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Three-dimensional (3D) bioprinting is a fabrication method with many biomedical appli-
cations, particularly within tissue engineering. The use of freezing during 3D bioprinting,
aka “3D cryoprinting,” can be utilized to create micopores within tissue-engineered scaf-
folds to enhance cell proliferation. When used with alginate bio-inks, this type of 3D cry-
oprinting requires three steps: 3D printing, crosslinking, and freezing. This study
investigated the influence of crosslinking order and cooling rate on the microstructure
and mechanical properties of sodium alginate scaffolds. We designed and built a novel
modular 3D printer in order to study the effects of these steps separately and to address
many of the manufacturing issues associated with 3D cryoprinting. With the modular 3D
printer, 3D printing, crosslinking, and freezing were conducted on separate modules yet
remain part of a continuous manufacturing process. Crosslinking before the freezing step
produced highly interconnected and directional pores, which are ideal for promoting cell
growth. By controlling the cooling rate, it was possible to produce pores with diameters
from a range of 5 lm to 40lm. Tensile and firmness testing found that the use of freezing
does not decrease the tensile strength of the printed objects, though there was a signifi-
cant loss in firmness for strands with larger pores. [DOI: 10.1115/1.4053198]

1 Introduction

Three-dimensional (3D) bioprinting, aka the 3D printing of bio-
materials, is a fabrication method with applications from tissue
engineering to medical device research, to food technology. 3D
bioprinting allows for the precise and controlled deposition of bio-
materials to produce objects with complex architecture [1]. For
tissue engineering, 3D printed hydrogel scaffolds provide the
physical space and mechanical support for new tissue to develop
until the scaffold is eventually absorbed by the body [2, 3]. One
category of 3D bioprinting is “3D cryoprinting,” in which the
printed material is frozen during the 3D printing process. Previ-
ously, 3D cryoprinting has been used to print scaffolds for bone
tumor defects as well as to replicate the softest tissues of the
human body [4,5]. 3D cryoprinting offers several unique advan-
tages. First, freezing the object as it is 3D printed increases its
rigidity, facilitating the manufacturing of complex structures from
an ink that is usually soft at deposition [5,6]. Second, freezing
cell-laden bio-inks at optimal cooling rates during deposition can
preserve the cells, preventing them from succumbing to environ-
mental stressors during the printing process. Third, 3D cryoprint-
ing can streamline the manufacturing process, as many
biotechnological applications require the product to be first
printed and then frozen for preservation and transportation and
thawed for use. Another potential advantage of freezing during
printing is that microscale pores are created by the ice crystal
growth in the printed object. Tissue-engineered scaffolds must be
highly porous for cell seeding and ingrowth, with typical poros-
ities above 90% [7]. In fact, 3D bioprinting is often chosen as a
fabrication method for tissue-engineered scaffolds because of its
ability to precisely print macropores on the scale of 1 mm. Thus,
3D bioprinting coupled with freezing can be used to create com-
plex structures with both controlled macropores and micropores
for cell growth.

In the various methods of 3D cryoprinting, the process of freez-
ing occurs along the temperature gradient, on a specific axis.
When freezing occurs along a specified axis, this process is known as
directional freezing. During directional freezing, ice crystals grow for-
ward as a dendritic ice front, creating directional pores (see Fig. 1).

This directionality has special significance within the field of
tissue engineering, as directional, interconnected pore networks
within scaffolds are crucial for cell growth [8]. An interconnected
pore network encourages cell attachment and vascularization,
while directional pores aid directional cell growth and provide
faster diffusion for drug delivery [9–11]. While directional freez-
ing has rarely been studied in conjunction with 3D bioprinting, it
has been used extensively to create directional, interconnected
pores in biomaterials [9,12–16]. Notably, Bozkurt et al. used

Fig. 1 Ice crystal growth along an axis during directional
freezing
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directional freezing to create longitudinal pores in collagen scaf-
folds for axonal regeneration, and Qi et al. used directional freez-
ing to create oriented pores in alginate/calcium phosphate cement
scaffolds [17,18].

