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Optimization of Freeform Reversible Embedding
of Suspended Hydrogel Microspheres for Substantially
Improved Three-Dimensional Bioprinting Capabilities

Catherine A. Wu,' Yuanjia Zhu, MD, MS,"? Akshay Venkatesh, BS, Charles J. Stark, MS!
Seung Hyun Lee, MS; and Y. Joseph Woo, MD"?

Three-dimensional (3D) bioprinting demonstrates technology that is capable of producing structures compa-
rable to native tissues in the human body. The freeform reversible embedding of suspended hydrogels (FRESH)
technique involves hydrogel-based bio-inks printed within a thermo-reversible support bath to provide me-
chanical strength to the printed construct. Smaller and more uniform microsphere sizes of FRESH were reported
to aid in enhancing printing resolution and construct accuracy. Therefore, we sought to optimize the FRESH
generation protocol, particularly by varying stir speed and stir duration, in hopes to further improve microsphere
size and uniformity. We observed optimal conditions at a stir speed of 600 rpm and stir duration for 20 h that
generated the smallest microspheres with the best uniformity. Comparison of using the optimized FRESH to the
commercial FRESH LifeSupport to bioprint single filament and geometrical constructs revealed reduced single
filament diameters and higher angular precision in the optimized FRESH bio-printed constructs compared with
those printed in the commercial FRESH. Overall, our refinement of the FRESH manufacturing protocol rep-
resents an important step toward enhancing 3D bioprinting resolution and construct fidelity. Improving such
technologies allows for the fabrication of highly accurate constructs with anatomical properties similar to native
counterparts. Such work has significant implications in the field of tissue engineering for producing accurate
human organ model systems.
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Impact Statement

Freeform reversible embedding of suspended hydrogels (FRESH) is a method of sacrificial three-dimensional (3D)
bioprinting that offers support to reinforce bio-ink extrusion during printing. During FRESH generation, the stir speed
and stir duration of the mixture can significantly impact FRESH microsphere characteristics. In this study, we optimized
FRESH microspheres to significantly improve resolution and accuracy in bioprinting. This advancement in FRESH-
based 3D bioprinting technologies allows for the fabrication of highly accurate constructs with anatomical proper-
ties similar to native counterparts and has significant implications in the field of tissue engineering and translational
medicine.

Departments of 'Cardiothoracic Surgery and *Bioengineering, Stanford University, Stanford, California, USA.
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Introduction

PREVIOUS WORK IN THREE-DIMENSIONAL (3D) bio-
printing technologies has proven to be promising for the
fabrication of structurally accurate organ models." Current
methods of bio?rinting include vat polymerization using
photo-initiators,” material jetting technology,** and material
extrusion to print constructs comparable to native materials’
biological properties,’ such as with hydrogel bio-ink.® The
mechanism behind extrusion-based printing involves a net-
work between individual polymers to support the construct.’

With potential implications in regenerative medicine and
tissue engineering, extrusion-based bioprinting allows for
depositing bio-inks composed of hydrogel-based materials
with or without living cells into 3D constructs.* ' Fol-
lowing post-printing processing, such as chemical cross-
linking of the bio-ink polymers, these printed constructs are
comparable to their natural counterparts.'' However, chal-
lenges within this field persist, including the construct’s fi-
delity' and the choice of materials as bio-ink.'? Specifically,
deposited biomaterials often deform when printed in air due
to lack of physical support.'?

One method that addresses this issue involves sacrificial
bioprinting using freeform reversible embedding of sus-
pended hydrogels (FRESH) composed of gelatin micro-
spheres from the complex coacervation formation of
negatively-charged gelatin and positively-charged gum
arabic.'* During bioprinting, FRESH acts as a thermo-
reversible gelatin microsphere support bath that offers me-
chanical strength for bio-inks, preventing constructs from
collapsing during printing. With this method, highly com-
plex constructs ranging from vessels to full-organ scale have
been fabricated with high fidelity."

The novel FRESH bioprinting protocol proposed by
Hinton et al and Lee et al demonstrated significantly im-
proved FRESH microspheres. The first version of FRESH
consisted of irregularly shaped, large microspheres created
by mechanical blending of a large gelatin block'*; in the
second version of FRESH, a coacervation approach was
developed to generate gelatin microspheres with uniform
spherical morphology and decreased particle diameter.'?

