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Abstract

We present a modified method of embedded bioprinting, which allows maintaining freestanding three-
dimensional (3D) printed structures in cell culture conditions for extended periods of time. This method, termed
CLASS (constructs laid in agarose slurry suspension), was tested using cell-laden alginate and gelatin meth-
acrylate (GelMa)-based bioinks. A direct comparison of 3D printed constructs, supported by gelatin and agarose
hydrogel slurries, revealed several advantages, including slurry stability across different print temperatures and
blending times, increased slurry homogeneity, and the ability of CLASS to support freestanding constructs for
an extended time in cell culture. We conclude that CLASS is a straightforward and cost-efficient way to print
and support freestanding cell-laden biomaterials.
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Introduction

Recent advances in bioprinting have made the engineering
of complex tissues and organs a closer reality.1–3 Compared
with three-dimensional (3D) printing using plastics and
metals, bioprinting has a number of additional requirements.
Among these requirements are (1) bioink materials that
support cell interactions, growth, and spreading; (2) physio-
logically compatible print conditions, which are defined by
printing with the biocompatible temperature, bioink pH, ex-
trusion pressure, and osmolarity; and (3) sustained cell
nourishment for 3D printed constructs. It is also important to
consider how encapsulated cells interact with their sur-
rounding matrix and how that matrix might be compromised
by cellular enzymatic activity. The structure, stability,
and composition of multicellular bioprinted constructs can
significantly change during long-term cell culture or im-
plantation.

Cell-laden bioinks cannot be too stiff without inhibiting
cell growth and spreading.4–6 This lack of stiffness imposes
major limitations on the height, complexity, and stability of
printed constructs due to the effects of gravity. Therefore,
most articles explore new materials or approaches by printing
3D constructs consisting of only a few layers.3–5

One way to prevent the collapse of macroscopic 3D con-
structs made from soft biomaterials is to provide a support
bath that can hold them in place. In 2015, three different
laboratories described such an approach—each giving it a
different name. Highley et al.7 described what they called
guest–host writing using a modified, hyaluronic acid-based
support bath. Bhattacharjee et al.8 referred to their method as
writing in granular gels and used carbopol as their support
bath material. Hinton et al.9 described free-form reversible
embedding of suspended hydrogels (abbreviated as FRESH)
using gelatin slurry as the main support bath ingredient.

The above three studies include a secondary cross-linking
step for cell-laden constructs printed in support baths. Con-
structs can be cross-linked chemically or by using photo-
polymerization; but, it is only after cross-linking that 3D
constructs can be freed from their support material and placed
in cell culture conditions.9 However, for cell-laden bioinks,
even after cross-linking, it can be beneficial to maintain 3D
printed constructs in their suspended form for extended
periods of time, allowing cells to deposit extracellular ma-
trix (ECM) on their own. Many bioinks that include natu-
rally occurring ECM proteins such as collagen tend to
form a more physiologically suitable matrix by means of
slow self-polymerization rather than rapid chemical or
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photocross-linking.10 For this, one needs to be able to feed the
cells within a 3D printed construct without removing the
support bath material.

To address the need for a cell culture-friendly and ther-
mally stable support material, we developed a simple and
affordable modification of the FRESH technique.9 We called
it CLASS, an acronym for constructs laid in agarose slurry
suspension. It enabled us to print high-definition 3D con-
structs that can be kept in standard cell culture conditions for
extended periods of time.

