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ARTICLE INFO ABSTRACT

Keywords: The use of support materials is crucial for the 3D bioprinting of low-viscosity bioinks, which yield soft hydrogel

3D bioprinting constructs susceptible to deformation under their weight. In this study, we developed a starch-based support

(S;alrc}_l material that provides structural support during printing and supplies hydrogen peroxide (H205), for printing
eatn . cell-laden constructs from low-viscosity bioinks (4.4-53.1 mPa s at 1 s~! shear rate) composed of a gelatin de-

Horseradish peroxidase o . . L. . . .

Stem cells rivative possessing phenolic hydroxyl moieties (gelatin-Ph), horseradish peroxidase (HRP), and cells. Impor-

tantly, the support material can be selectively and gently removed using a-amylase, a biocompatible enzyme,
without harming the construct or encapsulated cells, which is a significant advancement over conventional
methods of removing support systems. 3D constructs were fabricated by alternately extruding bioinks containing
5.0 w/v% gelatin-Ph and 10 U/mL HRP with a support material consisting of 16.7 w/w% starch and 10 mM
H,0,. Immortalized human bone marrow-derived mesenchymal stem cells encapsulated within the constructs
showed >80 % viability after printing and exhibited an elongated morphology and proliferation, while main-
taining their stemness over 14 days of culture. The cells underwent osteogenic differentiation when cultured in a
differentiation medium, as evidenced by the calcium deposition, alkaline phosphatase activity, and expression of

osteogenic genes, demonstrating the potential of the proposed approach for tissue-engineering applications.

1. Introduction

Recently, three-dimensional (3D) bioprinting has emerged as a
promising technology for fabricating cell-laden constructs for biomed-
ical applications [1]. Among bioprinting methods, extrusion-based
bioprinting is the most widely used because of its simple printing pro-
cess, compatibility with high-cell-density bioinks, and ability to print
inks with a wide viscosity range [2,3]. This versatility is particularly
important because the viscosity of the bioink directly influences the
mechanical properties of the resulting hydrogel constructs [4,5].
Low-viscosity bioinks, which result in soft hydrogels, have the advan-
tage of reducing the shear stress during extrusion, thereby alleviating
cell damage [4-7]. However, printing tall or complex structures with
low-viscosity bioinks remains challenging because the structural integ-
rity of these constructs is often compromised owing to their insufficient
mechanical strength.

The use of support materials, as in the case of the freeform reversible
embedding of suspended hydrogels (FRESH) method, has gained

* Corresponding author.

increasing attention for addressing the issues of low-viscosity bioink
printing [8-15]. However, a key limitation of this method is the
distortion of previously printed portions of the construct due to the
displacement of the support material by the newly extruded bioink,
which is often mitigated by using a large volume of the support material
relative to the bioink [16]. Kotani et al. reported a method in which a
high-viscosity support material and low-viscosity bioink were alter-
nately extruded to reduce the use of support materials [17]. Bioinks
containing phenol-modified hyaluronic acid and horseradish peroxidase
(HRP) were alternately extruded using an HyO»-loaded ultrasound gel.
This approach enabled the fabrication of soft hydrogels by preventing
the construct from deforming post extrusion, while allowing bioink
gelation through crosslinking agents diffused from the support material
[17]. Despite these promising results, the tunability of the viscosity of
ultrasound gels is limited, especially when higher viscosities are
required, which restricts the applicability of the gels in printing large
and complex structures. Moreover, mechanical extraction or chemical
treatment is required to remove the gels, which can compromise the
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integrity of the printed construct and affect the viability of embedded
cells. To overcome these limitations, we investigated the use of starch as
an alternative.

A starch slurry exhibits pseudoplastic behavior [18], allowing
shear-thinning flow, which is ideal for extrusion-based printing. Starch
has been incorporated into bioinks to enhance printability and cyto-
compatibility [19,20]. Recently, Li et al. introduced a removal-free
multicellular suspension bath-based 3D bioprinting (SUB3BP) tech-
nique using a starch/gelatin hybrid hydrogel [20]. However, the support
material permanently remained within the construct, limiting its suit-
ability for applications that require scaffold removal, implantation, or
the creation of perfusable structures with minimal residual matrix.

Another key advantage of starch is its enzymatic degradability by
a-amylase, which enables the controlled and cytocompatible removal of
the support materials. Conventional removal techniques often cause
structural damage and reduce the cell viability [21,22]. By contrast,
enzymatic degradation offers high specificity, a controlled degradation
rate, and mild reaction conditions, minimizing damage to the constructs
and embedded cells [23]. a-Amylase is naturally present in humans,
confirming its biocompatibility [24]. These properties make starch a
promising candidate as a component of support materials.

To the best of our knowledge, no previous study has investigated the
use of starch as a multifunctional sacrificial support material that
simultaneously provides mechanical support, facilitates the crosslinking
of low-viscosity bioinks, and can be removed under mild enzyme-
mediated conditions. This novel approach can address the key chal-
lenges in printing soft constructs while maintaining cell viability and
structural integrity. Therefore, in this study, we aim to evaluate the
feasibility of using starch as a sacrificial support material for the 3D
bioprinting of bioinks based on low-viscosity gelatin derivatives pos-
sessing phenolic hydroxyl moieties (gelatin-Ph). An aqueous solution of
gelatin-Ph was gelled via HRP-mediated crosslinking of the phenolic
groups [25-27]. Gelatin-Ph has been used as a component of bioinks
[28-31]. Recent studies have reported its utilization as a composite
bioink component combined with other high-viscosity materials, such as
phenol-grafted hyaluronic acid and alginate [32,33]. However, the
application of gelatin-Ph as a standalone low-viscosity bioink remains
unexplored.