This paper will address several important manufacturing issues
related to 3D cryoprinting, with a focus on cryoprinting with algi-
nates. Alginates are one of the most popular materials used as bio-
inks, as alginate scaffolds have been found to promote wound
healing [19,20]. For alginate scaffolds to achieve the required
mechanical characteristics for tissue engineering, they must be
ionically crosslinked by a crosslinker such as CaCl2 after printing.
Crosslinking the alginate before printing results in an ink with a
variable viscosity that increases in time—causing difficulties in
designing the ink flow through the printing nozzle. Therefore, the
alginates are often crosslinked during or after the deposition of the
printed material. In 3D cryoprinting, there is another manufactur-
ing step in addition to printing and crosslinking, which is freezing.
Therefore, the order of manufacturing the 3D cryoprinted object
can be either: (a) deposition, freezing, thawing, and crosslinking
or (b) deposition, crosslinking, freezing, and thawing. A major
goal of the freezing process in cryoprinting is to generate con-
trolled microstructures with desired dimensions and orientation.
This can be achieved through controlled cooling rates during
freezing. Another important question in the design of a manufac-
turing process using cryoprinting is how does the freezing and the
resulting microstructure affect the ultimate mechanical properties
of the printed object. Porous hydrogels for tissue engineering
must have high porosity while maintaining mechanical strength,
or they will not survive in the body [10]. The goal of this experi-
mental study is to evaluate how the parameters of a typical 3D
cryoprinting process, including cooling rate and order of cross-
linking, affect the microstructure and the mechanical properties of
a 3D printed object. To study the effect of each step separately, we
have designed a modular 3D printer in which the steps of printing,
freezing, and crosslinking are done separately in the desired order
and with the desired parameters. To facilitate breaking apart these
three steps, while maintaining continuity of the manufacturing pro-
cess, each step takes place on a moving stage that allows the printed
object to move from one module to another. In addition to serving
as a means for fundamental studies, this modular technology may
also have value as an industrial means for large-scale continuous
manufacturing of bio-engineering products.

Using the modular 3D printer, we investigate the influence of
crosslinking and cooling rates over the shape and distribution of
the pores within 3D printed sodium alginate strands. The first goal
of this study was to investigate how crosslinking before or after
directional freezing impacts the creation of pores. The second
goal was to investigate the influence of cooling rate on the shape
and size of the pores. The third goal was to evaluate whether the
use of directional freezing negatively affected the mechanical
properties of the sodium alginate scaffold. The tensile strength
and firmness of each type of directionally frozen scaffold were
tested to evaluate if the directionally frozen scaffolds would still
provide sufficient mechanical support for tissue growth.

2 Materials and Methods

2.1 Hydrogel Preparation. The printing ink was prepared by
dissolving 2% sodium alginate (Spectrum Chemical Mfg. Corp.
Gardena, CA) into de-ionized water. A magnetic stir plate was
used to mix the solution at room temperature until it became
homogenous. The solution was then stored at 4 �C in a refrigerator
for at least 24 h. The 2% calcium chloride (CaCl2) crosslinker was
prepared by dissolving 2 g of CaCl2 dihydrate powder (Fisher Sci-
entific, Fairlawn, NJ) to 100 mL of de-ionized water and mixing it
with the magnetic stir plate.

2.2 Modular Three-Dimensional Printer. A custom modu-
lar 3D printer was designed and built for 3D printing,

crosslinking, and directional freezing (see Fig. 2). Each of the
three processes took place on a separate module that could be
rearranged to change the order of fabrication. For example, the
crosslinking module could be switched with the directional freez-
ing module so that directional freezing occurred first, or vice
versa. As stated earlier, the first goal of this study was to investi-
gate whether crosslinking should occur before or after directional
freezing. The second goal was to investigate the influence of both
rapid and slow cooling rates on the shape and size of the direc-
tional pores. To investigate these variables, the alginate strands
were prepared using four possible treatments. The first option was
crosslinking then rapid freezing at 0.5 deg/s (CL-FR rapid). The
second option was crosslinking then slow freezing at 0.02 deg/s
(CL-FR slow). The third option was rapid freezing at 0.5 deg/s
then crosslinking (FR-CL rapid), and the fourth option was slow
freezing at 0.02 deg/s then crosslinking (FR-CL slow). In addition,
control strands were fabricated by printing and then crosslinking
directly after, with no use of directional freezing.

