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Abstract

Concerns related to the trachea frequently arise from obstructive conditions
and occlusions, such as tracheal stenosis, tracheomalacia, traumatic disruptions,
and papillary thyroid carcinoma. These medical challenges underscore the need
for new biomaterials to support tissue engineering for tissue regeneration. The
advent of three-dimensional (3D) bioprinting technology has emerged as a pivotal
advancement, facilitating the fabrication of patient-specific, biocompatible, cell-
laden constructs. This technological advancement enables the controlled promotion
of cell growth and tissue development, thereby offering a promising avenue for
tissue regeneration. In this study, we developed mixed ultrashort peptide bioinks for
the 3D bioprinting of a trachea-like construct that exhibits self-healing and elastic
properties. We employed a stiffness prediction map (SPM) as an empirical tool to
predict the physical characteristics and stiffness behavior of the mixed bioinks,
thereby facilitating the optimization of the 3D bioprinting process. The SPM enabled
the fine-tuning of these bioinks by identifying peptide mixtures that successfully
mimic the natural stiffness of the perichondral niche microenvironment. These
mixed bioinks successfully promoted mesenchymal stromal cell differentiation
towards chondrocyte formation, thereby facilitating the biofabrication of elastic
3D-printed structures for trachea regeneration. Our bioinks exhibited remarkable
printing resolution and mechanical properties while supporting cell growth and
chondrogenesis. The bioprinted trachea-like model, cultured for up to 100 days,
showed excellent mechanical properties, resulting a stable elastic biomaterial. This
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study is the first to combine SPM with 3D bioprinting for the fabrication of a trachea-
like model, supporting the development of advanced self-healing biomaterials for
trachea tissue regeneration.

Keywords: 3D bioprinting; Chondrocytes; Mesenchymal stromal cells;
Self-healing biomaterials; Stiffness prediction map; Trachea-like model; Ultrashort

peptide bioinks

1. Introduction

Advances in the development of biomaterials are desired
to improve the reconstruction of physiologically relevant
tissues and cellular grafts for tissue engineering and
healthcare purposes.'” The optimal biomaterials are
biomimetic and can be used as models to simulate human
tissue behavior, study cell growth and differentiation,
investigate diseases, and potentially generate patient-
specific non-immunogenic tissues for personalized
medicine approaches. They also offer an alternative to in
vivo animal models deployed in various tests, such as in
drug screening assays."™®

Three-dimensional (3D) bioprinting is an evolving
technology that can be used to produce biomaterials
replicating functional and biomimetic tissues and
cellular grafts, advancing biomedical applications and
healthcare. The technology has the potential to overcome
donor shortages.” Conventional 3D printing falls into
three main strategies: material extrusion, jetting, and
vat polymerization."” On the other hand, 3D bioprinting
technologies include cellular systems and are classified
into nine main approaches: fused deposition modeling,
stereolithography, inkjet, extrusion-based, laser-assisted,
vat polymerization, magnetic, acoustic, and bioplotting."
Examples of 3D bioprinted constructs include organoids,
human-scale mandible bone, ear-shaped cartilage, skeletal
muscle, bone tissue, blood vessels, implanted vascular
grafts, nose structures, trachea-like constructs, skin
tissues, mouse brain structures, and full-size models of the
human heart.»*!-1

In recent years, the use of computer-driven methods
in bioprinting has led to significant progress.” Examples
are the optimization of flow rates for peptide hydrogel-
based 3D bioprinting, the integration of 3D bioprinting
with multi-algorithm to identify microenvironment
characteristics, the improvement of bioink formulation, and
the tracking and classification of bioprinted organoids.**
In addition, statistical procedures, such as response surface
methodology (RSM), have been employed to optimize
printing parameters in the bioprinting process. Applying
RSM enables the construction of a dynamic printability

window, which has recently been used for preparing
polysaccharide-blended inks, optimizing printing speed
and pressure conditions for silk-fibroin-gelatin-based
constructs, developing in situ printability maps, and, more
recently, statistically optimizing cell-hydrogel interactions
in the area of green microbiology.***

Bioinks can be of natural or synthetic origin, which in
turn determines the scaffold’s biocompatibility, printability,
and viscoelastic properties.”** Natural-based bioinks
include collagen, gelatin, chitosan, fibrin, silk, and alginate,
while synthetic bioinks include polyethylene glycol (PEG),
poly-N,N-dimethyl acrylamide (PDMA), acrylonitrile
butadiene styrene, polylactic acid, polyvinyl alcohol
(PVA), polyvinylpyrrolidone, polylactic-co-glycolic acid,
and polycaprolactone (PCL).">® Bioinks can also be
mixtures of synthetic or natural and synthetic materials,
resulting in the formation of multi-component hybrid
bioinks, such as PLA-hydroxyapatite, PCL-alginate,
PEG-gelatin, PCL-PEG, methacrylated hyaluronic acid-
gelatin methacryloyl (GelMA), nanohydroxyapatite-PEG
methacrylate, and PEG diacrylate-alginate, which could
enhance biocompatibility and mechanical properties while
affecting bioink printability. "

Peptide-based hydrogels are another class of
promising bioinks for bioprinting due to their facile
design, offering highly biocompatible and mechanically
stable bioinks suitable as cellular scaffolds with a broad
range of viscoelastic properties.** Peptide bioinks possess
distinctive properties that integrate both natural and
synthetic characteristics, rendering them particularly
advantageous when compared with the other mentioned
bioinks.  Rationally  designed ultrashort peptide
compounds consisting of 3-7, preferably non-aromatic,
amino acids are of particular interest due to their short
sequence.*** Through self-assembly, they form nano-
fibrous networks and scaffolds, in the form of hydrogels,
in aqueous solutions.”>** These thoroughly characterized
self-assembling  peptides  exhibit a characteristic
amphiphilic motif—consisting of a long hydrophobic tail
of hydrophobic amino acids—and a short hydrophilic head
group—mostly comprising a single hydrophilic amino
acid. The peptide hydrogels’ tunability makes them suitable
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for 3D cell culture and tissue engineering, as they can span
a broad range of viscoelastic properties, including hydrogel
scaffold stiffness or softness, which in turn directly affects
the material’s storage and loss modulus, stress relaxation,
and resistance to deformation under stress.** Previous
studies have shown that peptide compounds containing
lysine as a hydrophilic head group are excellent peptide
bioinks, demonstrating the immediate solidification of cell-
laden constructs under physiological salt conditions using
extrusion-based 3D bioprinting, avoiding harsh situations
such as UV exposure, reactive chemical additives, and
elevated temperature conditions.'>'**