Herein, we present a method for fabricating bioprinted constructs by
alternately extruding starch-based support materials containing HoO5
with bioinks containing gelatin-Ph, HRP, and immortalized human bone
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marrow-derived mesenchymal stem cells (UE7T-13) (Fig. 1). After
printing, the starch support material was selectively and gently removed
through enzymatic degradation using a-amylase. We assessed print-
ability by varying the composition of the support material and inks and
evaluated the viability, morphology, and mitochondrial activity of the
enclosed cells. Additionally, we investigated the stemness and osteo-
genic differentiation of cells enclosed within the construct.

2. Materials and methods
2.1. Materials

Type-B bovine gelatin (~225 g bloom) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Starch from wheat, horseradish peroxi-
dase (HRP; 140 and 200 U/mg), Hy0- aqueous solution (30 w/w%), N-
hydroxysuccinimide (NHS), 4-morpholinoethanesulfonic acid (MES),
catalase from bovine liver (8000 U/mg), collagenase (190 U/mg),
disodium p-nitrophenyl phosphate (pNPP), alizarin red, and 4 % para-
formaldehyde were obtained from FUJIFILM Wako Pure Chemical
(Osaka, Japan). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDCQ), a-amylase, and tyramine hydrochloride were purchased from the
Peptide Institute (Osaka, Japan), Kishida Chemical (Tokyo, Japan), and
Chem-Impex (Wood Dale, IL, USA). Dulbecco’s modified Eagle’s me-
dium (DMEM) was purchased from Nissui Pharmaceutical (Tokyo,
Japan). The osteogenic differentiation kit was purchased from Lonza
(Walkersville, MD, USA). Calcein-AM and Triton X-100 were purchased
from Nacalai Tesque (Kyoto, Japan). Propidium iodide (PI) and a re-
agent for cell counting based on mitochondrial activity (Cell Counting
Kit-8) were obtained from Dojindo (Kumamoto, Japan). Reagent for
RNA isolation (RNA isolation kit) and cDNA synthesis (PrimerScript RT
Master Mix) were purchased from Takara Bio (Shiga, Japan).

2.2. Preparation of phenol-grafted gelatin (Gelatin-Ph)

Gelatin-Ph was synthesized as described in Ref. [25]. Briefly, tyra-
mine hydrochloride was conjugated to type-B gelatin by NHS/EDC
chemistry in MES buffer (pH 6.0) at 60 °C for 24 h. The product was
dialyzed against distilled water in a dialysis tube with a molecular
weight cutoff (MWCO) of 12-14 kDa for three days and then
freeze-dried. Conjugation of the phenol (Ph) groups was confirmed by
'H NMR (JNM ECS-400; JEOL, Tokyo, Japan) spectroscopy and UV-vis
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Fig. 1. Schematic illustration of the fabrication of cell-laden construct by alternate extrusion of the support material containing starch and H»O,, which induces
gelation of the bioinks composed of gelatin-Ph, HRP, and stem cells. Cell-laden construct was collected by degrading the starch using a-amylase.
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spectrometry (UV-2600; Shimadzu, Kyoto, Japan) (Fig. S1). The content
of Ph groups in gelatin-Ph was determined as 4.05 x 10~ mol-Ph/g--
gelatin-Ph from the UV-vis absorbance at 275 nm using a tyramine
standard curve.

2.3. Preparation of support material and ink

Starch (4.8, 9.1, 16.7, and 28.6 w/w%) was suspended in calcium-
magnesium-free phosphate-buffered saline solution (PBS; pH 7.4). The
H20; solution was then added to the starch suspension to obtain a final
concentration of 1-50 mM H50,, The starch suspension was heated at
80 °C for 5 min, then cooled to room temperature (25 °C) over the course
of 1-2 h, resulting in the formation of a starch slurry. This starch slurry
was used as the support material for the subsequent experiments.

The inks were prepared by dissolving gelatin-Ph (1.0, 2.5, and 5.0 w/
v%) in PBS, followed by the addition of HRP to achieve final concen-
trations of 1, 5, and 10 U/mL.

2.4. Rheological properties of support material and ink

The viscoelastic properties of the support material and ink were
evaluated using a rheometer (HAAKE MARS III; Thermo Fisher Scien-
tific, Waltham, MA, USA) equipped with parallel plates 40 mm in
diameter. A 0.65 mL sample was placed in between a 0.5 mm gap, and
the viscosity was measured at a shear rate of 0.001-1000 s~ . For the
starch slurry prepared using 16.7 w/w% starch, the viscosity was also
measured at a shear rate of 1000-0.001 s~ '. All measurements were
conducted at 25 °C.

2.5. Cell culture

Immortalized human bone marrow-derived mesenchymal stem cells
(UE7T-13) obtained from Riken Cell Bank (Ibaraki, Japan) were
cultured in DMEM supplemented with 10 v/v% fetal bovine serum (FBS)
in a humidified incubator (37 °C, 5% CO5).