However, several details of the FRESH manufacture pro-
tocol remain unclear.'*'> Factors such as specific pH, mix-
ture temperature, stirring speed, and stirring duration may
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play a role in the size of gelatin microspheres. Reducing
microsphere size can enhance printing resolution of smaller-
scale hydrogel constructs with increased cell permeability.'®

In this study, we aimed at further optimizing the FRESH
manufacturing protocol, specifically examining the effect of
stir speed and duration on FRESH microspheres. We hy-
pothesized that there was an optimal stir speed and stir
duration that produced the smallest-sized and most uniform
microspheres.

Materials and Methods
FRESH manufacturing

To manufacture FRESH using our protocol (Fig. 1),
ethanol solution at 50% (w/v) was first heated to 40°C in a
1-L cylinder glass beaker. Next, 2.0% (w/v) gelatin type B
(catalog no. 9000-70-8; Fisher Chemical, Hampton, NH,
USA), 0.5% (w/v) Pluronic (catalog no. 9003-11-6; Sigma-
Aldrich, St. Louis, MO, USA), and 3.0% (w/v) gum arabic
(catalog no. 9000-01-5; Sigma-Aldrich) were dissolved in
the ethanol solution, using a magnetic stirrer with an 80 mm
magnetic cylindrical stir bar (catalog no. 16-800-513; Fisher
Chemical) at 260 rpm, to 55°C. After removing the magnetic
stir bar (catalog no. 16-800-513; Fisher Chemical), the
beaker was sealed with parafilm to reduce evaporation and
placed under an IKA overhead stirrer RW20 (catalog no.
3593000; IKA, Wilmington, NC, USA) overnight at 22°C to
form the gelatin microsphere slurry.

Our experiment repeated the protocol with the slurry
stirred at speeds ranging from 400 to 800 rpm in 100 rpm
increments. For each stir speed, we allocated a 40 mL ali-
quot in 50-mL conical tubes after 14, 16, 18, 20, and 22 h of
stirring. The mixtures were adjusted to a pH of 5.0£0.1
with the addition of ~ 225 puL hydrochloric acid. The con-
ical tubes were centrifuged at 300 g for 5 min to compact the
gelatin. After centrifugation, the supernatant was completely
decanted.

Next, 0.1% (w/v) calcium chloride (CaCl,) solution
(catalog no. 10043-52-4; Sigma-Aldrich) dissolved in
deionized water at 300 rpm with a magnetic stirrer and stir
bar (catalog no. 16-800-513; Fisher Chemical) for 2 min was
used for washing. All washing steps involved the CaCl,
solution kept under magnetic stirring at 300 rpm for at least

FIG. 1.

FRESH manufacturing procedure. (a) Gelatin slurry portioned into a 50-mL conical tube before centrifugation.

(b) Post-centrifuge showing water and ethanol supernatant on fop and deep-yellow colored compacted gelatin gel at the
bottom of the conical tube. (¢) Compacted gelatin gel in tube after decanting supernatant. (d) FRESH microsphere bath used
for bioprinting after three rounds of centrifugation, washing, and decantation. FRESH, freeform reversible embedding of

suspended hydrogel.
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1 min before use. The compacted gelatin mixture was wa-
shed with CaCl, by adding washing solution until the total
volume reached 40 mL.

The resulting slurry was centrifuged again at 1000 g for
2min before its supernatant was decanted; then, the com-
pacted gelatin was washed with 0.1% (w/v) CaCl, to 40 mL
again. After a third centrifugation at 1000 g for 2 min and
supernatant decantation, the compacted gelatin, otherwise
known as FRESH microspheres, was stored at 4°C for no
more than 24 h until further use.

The recommended protocol from Lee et al’s FRESH
v2.0 was followed for producing the commercial FRESH
as a comparison control.'* A 0.1% (w/v) CaCl, solution
was formed through 20mg of sterile CaCl, (catalog no.
10043-52-4; Sigma-Aldrich) dissolved in 20 mL of 50 mM
HEPES (catalog no. 15630080; Gibco, Waltham, MA,
USA) and added into a 50-mL microcentrifuge conical
tube. This tube contained 1g of sterile LifeSupport (cat-
alog no. LIFES; Allevi, Inc., Philadelphia, PA, USA)
powder composed of dehydrated gelatin microparticles of
defined size and shape.

The LifeSupport powder was resuspended and dis-
solved in the CaCl, solution through 1min of vigorous
mixing with a metal spatula. For full rehydration, the
LifeSupport solution was stored at 4°C. Then, the Life-
Support solution underwent centrifugation for 7min at
2000 g until the LifeSupport was compacted in the conical
tube. All resulting supernatants were discarded. This
FRESH support bath was then transported to well plates
for 3D bioprinting. All support baths were used within
12 h of generation.