Materials and Methods

Hydrogel slurry development

For alginate-containing bioinks, slurries were made in an
aqueous solution of 10 mM CaCl2 to induce alginate poly-
merization. For cell-laden collagen or gelatin methacrylate
(GelMa)-containing bioinks, calcium chloride solution (No.
83H08615; Sigma Cell Culture) was replaced with Tyrode
solution and phenol-free cell culture media (1% penicillin–
streptomycin No. K99520; VWR and amphotericin B 0.1%
No. A2942; Sigma). In a 16-oz Ball Mason jar, 5.0% (w/v)
gelatin or 1% agarose (No. X174-25G; VWR) was dissolved
in 150 mL of warm media. Jars with gelatin or agarose so-
lutions were refrigerated at 4�C until they formed solid gel
pucks. A few milliliters of chilled media were added to cover
the surface of the formed pucks, and a spatula was used to
detach the pucks’ edges from the walls of their jars. Each jar
was then filled to the brim with CaCl2 solution or Tyrode
solution (depending on the type of bioink) and placed in a
-20�C freezer for 20 min thereafter. Once removed from the
freezer, gel pucks were blended in pulse mode from 30 to
120 s using a household blender (Osterizer, 564A). The jars’
contents were then aliquoted into 50-mL conical tubes, re-
suspended, and centrifuged at 4�C at 4200 rpm for 2 min.
After centrifugation, liquid supernatant was removed to leave
hydrogel slurry at the bottom of the tube. Adding more media
to the pelleted slurry and subsequent centrifugation made for
more refined slurry.

Bioinks

Among the tested bioinks were 2% alginate (Alginic Acid,
No. A2158; Sigma), 2% alginate/0.1–1% gelatin, alginate–
collagen I (collagen type I, No. 354249; Corning), and 5%
GelMA (Allevi). Coomassie Brilliant Blue (G-250 No. 161-
0406, 0.1–1% w/v; Bio-Rad) powder was added to alginate
bioinks to make prints visible in their support baths. HEK293
RFP cells, permanently expressing red fluorescent protein
(Cat. No. SC007; Gen Target, Inc.), were used at a 5 · 106/
mL final cell concentration. The cell-laden bioink was made
based on Dulbecco’s modified media supplemented with 10%
bovine serum (heat inactivated, New Zealand origin No.
26170-043; Gibco) and included 5% GelMA, 0.15% Biokey
(Allevi), 10% Matrigel (No. 354234; Corning), 3% fibronectin
(No. AK8350-0005, stock solution of 1 mg/mL; Akron Bio-
tech), and 1% penicillin–streptomycin (No. K99520; VWR).
Cell-laden constructs printed in agarose-filled cell strainers
were transferred to new wells with fresh media every 48 h.

Grid CAD model, Sli3r, and bioprinting

Extrusion-based bioprinting was performed using a pneu-
matic 3D bioprinter (Allevi). A 3D grid model was created

using SolidWorks and exported as an STL file to Slic3r for
further optimization. In Slic3r, the file was tailored to single-
layer printing, 100% infill, and a 12-mm/s print speed. The
file was then exported as G-code and uploaded to a bio-
printing platform. Pneumatic pressure was adjusted using
Allevi’s bioprinting control panel. Qualitative conclusions
and representative images were made based on at least three
independent experiments.

Pressure, syringe volume, gauge,
and ink extrusion rate

Experiments to test the effects of extrusion pressure and
syringe volume were performed by loading 2% alginate into
10-mL BD syringes fitted with 30-gauge needles ( Jensen
Global). For each pressure setting, the volume of extruded
material was measured by weighing the mass of collected
material. For cell-laden prints, HEK293 RFP cells were en-
capsulated in 5% GelMa, and prints were made using a 23-
gauge needle at an extrusion pressure of 3 psi.

Results

Main steps involved in preparing and culturing
3D printed constructs in agarose slurry

The CLASS technique is a modified version of the previ-
ously reported FRESH technique.9 The main difference be-
tween the two techniques is the use of agarose as a base
material instead of gelatin for the slurry. The main protocol of
agarose slurry development involves dissolving 1% w/v
agarose in warm media, followed by cooling, blending,
and centrifugation (Fig. 1A). The CLASS method to develop
agarose slurry takes about 30 min from start to finish, which is
much quicker than the overnight FRESH protocol.9

Several ways to change the media around embedded prints
can be used (Fig. 1B). They include adding media on top of
the agarose slurry; placing agarose in a cell culture insert,
which can be subsequently placed in a freshly filled well; or
creating agarose dividers that can be filled with agarose slurry
on one side and cell culture media on the other. Using the
latter technique, the media can be suctioned from the non-
slurry part of the well and replaced with a fresh medium.
Since agarose gel is permeable to medium components, this
leads to a diffusion-based medium exchange near the con-
struct without disturbing the slurry that supports it.