2.6. Extrusion-based bioprinting

2.6.1. Evaluation of printability

Extrusion-based 3D printing was performed using a 3D printer (BIO
X, Cellink, Gothenburg, Sweden) equipped with two extruders, each
comprising a syringe pump, 2.5 mL syringe, and 25-gauge tapered
needle (outer diameter: 0.51 mm, inner diameter: 0.26 mm). The
printability was assessed by fabricating hexagonal constructs (ink
thickness: 2 mm, support material thickness: 2 mm, height: 2.5 mm, 8
layers) using support materials containing 4.8-28.6 w/w% starch and
1-50 mM H30,, along with inks composed of 1.0-5.0 w/v% gelatin-Ph
and 1-10 U/mL HRP. Constructs printed without the support material or
using the support material without HyO, were used as controls. To
evaluate the feasibility of printing complex constructs, a human nose
model (width: 18 mm, length: 24 mm, height: 11 mm, 40 layers) was
fabricated using the ink containing 5.0 w/v% gelatin-Ph and 10 U/mL
HRP, along with the support material containing 16.7 w/w% starch and
10 mM H305. The extrusion rate was set to 1.5-3.0 pL/s for the ink and
1.5-2.0 pL/s for the support materials, with a movement speed of 10-15
mm/s. Printing was performed at room temperature (25 °C). After
printing, the support materials were removed by soaking the constructs
in PBS containing 0.1 w/v% a-amylase for 15-60 min. The average
thickness, height, and corner angle of the printed constructs were
measured using an image analysis software (ImageJ, 1.64k; NIH,
Bethesda, MD, USA) to evaluate the printability.

2.6.2. FRESH printing

FRESH printing, including the preparation of the gelatin slurry bath,
was performed under previously reported printing conditions, yielding
good results [14]. Briefly, 5.0 w/v% gelatin-Ph supplemented with 10
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U/mL HRP ink was extruded into a gelatin slurry bath containing 10
mM H»0,. The major particle size of the gelatin slurry ranges from 30 to
150 pm (Fig. S2). Hexagonal shapes were printed with a 25-gauge nozzle
using an extrusion rate of 1.8 uL/s and a movement speed of 13 mm/s.
After printing, the gelatin bath was removed by heating to 37 °C.

2.6.3. Evaluation of stability of the printed construct

The post-printing stability was assessed using a square construct
(length: 11 mm, ink thickness: 1 mm, height: 2.5 mm, 8 layers) printed
with ink containing 5.0 w/v% gelatin-Ph and 10 U/mL HRP, along with
a support material composed of 16.7 w/w% starch and 10 mM H3O0,.
The stability was determined as the thickness and height ratio of the
constructs following immersion in PBS at 37 °C for 14 days relative to
that at day 0.

2.6.4. 3D bioprinting

Cell-laden constructs (ink thickness: 1 mm, length: 10 mm, height: 1
mm, 4 layers) were printed by alternately extruding the support material
composed of 16.7 w/w% starch and 10 mM H30, with the bioink con-
taining 5.0 w/v% gelatin-Ph, 10 U/mL HRP, and 1.0 x 10° cells/mL
UE7T-13 cells. After printing, the constructs were immersed in the cul-
ture medium containing 0.1 w/v% a-amylase and 0.1 w/v% catalase for
1 h to degrade the starch and remaining HyO5. The medium was then
replaced with growth medium.

2.7. Live/dead staining

Live/dead staining was performed on days 1, 7, and 14 of culture
using calcein-AM (live cells) and PI (dead cells). Briefly, the cell-laden
constructs were incubated in PBS containing 3.33 pg/mL calcein-AM
and 6.67 pg/mL PI for 30 min at 37 °C. After rinsing with PBS, the
cells were observed under a fluorescence microscope (BZ-X810; Key-
ence, Osaka, Japan) and confocal laser-scanning microscope (C2; Nikon,
Tokyo, Japan).

2.8. Mitochondrial activity

The mitochondrial activity of the cells in the printed construct was
assessed from days 1-14 of culture using a cell counting reagent. Briefly,
the cell-laden constructs were incubated in the culture medium con-
taining the reagent at 10 v/v% for 6 h at 37 °C. The mitochondrial ac-
tivity, reflecting the viable cells within each construct, was quantified by
measuring the absorbance at 450 nm using a spectrometer (SpectraMax
iD3; Molecular Devices, San Jose, CA, USA).

2.9. Flow cytometry

Flow cytometry was used to evaluate the stemness of the embedded
UE7T-13 cells after 14 days of culture based on the expression of CD44, a
positive marker, and CD45, a negative marker [34]. The cells were
collected by degrading the construct using 0.1 w/v% collagenase in PBS
for 30 min and then treated with 0.1 w/v% trypsin solution for 2 min to
dissociate the cell aggregates. Cells cultured in a 2D well-plate served as
controls. The cells were stained with PBS containing 3.33 pg/mL
calcein-AM for 15 min, followed by incubation in a solution containing
50 pg/mL Human BD Fc Block™ for 10 min at room temperature.
Finally, the cells were stained with Alexa Fluor 647-conjugated
anti-human CD45 and APC-conjugated anti-mouse CD44 (1:300 in
PBS) for 30 min at 4 °C. Flow cytometry was conducted using a BD
Accuri flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

2.10. Osteogenic differentiation
Osteogenic differentiation was induced by replacing the growth

medium with osteogenic differentiation medium on day 14 post print-
ing. Differentiation was performed for 26 days.
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2.11. Alizarin red staining

Alizarin red staining was performed on days 12 and 26 after cell
differentiation. Briefly, the cell-laden constructs were fixed by soaking
in 4% paraformaldehyde for 30 min, followed by immersion in alizarin
red solution for 60 min. Next, the stained constructs were extensively
washed with distilled water until the solution became clear, followed by
overnight soaking in distilled water to remove residual alizarin red. The
stained calcium deposits were observed under a microscope (BZ-X810;
Keyence).