FRESH microsphere imaging and analysis

The compacted gelatin was washed and resuspended with
0.1% (w/v) CaCl, to 50 mL, and it was then centrifuged at
1000 g for 2min. After supernatant decantation, the com-
pacted gelatin was washed and diluted with 0.1% (w/v)
CaCl, with a 1:5 gel-to-washing solution ratio. Next, 50—
60 pL of the slurry was placed on 25X 75 mm glass slides.

Within 5min of depositing onto the slides, live images
from each of three slides were taken using the Keyence
microscopy phase contrast at 4 X magnification, with frame

Commercial FRESH Microspheres

Optimized FRESH Microspheres
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dimensions of 640x480 (Fig. 2). Microsphere analysis was
completed using ImagelJ Fiji (NIH, Bethesda, MD, USA) by
measuring Ferret diameter, with a size threshold of 200 to
8000 um and a circularity threshold of 0.8 to 1.0 pm.

Bio-ink preparation

Prior to bioprinting, native sodium alginate (catalog no.
ALG:; Allevi, Inc.) was sterilized using ethylene oxide. After
sterilization, the alginate (catalog no. ALG; Allevi, Inc.) was
dissolved in 50 mM HEPES (catalog no. 15630080; Gibco)
while stirring at 60°C to create 5% (w/v) native sodium
alginate. After dissolving, the alginate solution was cooled
to 37°C under continued stirring. If not used immediately,
alginate solutions were stored at 4°C for up to 48 h.

Before printing, 2mL of the alginate solution were
loaded into a 5-mL syringe (catalog no. PSYRS5; Allevi,
Inc.) under sterile conditions. Using a second 5-mL sterile
syringe (catalog no. PSYRS; Allevi, Inc.) with a syringe
coupler (catalog no. SYRCOUP; Allevi, Inc.), 1% (w/v)
Alcian Blue 8GX (catalog no. J60122.14; Thermo Scien-
tific, Waltham, MA, USA) and 1% (w/v) Alizarin Red
(catalog no. A5533; Sigma-Aldrich) were mixed into the
alginate solutions. Alcian Blue (catalog no. J60122.14;
Thermo Scientific) provides visualization of the constructs
before cross-linking, preventing any loss throughout post-
print processing.

Alizarin Red (catalog no. A5533; Sigma-Aldrich) stains
the calcium cross-linked alginates and illustrates final con-
firmation of the completed construct. After thorough mix-
ing, the alginate solution was kept in one 5-mL sterile
syringe (catalog no. PSYRS; Allevi, Inc.), the printing sy-
ringe (catalog no. PSYRS; Allevi, Inc.), with the other sy-
ringe (catalog no. PSYRS; Allevi, Inc.) discarded.

After de-airing the printing syringe by covering it with a
syringe cap (catalog no. SYRCAP; Allevi, Inc.), centrifug-
ing at 300 g for 1min, and careful manual air extrusion
using the plunger, the syringe (catalog no. PSYRS; Allevi,
Inc.) was then stored at 4°C until printing if not used im-
mediately. In addition, 100mM of sterile CaCl, solution,
used for alginate cross-linking, was produced by dissolving
CaCl, (catalog no. 10043-52-4; Sigma-Aldrich) in 50 mM
HEPES (catalog no. 15630080; Gibco). If not immediately

FIG. 2. Comparison of micro-
sphere shape and size in the com-
mercial FRESH LifeSupport and
the optimized FRESH manu-
factured using our protocol. Images
were taken under microscopy and
analyzed with Imagel]’s Analyze
Particles function. Note the large-
sized, non-uniform, rhomboid-
shaped microspheres of the com-
mercial FRESH microspheres and
the significantly smaller-sized,
uniform morphology, circular-
shaped microspheres of the opti-
mized FRESH microspheres. Scale
bar=100 pm.
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used, the cross-linking CaCl, solution was also stored in 4°C
for up to 48 h.

3D bioprinting

The Allevi 3 Bioprinter (Allevi, Inc.) was used for algi-
nate bioprinting in FRESH. The pre-loaded alginate syringe
prepared, described earlier, was attached to an extruder
with a 30 G, 0.25-inch plastic tipped needle attached
(Fig. 3a, b). Automatic calibration was performed following
the standard protocol. Extrusion pressure was tested, and
any remaining air was further removed by applying com-
pressed air pressure to the syringe until the alginate bio-ink
was dispensed.