Peptide hydrogels can also be used as biocontainment
systems for clinical applications.”® Peptide bioinks have
been utilized in diverse applications, including 3D
bioprinting of spheroids with induced pluripotent stem
cells, printing brain models to study Parkinson’s disease,
modeling tissue to study leukemia, investigating colorectal
cancer organoid development, printing ear models, and
bioprinting large-scale constructs, as well as developing gel
electrolytes, instant glues and hydrogel-based adhesives
for environmental and biomedical applications.'®!>!639-46
This versatility has fueled growing interest in the use of
multi-component bioinks for 3D bioprinting. Such bioinks
can be formulated as mixtures from different ultrashort-
peptide bioinks, forming peptide hybrid bioinks. For
example, when combining the properties of various peptide
bioinks that have different functional moieties, a previous
study has formulated optimized mixed peptide bioinks as
biofunctionalized peptide scaffolds to fabricate bioprinted
colorectal organoids.”

Despite the progress made in bioprinting, several
challenges still need to be addressed to produce fully
functional tissues and cellular grafts.*** These challenges
include optimizing bioinks to promote more sophisticated
bioprinting strategies without compromising cellular
viability, ensuring the biocompatibility and structural
stability of biomaterials, and better addressing biomimicry
and functionality. Additionally, integrating vascularization
into bioprinted structures, ensuring scalability, and
replicating the complexity of organ architecture in
bioprinted structures remain significant challenges.'**
More recently, there has been a growing interest in the
3D printing of smart and intelligent biomaterials, capable
of reacting to both external and intrinsic stimuli for
sustainability and healthcare applications.* Bioinks play a
crucial role in forming the 3D structure with living cells,
which can produce their own extracellular matrix (ECM)
components during growth and development. To advance
3D bioprinted cellular grafts for further cell development,
it is essential to establish a bioprinting strategy that
combines all important factors, such as bioink materials,

cellular components, and an optimal bioprinting strategy.
Therefore, ongoing research is focusing on advanced
bioprinting processes using optimized biomaterials with
scalable, functional, biocompatible, and biomimetic
characteristics to mimic tissues and cellular grafts.

There is a need to develop alternative tracheal
replacements using tissue engineering technologies to
advance the treatment and rehabilitation of patients with
tracheal pathology.” Therefore, 3D printing and bioprinting
technologies have been applied to engineer materials
(e.g., polymers of synthetic origin) and biomaterials
(e.g., biomimetic and biocompatible living materials) for
tracheal tissue engineering, such as constructing artificial
organs for the trachea. Although synthetic materials may
exhibit strong structural robustness, they often have lower
cell biocompatibility and a higher chance of inducing
immune rejection. Conversely, biomaterials may exhibit
high biocompatibility and low immune response, but have
insufficient mechanical properties.

Remarkable progress has been made in the 3D
printing of trachea-like constructs. For example, the 3D
bioprinting of trachea-mimetic cellular construct with
clinically relevant size has been performed through a two-
step printing strategy and a bioink that consists of PCL-
based thermoplastic polymer; the long segmental tracheal
replacement has been conducted using PCL and collagen
bioink mixture; the development of biomimetic trachea
through a modular ring strategy with poly(sebacoyl
diglyceride) and PCL bioink mixture; the dual-nozzle
extrusion bioprinting of cartilage-vascularized fibrous
tissue-integrated  trachea with  photo-cross-linkable
GelMA and chondroitin sulfate methacrylate bioink
mixtures; and the bioprinting of patient-matched trachea
with PCL and HyStem°®-HP hydrogel bioinks hydrogel
bioinks.'>*** Alternative non-printing strategies include
the use of fully synthetic polymers and the bioengineering
of tracheal prostheses with autologous chondrocytes
and decellularized trachea scaffolds.”**” Nevertheless,
there are still bottlenecks that limit the translation of
bioengineered tracheostomies for medical applications.
These limitations include insufficient material mechanics
(e.g., material weakening over time and longitudinal
rigidity), lack of biomimetic properties (e.g., low cell
density, mucous accumulation, and lack of epithelial
lining), adverse immune response (e.g., inflammation
and fibrosis), biomaterial infection (e.g., contamination
during cultivation), and low functionality (e.g., uniform
geometries and transmural pressures).’*-%

This study employed the stiffness prediction map
(SPM) to formulate mixed ultrashort peptide bioinks for
extrusion-based robotic 3D bioprinting. The approach
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allows the selection of peptide scaffolds with initial stiffness
supportive of stromal cell differentiation into chondrocytes,
enabling the development of customizable bioinks suitable
for 3D bioprinting. SPM enhanced the ability to assess
the rheological properties of mixed ultrashort peptide
hydrogels, allowing robust evaluation of materials’ stiffness
and accelerating mesenchymal stromal cell (MSC)
differentiation into chondrocytes. Through SPM, we
identified and developed three mixed ultrashort-peptide
bioinks that, in addition to being highly biocompatible,
exhibited diverging viscoelastic properties compared to
bioinks made from single peptides. Additionally, the mixed
bioinks promoted the formation of chondrogenic cell
nodules in 3D bioprinted constructs cultured for 28 days, as
evidenced by changes in gene expression and morphology.
Based on these results, we selected the optimal-performing
bioink in terms of printability and cell-scaffold interaction
to bioprint a trachea-like model. The resulting construct
exhibited accelerated self-healing (due to the presence
of cells and their subsequent enrichment of the hydrogel
scaffold with ECM components), structural stability, and
remarkable elastic properties, highlighting it as a promising
self-healing biomaterial for tracheal tissue regeneration.
This study introduced a statistical cutting-edge approach
to optimizing mixed peptide bioinks for 3D bioprinting,
enabling automated production of stable and self-healing
cellular constructs for long-term culture.

