of
calcium is more uniform and the resultant crosslinking ex-
tent of the gel is likewise more consistent. In poorly mixed
gels, uneven calcium ion concentration leads to localized
pockets of under- and over-crosslinked gel, which result in
varying flow rates when a constant displacement rate is
imposed on the syringe plunger.

While average homogeneity increases with mixing, it ap-
pears that so too does the variability in homogeneity from
sample to sample. Depending on the specific application, one
may need to weigh trade-offs and determine whether aver-
age homogeneity or variability in homogeneity is more im-
portant as he or she chooses a mixing technique.

We next needed to determine whether the improved ho-
mogeneity of the alginate gel translated to improvements in
geometric fidelity of printed constructs. Prints conducted
with 200x gels indeed exhibited smoothers surfaces, less
perceptible layering, closer matching to target geometry, and
fewer point defects than prints conducted with 8x gels.
Further, 200x gels yielded better print-to-print reliability in
terms of geometric fidelity. That is, 200x gels consistently
produced constructs of high geometric fidelity, whereas 8x
gels resulted in a much wider range of geometric fidelities,
varying from moderate to very poor.

Increased mixing improved geometric fidelity likely be-
cause the greater homogeneity led to more consistent depo-
sition flow rates. The geometric fidelity of printed constructs
is highly sensitive to the uniformity of the deposition mate-
rial flow. Since the deposition tool traverses without feed-
back on the material flow, even slight changes in the material
flow rate load to cavities if the flow rate is too low or mounds
if the rate is too high. In extreme cases, the gel heterogeneity
leads to over-crosslinked clumps of gel attempting to pass
through the deposition tool, in which case the tool com-
pletely clogs and deposition halts entirely.

Even though we demonstrated the gel homogeneity and
geometric fidelity benefits of increased mixing, we still
needed to address the concerns that such mixing would
adversely affect viability and mechanical integrity. While
mechanical properties* and viability**** of printed hydrogel
constructs have been studied, they have never been analyzed
as a function of mixing technique and gel homogeneity. We
employed elastic modulus mechanical testing and the Live/
Dead assay to investigate the effects of increased mixing to
rule out potential adverse effects.

One concern was that mixing beyond four to eight cycles
would degrade the mechanical integrity of the resultant gel
because as the gel mixes it transitions into a solid, and fur-
ther mixing would permanent rip the material. Our testing
demonstrated that rather than degrading mechanical integ-
rity, increased mixing actually increased the final elastic
modulus twofold. Mixing 120 times instead of 30 times in-
creased the final elastic modulus 50% to 5.9 kPa. Increasing
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the mixing from 30 to 200 cycles yields a 110% increase in the
final elastic modulus of the printed constructs, resulting in a
modulus of 8.4 kPa. Interestingly, although we were initially
concerned about detrimental shearing of the gel through
increased mixing, we did not observe such effects and in-
stead actually saw enhanced mechanical integrity resulting
from increased mixing. Several hypotheses potentially ex-
plain why increased mixing improved mechanical integrity.
First, better distribution of the calcium ions initially as the gel
was mixed may have made the ions more readily available
for crosslinking through the constructs resulting in more
efficient use of the ions. Second, better distribution of the
calcium may have eliminated pockets of extremely over-
crosslinked gel, which upon deposition would have been
torn apart by the restricted orifice of the deposition tool to
the detriment of the overall mechanical integrity. Third, by
eliminating these localized pockets of over-crosslinked gel,
the gel may have exhibited more consistent diffusivity,
which further allowed for efficient transport and use of cal-
cium ions, as well as allowed for polymer chain realignment.
It should be noted that the disks used for mechanical prop-
erty characterization were postcrosslinked in CaCl, as de-
scribed above, and although this is a valid postprocessing
option that could be chosen depending on context, for certain
applications it may not be necessary to further increase the
elastic modulus. If postcrosslinking is employed, attention
must be paid to the potential effects it could have on the
homogeneity of printed constructs. In the mechanical prop-
erty testing, the disks were likely sufficiently small such that
the postcrosslinking did not introduce substantial hetero-
geneities. For larger prints, however, future work should
determine precisely what effect postcrosslinking would have
on construct homogeneity.

Besides mechanical integrity being preserved, we also
found that viability of the cells within printed constructs was
maintained even with increased mixing. Not only was cell
viability preserved over a range of syringe tip diameters, but
also, when a print was conducted 45min after mixing, the
viability of 200x gels was actually statistically significantly
higher than for 8x gels. We believe that as mixing is in-
creased, the gel becomes more homogenous and localized
clumps of over-crosslinked gel are eliminated. These clumps,
present in less mixed samples, exert high shear stress on the
cells when forced through the nozzle and consequently de-
crease sample viability.** We also believe that this effect is
only noticeable with a curing time of 45min, and not with
lesser curing times, because the overall crosslinking extent of
the gel is too low in lesser cured samples for the clumps to
exert shear stresses above the critical threshold.

It is important to note that 3D printing has many applica-
tions, from implant generation to diagnostics to 3D culture.
There is consequently no single set of desired cell-hydrogel
properties as the required modulus, viability, geometric fide-
lity, and homogeneity are entirely dependent on context. The
work presented herein explores some of the important process
variables so that end-users can weigh the trade-offs and
choose the process parameters that meet their specific needs.

Conclusion

This study not only provides greater insight into the ef-
fects of mixing on alginate hydrogel properties, but also
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fundamentally changes key process parameters that drasti-
cally improve the efficacy of hydrogel 3D printing. Instead of
relying upon established guidelines of 4-8 mixings,s’11 we
suggest a radical shift to a mixing regime of 128-200 mixings.
We also have proven that such a radical shift in technique
does not come at the expense of mechanical properties or cell
viability and, to the contrary, actually improves both aspects.
In addition to improving alginate hydrogel 3D printing, we
also provide a test methodology that enables the character-
ization all hydrogels,'*2® as well as other types of biologi-
cally relevant printing inks.***?* The test methodology is
directly applicable to positive displacement-based printing
techniques, but is also useful for characterizing pressure-
based'?171823263539 and rotary screw-based**™** printing
approaches. As tissue 3D printing moves closer toward the
clinic, we will need to address concerns about reliability, and
methodologies such as the one presented herein are crucial
for optimizing printing inks and ensuring acceptable levels
of reproducibility.
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