2.12. Alkaline phosphatase (ALP) activity

The ALP activity was measured on days 12 and 26 of cell differen-
tiation. The cells were lysed with 0.1 v/v% Triton X-100 in 50 mM 2-
amino-2-methyl-1-propanol (AMP) buffer at 4 °C, and the lysates were
collected by centrifugation (12,000xg, 10 min, 4 °C). The precipitated
lysates were incubated with 5 mM pNPP in AMP buffer for 2 h at 37 °C,
and the reaction was terminated using 0.1 M NaOH solution. The
resulting concentration of p-nitrophenolate (pNP) was determined from
the absorbance at 405 nm using a spectrometer (SpectraMax iD3; Mo-
lecular Devices).

2.13. Real-time quantitative polymerase chain reaction (RT-qPCR)

RNA was extracted from the printed and 2D-cultured cells using an
RNA isolation kit, followed by reverse transcription using the Prime-
Script RT Master Mix reagent kit, according to the manufacturer’s in-
structions. The primer sequences used in this study are listed in Table S1.
The expression levels of endoglin (CD105), Sox2, Runx2, Osteocalcin,
Collal, and GAPDH were quantified using a TB Green Master Kit
(Takara Bio). The expression levels of CD105 and Sox2 were quantified
using the ACT method, where the Ct values were normalized to that of
the housekeeping gene GAPDH. The expression levels of Runx2,
Osteocalcin, and Collal were calculated using the ~AACT method by
applying the following formula:

~AACT = 2*(ACTdifrACTund)

ACTpjgf and ACTypg refer to the gene expression normalized to that of
GAPDH in differentiated and undifferentiated cells, respectively.

2.14. Statistical analysis

The data were analyzed using a spreadsheet software (Excel 2024,
Microsoft, Redmond, WA, USA). All data are presented as means =+ SD.
Statistical analysis was conducted using one-way analysis of variance
(ANOVA), followed by a t-test using Tukey’s honest significant differ-
ence (HSD) method. Data were considered significantly different at p <
0.05.

3. Results and discussion
3.1. Characterization and printability of support material and ink

3D printing material must meet fundamental criteria, including
having optimal rheological properties, such as an appropriate viscosity
and shear-thinning behavior, to allow smooth extrusion and to maintain
the structural integrity. To meet these criteria, we first examined the
gelatinization of starch suspensions at various temperatures (60, 80, and
100 °C) and heating durations (1, 5, and 10 min). Increasing the tem-
perature resulted in a higher viscosity (Fig. S3a). The printing test
demonstrated that the starch slurry prepared by heating at 80 °C showed
good printability, whereas the slurry prepared by heating at 60 °C was
too weak owing to inadequate gelatinization, and that prepared by
heating at 100 °C was not extrudable owing to excessive gelatinization
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(Fig. S3b and c). At a fixed temperature of 80 °C, heating for 5 min
resulted in adequate gelatinization, allowing good printability (Fig. S4).
In the presence of water, heating causes starch granules to absorb water,
swell, and lose their crystalline structure. As heating continues, amylose
and amylopectin leach out and the granules eventually rupture [35,36].
High temperatures and prolonged heating cause starch molecules to
form a more interconnected gel network that traps water more tightly
[37], eventually resulting in the formation of a dry, rigid paste with
diminished extrudability, which ultimately compromises the print-
ability of the starch slurry. Based on these results, heating at 80 °C for 5
min was selected as the condition for preparing the starch-based support
material.

Next, we evaluated the effect of the starch concentration on the
rheological properties of the support material. A concentration-
dependent increase in the viscosity was observed, where the highest
viscosity was observed with 16.7 w/w% starch (Fig. 2a). The starch
slurry also exhibited shear-thinning behavior (Fig. 2a), as evidenced by
the decrease in the viscosity at higher shear rates, which is crucial for
smooth extrusion through the nozzle in extrusion-based printing [38]. In
sequential shear-rate sweeps (from 0.001 to 1000 s~! followed by 1000
to 0.001 s’l), the viscosity of the 16.7 w/w% starch slurry was main-
tained. This rheological behavior supports the ability of the material to
maintain its shape after extrusion. The shear-thinning behavior of the
starch slurry was consistent with previous reports [18,39], which
attributed shear-thinning to the breakdown of amylose and amylopectin
at high shear rates [39,40].