2. Materials and methods

2.1. Peptide synthesis

N- and C-terminus protected peptides Ac-Ile-Ile-Cha-
Lys-NH, (II1ZK) and Ac-lIle-Ile-Phe-Lys-NH, (IIFK)
were synthesized through solid-phase peptide synthesis
using a CS136X synthesizer (CSBio, USA). After synthesis,
the peptides were removed from the resin using a mixture
of 95% trifluoroacetic acid, 2.5% tri-isopropyl silane, and
2.5% water at room temperature for 2 h. The peptide was
then precipitated by adding cold diethyl ether to the peptide
solution and kept overnight at 4°C. The precipitated peptide
was separated from the supernatant by centrifugation at
5000 rpm for 5 min using Eppendorf 5810R (Eppendorf,
Germany). Finally, the peptide was purified using reverse-
phase high-performance liquid chromatography with a
C-18 column (2-98% acetonitrile in 15 min) at a flow rate
of 20 mL/min and collected at a yield of over 60%.

2.2. G-code design and slicing

The 3D models were configured with computer-aided
design in SolidWorks® version 2024 (Dassault Systémes,
USA), optimized with Slic3r version 1.3.0 (https://slic3r.
org/), and translated into G-codes using the Repetier-Host
software 2.3.2 (Hot-World GmbH & Co. KG, Germany).

2.3. Cell culture

Human bone marrow MSCs were cultured with Minimum
Essential Medium (MEM)-a and supplemented with
10% mesenchymal stem cells (MSC-qualified) fetal
bovine serum (FBS), 1% penicillin/streptomycin, and 1%
GlutaMAX (Thermo Fisher Scientific, USA). The cells
were thawed, cultured, and subsequently incubated at 37°C
with 5% Co,, and were sub-cultured when reaching 95%
confluency using 0.25% trypsin.

2.4.Bioink preparation

Peptide powders were weighed at different peptide ratios
(see Table 1) with a Mettler Toledo analytical balance
(XPR204DUE, Switzerland). Initially, the measured first
peptide type was added to a 2 mL glass vial, followed
by the addition of the second peptide type to the same
vial. The glass vial was sealed with a cap, and the mixed
peptide powder was gently vortexed for 30 s. A class II
biological safety cabinet was sterilized by decontaminating
surrounding surfaces with 70% ethanol and UV
irradiation for 30 min to ensure sterile working conditions.
Subsequently, the mixed peptide-powder-containing glass
vial cap was removed in the biosafety cabinet, and the UV
light was applied for 1 h to prevent external contamination.
Then, 900 pL of Gibco™ cell culture grade distilled water
(Thermo Fisher Scientific, USA) was added to the vial, and
the mixture was vortexed for 30 s to obtain a homogeneous
solution, followed by sonication for 15 min to remove air
bubbles. The resulting bioinks were used for subsequent
3D bioprinting experiments.

2.5. 3D bioprinting

Bioprinting experiments were conducted using a robotic
3D bioprinter (Dobot Magician, Dobot, China) composed
of a four-degrees-of-freedom robotic arm, a custom-
designed dual-coaxial nozzle, microfluidic pumps, and a
stirring hot plate (RCT basic, IKA, Germany). The robotic
arm was interfaced with Repetier-Host. The printing
files were designed using SolidWorks and sliced into
G-code through the Slic3r and Repetier-Host software.
The used dual-coaxial nozzle was fabricated according
to the literature.’? The commercial microfluidic pumps
were controlled simultaneously using the automated pulse
mode with square waves.®* According to the viscosity
and surface tension results, flow rates were identified to
extrude the formulated mixed ultrashortpeptide bioinks
with minimal clogging and clumping during the extrusion-
based bioprinting process. The optimized pumping flows
were 40-45 pL/min (peptide solution), 15-20 pL/min
(5% phosphate-buffered saline [PBS]), and 15 pL/min
(Ix PBS with cells) for each of the pumps, respectively.
It is essential to highlight that the interaction between
PBS and peptide solution within the nozzle forms the gel
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Table 1. State-of-the-art peptide-based trachea engineering and bioinks formulation

Mixed
peptide
bioink

Peptide-based trachea-like construct

Concentration
(mg/mL)

IIZK IIFK IZZK IIZK IIFK IZZK

Molarity (mM)

Ratio Reference

Extrusion-based bioprinting of a 3.0-cm-high, 2.2-cm- Bioink 1
diameter, self-healing, elastic human trachea-like model

that is cultured for up to 100 days with hBM-MSCs and

MSC-derived chondrocytes. The 3D-printed structures

exhibit excellent printability, high resolution, low clogging,

and strong structural rigidity.

3:1 7.1 2.4 - 12.5 4.3 - This work

Extrusion-based bioprinting of a 1.36-cm-high, self-healing, Bioink 2
small-diameter trachea-like model that is cultured for up to

28 days with hBM-MSCs and MSC-derived chondrocytes.

The 3D-printed structures exhibit excellent printability, high

resolution, low clogging, and strong structural rigidity.

1:1 4.1 4.1 - 7.2 7.2 - This work

Extrusion-based bioprinting of a 1.39-cm-high, self-healing, Bioink 3
small-diameter trachea-like model that is cultured for up to

28 days with hBM-MSCs and MSC-derived chondrocytes.

The 3D-printed structures exhibit excellent printability,

high resolution, and minimal clogging, but with reduced

structural stability.

1:3 24 7.1 - 4.2 12.6 - This work

Extrusion-based bioprinting of 1-cm-high, small-diameter
cylinders that are cultured for up to 24 and 30 days with
HDFn and hBM-MSC cells, respectively. The 3D-printed
constructs exhibit sagging issues, resulting in low
printability.

Single

peptide IIFK

- 13.0 - - 23.5 - - 2

Extrusion-based bioprinting of 3.8-cm-high, small-diameter
cylinders that are cultured for up to 24 and 30 days with
HDFn and hBM-MSCs, respectively. The 3D-printed
constructs exhibit superb printability, although potential
clogging issues arose due to bioink overgelation.