The optimized FRESH based on our analysis described
earlier was used for bioprinting. A metal spatula was used to
transfer and compact the FRESH onto 12-well plates (cat-
alog no. 351143; Corning, Inc., Corning, NY, USA) at 22°C.

For single filament bioprinting to assess printing resolu-
tion, both the optimized and commercial FRESH were used
for one well each. To achieve a smaller single filament di-
ameter, a higher print speed of 10 mm/s was used with 15
psi. In each well, two 5x5mm boxes with zigzag single
filament infill were printed with a 1 mm offset in the z-axis
(Fig. 3c, d).

To allow for construct fidelity evaluation, the Stanford *‘S™
was printed (Fig. 3e-h). Specifically, the “S” dimensions
were 10mm in length and 6.2mm in width with a 1.6 mm
middle thickness. Both the optimized and commercial FRESH
were loaded in four wells each. The construct was printed with
an extrusion pressure of 10 psi at a print speed of 6 mm/s with
a 1 mm offset in the z-axis as our standard printing protocol."”

To bioprint complex hollow 3D constructs, hollow boxes
of 12x 12 x 12 mm were printed with triangle infills of 3 mm
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in distance into optimized FRESH. The same printing pa-
rameters described earlier were used.

Post-bioprinting, 1 mL cross-linking CaCl, solution was
used to cross-link structures for 30 min at 37°C. Next, the
cross-linking solution was carefully removed using a pi-
pette, and the constructs were washed twice using 1 mL of
50 mM HEPES (catalog no. 15630080; Gibco) at 22°C. The
constructs were cross-linked once more using 1 mL CaCl,
cross-linking solution for 30 min at 37°C, and they were
then washed twice with 50mM HEPES (catalog no.
15630080; Gibco) at 22°C. A final cross-linking was per-
formed using 1 mL of cross-linking solution for 7 min at
37°C. The constructs were washed a last time, then stored at
37°C overnight before imaging.

Printing resolution and construct fidelity analysis

To assess printing resolution and construct fidelity, the
single filament and Stanford ‘S’ constructs were imaged
using the Keyence microscope at 2 X magnification 24 h af-
ter bioprinting. All images were analyzed using Imagel.
Specifically, for the single filament constructs, line widths of
the zigzag infill were measured at five separate points in
each box (Fig. 4a). For the ““S”’ construct, construct length,
width, and middle section thickness (Fig. 4b) were measured
for each construct.

Statistical analysis

Statistical analyses were performed using one-way anal-
ysis of variance with post-hoc Tukey honestly significant
difference test to compare among different stir speeds and
stir durations. To evaluate printing resolution and con-
struct fidelity using the commercial versus optimized
FRESH, the two-tailed Student’s #-test was used. Sample
variance was assessed using the F-test. A p-value of <0.05

FIG. 3.

3D bioprinting in FRESH for single filament printing resolution assessment and construct fidelity testing. (a, b)

Allevi 3 Bioprinter used for construct printing. (¢) Single filament construct printed using the commercial FRESH and (d)
optimized FRESH taken under microscopy using phase contrast. Scale bar (¢, d)=1 mm. (e) Printed “‘S’’ construct using the
commercial FRESH and (f) optimized FRESH before cross-linking. Photo taken from bottom of well for better visualization
of construct. (g) Printed construct using the commercial FRESH and (h) optimized FRESH 24 h after cross-linking. Photo

taken from top of well. Scale bar (e-h) =5 mm.
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FIG. 4. Printing resolution and construct fidelity evaluation using the commercial FRESH LifeSupport and the op-
timized FRESH. (a) Illustration of measurement locations on the single filament construct for printing resolution
analysis. Scale bar=1mm. (b) The Stanford ““S”’ construct designed for fidelity testing. The preset dimensions were
10 mm in height, 6.2 mm in width, and 1.6 mm in middle thickness for bioprinting. (¢) Bar graph comparison of single
filament bioprinting results using the commercial FRESH and optimized FRESH. Optimized FRESH single filament has
significantly reduced diameter compared with the commercial FRESH single filament. (d) Bar graph comparison of *‘S”’
construct bioprinting results using the commercial FRESH and optimized FRESH. ‘S’ constructs printed using the
commercial FRESH and optimized FRESH have similar dimensions with no significant difference. Error bars represent

standard deviation. *p <0.05.

was considered statistically significant. Continuous vari-
ables were reported as mean * standard deviation.