2.2.1 3D Printing Module. The 3D printing module consisted
of syringe pump extruder printing onto a conveyor belt. The
syringe pump extruder with a 60 cc syringe, and extrusion was
powered by a Harvard PHD 2000 Syringe Pump (Hollington,
MA). 2% sodium alginate at room temperature was pushed from
the syringe through a plastic tube and down through a 12-gage
metal nozzle (2.16 mm diameter). The nozzle moved back and
forth on a belt along the y-axis, and deposited sodium alginate
onto a print plate on the conveyor belt, which moved along the x-
axis. To simplify analysis of factors affecting pore creation, single
strands of sodium alginate were printed. The strands were 150 mm
long and 2.5 mm wide and printed at a speed of 15 mm/second.
When printing finished, the conveyor belt carried the print plate
along the x-axis and onto the next module.

2.2.2 Crosslinking Module. For sodium alginate to achieve
the required mechanical characteristics for tissue engineering, it
must be ionically crosslinked by a crosslinker such as CaCl2 after
printing. The crosslinking module consisted of a conveyor belt
moving along the x-axis and a stationary sprayer above the belt.
The sprayer consisted of a custom syringe pump extruder attached
to an atomizer, which sprayed a heavy mist of CaCl2 droplets. As
the print plate traveled down the conveyor belt, it stopped under
the sprayer, and the printed object was sprayed thoroughly with
2% Cacl2. The print plate remained stationary for 10 minutes as
crosslinking occurred, and then the conveyor belt pulled the print
plate toward the next module.

2.2.3 Directional Freezing Module. During the directional
freezing process, the print plate was pulled at a fixed rate across a
room temperature plate to a cold plate. This resulted in ice crystal
growth along the x-axis, from the cold plate toward the room tem-
perature plate. The print plate was attached to a string that was
wound around a pulley and driven by a stepper motor (see Fig. 2).
The cold plate was a CP3001 Wieland Microcool liquid-cooled
cold plate, and either liquid nitrogen or ethylene glycol was circu-
lated through the plate as the cooling fluid (Decatur, Al). For the
rapid freezing process, liquid nitrogen was circulated through the
cold plate with the surface of the plate reaching temperatures of
�196 �C. For the slow freezing process, a 45% ethylene glycol
and water solution was circulated through the plate by a Neslab
RTE-140 cooling bath, and six CP68475H-2 Peltier elements
were placed on top of the cooling plate, with a resulting surface
temperature of �40 �C (Thermo Scientific, Waltham, MA, CUI
Devices, Lake Oswego, OR) The temperature of the print plate in
proximity to the alginate strands was measured throughout the
freezing process with a K type thermocouple. The resulting cool-
ing rate of the alginate strands for the rapid freezing process was
approximately 0.5 deg/s and the cooling rate for the slow freezing
process was approximately 0.02 deg/s. After completion of both
the crosslinking and freezing processes, the resulting alginate
strands were cut into uniform pieces for imaging and testing.
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2.3 Surface Characterization. Due to the transparency of
the alginate strands, it was possible to view the pores under a
Nikon Eclipse TE300 inverted microscope (Nikon, Tokyo, Japan).
The samples were untreated before being viewed in the inverted
microscope and ImageJ was used to calculate the true size of the
pores (NIH, Bethesda, MD). SEM imaging was done using a Hita-
chi TM-4000 Scanning Electron Microscope (Hitachi, Tokyo,
Japan). The samples were fixed in 2% glutaraldehyde with a
0.1 M Sodium cacodylate buffer (pH 7.2). After ethanol dehydra-
tion they were dried in a Tousimis Auto-Samdri 815 critical point
dryer for an hour (Rockville, MD).