Single

peptide IIZK

- - 13.0 - - 23.1 - 12

Extrusion-based bioprinting of a 4-cm-high, small-diameter
cylinder that is cultured for up to 30 days with hBM-MSC-
derived chondrocytes. The 3D-printed constructs exhibit
superb printability, although potential clogging issues arose
due to bioink overgelation.

Single
peptide
1ZZK

22.88 12

Extrusion-based bioprinting of a 1-cm-high, 1-cm-diameter
cylinder that was cultured for up to 14 days with hBM-
MSCs and MSC-derived chondrocytes. The 3D-printed
constructs exhibit superb printability, although potential
clogging issues arose due to bioink overgelation.

Single

peptide IIZK

I
—
>
=}

I

I

I

23.1 - 7

Extrusion-based bioprinting of a 3.8-cm-high, small-
diameter cylinder that was cultured for up to 14 days

with hBM-MSCs and MSC-derived chondrocytes. The
3D-printed constructs exhibit superb printability, although
potential clogging issues arose due to bioink overgelation.

Single
peptide
1ZZK

22.88 7

Abbreviations: hBM-MSC, human bone marrow-derived mesenchymal stromal cell; HDFn, human dermal fibroblast cells.

material for extrusion-based bioprinting. The cells were
concentrated in 500 pL of FBS, MSC-qualified, and slowly
pushed throughout the tubbing. Transparent square cover
slides were thoroughly washed in 70% ethanol and left
under UV irradiation for 30 min. The bioprinting process

was performed inside a class II biological safety cabinet.

Tweezers were sterilized using MLS-3781L autoclave
(Panasonic, Japan) at 121°C for 15 min.

2.6. Printability and shape fidelity assessment

The mixed ultrashort peptide bioinks were 3D-printed into
trachea-like structures. The Image] software version 1.54p
(https://imagej.net/ij/) was used to calculate the width and
height of the samples. Photographs were taken from the
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side and from the top, with a calibration ruler included
in the frame to calibrate pixel dimensions against actual
measurements.

2.7. Chondrogenic differentiation

Bioprinted constructs were incubated at 37°C,
supplemented with 5% CO, and MEM-a for 7 days.
Afterward, chondrogenic media (PT-3925) and tumor
growth factor (TGF)-B3 (PT-4121) were mixed and added
(until completely covering the structures), and the cultures
were maintained for 28 days with medium exchanged
every 2 days. The chondrogenic media consisted of 1 mL
dextrose (PT-4130G), 2 mL ascorbate (PT-4131G), 2 mL
insulin-transferrin-selenium with supplements (PT-
4113G), 2 mL pyruvate (PT-4114G), 2 mL proline (PT-
4115G), 200 pL gentamicin sulfate—-amphotericin (GA-
1000; PT-4505G), and 4 mL L-glutamine (PT-4140G).
The lyophilized TGF-p3 was prepared by adding 200 uL of
sterile 4 mM hydrochloric acid (supplemented with 1 mg/
mL bovine serum albumin) to 2 pug TGF-$3, and aliquots
were stored at —80°C. All of these reagents and media were
purchased from Lonza (Switzerland).

2.8. RNA extraction and quantification

Total RNA was extracted using Trizol (15596026, Thermo
Fisher Scientific, USA) and Qiagen RNeasy Mini kit
(74104, Qiagen, USA). The 3D bioprinted samples were
digested by adding 2 mL of TRIzol reagent, mixed through
pipetting, and stored at —80°C until further processing.
The samples were dissolved at room temperature for 5 min,
and 200 pL of chloroform per mL of TRIzol was added to
each sample. They were vortexed for 20 s and centrifuged
(Centrifuge 5424 R, Eppendorf, Germany) at 10,000 g for
18 min at 4°C. The aqueous phase was carefully removed
and transferred to sterile RNAse-free microtubes, and
an equal amount of RNA-free EtOH was added. The
samples were inverted three times, loaded into the RNeasy
columns, and centrifuged for 30 s at 8000 g. The flow-
through was discarded. Then, 700 uL of RW1 buffer was
added to the columns and centrifuged for 30 s at 8000 g.
The columns were transferred to new collection tubes,
and 500 pL of RPE buffer was added. The samples were
centrifuged for 30 s at 8000 g. Again, 500 uL of RPE buffer
was added, and samples were centrifuged for 2 min at 8000
g. The flow-through was discarded. The columns were
centrifuged for 1 min at 8000 g. Columns were transferred
to new collection tubes, and 35 pL of RNase-free water was
added directly to the membrane. Samples were left at room
temperature for 1-2 min and then centrifuged at 8000 g
to elute the RNA. The RNA samples were quantified by
measuring 2 pL from each sample using the Nanodrop
2000 spectrophotometer instrument (Thermo Fisher
Scientific, USA) and were immediately stored at —80°C.

The RNaseZap cleaner (AM9780, Invitrogen, USA) was
used during the entire experiment.

2.9. Complementary DNA synthesis

The RNA was reverse-transcribed into complementary
DNA (cDNA). First, the extracted RNA samples were
normalized (Equation I). Subsequently, the SuperScript™
VILO™ Master Mix (11755-050, Thermo Fisher Scientific,
USA) was used for cDNA synthesis. A 20 pL total reaction
volume was prepared by adding 4 puL Master Mix and
5uL normalized RNA, then filling to 20 uL with nuclease-
free water. The samples were placed in a thermomixer
(Eppendorf ThermoMixer® C, Germany) with incubation
cycles: 25°C for 10 min, 42°C for 90 min, and 85°C for 5
min. The cDNA was diluted at a 1:5 ratio by mixing 20 pL
of cDNA with 80 pL of nuclease-free water. Aliquots were
stored at —20°C.

Normalized RNA volume =

@
800 ng

Extracted RNA inng per uL

2.10. Quantitative polymerase chain reaction for
gene expression analysis

The quantitative polymerase chain reaction (QPCR) was
performed using the TaqMan gene expression assay
(Table 2) and TagMan Fast Advanced master mix (4444557,
Thermo Fisher Scientific, USA). Briefly, a total volume of
150 pL solution, composed of 100 pL master mix, 10 pL
TagMan probe, and 40 pL nuclease-free water, was added
to each well and mixed. Subsequently, 2.5 pL of the diluted
cDNA was added per well. The reverse transcription-
qPCR was performed using the QuantStudio 3, 0.1 mL
instrument (Thermo Fisher Scientific, USA) with thermal
cycling parameters: 50°C for 2 min, 95°C for 2 min, and 40
cycles of 95°C for 1 s and 60°C for 20 s.