Results
FRESH microspheres at different stir conditions

Effect of stir condition on FRESH microsphere shape.
Shown in Supplementary Figure S1, an increase in stir speed
to the optimum condition of 600 rpm corresponds to visually
smaller-shaped and further uniform microspheres across all
stir durations. Further increasing stir speeds above the opti-
mum condition results in larger and less uniform micro-
spheres. Under all stir durations, microsphere appearances
revealed increased circularity with increased stir speeds to
18 h. Compared with the commercial FRESH (Fig. 2), the
optimized FRESH yielded microspheres of smaller sizes,
uniform morphology, and increased circularity.

Effect of stir speed on FRESH microsphere size.
A U-shaped distribution was observed between microsphere
size as a function of stir speed for all stir durations except

for 18 h (Fig. 5a; Tables 1 and 2). Six hundred rpm was
shown to yield the smallest microsphere sizes, with a me-
dian diameter of 26.3 um for all stir durations. The micro-
sphere sizes at each stir duration under different stir speeds
were significantly different from each other, with post-hoc
adjustment showing that 600 rpm was associated with the
smallest microsphere size (p <0.001).

Comparison of microsphere size average variances re-
vealed significant differences across all stir speeds in micro-
sphere size uniformity (p<0.001). Stir speeds of 500, 600,
and 700 rpm are associated with the smallest variances com-
pared with 400 and 800 rpm for all stir durations (p <0.001).

Effect of stir duration on FRESH microsphere size.
As for stir duration, seen in Figure 5b (Tables 1 and 2), a
U-shaped distribution was observed for the median micro-
sphere sizes stirred for 14, 16, 18, 20, and 22 h across all stir
speeds, except for 600 rpm, which had consistent micro-
sphere sizes for all stir durations. Under all stir durations,
the median variances of microsphere sizes at all stir speeds
were significantly different (p <0.001).
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a Microsphere Size vs. Stir Speed b Microsphere Size vs. Stir Duration
40 Hd g ek e Hdg Hd g 40 g ek e e ek g

o~ ~
E 30 E 30
3 S
o a
N S
vl v
o 5}
5 20 5 0
= =
=5 =5
o o
e g
= 9
E 10 E 10

0 — 0

14 hrs 16 hrs 18 hrs 20 hrs 22 hrs 400 rpm 500 rpm 600 rpm 700 rpm 800 rpm
w400 rpm m500 rpm m600 rpm =700 rpm = 800 rpm mldhrs m16hrs m18 hrs =20 hrs =22 hrs
* denotes p < 0.05; ** denotes p < 0.01; *** denotes p < 0.001.

FIG. 5. FRESH microsphere sizes under varied stir conditions. (a) Median microsphere size as a function of stir speed.
U-shaped distribution across stir speeds with nadir occurring at 600 rpm. (b) Median microsphere size as a function of stir
duration. U-shaped distribution across stir speeds with nadir occurring at 18 h. ***p <0.001.

Effect of stir condition on FRESH microsphere yield. Supplementary Fig. S2) in the FRESH generated after stir-

Visual assessment of the solution post-stir included gelatin
adhering to the stir blade and sides of the beaker as stir
speed increased, most notably in mixtures stirred at 700 and
800 rpm. In addition, with increased stir duration, a decrease
in yield of compacted gelatin post-centrifugation from the
40 mL aliquot was observed.

Overall, the aggregated trends of stir speed and stir du-
ration revealed the smallest microsphere sizes with the
narrowest interquartile range of variance (Tables 1 and 2;

ring at 600rpm for 20h. This was used as the optimized
FRESH protocol for the remainder of the study.

Single filament print resolution

Figures 3c and 3d shows the single filament construct
printed using the commercial FRESH and optimized
FRESH imaged under the Keyence microscopy, respec-
tively. Qualitative observations revealed that constructs

TABLE 1. MEDIAN MICROSPHERE SIZES WITH INTERQUARTILE RANGE (IN uM) OF THE OpPTIMIZED FRESH SuPPORT BATH

UNDER DIFFERENT STIR SPEEDS AND STIR DURATIONS

400 rpm 500 rpm 600 rpm 700 rpm 800 rpm p-Value
14h 39.5 [33.3-459] 29.4 [26.3-34.3] 263 [25.0-29.4] 29.4 [26.3-33.3] 34.3[29.4-39.5] <0.0001
16h 343 [29.4-424] 294 [26.3-31.7] 263 [24.3-29.4] 29.4 [26.3-33.3] 31.7 [26.3-34.3] <0.0001
18h 39.5 [33.3-45.9] 263 [25.0-31.7] 263 [24.3-294]  26.3 [25.0-29.4] 26.3 [25.0-29.4] <0.0001
20h 343 [29.4-424] 294 [26.3-31.7] 263 [21.2-29.4] 29.4 [25.0-31.7] 29.4[25.0-34.3] <0.0001
22h 343 [29.4-42.4]  29.4 [26.3-34.3] 263 [24.3-294] 29.4[26.3-33.3] 33.3[29.4-37.7] <0.0001
p-Value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