Furthermore, we assessed the printability of the material by fabri-
cating hexagonal constructs (Fig. 2b). The inks used in this study
exhibited a viscosity below 100 mPa s (Fig. 3a), a range typically asso-
ciated with poor printability and shape fidelity in 3D bioprinting [41].
This was confirmed by the fact that without the support material, the
construct could not be printed (Fig. 2¢), highlighting the necessity of the
support. Utilizing the support material composed of 4.8 and 9.1 w/w%
starch resulted in collapse of the construct (Fig. 2d,e) because of the low
viscosity of the support material (Fig. 2a). A hexagonal construct faithful
to the blueprint (Fig. 2b) was obtained using the support material
composed of 16.7 w/w% starch (Fig. 2f), which provides adequate
support. A further increase in the concentration to 28.6 w/w% hindered
smooth extrusion, leading to poor printability (Fig. S5). Based on these
results, 16.7 w/w% starch was selected as the most suitable support
material within the tested conditions. In this study, the starch-based
support material was enzymatically degraded by immersing the
construct in PBS containing 0.1 w/v% a-amylase solution post-printing.
This a-amylase concentration was selected because of its
non-cytogenetic effects and reported cytocompatibility [42,43]. Using
this method, the support material was removed within 15 min (Fig. S6).

Additionally, considering that the support material in this study not
only provides structural support but also induces gelation of the bioink
by supplying H0,, determining a suitable H,O5 concentration is
crucial. HoO; concentrations of up to 10 mM had no significant effect on
the rheological properties of the support material composed of 16.7 w/w
% starch (Fig. S7). In the absence of HO3, no construct was fabricated
(Fig. 2g) because phenolic crosslinking did not occur, resulting in no
gelation of gelatin-Ph. With the use of 1 (Fig. 2h) and 5 mM Hy05
(Fig. 2i), the hexagonal constructs exhibited poor geometric fidelity. By
contrast, a hexagonal construct was successfully fabricated using the
support material containing 10 mM Hy05, (Fig. 2j). These results indicate
that 1 and 5 mM H50; in the support materials were insufficient to
achieve adequate crosslinking. Further increasing the HoO5 concentra-
tion to 50 mM decreased the shape fidelity (Fig. 2k), because of nozzle
clogging and uneven ink extrusion resulting from the rapid hydro-
gelation of the ejected ink immediately after extrusion. Previous studies
have reported the dependence of hydrogelation rate on HyO, concen-
tration for HRP-mediated hydrogelation systems [28-31]. Similarly, in
bioprinting, a comparably favorable concentration of 10 mM H20, was
identified in previous reports using HA-Ph inks [17,30]. Based on these
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Fig. 2. (a) Viscoelastic properties of starch slurry (4.8-16.7 w/w%) at 25 °C. Measurement was conducted at a shear rate of 0.001-1000 s~! for 4.8 and 9.1 w/w%
starch slurries, and a cycle shear rate (decrease then increase) for 16.7 w/w% starch slurry. (b) Blueprint and photographs of hexagonal constructs printed (c¢) without
or with support material composed of (d) 4.8, (e) 9.1, and (f) 16.7 w/w% starch + 10 mM H;0,. Photographs of constructs fabricated using 16.7 w/w% starch (g)
without or with the addition of (h) 1, (i) 5, (j) 10, and (k) 50 mM H,0,. Scale bars indicate 5 mm. N.D.: no data as the ink was not gelled.

results, 10 mM H,0, was determined to be the most suitable concen-
tration within the tested range and was incorporated into the support
material in the subsequent experiments.

In the fabrication of hydrogels that use HoO5 to induce crosslinking
reactions, HoO3 is typically added by directly mixing it with the ink or
indirectly supplying it through enzymatic or oxidation reactions [31].
However, direct mixing of the HoOx solution with the ink leads to highly
rapid gelation, which is difficult to control, and results in inhomoge-
neous crosslinking [31]. However, an indirect supply of HoO5 commonly
leads to slow gelation, which is not suitable for the 3D printing of
low-viscosity ink [44,45]. Using the method developed in this study, the
diffusion of Hy02 from the support material delays immediate contact
with the ink; however, it remains sufficiently fast to preserve the shape
of the construct after printing, making it suitable for printing
low-viscosity ink.

Subsequently, gelatin-Ph-based inks were evaluated to determine the
most favorable conditions for fabricating 3D printed constructs using the

starch-based support material. First, we evaluated the effect of ink
concentration on the printability of the construct. Rheological mea-
surements of PBS containing gelatin-Ph showed shear-thinning proper-
ties, as demonstrated by the decrease in viscosity at a higher shear rate
and concentration-dependent increase in viscosity (Fig. 3a). This shear-
thinning property is consistent with the results of previous studies [46,
47]. The printability was evaluated by printing a hexagonal construct
(Fig. 2b), demonstrating that the polymer concentration in the ink
affected the final structure (Fig. 3b). At 1.0 w/v%, the construct could
not be fabricated because of its low viscosity and inability to gel. In
contrast, both 2.5 and 5.0 w/v% gelatin-Ph inks enabled the fabrication
of hexagonal constructs. The constructs printed with 5.0 w/v%
gelatin-Ph showed geometrical dimensions (Fig. 3e-g) closer to the
blueprint (Fig. 2b). Moreover, after one day of immersion in PBS, the
construct fabricated using 2.5 w/v% was partially degraded (Fig. 3h).
These results are attributed to the crosslinking density of phenol;
gelatin-Ph concentrations lower than 5.0 w/v% did not provide
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Fig. 3. (a) Viscosity—shear rate profiles of PBS containing 1.0, 2.5, and 5.0 w/v% gelatin-Ph, measured at 25 °C. (b, ¢) Photographs of hexagonal constructs printed
with varying concentrations of (b) gelatin-Ph and (c) HRP observed before and after removal of the starch-based support material (16.7 w/w% starch + 10 mM
H,0,). (d) Construct printed using 5 w/v% gelatin-Ph supplemented by 10 U/mL HRP using the FRESH method with a gelatin support bath containing 10 mM H505.
(e-g) Construct geometry measurements, including (e) thickness, (f) height, and (g) corner angle. (h,i) Stability of constructs fabricated using varying (h) gelatin-Ph
and (i) HRP concentrations after 1 day of immersion in PBS at 37 °C. Changes in (j) thickness and (k) height of constructs printed with 5.0 w/v% gelatin-Ph and 10 U/
mL HRP ink following immersion in PBS at 37 °C for 14 days. (1) Blueprint and photographs of human-nose-shaped constructs printed with 5.0 w/v% gelatin-Ph and
10 U/mL HRP ink. Scale bars: 5 mm. Error bars: S.D. (n = 3). n.s., no significant difference (p > 0.05), *p < 0.05, Tukey HSD; N.D., no data as constructs were broken.