2.11. Viscoelastic characterization

The viscoelastic properties of the peptide hydrogels,
including mechanical stiffness, viscosity, and thixotropy,
were analyzed using the Ares-G2 Rheometer (TA
Instruments, USA) equipped with an advanced Peltier
system (APS). The stiffness of the peptide hydrogels was
measured using an 8-mm parallel plate with a gap of 1.5 mm
between plates. The peptide concentrations were prepared
according to the SPM’s experimental design. The peptide
hydrogel concentrations were prepared by mixing 135 pL
of peptide solution with 15 uL of PBS in a 9-mm internal
diameter Sigmacote-coated glass ring. The rings were
kept overnight inside Petri dishes at room temperature,
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Table 2. TagMan probes for gene expression

Gene Catalog number of TagMan probe Catalog number
Collagen I (COLI) Hs00164004_m1 4331182
Collagen II (COLII) Hs00264051_m1 4331182
Collagen X (COLX) Hs00166657_m1 4331182
Aggrecan (ACAN) Hs00202971_m1 4331182
SOX9 Hs00165814_m1 4331182
SOX5 Hs00374709_m1 4331182
RUNX2 Hs01047973_m1 4331182
ALPL Hs01029144_m1 4331182
CEBPB Hs00942496_s1 4331182
PPARG Hs01115513_m1 4331182
GAPDH Hs99999905_m1 4448490

surrounded by water and tightly sealed to avoid
dehydration. The viscoelastic properties were analyzed
through three successive tests: time-sweep, frequency-
sweep, and amplitude-sweep. The time-sweep test was
first performed for 5 min with an angular frequency and
a strain of 1 rad/s and 0.1%, respectively. The frequency-
sweep test was subsequently performed on the sample with
arange of angular frequency of 0.1-100 rad/s and the same
strain of 0.1%. The amplitude-sweep test was performed
by applying a gradual strain increase from 0.01 to 100%
at 1 rad/s angular frequency. The interpolation from the
oscillation strain curves was performed using the trace
interpolation tool in the OriginPro software (OriginLab,
USA). The thixotropic properties of the mixed ultrashort-
peptide bioinks were measured using an angular frequency
of 1 rad/s and a sampling rate of 1 pts/s. An initial strain
of 0.1% was applied to the peptide hydrogel for 5 min.
Then, the peptide hydrogel was exposed to different strains
ranging from 100% (1 min) to 0.1% (10 min) with 11
oscillation cycles. The total duration of the thixotropy test
for each sample was 3600 s.

2.12. Measurement of self-healing properties

The self-healing capabilities of the 3D bioprinted structures
were analyzed using the Ares-G2 Rheometer equipped
with APS and an 8 mm parallel plate. The 3Dbioprinted
structures were placed on top of the parallel plate, and the
self-healing properties of the mixed ultrashort peptide
bioinks were measured with an angular frequency of 1
rad/s and a sampling rate of 1 pts/s. An initial strain of 0.1%
was applied to the peptide hydrogel for 5 min. Then, the
peptide hydrogel was exposed to different strains ranging
from 100% (1 min) to 0.1% (10 min) with 11 oscillation
cycles. The total duration of the thixotropy test for each
sample was 3600 s.

2.13. Design of experiments and response

surface methodology

The Minitab version 21.4.1 software (Minitab, USA) was
used to derive an initial model representation for the
interaction between the IIZK and IIFK peptides and their
measured responses regarding stiffness. First, experiments
were designed according to the RSM. A central composite
design for two continuous factors (IIZK and IIFK) was
selected here. The design consisted of one center point, four
cube points, and four axial points, resulting in a total of
nine points to build the matrix using a face-centered design
with an o of 1 (Figure S1). The design levels considered the
lowest and highest values of 2 and 8 mg/mL, respectively.
This concentration range was selected based on the
printability window for extrusion-based bioprinting with
the IIZK and IIFK bioinks reported in previous studies
to prevent clogging during the bioprinting process."
The performance of four RSM models was evaluated,
considering their R? adjusted R?, predicted R? and standard
deviation to select the optimal mathematical model for
fitting the data (Tables S2 and S3; Figures S2-S5). The top-
performing model was chosen for fitting the experimental
data; the design of experiments (DOE) and analysis of
variance (ANOVA) from the top-performing model are
shown in detail in Tables S4 and S5. For each of the nine
mesh points according to the design matrix (Figure S1),
20 samples were prepared and measured (1=20), resulting
in 188 experimental rheology measurements. The data
distribution of the rheology measurements was visualized
in Figure S6. Following experimental measurements, data
preprocessing was carried out to identify potential outliers
using boxplot visualization, corroborated by Z-score
and mean absolute deviation (MAD) methodologies.
The MAD threshold values for outlier detection were
calculated (Table S6) according to Equations II and IIL*
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After identification, outliers were removed from the dataset
and substituted with new measurements. Subsequently, the
processed dataset was fed into Minitab to derive an RSM-
based mathematical modeling equation that represents
the proposed 3D representation of the DOE (Equation
IV) according to the experimental data and DOE from
the top-performing model (Tables S2, S3, & S7). The data
distribution, residuals, and adjustment to the modeling
equations can be found in the supplementary information
(Figures S2-56; and Tables S2-S7). Further information
on the RSM methodology can be found in the literature
that applied RSM to model the mixing of different
materials in the formulation of bioinks.””* Lastly, the 3D
representation of the SPM was plotted and visualized in
MATLAB version R2024b (MathWorks, USA).