p-Values in this table were all obtained via the one-way analysis-of-variance test. p <0.05 denotes statistical significance.
FRESH, freeform reversible embedding of suspended hydrogels.

TABLE 2. MEDIAN VARIANCES WITH INTERQUARTILE RANGE (IN um) OF THE OpPTIMIZED FRESH SupPORT BATH UNDER
DIFFERENT STIR SPEEDS AND STIR DURATIONS

400 rpm 500 rpm 600 rpm 700 rpm 800 rpm p-Value
14h 18.1 [4.9-48.8] 12.6 [1.9-20.3] 2.9 [0.3-16.9] 6.2 [1.7-11.8] 18.0 [2.1-43.1] <0.0001
16h 19.3 [4.3-48.9] 4.6 [2.7-12.3] 4.3 [0.01-13.9] 6.0 [1.8-11.6] 14.1 [2.4-22.2] <0.0001
18h 16.9 [5.6-62.5] 5.4 [2.2-17.4] 4.9 [0.0007-12.8] 2.8 [0.5-17.7] 10.5 [2.0-19.3] <0.0001
20h 22.1 [5.8-48.9] 5.6 [0.6-12.3] 5.7 [0.03-11.7] 4.6 [2.7-16.0] 8.6 [4.9-40.0] <0.0001
22h 16.1 [3.0-54 4] 7.6 [0.8-14.8] 5.2 [0.006-12.4] 6.4 [1.9-14.8] 9.9 [1.2-34.1] <0.0001
p-Value 0.0006 <0.0001 <0.0001 <0.0001 <0.0001

p-Values in this table were all obtained via the one-way analysis-of-variance test. p<0.05 denotes statistical significance.
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printed in the commercial FRESH tend to disassemble into
separate fragments post cross-linking (Fig. 3c). This was not
observed in constructs printed in the optimized FRESH,
which held structural integrity throughout the printing and
cross-linking processes (Fig. 3d).

In addition, constructs printed using the optimized
FRESH compared with the commercial FRESH had higher
uniformity in single filament diameter as reflected by
Figure 4c and by the standard deviations of the single fila-
ment diameter measurements. Measurements of constructs
printed in these two support baths revealed the average
single filament diameter of 0.2+0.03 mm in the commercial
FRESH and 0.09+£0.02mm in the optimized FRESH
(p=0.002; Fig. 4c).

“S” construct print resolution

The height, width, and middle thickness of the Stanford
*“S” shown in Figure 4b, was compared between constructs
printed using the commercial and optimized FRESH.
Figure 3e and 3f show the constructs printed in the com-
mercial FRESH and optimized FRESH respectively, before
alginate cross-linking. Figure 3g and 3h show the constructs
respectively printed in the commercial and optimized
FRESH after cross-linking.

Qualitatively, the ““S” constructs printed using the opti-
mized FRESH yielded higher angular precision in compar-
ison to constructs printed using the commercial FRESH.
Quantitatively (Fig. 4d), the average height of the “S”
constructs printed was 9.0+ 1.0 mm using the commercial
FRESH and 8.5%0.7mm using the optimized FRESH
(p=0.3). The constructs’ average width was 5.5+0.5 mm
using the commercial FRESH and 5.2+0.3 mm using the
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optimized FRESH (p=0.2). The average middle thickness
of the ‘S’ construct was 1.5+ 0.2 mm using the commercial
FRESH and 1.4+0.2mm using the optimized FRESH
(p=0.7).

Complex hollow 3D construct fidelity

Optimized FRESH adequately supported complex hollow
3D constructs for bioprinting (Fig. 6). The printed constructs
maintained extremely high geometric fidelity immediately
after bioprinting and after cross-linking. The phase-contrast
image also demonstrated clear triangular infills as well as a
squared overall box geometry while the construct was sub-
mersed in aqueous solution. After the construct was re-
moved from the liquid, it still maintained relatively high
geometric fidelity, even though the material is soft and can
be easily collapsed in air.