2.4 Mechanical Characterization

2.4.1 Tensile Testing. Uniaxial tensile testing was conducted
at room temperature using an InstronVR 5940 tensile testing
machine (Instron, Norwood, MA). To enhance gripping during the
test, the ends of the alginate strands were glued between squares
of sandpaper. The hydration of the strands was maintained by
storing them in a CaCl2 bath up until testing. As testing tempera-
ture and testing speed affect the measured tensile properties of
polymers, all samples were tested at the same temperature and
testing speed. Testing was performed at a speed of 15 mm per
minute, and tensile tests were conducted with ten different

samples for each treatment, including a control group. The ulti-
mate tensile strength (MPa) was defined as the peak stress on the
stress–strain graph.

2.4.2 Texture Profile Analysis. A texture profile analysis is a
type of compression test developed by the food industry to evalu-
ate the textural properties of food. During a texture profile analy-
sis, a probe descends at a set rate through a sample and then
retracts. We evaluated the firmness and work to shear of the algi-
nate strands using a TA-XTPlus texture analyzer (Texture Tech-
nology Corp., Scarsdale, NY) with a TA-47 Lexan blade and a
1 kg load cell. The strands were oriented perpendicular to the TA-
47 blade on a Lexan base. The blade descended through the
strands at 1 mm/s until it touched the base, reached a threshold
force, and retracted to finish the test. Tests were performed at
room temperature and the samples were submerged in a CaCl2
bath until testing to maintain hydration. Seven strands were tested
for each treatment and each strand was tested in three different
places. Firmness (N), which is also referred to as hardness or
deformation force in the literature, corresponded to the maximum
force noted in the force/time graph. The work required to shear
the sample (N*m) corresponded to the area under the curve.

2.4.3 Statistical Analysis. Comparison between means was
made using a student’s T-test with a significance level set at

Fig. 2 The modular 3D printer, including the 3D printing, crosslinking, and directional freez-
ing modules. The crosslinking and directional freezing modules can be switched depending
on the desired order of fabrication.
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p< 0.05. Data points more than two standard deviations from the
mean were removed.

3 Results and Discussion

3.1.1 Surface Characterization. Directional pores were visi-
ble in the CL-FR Rapid, CL-FR slow, and FR-CL slow strands,
with pores in the CL-FR rapid and CL-FR slow strands showing
high interconnectivity. Pores in the FR-CL rapid strands were not
visible under the inverted microscope, but SEM images of cross
section revealed that pores existed. It is possible that freezing pro-
cess altered the surface of the FR-CL strand, making it opaque
and preventing the pores from being visible under the inverted
microscope. As expected, no pores were visible in the control
strands (Fig. 3).

The visible pores created by directional freezing ranged from a
5 lm diameter in the CL-FR rapid strands to 40lm diameter in
the CL-FR slow pores. This difference in size between the pores
in the slow cooled and rapid cooled strands is consistent with
theory and results from the literature. High freezing temperatures
and a long time for crystallization produce large ice crystals,
while low freezing temperatures and a quick time for crystalliza-
tion produces smaller, finer crystals [13,21]. Malecki et al. and
Nishihara et al. used directional freezing in gels and found that
larger pores were produced by a low cooling temperature and low
cooling rate [9,15]. The observed pores were on the proper scale
for cell growth [22]. According to tissue regeneration studies,
5 lm is an optimal pore size for neovascularization 5–15 lm is
optimal for fibroblast ingrowth, 20–125lm is optimal for adult
skin, 100–350lm is optimal for bone regeneration, and
40–100 lm is optimal for osteoid ingrowth [23]. Thus, by control-
ling the cooling rate, different size pores can be created for differ-
ent types of cell growth. Larger pores could likely be created by

further slowly the cooling rate, and macropores can be created
using the 3D printing process.

An interesting phenomenon observed here was the difference in
ice crystal pattern between the CL-FR and the FR-CL strands.
The CL-FR strands displayed highly interconnected pores, while
in contrast, the FR-CL slow strands displayed dendritic pores with
long columnar primary dendrites and evenly spaced secondary
dendrites. Faster cooling rates are expected to produce smooth pri-
mary dendrite arms that are spaced quite close together and have
relatively little secondary dendrite growth, while slow cooling
rates are expected to produce primary dendrite arms that are far-
ther apart and have more secondary dendrite growth [4]. Interest-
ingly, this effect is seen in the FR-CL slow pores but not in the
CL-FR slow pores. Ultimately, the highly interconnected pores
viewed in the CL-FR strands are preferable for cell growth over
the more parallel, spaced-out pores viewed in the FR-CL slow
strands.