sufficient crosslinking to allow the construct to maintain its shape [17,
30]. Considering the fidelity of the hexagonal construct relative to the
blueprint, and the post-printing stability, a gelatin-Ph concentration of
5.0 w/v% was selected for this study.

Next, we evaluated the influence of the HRP concentration in the ink.
The hexagonal constructs were successfully fabricated using the inks
containing 1, 5, and 10 U/mL HRP (Fig. 3c). An increase in HRP con-
centration improved shape fidelity (Fig. 3e-g) by providing sufficient
crosslinking density [17]. Although the thickness (Fig. 3e) and height
(Fig. 3f) of constructs printed with 1 U/mL were comparable to those
fabricated with 10 U/mL, this was mainly due to degradation, as the 1
U/mL constructs were completely degraded one day after printing
(Fig. 3i). Additionally, constructs printed with 5 U/mL HRP also exhibit
partial degradation on day 1 post-immersion in PBS (Fig. 3i). These
results can be attributed to insufficient crosslinking at low HRP con-
centrations, which results in lower stability of the hydrogel construct
[17,48]. Based on these findings, 5.0 w/v% gelatin-Ph and 10 U/mL
HRP were selected as the preferred ink formulations.

To validate the performance of the 3D printing method developed in
this study, FRESH printing was performed using a gelatin microparticle
slurry bath. Embedded 3D printing techniques, including the FRESH
method, are widely used for 3D printing using low-viscosity inks [15,16,
49]. This comparison enabled evaluation of whether the developed

method met or surpassed the established requirements for low-viscosity
ink printing. The results showed that hexagonal constructs were suc-
cessfully printed using both methods (Fig. 3b-d). Comparison in the
geometry of the printed construct between our method and FRESH
printing showed that despite a comparable thickness (Fig. 3e) and height
(Fig. 3f) was observed, the corner angles of the construct printed with
the starch support material were significantly closer (p < 0.05, Tukey
HSD) to the blueprint (Fig. 2b) than the construct printed using the
FRESH method (Fig. 3g). This is plausibly because the starch slurry
provided greater shear resistance and rigidity (Fig. S8), which supported
the extruded filaments more effectively and helped maintain sharper
corners during printing [50-52]. Another notable difference between
these two methods is the amount of support material required. The
FRESH method typically requires a relatively large volume of gelatin
slurry to prevent distortion during printing [16,53], whereas the
starch-based method requires a much smaller amount of support mate-
rial, making it easier to prepare, reduces waste, and increases the po-
tential for large-scale production.

Next, we further evaluated the stability of the constructs printed
under favorable ink and starch support material conditions. No signifi-
cant changes (p > 0.05, one-way ANOVA) were observed in the thick-
ness or height (Fig. 3j,k, Fig. S9) of the constructs after immersion in PBS
for 14 days. Consistent with this finding, several previous studies also
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reported the stability of constructs printed using phenol-conjugated
polymers as inks in an HRP-mediated crosslinking system [33,54].

To further validate the robustness of the most suitable conditions
identified in this study, including the inks containing 5.0 w/v% gelatin-
Ph and 10 U/mL HRP, and the support material composed of 16.7 w/w%
starch and 10 mM H,05, a construct shaped like a human nose featuring
overhangs and internal holes was successfully printed (Fig. 31), serving
as a representative example of a more geometrically complex structure.
The printed dimensions of the construct closely matched the blueprints,
indicating satisfactory shape fidelity and printability. The slightly
shorter length and width of the construct compared to the blueprint
were attributed to the shrinkage behavior of the gelatin-Ph hydrogel
[17]. Although the construct was initially printed with high fidelity to
the blueprint (Fig. 2b), shrinkage occurred after starch removal
(Fig. S10). This result confirms that the combination of the
gelatin-Ph/HRP bioink and starch/H3O2 support material enables the
fabrication of geometrically intricate structures, with the support ma-
terial effectively preventing deformation during printing and being
removable without compromising the integrity of the construct. Overall,
the present results demonstrate the applicability of this printing system
to the fabrication of stable and complex 3D structures.