Discussion

Within tissue engineering, 3D bioprinting involves the
fabrication of constructs with anatomical geometry and
native properties using hydrogel bio-inks.'® Extrusion-based
bioprinting works through a computer-controlled syringe
pump, where the extruder can deposit hydrogel, operate at
high printing speeds, and create structurally complex con-
structs.'” Using the FRESH technique, constructs are
physically reinforced with biocompatible support during the
printing process to improve construct fidelity.'*

Various geometries and organs have been successfully
bioprinted, including capillaries, cardiac ventricles, and
other components of the human heart.'> An aim to further
improve FRESH-based bioprinting involves increasing the

FIG. 6. Complex hollow 3D con-
structs printing using the optimized
FRESH. (a) A 12x12x 12 mm box
with 3 mm triangular infill immedi-
ately after printing before cross-
linking. (b) The same box 24 h after
cross-linking. (c¢) Phase contrast mi-
croscopy image of the same box
24 h after cross-linking. (d) The
same box 24 h after cross-linking in
air. Scale bar (a—d)=5 mm.
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printing resolution of hydrogel constructs. Though previous
studies have shown techniques for post-print shrinking
technologies,”® in this study, we proposed a substantially
improved protocol for FRESH generation pre-print in an
effort to improve printing resolution.

FRESH is generated through complex coacervate for-
mation.'>?! This process involves a solution’s spontane-
ous immiscible separation driven by the electrostatic
attraction of oppositely charged macroions or polymers.?*2*
In this method, we utilize the negatively-charged gelatin
protein biopolymer and positively-charged gum arabic
polysaccharide for FRESH generation.”” The resulting
support bath is composed of densely packed individual
microspheres.

Previously, characteristics such as nanoparticle size have
been accurately quantified.”® Smaller and more uniform
microsphere sizes of FRESH were reported to aid in en-
hancing printing resolution and construct accuracy.'> Thus,
we aimed at finding optimum conditions to further reduce
microsphere size and improve uniform morphology. We
specifically examined the microsphere size as a function of
the stirring speed and stirring duration during initial mixture
generation.

In a study on chitosan-tripolyphosphate nanoparticles,
Hussain and Sahudin examined the impact that formulation
conditions, including concentration, mass ratios, solution
pH, ultra-sonication, and ultra-centrifugation, as well as
stirring speed and duration, have on nanoparticle sizes.”’
Hussain and Sahudin noted optimum conditions for a min-
imal particle size at a stirring speed of 700 rpm for 10 min.
In Marinho et al’s study on the polymerization of vinyl
chloride monomers, a stir speed of 900 rpm was observed to
result in the most uniform distribution of particle size.

Marinho et al also noted increasing particle size unifor-
mity with increasing time.”® In terms of FRESH generation,
the protocol proposed by Lee et al noted an overnight stir
duration with no specifications on stir speed."”

As such, we proposed stir speeds between 400 and
800 rpm in 100 rpm increments and stir durations between
14 and 22h in 2-h increments in our work. Following re-
peated generations and analyses of FRESH under different
conditions, we found optimum conditions of FRESH mi-
crosphere size at 600rpm for 20h, which yielded the
smallest microspheres with the narrowest interquartile range
of variance. This optimal stir speed is comparable with
previous studies; the slight variation in our microsphere si-
zes can be accounted for by the inherent biological differ-
ence of the FRESH gelatin particles in comparison to other
studies” nanoparticles.?’®

Our optimal stir duration of 20h for minimal size and
most uniformity is similar to Lee et al’s FRESH v2.0 pro-
tocol’s overnight stirring, while also adhering to Marinho
et al’s findings regarding increased stir duration. The opti-
mal conditions we observed in this study to improve FRESH
microsphere size and uniformity represent an advancement
toward increasing construct print resolution.

Qualitative observations during FRESH generation pro-
duced under different stir speeds revealed an effect on the
gelatin. Specifically, gelatin increasingly adhered to the
stirrer’s stir blade and sides of the beaker at higher stir
speeds of 700 and 800 rpm. This supports previous studies’
observations of an increased stir speed associated with in-
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creased solution viscosity,”>** as high turbulence results in

particles’ solidification. A decreased volume of solid gelatin
in the 40 mL solution aliquot after centrifugation was sim-
ilarly observed with increasing stir speed. This is due to
initially decreased solid gelatin, associated with the afore-
mentioned gelatin’s adherence to the stir blade and beaker,
which manifests post-centrifugation.