Calculating optimal bioink flow rates
for pneumatic printers

Since FRESH studies were performed using a mechanical
printer, we first had to optimize the pneumatic-based extru-
sion process itself before we could directly compare the
quality of prints made inside agarose and gelatin slurries.
With pneumatic printers, several variables can affect the ex-
trusion rate of a bioink, including temperature, needle gauge,
or viscosity. Therefore, to predict the speed of needle
movement that will produce struts of expected thickness, we
performed a weight-based calibration of the extruded volume
from the needle tip. At our tested pressures, the bioprinter
yielded a nearly linear relationship between volume of ex-
truded bioink (R2 = 0.99) and flow rates with 4, 8, and 12 psi
yielding 0.101 – 0.016, 0.275 – 0.025, and 0.473 – 0.028 mg/s
extrusion volumes, respectively (Fig. 2A). The data also
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indicated 2 psi as the minimum pressure required to extrude
2% alginate through a 30-gauge needle. We then used the
relationship shown in Figure 2A to calculate the speed nec-
essary to produce a continuous alginate filament through a
specified needle gauge. For example, for a 30-gauge needle,
with an inner nominal diameter of 160 microns and printer
extruder pressure of 8 psi, one will need to move the extruder
at &12 mm/s linear speed to make a strut that is neither
discontinuous nor too bulky. In first approximation, this can
be calculated by dividing the rate of extruded volume with the
cross-sectional area of the needle. In our case, the formula
will be 0.275 lg/s = 0.275 mm3/s/(3.14 · 80 · 80 lm) = 13.6
mm/s. The effects of different extrusion pressures on the
width of printed lines are shown in Figure 2A. If the correct
speed of alginate extrusion is selected, a defined geometry
can be obtained by printing in either gelatin or agarose slurry.
Examples of calibration grids printed using different alginate
extrusion rates are shown in Figure 2B.

Potential effect of bioink loading volume

For cell-laden bioinks, the syringe volume can vary sig-
nificantly based on cell amount and/or cost of involved ma-
terials. Therefore, it was important to clarify the extent by
which this variable must be considered. From a physics point
of view, a larger initial bioink volume implies the added
effect of gravity to the extrusion pressure created by the
printer pump. In our case, the 10-mL volume of fluid within a
10-mL BD syringe yields about 6.2 cm of fluid height or 0.09
psi. This comprises <3% of the lowest recommended extru-
sion pressure of 4 psi. The measurements of the amount of
extruded material at different starting bioink volumes have
confirmed the absence of statistical differences between sy-
ringes loaded with different initial volumes of 2% alginate

bioink (Fig. 2C). This suggests that even very small volumes
of 0.5 mL or less can be efficiently printed using the cali-
bration curve established in Figure 2A. The effect of syringe
volume might nevertheless become significant for extralow-
viscosity bioinks or low-gauge needles, which require print-
ing pressures of 2 psi or less.

Effect of slurry blending time

Next, we examined how printability is affected by the
duration of blending. When we used the type of blender and
the Mason jar specified in the Materials and Methods section,
60 and 90-s blending times of gelatin slurry consistently
produced anticipated prints. On the other hand, the use of
gelatin slurry blended for either 30 or 120 s yielded morphed
or defective prints (Fig. 3A). Notably, prints made in agarose
slurry were much less sensitive to the duration of blending
time (Fig. 3B). One explanation of this difference is the lower
melting temperature of gelatin compared with that of agarose.
As a result, gelatin microparticles can be affected by heating
the slurry during extended blending times, effectively melt-
ing them. Blending times are of course specific to the equip-
ment one uses, so it is advised to test several blending times to
reach the optimal, Bingham plastic-like consistency when
other types of blenders or volumes of slurry are used.