3.2. Evaluation of viability and growth of stem cells in the printed
construct

Next, we applied this system to fabricate cell-laden constructs. The
UE7T-13 cells were then incorporated into the bioink. Fluorescence
micrographs showed that the cell-laden hexagonal constructs main-
tained their shape throughout 14 days of culture (Fig. 4a). Confocal
microscopy with calcein-AM/PI staining showed that UE7T-13 cells
remained predominantly viable from days 1-14 of culture (Fig. 4b).
Quantitative analysis of the green and red fluorescence signals revealed
that the printed cells exhibited a viability rate of 80.1 + 4.3 % one-day
post-printing. Additionally, the cells remained metabolically active
during this period (Fig. 4c). Similar results were obtained using mouse
fibroblast BALB/3T3 cells (Fig. S11). These results demonstrate that the
gelatin-Ph-based bioinks and printing system induced minimal cell
damage, allowing the cells to maintain their viability and metabolic
activity. In addition to the well-known cytocompatibility of gelatin-Ph,
the use of a relatively low concentration of Hy0,, followed by exten-
sive washing and quenching with catalase, also reduced possible cyto-
toxic effects [27]. The low flow rate during printing (1.5-3.0 pL/s),
coupled with the tapered nozzle geometry, reduces the shear stress
applied to the cells during printing [55], further preserving the cell
viability.

Furthermore, for 3D bioprinting using support materials, it is
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important to ensure that the mechanism of removing the support ma-
terial is cytocompatible. Conventional removal methods employing
significant pH changes, temperature fluctuations, excessive washing,
and sonication can compromise cell viability and alter cellular behavior
[10,16,53,56,57]. To develop a cell-friendly removal method, the starch
support material was degraded via a mild enzymatic reaction using
a-amylase. Moreover, enzymatic reactions can be carried out under
physiological conditions, making the process simple and cell-friendly
[24,58]. This reaction is also selective for starch, minimizing the risk
of damage to the printed construct.

Furthermore, the UE7T-13 cells exhibited an elongated morphology
(Fig. 4b). The increased metabolic activity (Fig. 4c), coupled with the
apparent increase in the cell number in the confocal micrographs from
days 1 to 14 of culture (Fig. 4b), indicated the growth of UE7T-13 cells in
the printed construct. In addition to the presence of the RGD-tripeptide,
gelatin-Ph can be remodeled by cells via matrix metalloproteinases
(MMP)-mediated degradation, facilitating the elongation and growth of
cells in the construct [59-61]. Moreover, a stiff construct exerts a force
on the enclosed cells, inhibiting cell growth and elongation, whereas a
softer construct allows both processes [62,63]. Overall, these results
demonstrate the applicability of this system for fabricating soft 3D
constructs that support the elongation and growth of enclosed cells.

3.3. Evaluation of stemness and osteogenic differentiation of stem cells
enclosed in the construct

The stemness of the UE7T-13 cells enclosed in the printed constructs
was also evaluated. Maintaining stemness is essential for mesenchymal
stem cells (MSCs) to self-renew, proliferate, and differentiate [64,65]. In
3D bioprinting, the printing process may influence the properties of
cells, including their stemness [66,67]. However, stem cells must retain
their properties when used for bioprinting. Therefore, the development
of a 3D bioprinting system that preserves the stem cell properties is
crucial [68].

We investigated the key stemness markers of the 3D bioprinted
UE7T-13 cells through RT-qPCR analysis of the expression of CD105 and
Sox2, as well as flow cytometry analysis of CD44 and CD45 after 14 days
of culture (Fig. 5a). The initial stemness of the 3D bioprinted cells,
measured by assessing the CD105 and Sox2 expression levels, was
comparable to that of the cells cultured on a dish (Fig. S12). Stable
expression of CD105 (Fig. 5b) and Sox2 genes (Fig. 5¢) in the 3D bio-
printed UE7T-13 cells was observed from days 1-14 of culture, whereas
in the 2D-cultured UE7T-13 cells, the CD105 and Sox2 expression
decreased on day 14 (Fig. S12). Additionally, the stemness of the 3D
bioprinted UE7T-13 cells was further confirmed by comparable
expression of the MSCs-positive marker CD44 (Fig. 5d) and negative
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Fig. 4. (a) Fluorescence and (b) confocal micrographs of UE7T-13 cells enclosed in 3D bioprinted constructs stained with calcein-AM (green: live cells) and PI (red:
dead cells). (c) Mitochondrial activity of UE7T-13 cells per construct after 1, 7, and 14 days of culture. Error bars indicate S.D. (n = 3). **p < 0.005, Tukey HSD.
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Fig. 5. (a) Experimental timeline for evaluation of stemness and osteogenic differentiation of UE7T-13 cells enclosed in the printed construct. (b-e) Evaluation of
stemness based on relative expression of (b) CD105 and (c) Sox2 genes after 1, 7, and 14 days of culture and flow cytometry of (d) CD44 and (e) CD45 on day 14 of
culture. (f-j) Assessment of osteogenic differentiation of the 3D bioprinted UE7T-13 cells: (f) alizarin red staining, (g) alkaline phosphatase activity, and gene
expression of (h) Runx2, (i) Collal, and (j) osteocalcin genes, relative to those of undifferentiated cells. Differentiation was conducted after an initial 14 days of
enclosure. Error bars indicate S.D. (n = 3). n.s: no significant difference (p > 0.05), *p < 0.05, **p < 0.005, Tukey HSD.

marker CD45 (Fig. 5e). These findings indicate that the 3D bioprinting
process and long-term enclosure of the gelatin-Ph constructs did not
affect the stemness of the cells.