Comparison of the commercial FRESH and optimized
FRESH revealed significant differences in microsphere char-
acteristics. We found the optimized FRESH microspheres to
have an increased uniformity compared to reported Lee v2.0
FRESH microspheres. In addition, the commercial FRESH
showed larger and rhomboid-shaped microspheres whereas
the optimized FRESH revealed smaller and circular-shaped
microspheres. We identified a few likely key variables in the
FRESH manufacturing protocol that could account for such
disparities between the Lee v2.0 and the commercial FRESH
microspheres.

We further hypothesized that the lyophilization process
that is required to generate the commercial LifeSupport
powder likely has an impact on microsphere shape, size,
and uniformity, as previous studies revealed a large particle
size and increased leakage,>'** as well as a larger poly-
dispersity index,> after the freeze-drying process. Thus,
lyophilizing the commercial LifeSupport powder pre-print
may contribute to the differences observed between the Lee
v2.0 and the commercial FRESH microspheres.

Under the same printing parameters, the single filament
constructs printed using the optimized FRESH held high
fidelity in comparison to disassembling observed on fila-
ments printed using the commercial FRESH. In their study,
Lee et al noted an improved printing resolution of FRESH
v2.0 compared with the larger-sized, irregularly shaped, and
polydisperse FRESH v1.0 microspheres.'> Similarly, our
differences in construct fidelity and print resolution may
also be attributed to the commercial FRESH microspheres’
larger size and non-uniformity.

For future studies, single filament diameters may be further
reduced by adjusting bio-ink concentration, operating tem-
perature, extrusion pressure, and print speed.** Following this
work, the smallest single filament diameter using the opti-
mized FRESH will be examined by further adjusting print
parameters. Our findings in printing resolution enhancement
present implications of bioprinting micron-scale constructs
with high precision and accuracy. Such techniques can be
utilized in tissue engineering for printing microvascular net-
works composed of thin micro-vessels to enable and promote
nutrient diffusion and waste removal.>>¢

The bioprinted Stanford ““S’” constructs using the opti-
mized and the commercial FRESH achieved high construct
fidelity. No significant difference in dimensions was found
between the two constructs, likely due to their large sizes
amid the smaller-scale LifeSupport microspheres. Despite
no significant quantitative differences, we observed quali-
tatively higher angular fidelity and sharper angles in the
optimized FRESH printed constructs. In the complex hollow
3D construct bioprinting experiment, we again confirmed
high fidelity in bioprinting using the optimized FRESH.

Also note that a lower print speed was used for these
experiments compared with the single filament experi-
ment. As a future experiment, we will quantify angular
precision using geometric methodology such as print
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circularity to determine constructs’ printability values.*” We
will continue examining construct fidelity by varying
printing parameters.

As all construct images were taken 24 h post-printing, our
measured results account for the alginates’ swelling prop-
erty,!” where preset construct dimensions are smaller than
constructs’ measurements. Yet, ‘‘S” constructs printed us-
ing the optimized FRESH still achieved smaller dimensions
than those of the commercial FRESH, confirming enhanced
printing resolution of our improved FRESH.

Overall, future work to further minimize microsphere size
or increase uniform morphology in FRESH generation may
involve the comparison of gelatin type A versus gelatin type
B during complex coacervation formation, decreasing the
mixture’s initial pH with hydrochloric acid or increasing
with sodium hydroxide, or adjusting the dilution of the
optimized FRESH with CaCl, used for bioprinting to aid
needle extrusion in the support bath.

During bioprinting, parameters including bio-ink concen-
tration, print temperature, extrusion pressure, and extrusion
speed may be modified for further improved print resolution.
Construct fidelity should be assessed over time in physiologic
conditions. Assessing angular precision of the “S’” constructs
may also improve quantifications. Despite these areas for
future refinement, our work presented an optimum condition
for minimal microsphere size and highest uniformity through
the examination of the FRESH manufacturing parameters
such as stir speed and stir duration.

Conclusion

In summary, this study comprehensively demonstrated
the effect of stir speed and stir duration on microsphere
characteristics in FRESH. Specifically, we observed a
U-shaped distribution between stir speed and resulting mi-
crosphere size, as well as between stir duration and micro-
sphere size. Overall, our methodology to generate the
optimized FRESH has significant implications in the field of
3D bioprinting given its capabilities in supporting bio-
printing at significantly higher resolution and excellent
construct fidelity compared with the commercial FRESH.
Future evaluation of the optimized FRESH should be ex-
plored to assess its application in the field of tissue engi-
neering and regenerative medicine.
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