Temperature sensitivity of gelatin versus
agarose slurry platforms

Once the printing parameters have been optimized, finely
defined constructs can be printed using agarose bath sup-
port (Fig. 4A, top). However, it is important to note one
more technical detail to print consistent 3D constructs.
Temperature differences between gelatin and agarose melt-
ing points can affect not only the consistency of the slurry but

FIG. 1. CLASS method outline. (A) Main steps involved in preparing agarose slurry. (B) Ways to change media for long-
term culturing using the CLASS platform. CLASS, constructs laid in agarose slurry suspension. Color images are available
online.
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also the 3D printing process itself. More specifically, if the
temperature of the room is higher than 20�C, or if there is
accidental heating by extraneous sources (such as a lamp, air
pump, or other equipment near the 3D printer), consistency of
the slurry can be compromised. This is particularly true for
gelatin slurry, which, in warm environments, reverts back to
its unprintable gel form. To show this effect directly, we
prewarmed both platforms to either 22�C or 30�C, followed
by cooling and subsequent 3D printing. The gelatin platform
that was prewarmed to 30�C and then cooled back to room
temperature resulted in a morphed print (Fig. 4A, middle). In
contrast, under the same conditions, no changes in print-
ability were observed for 3D prints made in agarose slurry
(Fig. 4B, bottom).

Maintenance of 3D printed constructs
in a cell culture environment

The biggest advantage of the agarose slurry platform is that
it can support complex, freestanding 3D constructs in cell
culture conditions, namely a 37�C environment. These very
same constructs could not be supported in the gelatin-based
FRESH platform since gelatin melts in a cell culture incu-
bator. This is illustrated in Figure 4B, which shows, side by
side, the appearance of a freestanding spiral construct before
and after 1 h in a cell culture incubator, printed in gelatin
versus agarose slurries.

Retention of Coomassie Blue dye
in alginate constructs

To monitor print quality and make prints visible in either
gelatin or agarose slurry, we included a protein dye, 1%
Coomassie Blue G-250 stain (CB250), in the 2% alginate ink.

FIG. 2. Flow rate and printability of 2% alginate bioink
across different pneumatic pressures. (A) A linear relation-
ship empirically established between pneumatic pressure
(psi) and measured flow rate (mg/s). The minimum thresh-
old of alginate extrusion was extrapolated to be 2 psi (dotted
line). (B) Filaments and printed constructs using specified
pneumatic pressure settings at a travel speed of 12 mm/s.
(C) Effect of syringe volume on the bioink flow rate. Two
percent alginate was extruded using a 30-gauge needle from
a syringe loaded with the specified initial volumes. No
difference between the flow rate and the initial material
syringe loading volume was observed. Color images are
available online.

FIG. 3. Effect of slurry blending time. (A) Outcomes
of different blending times on printability of 2% alginate in
gelatin slurry (FRESH). Either shortening or prolonging
slurry blend time leads to grid deformation. (B) Outcomes
of different blending times on printability of 2% alginate in
agarose slurry (CLASS) showing no impact of slurry
blending time on print fidelity. FRESH, free-form reversible
embedding of suspended hydrogels. Color images are
available online.
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Although CB250 does not bind to alginate, the prints were
nicely outlined and remained intensely blue days after they
had been removed from the gelatin slurry and placed in
aqueous media. The likely explanation for this effect is that a
small amount of dissolved gelatin penetrates alginate prints
and gets trapped due to the presence of an ionic interaction
between negatively charged alginate moieties and positively
charged amine groups.11 When the same bioink formulation
was used to print in agarose slurry, CB250 rapidly diffused