3.2.1 Tensile Testing. If 3D printed scaffolds for tissue engi-
neering do not have enough mechanical strength to maintain their
shape during cell proliferation, the emerging tissue will be
deformed [24]. Porosity and pore size greatly affect the mechani-
cal properties of porous hydrogels, so it is critical to evaluate if
these hydrogels have sufficient mechanical strength [24]. Here,
we used uniaxial tensile testing to compare control strands with
strands that have undergone various types of directional freezing.

As reported in Table 1, all strands had an ultimate tensile
strength above 0.16 MPa, and the ultimate tensile strength of the
CL-FR rapid, CL-FR slow, and FR-CL rapid strands was higher
than the control strands (see Fig. 4). A student’s t-test found that
the increase in tensile strength between the CL-FR rapid and the
control strands was statistically significant, but the other treat-
ments were not significantly different from the control strands.
Thus, we can conclude that the use of directional freezing will not

Fig. 3 (a) Inverted microscope images of the alginate strands taken from a top view and (b) SEM images of cross section of
the alginate strands
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decrease the tensile strength of a sodium alginate scaffold as to
prevent it from being usable in the body. In fact, some directional
freezing treatments can marginally increase the tensile strength of
a sample. It is possible that the increase in strength in the CL-FR
rapid strands is due to the directionality of the pores. Liu et al.
found that directionally freeze-thawed (graphene oxide (GO)/
polyvinyl alcohol (PVA)) hydrogels had a higher tensile strength
than freeze-thawed GO-PVA hydrogels and theorized that the

increase in strength was due to the organized network of hydrogel
created by directional freezing [25]. The range of tensile strengths
measured here is also consistent with the tensile strength of 2%
sodium alginate that is reported in the literature, although different
testing speeds were used. Fu et al. tested six grades and ten
batches of 2% sodium alginate and found ultimate tensile
strengths between 0.123 MPa and 0.679 MPa [26].

It is important to note that the tensile strength of 2% sodium
alginate strands is significantly less than the tensile strength of
normal human skin, which has an ultimate tensile strength of
7.7 MPa [24]. There are various ways of modifying sodium algi-
nate to achieve tensile strengths that are closer to human tissue.
For example, the addition of materials such as graphene oxide or
poly lactic- coglycolic acid can increase the mechanical strength
of alginate scaffolds [18,27]. Submerging samples in a bath of
crosslinker for an extended time period, such as for two weeks,
can also improve mechanical strength [28]. While the alginate
strands prepared here have a tensile strength that is significantly
lower than human skin, ultimately the tissue-engineered scaffold

Table 1 Mean and standard deviations from tensile testing

Treatment Tensile strength (MPa)

Control 0.2046 0.047
CL-FR rapid 0.2926 0.069
CL-FR slow 0.2376 0.082
FR-CL rapid 0.2606 0.074
FR-CL slow 0.1686 0.059

Fig. 4 (a) Stress–strain curves for control strands, CL-FR rapid, FR-CL rapid, CL-FR slow, and FR-CL slow treatments. Ten-
sile testing was conducted on ten samples for each treatment. (b) Average ultimate tensile strengths of all treatments. Treat-
ments in group a) are statistically significant difference from the Control strands while treatments labeled in group b) are
statistically significant difference. Error bars represent6one standard deviation from the mean.

Fig. 5 Bar graphs for firmness and work to shear. Error bars represent6one standard deviation from the
mean.

Journal of Heat Transfer MARCH 2022, Vol. 144 / 031205-5

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/heattransfer/article-pdf/144/3/031205/6822821/ht_144_03_031205.pdf by U

niversity of C
alifornia Library - Berkeley user on 22 January 2022



is not intended to act as a permanent replacement for native tissue.
Rather, it is needed to withstand temporary expansive and con-
tractive forces in a wound or during cell growth [24].