Outliers maximum threshold value

= median (X) + (a« x MAD) (I1)

Outliers maximum threshold value

= median (X) + (a x MAD) (I11D)

where X was the n original observations, set to 3
according to the literature.

y=(£d)*datdf+d,a

£0 40, (axP)+e )

where y represents the storage modulus (response in
Pa), § (0-5) represents the obtained constants from the
statistical equation from the fit of the experimental data,
a represents peptide 1 (factor 1 in mg/mL), 8 represents
peptide 2 (factor 2 in mg/mL), and € represents the total
error from the model

2.14. Measurements of the bioinks’

viscoelastic properties

The viscoelastic properties of the bioinks were analyzed
using the Ares-G2 Rheometer equipped with APS.
Viscosity measurements were conducted at 25°C using a
25 mm parallel plate geometry and a 0.5 mm gap between
plates. The bioinks were prepared by mixing IIZK and IIFK
ata 1:1, 1:3, or 3:1 ratio to a final concentration of 10 mg/
mL. Viscosity was assessed in both solution and gel states.
For gel measurements, 225 pL of bioink solution was placed
on the Peltier plate, followed by the addition of 25 puL 10x
PBS, and allowed to react for 10 min before performing a
shear rate sweep (0.01-50/s). For solution measurements,
250 pL of bioink solution was placed on the Peltier plate
and directly measured.

2.15. Gelation tests

Gelation tests were performed following established
protocols for peptide hydrogel formation.”> Peptide
powder was dissolved in 900 puL of Mili-Q water and
vortexed until fully dissolved, and solubility was recorded.
To induce gelation, 100 uL of 10x PBS (without Ca** and
Mg**) was added to the solution. The vial was left at room
temperature, and gel formation was monitored visually to
determine gelation time.

2.16. Thermomechanical characterization
Thermogravimetric analysis (TGA) was performed on
dried samples (10 mg initial weight) using a TGA 5500 (TA
Instruments, USA). Samples were heated in platinum pans
from 25 to 700°C at 10°C/min under a N, atmosphere.
Weight loss curves were plotted, and first derivatives were
calculated. Subsequently, differential data were smoothed
using the Savitzky-Golay method. All data plotting,
derivative calculations, and signal processing were
performed in the OriginPro 2022b software.

2.17. Measurement of surface tension

A force tensiometer (Kruss K100 MK2, KRUSS GmbH,
Germany) was used to measure the surface and interfacial
tension of samples. A custom glass probe was prepared
by cutting the glass to the desired size of 15x25x1 mm.
The tensiometer was stabilized at room temperature prior
to use. For each measurement, 3 mL of peptide solution
(10 mg/mL) was placed in a 10 mL beaker, and the probe
was gently placed on the surface of the liquid. Detection
parameters were set to a speed of 10 mm/min, sensitivity
0f 0.005 g, and immersion depth of 1 mm.

2.18. Phase contrast and epifluorescence microscopy
Kinetic imaging experiments were performed using the
DMI3000 B phase contrast microscope (Leica, Germany)
on days 5, 10, 15, and 28. Photographs and videos of the
full-sized trachea-like ring were recorded using the EVOS
M7000 epifluorescence microscope (Invitrogen, USA).

2.19. Assessment of cell viability

The viability of the bioprinted trachea-like structures
was assessed using the live/dead cell viability cytotoxicity
kit (L3224, Thermo Fisher Scientific, USA). Calcein
acetoxymethyl ester was used to detect live cells, while
ethidium homodimer-I was used for dead cells. Media was
discarded, and the structures were subsequently washed
three times with 1x PBS. Staining solution, consisting of 3
uL calcein, 6 pL ethidium homodimer, and 3 mL 1x PBS,
was prepared and added until the structure was submerged.
The samples were covered with aluminum foil and left in
an incubator for 1 h. After incubation, the staining solution
was discarded, and 3 mL of 1x PBS was added. The entire
procedure was carried out under dark conditions to avoid
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photobleaching. The structure viability was assessed after
15, 24, and 100 days.

2.20. Cytoskeleton staining

Cells were previously fixed using methanol-free
formaldehyde. The media were removed for fixation, and
constructs were washed three times with 1x PBS. Then, 1
mL of 16% (w/v) formaldehyde solution was diluted with 3
mL of 1x PBS, resulting in 4% formaldehyde. The construct
was incubated at room temperature for 1 h, followed by
three washes with 1x PBS, then covered with parafilm, and
stored at 4°C. Next, a blocking buffer—consisting of 1.25
mL FBS, 25 uL. TWEEN 20, and 5 mg sodium azide—and
a cytoskeletal buffer—composed of 125 pL Triton 100, 15.2
mg MgCl,, and 2.6 g sucrose—were prepared and filled
to 25 mL using 1x PBS. For staining, both solutions were
placed on ice for 10 min. Construct media were removed,
and cold cytoskeletal buffer was added and incubated
for 5 min. Then, the construct was washed twice with 1x
PBS. Subsequently, the blocking solution was added, and
the sample was left incubating at room temperature for
1 h. The primary antibody solution, consisting of actin-
phalloidin, was diluted by mixing 10 uL of the antibody
in 4 mL of 1x PBS. Samples were immersed in the
primary antibody solution and incubated for 1 h at room
temperature while covered with aluminum foil. Then,
the solution was removed, and the construct was washed
with 1x PBS, followed by adding 4 pL of 4)6-diamidino-
2-phenylindole (Thermo Fisher Scientific, USA) for every
mL of the final volume, and then incubating for 5 min at
room temperature with minimal light exposure.

2.21. Confocal imaging

The bioprinted constructs were imaged using a laser
scanning confocal microscope (LSM 880 with Airyscan,
ZEISS, Germany). Z-stack and 2D images were collected
throughout the experiment using a pinhole size of 1.25 airy
units. Images were postprocessed using the ZEN (black
edition) software (ZEISS, Germany).