out since both the alginate bioink material and slurry material
were made of polysaccharides. When the agarose melted
away, the fine structure of prints reappeared, although not
much dye was left and so the prints became essentially
translucent. To make our alginate prints more visible, we
included a small amount of gelatin (anywhere from 0.1% to
1%) in the 2% alginate formulation. This led to stably stained
alginate prints that remained stained for prolonged periods of
time. Notably, both CB250 alginate bioink formulations,
with and without the gelatin, can be useful. If one needs to
create alginate prints that are initially visible, but subse-
quently cleared from stain, one can use gelatin-free CB250
alginate ink. Conversely, in cases where one needs to mon-
itor print shape continuously in the slurry suspension,
adding a small amount of gelatin to CB250-stained alginate
can be a solution. Considering that alginate tends to hinder
cell growth,12 most studies include alginate bioink protein
components anyway, namely collagen, Matrigel, or fibro-
nectin.

Printing other types of bioinks and long-term culturing

To demonstrate the applicability of CLASS printing using
different bioinks and its capacity for long-term cell culturing,
we printed different 3D shapes using cell-laden GelMA
bioinks. Instead of 10 mM CaCl2, phenol-free media or
Tyrode solution were used to make the slurry. The slurry was
then sterilized before being placed at 4�C for cooling.
HEK293 RFP cells were mixed with a bioink that included
GelMa, Matrigel, and fibronectin to support cell growth.
Immediately after printing, constructs laden in the agarose
slurry were subjected to ultraviolet (UV) light for 60 s to
polymerize GelMa and then placed in the cell incubator
(Fig. 5A). During the subsequent days, confocal imaging of
embedded constructs allowed us to visualize highly defined,
interconnected cell networks, which continued to develop
in all planes while retaining the original printed shape
(Fig. 5B).

FIG. 5. Use of the CLASS platform for long-term culturing of 3D cell-laden constructs. (A) Confocal images of newly
printed, cell-laden GelMa constructs. (B) Close-up images of cell-laden constructs showing cell proliferation and spreading
during several days in cell culture conditions. GelMa, gelatin methacrylate.

FIG. 4. Effect of temperature on slurry printability and
postprinting integrity. (A) Top: appearance of 3D printed
honeycomb construct after removal of support slurry. Mid-
dle: the same shape printed in gelatin slurry that was tran-
siently heated to 30�C and then cooled back to room
temperature. Bottom: the same experiment using agarose
slurry. (B) Top: two helixes printed in agarose and gelatin
slurries. Middle: when placed in cell culture incubator for
1 h at 37�C, gelatin slurry melts, releasing the helixes. 3D,
three-dimensional. Color images are available online.
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Discussion

Bioprinting has significantly advanced the tissue engi-
neering discipline, addressing an increasing demand for di-
rect assembly of biologically relevant materials with a
prescribed 3D hierarchical organization.13

The study by Hinton et al.9 demonstrated the validity of a
gelatin-based FRESH approach when extruding bioinks us-
ing a mechanical printer. Mechanical-based extrusion print-
ers often have better control of material flow compared with
pneumatic-based printers. However, pneumatic printers have
simpler drive mechanisms that make them more versatile and
affordable, particularly when using multiple printer heads.2

To print with high precision using pneumatic printers, addi-
tional efforts are required. In this study, we demonstrate that
by optimizing extruder pressure, the flow rate of bioink can
yield high-fidelity 3D constructs with a resolution analogous
to those made by mechanical printers.