3.2.2 Texture Profile Analysis. A texture profile analysis was
used to evaluate the extent to which directional freezing treat-
ments altered the mechanical properties of the sodium alginate
strands. Previously, Hurler et al., proposed the use of texture pro-
file analysis as a fast and reproducible method of characterizing
hydrogels and determining their potential for wound therapy [29].
A sample’s firmness and work to shear represent its resistance to
deformation in the body [29] (Fig. 5 and Table 2).

Unlike the tensile strength of the samples, which increased with
the addition of a directional freezing process, directional freezing
decreased the firmness of alginate strands. This is not unexpected,
as increases in the porosity of hydrogels typically decrease the
hydrogel’s mechanical strength [23]. The CL-FR Slow strands
had such a loss in firmness that they could not be tested with the
TA-XTPlus texture analyzer. Thus, while CL-FR Slow displayed
large and highly interconnected pores, the loss in mechanical
strength may prevent this treatment from producing useful tissue-
engineered scaffolds. The firmness and work to shear of CL-FR
Rapid and FR-CL Slow were significantly lower than the control
strands; however, there was not a statistically significant differ-
ence between the FR-CL Rapid strands and the control strands.
Likely, the loss of firmness in the slow-frozen strands is due to the
larger pores that were created through the slow freezing process.
If so, this suggests that the FR-CL strands have a lower porosity
than the CL-FR strands, which is suggested as well by the tensile
data and the microscope images. As with the tensile data, there is
a statistically significant difference between the CL-FR and FR-
CL treatments, which suggests that these two methods create dif-
ferent pore patterns.

4 Conclusion

As 3D bioprinting becomes a more popular method of fabrica-
tion, it is important to explore manufacturing methods that can
achieve complex design goals. In this study, we used a novel mod-
ular 3D printer to print, crosslink, and directionally freeze hydro-
gel strands for tissue engineering. By separating these processes
onto three modules, we created a manufacturing system where the
order of fabrication can be altered, and each process could take
place using unique parameters. This modular technology not only
aids fundamental studies but may also be valuable for the large-
scale continuous manufacturing of biomaterials. The use of direc-
tional freezing coupled with 3D bioprinting created directional
pores with diameters from 5lm to 40lm. Our first goal was to
investigate how crosslinking before or after directional freezing
impacted the creation of pores. Hydrogel strands that were cross-
linked before undergoing directional freezing showed pore pat-
terns with greater interconnectivity, while strands that were
crosslinked after directional freezing displayed spaced out pores
with less interconnectivity. Our second goal was to investigate the
influence of both rapid and slow cooling rates on the size of the
pores. As expected based on previous results, faster cooling rates
resulted in smaller pores on the scale of 5 lm, and slower cooling
rates resulted in larger pores on the scale of 40lm. Thus, by alter-
ing parameters such as crosslinking and cooling rate, it is possible

to control the pattern and size of the micropores. Our third goal
was to evaluate the mechanical properties of the directionally fro-
zen scaffolds and determine if they would still provide sufficient
support for tissue growth. The directionally frozen strands had
similar tensile strengths to the control strands and values reported
in the literature. The strands which were crosslinked and then rap-
idly frozen had a higher tensile strength than the control strands,
possibly due to the directional pores. The results from the texture
profile analysis found that directionally freezing the scaffolds
decreased their firmness and work to shear. In the case of strands
that were crosslinked and slowly frozen, the loss in firmness and
work to shear was significant, likely due to the large size of the
pores. Further work with the modular 3D printer should evaluate
scaffolds printed with cell-laden bio-inks. Due to the modular
nature of the printer, it will be possible to assess cell viability dur-
ing each stage of the manufacturing process and to then tune
parameters at each stage to avoid cell death. Additionally, to sim-
plify analysis of the effects of various parameters on pore crea-
tion, only single strands of sodium alginate were 3D printed in
this study. However, in future research the abilities of 3D printing
can be further utilized to create to create customized pore mor-
phologies, complex shapes, and multimaterial structures [9]. In
combination with directional freezing, 3D printing can thus be
used to create complicated structures with both a macrostructure
and a microstructure.
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