2.22. Scanning electron microscopy imaging of cell-
laden bioprinted scaffolds

Peptide scaffolds were fixed with 25% electron microscopy-
grade glutaraldehyde. The media was removed, and the
construct was washed three times with 1x PBS. Then, 1
mL of 25% glutaraldehyde was diluted in 9 mL of 1x PBS
to a final concentration of 2.5% glutaraldehyde solution.
The solution was added to the sample and incubated in the
fume hood for 1 h, followed by washing with 1x PBS. Then,
2 mL of 4% osmium tetroxide solution (Polysciences, USA)
was mixed with 8 mL of 1x PBS to a final osmium tetroxide
concentration of 1%. The diluted osmium solution was
added to the structure and incubated for 1 h under dark
conditions. Then, the osmium solution was discarded,

and the samples were washed three times with dH,O for
periods of 15 min each. Subsequently, the samples were
dehydrated by gradually increasing ethanol concentrations
(20, 40, 60, and 80% in 2 mL dH,O for 5 min periods each).
The sample was finally dehydrated in 2 mL of 100% ethanol
for 2 h. For 3D bioprinted samples, dehydrated gels were
mounted on 12-mm-outer-diameter PELCO Tabs™ (Ted
Pella, Inc., USA) and dried using the Critical Point Dryer
CPD300 (Leica, Germany). Immediately after CPD drying,
the samples were sputter-coated with a 5 nm Pt layer using
the K575X Sputter Coater (Quorum Technologies, UK)
under 20 mA for 40 s. Scanning electron microscopy
(SEM) images were acquired using the Teneo SEM (FEI
Company, USA) with an accelerating voltage of 3kV and a
current of 13 pA for cell imaging.

2.23. Scanning electron microscopy imaging of
peptide fibers

Peptide bioinks were prepared at a concentration of 10 mg/
mL. Then, 9 pL of peptide solution was mixed with 1 pL of
10x PBS on a silicon wafer. The bioinks were left at room
temperature for 2 h in sealed containers and subsequently
dehydrated through an ethanol gradient (20, 40, 60, and
80%, 5 min each). The bioinks were finally left in a 100%
ethanol solution for 2 h. Subsequently, the dehydrated
bioinks were dried using the Automegasamdri-916B series
C critical point dryer (Tousimis, USA). The samples were
mounted on an SEM stub using silver paste and sputter-
coated with a 5-nm-thick iridium layer. SEM images were
acquired using the Teneo EM with an accelerating voltage
of 5kV and a current of 50 pA.

2.24. Atomic force microscopy

Atomic force microscopy (AFM) topography data were
collected on three mixtures of the peptides at IIZK-to-
ITFK ratios of 3:1, 1:1, and 1:3, with final concentrations of
9.39, 8.12, and 9.39 mg/mL, respectively. The peptides were
dissolved in Milli-Q water, and 10 pL of the solution was
cast on a freshly cleaved mica sheet and dried immediately
with an N, stream. The samples were immediately measured
using a JPK Nanowizard III (Bruker, USA) and a calibrated
AFM probe (AC240TS, Olympus, Japan) with a nominal
resonance frequency of 65 kHz and a spring constant of
0.2 N/m. Several images were acquired through a scan size
of 2x2 um and a 1024x1024 lines per pixel resolution. The
topography scans were then processed by applying a three-
point surface flattening and assigning the lowest value to
zero. A mask was applied to the fibers to isolate them for
1D height analysis.

2.25. Raman spectroscopy

Raman spectra were acquired using a confocal Raman
spectrometer (WiTEC Alpha 300R, Oxford Instruments,
UK) with a backscattering configuration, a laser wavelength
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of 532 nm, and a power of 12 mW at the source. In this
context, the mixed ultrashort peptide bioinks were
prepared at the following IIZK-to-IIFK ratios: 3:1, 1:1, and
1:3, with a final concentration of 10 mg/mL. The peptide
hydrogels were immediately measured under the micro-
Raman spectrometer, acquiring several spectra at different
locations for each sample, with an integration time of 3
s per 10 accumulations. The acquired spectra were then
averaged, cropped to the Amide I range from 1500 to
1800 cm™', baseline subtracted by endpoints weighing, and
fitted with the most intense peak by a Voigt function in
the 1660-1678 cm™* range, which is specific for beta-sheet
secondary structures. In this way, the fitting procedure
was constrained to identify the Raman shift at which the
strongest peak signal occurred.

2.26. Molecular dynamics simulations of

peptide assembly

In this study, molecular dynamics (MD) simulations were
employed to explore the self-assembly process of mixtures
of IIZK and IIFK peptide molecules in an aqueous
environment, focusing on fiber formation at the atomic
level. Utilizing GROMACS 2018 (https://www.gromacs.
org/index.html), the simulations leveraged the optimized
potentials for liquid simulations force field to model
interactions.*”*® For the specific residue cyclohexylalanine
(Z), we generated topology parameters using the LigParGen
webserver (https://zarbi.chem.yale.edu/ligpargen/).®
Water molecules were represented using the simple point
charge extended model, and a 2-fs timestep was adopted
for integrating motion equations. The simulations were
configured with cubic boxes, applying periodic boundary
conditions. The particle mesh Ewald method was used for
long-range electrostatic interactions, while a cutoff of 1.4
nm was set for short-range non-bonded interactions.” The
MD simulation process comprised three stages: energy
minimization, equilibration, and production MD. Initially,
energy minimization relaxed the peptide structures,
ensuring a realistic starting point. Equilibration occurred in
two phases, with the first phase number volume temperature
(NVT ensemble) stabilizing temperature and the second
number pressure temperature (NPT ensemble) stabilizing
pressure. The production phase employed a Berendsen
Barostat and a V-Rescale thermostat, maintaining a
standard pressure of 100 kPa and temperature of 26.85°C
over a total simulation duration of 100 ns (Tables S8-
$12).7%72 These simulations ran on 512 Intel Haswell cores
(USA) at 2.3 GHz. For each peptide, three configurations
were examined: assemblies of 4 or 5, 10, and 60 peptides.
Peptides were evenly distributed within the simulation
box, surrounded by water. More details regarding peptide
concentration and number of peptides are reported in the
Supplementary material (Table S8).