A major component of bioprinting is the bioink. Today,
most bioinks can be divided into two main categories. The
first category encompasses biomaterials that are mechani-
cally robust, but have low potential for cell biocompatibility.
These materials include curable polymers and ceramics. The
second category includes bioinks that are less mechanically
robust, but have better cell biocompatibility. Examples of
these materials include hydrogels and naturally derived
proteins. To help support 3D printed hydrogel constructs,
several laboratories have suggested the use of a support
bath.7–9 It is our understanding that neither of these reports
focused on how soft 3D constructs can be cultured after they
have been printed and removed from their support baths. At
the same time, being able to maintain the shape of cell-laden
3D constructs for extended periods in cell culture could be
critical for cells to form a tissue-like construct. To form a
tissue, cells have to grow, spread, and produce enough ECM
proteins to build their own niches and structural support.
Once at this stage, prints can be removed from their agarose
support baths by a simple dilution of agarose slurry with
excess media.

Most of our tuning experiments involved alginate bioink.
Alginate has often been used as a carrying vector to control
the spatial location of cells within a printed construct. While
alginate is a reliable and affordable bioink, it does not support
cell spreading and growth unless modified with RGD resi-
dues.14–16 Alginate-based bioinks can be also enriched with
Matrigel, fibronectin, collagen, GelMa, fibrinogen, or other
cell growth-supporting materials. Alternatively, alginate-
based constructs can be degraded using calcium chelators in a
controlled manner.17 After degradation, cells can once again
grow and divide.

Agarose is a natural polysaccharide found in the cell walls
of red algae. Because of its versatility, a number of studies
have used low concentrations of agarose to create constructs
for tissue engineering applications using either pneumatic- or
mechanical extrusion-based printers.18–20 Agarose has also
been used for cell microencapsulation21 and as a sacrificial
material.22 In bone tissue engineering applications, it was
found to be useful for modulating the thermoresponsive
properties of collagen-based bioinks.23 To the best of our
knowledge, our laboratory is the first to report the use of
agarose slurry as a support bath for 3D printing of free-
standing cell-laden constructs.

Once the validity of our CLASS approach was confirmed
using alginate-based bioinks, we then printed freestanding
cell-laden constructs using other common bioink formula-
tions, such as GelMa (Fig. 5) and collagen (data not shown).
Notably, depending on the type of bioink, one must be con-
scious as to which media to use when making the slurry. For
alginate-based inks, the slurry must contain high concentra-
tions of calcium ions for alginate to form a gel. For GelMa,
blue or UV light has to be applied to initiate cross-linking of
the photoinitiator within the bioink. Since agarose slurry is
translucent, photocross-linking of GelMa can be done with-
out removing the support bath. For collagen, it is mainly time,
temperature, and physiological pH that lead to the stiffening
of printed constructs. Importantly, when the bioink contains
cells, slurry should be made based on a physiological solution
such as Tyrode or culture media. After printing, fresh media
can be added either on top or to the side of the agarose slurry
to avoid disturbing the printed construct (Fig. 1B). Alter-
natively, one can use cell strainers, transwells, or any other
type of mesh-based container that can be filled with agarose
slurry. These containers then can be transferred in and out of
cell culture wells to feed cells with new media.

We nicknamed our method CLASS to distinguish it from
an earlier, gelatin slurry-based approach called FRESH.9 In
this study, we employed CLASS to print freestanding 3D
constructs using relatively simple designs. More complex
geometries that include multiple compartments can encase
the slurry, creating slurry pockets. Since it is not clear how
these pockets might affect long-term tissue growth or tissue
contraction, complex designs may benefit from having
drainage points for slurry removal at later time points when a
construct is more mature. Future studies are needed to not
only address the efficacy of the CLASS approach for more
complex structures but to also establish the method’s appli-
cability to other cell types and longer cultivation times.

Conclusions

We describe a new bioprinting support platform that offers
a simple yet effective way to 3D print soft biomaterials. The
use of agarose slurry has several advantages over gelatin
slurry, including a shorter blending time and insensitivity to
temperature variations during the print process. The main
advantage of agarose slurry is its superior performance in
supporting freestanding soft tissue constructs in cell culture
conditions. The latter allows suspended cells to stay alive for
extended periods of time, enabling formation of intercellular
connections within the constraints of 3D printed constructs.
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