Extrusion-based 3D bioprinting has been reported to generate more
shear stress and alter the cellular properties [66,67,69]. This high shear
stress is primarily attributable to the use of high-viscosity bioinks, which
are commonly required for extrusion-based 3D printing [69]. However,
in this study, a low-viscosity ink was used, thereby eliminating the high
shear stress associated with the ink viscosity [67]. Additionally, the
tapered nozzle and low flow rate did not significantly affect the stemness
of the MSCs [7,55,69]. Furthermore, 3D cultures on hydrogels provide
biophysical, biochemical, and mechanical cues that support the pres-
ervation of stemness [70-72].

Finally, to confirm that the UE7T-13 cells retained their ability to
differentiate after 14 days of enclosure, we assessed their capacity for
osteogenic differentiation. Osteogenic differentiation was induced by
replacing the culture medium with the differentiation medium on day 14
(Fig. 5a). Differentiation was induced for 26 days, and the osteogenic
differentiation was assessed using alizarin red staining and analysis of
the alkaline phosphatase activity and RT-qPCR on days 12 and 26 of
differentiation.

Calcium deposition, as assessed by alizarin red staining, was
observed on days 12 and 26 of differentiation (Fig. 5f). On day 12, red-
stained regions was observed, indicating the onset of mineralization

[73-75]. By day 26, the staining intensity increased markedly, with
calcium deposition distributed throughout the construct (Fig. 5f).
Diffusion limitations, which cause uneven mineralization, are among
the main concerns in the application of 3D hydrogels as scaffolds for
bone regeneration [76,77]. However, in the present study, calcium
deposition was observed in both the outer and core regions of the
construct (Fig. S13), demonstrating uniform mineralization. Next, we
assessed the activity of alkaline phosphatase (ALP), an osteogenic dif-
ferentiation marker essential for mineralization. ALP hydrolyzes phos-
phate groups to generate inorganic phosphates for hydroxyapatite
formation [78]. The ALP activity was evaluated by measuring the con-
version of p-nitrophenylphosphate (pNPP) to yellow p-nitrophenolate
(pNP) [79]. As shown in Fig. 5g, elevated pNP production, indicating
increased ALP activity, was observed from days 12-26 of differentiation.
The significant increase in the ALP activity indicated that the UE7T-13
cells successfully transitioned into the osteoblast lineage [80]. Addi-
tionally, the increased ALP activity and calcium deposition (as shown by
alizarin red staining) confirmed that ECM mineralization was still
actively progressing on day 26.

The differentiation of the printed UE7T-13 cells into osteoblasts was
further characterized by analyzing the expression of osteoblast genes.
The RT-qPCR results showed a significant increase in expression of
Runx2 (Fig. 5h), Collal (Fig. 5i), and osteocalcin (Fig. 5j) from days
12-26 of differentiation. The commitment of MSCs to the osteoblast
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lineage is facilitated by the upregulation of Runx2 [80]. The high
expression of Runx2, Osteocalcin, and Collal also provides evidence
supporting active engagement of the osteoblasts in ECM production and
mineralization [81,82].

Overall, the increase in the alizarin red staining, ALP activity, and
osteoblast gene expression from days 12-26 of differentiation (Fig. 5f-j)
demonstrates the time-dependent progression of osteogenic differenti-
ation. By day 26, the cells transitioned into mature osteoblasts capable
of producing a mineralized extracellular matrix, which is a hallmark of
bone tissue formation [81].

These findings demonstrate the usefulness of starch as a support
material for 3D bioprinting. Future studies should address the limita-
tions of this study. To achieve constructs with higher fidelity and reso-
lution, the printing process, including the G-codewhich governs the
nozzle movement during printing, must be further optimized. Moreover,
a comparative study is needed to identify the starch type most suitable
for use as a support material, as the viscosity of starch slurry depends on
its origin t [83]. To further strengthen our validation of the applicability
of the developed 3D bioprinting method, a more comprehensive study
using various bioinks must be conducted in the future. Additionally,
MSCs-specific surface markers, including positive markers of CD73 and
CD90 and negative markers of CD34, CD14, CD19, and HLA-DR, must be
analyzed thoroughly. Furthermore, the differentiation potential of
printed MSCs into chondrogenic and adipogenic lineages needs to be
investigated.

4. Conclusions

In this study, we demonstrated the utility of starch as a support
material for fabricating cell-laden constructs by alternately extruding
low-viscosity bioinks composed of gelatin-Ph, HRP, and UE7T-13 cells
with starch-based support materials supplemented with Hz0,. The
support materials provide structural support and induce HRP-catalyzed
gelation of the bioinks while allowing easy post-printing removal by
immersion in a-amylase solution. This system enables the fabrication of
complex and stable 3D structures. The UE7T-13 cells enclosed in the
bioprinted constructs maintained their physiological functions,
including viability, elongated morphology, growth, and stemness
throughout the 14 days of culture. The UE7T-13 cells enclosed in the
construct also differentiated into an osteogenic lineage. Overall, the
present findings highlight the potential of this bioprinting method for
fabricating cell-laden constructs for diverse tissue-engineering
applications.
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