2.27. Statistical analysis

The TGA thermochemical characterization, viscosity, and
surface tension results were performed in duplicate. 3D
bioprinting experiments were performed in triplicate. The
gene expression, thixotropic, and self-healing experiments
were performed in duplicate. The rheological measurements
for the SPM strategy consisted of 188 measurements.
Subsequent tatistical analyses for SPM (i.e., data distribution,
experimental fitting and statistical modeling, DOE, ANOVA,
residual plots, Pareto charts, and RSM) were performed
using the Minitab software. For multiple comparisons, the
Tukey test was used to determine the statistical significance
of the population mean, with an alpha value of p<0.05, as
determined by the OriginPro software (version 2024b).
For outlier identification, the Z-score, MAD, and threshold
limits were calculated as previously described in the DOE
and RSM section. The derivative weight of the TGA data was
calculated using the OriginPro software. Longitudinal and
orthogonal profiles were applied for AFM image analysis.
The dimensions of the 3D bioprinted trachea were analyzed
using the Image]J software. The SPM model was plotted and
visualized using the MATLAB software.

3. Results and discussion

3.1. Stiffness prediction map for improved scaffold
design of 3D bioprinted trachea-like constructs

To formulate mixed ultrashort peptide bioinks for 3D
bioprinting ofan elasticand self-healing trachea-like model,
two ultrashort peptides, IIZK and IIFK, were selected
due to their characteristic properties. We have previously
reported on peptides IIZK and IIFK, demonstrating high
mechanical strength with fast gelation kinetics for IIZK and
a three-fold lower mechanical strength with slower gelation
kinetics for ITIFK, thereby rendering them suitable for stem
cell growth and proliferation.'” In that study, both peptides
were used at a cost-effective low bioink concentration,
printing over 3 cm large-scale structures containing
human adult stem cells, which were differentiated into
chondrocytes. In the present study, peptides IIZK and IIFK
were used in combination with RSM to analyze numerous
data from rheology measurements to predict stiffness
conditions using SPM (Figure S1). The SPM supported
the identification of mixture conditions between the two
peptides, predicting the formulation of mixed peptide
bioinks suitable for 3D bioprinting. Further details on the
SPM’s modeling and its application to identify specific
stiffness regions to formulate peptide-based bioinks are
available in the supplementary information (Figures S2—
S8, Tables S2-S7). Using the mixed peptide bioinks, it
was observed that printing was possible at significantly
lower concentrations, using 27.77-37.54% less peptides,
compared to when using single peptide bioinks. A mixed
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peptide bioink was able to bioprint large-scale trachea-
like structures with human-size diameter (Tables1 &
S1). The mixed peptide bioinks were then investigated
for bioprinting cell-laden trachea-like constructs that
contained either undifferentiated MSCs or chondrocytes
differentiated from MSCs. All constructs demonstrated
structural stability, elasticity, and self-healing properties.
The overall process is schematically shown in Figure 1.

The importance of appropriately selecting the stiffness
of the embedding material (bioink/scaffold) for stem cell
differentiation—and its effects on cell compatibility, as well
as its role in regulating cell development, interaction, and
behavior—has been well documented.”*”” We observed that
I1ZK showed higher stiffness than ITFK and that the stiffness
of the individual bioinks increased with higher peptide
concentrations (Figure §9). For the mixed ultrashort
peptide bioinks composed of both IIZK and IIFK peptides,
a proportional increase of IIZK remarkably enhanced the
stiffness of the bioinks (Figures 2 & S8), suggesting that both
peptides can simultaneously contribute to bioink stiffness
without hindering individual fiber formation. This finding
is consistent with prior studies showing that IIZK promotes
amore robust fiber assembly than IIFK, primarily due to the
characteristic residue cyclohexylalanine (Z)."?

Due to the interactions between the two peptides,
which significantly influence the stiffness of the resulting
mixed peptide bioink (Figure S8), under certain mixing
conditions, peptide IIFK can behave similarly to IIZK
in terms of scaffold stiffness. This can be observed when
mixing 2 mg/mL of IIZK with 8 mg/mL of IIFK, resulting
in a stiffness of 29.3 kPa, comparable to the 28.4 kPa
observed when the ratio was reversed (8 mg/mL IIZK with
2 mg/mL IIFK; Figure S6). In contrast, at lower peptide
concentrations, the outcome differed: mixing 5 mg/mL
NZK with 2 mg/mL ITFK resulted in 17.1 kPa, whereas 2
mg/mL IIZK with 5 mg/mL ITFK resulted in 30.8 kPa. Here,
the resulting scaffold stiffness is not the same even when
containing the same overall amount of material (Figure S6).
As shown in Figure 2D, a higher proportion of IIFK in the
mixture resulted in a stiffness value comparable to pure
IIZK. This tunable stiffness behavior aligns with our MD
simulation results, where interchangeable peptide effects
were observed and attributed to increased intramolecular
bonding. Specifically, IIFK formed a higher number
of intramolecular bonds during assembly, resembling
mixtures with more IIZK (Figure S10). Taken together,
these findings highlight that the combination of IIFK and
IIZK produces a non-linear effect on the resulting storage
modulus. Importantly, IIFK has a stronger influence on
scaffold stiffness than IIZK (Figure S8). This emphasizes
the importance of understanding the combined effects of

different peptides when formulating peptide bioinks and
suggests that modeling the interactions between these
two peptides requires the consideration of non-linear
components (e.g., curvatures by quadratic, polynomial,
exponential, and logarithmic relationships).

Athigher peptide concentrations, the mixed ultrashort-
peptide bioinks showed increased stiffness. However, when
ITIFK was added to IIZK, the stiffness increase followed a
non-linear behavior (Tables S2 & S3). This was supported
by statistical analysis using the Pareto chart of standardized
effects (Figure S8), demonstrating that the squared term of
the model, ITFK?, significantly contributed to the stiffness
model, whereas IIZK* did not (Figure 2D). Therefore,
when formulating mixed ultrashort peptide bioinks, it is
crucial to consider the interaction between peptides, as
they can lead to non-linear relationships.

RSM was used to analyze rheology measurements
and develop an SPM for the selection of optimal bioink
formulations with specific stiffness suitable for extrusion-
based bioprinting of MSCs (Figure 2A). Additional details
of the SPM’s DOEs and ANOVA results are provided in
Tables S4 and S5. To construct the peptide stiffness map for
ultrashort peptide scaffolds, 188 rheological measurements
were collected. The dataset was then pre-processed to
identify outliers. An initial boxplot visualization test
revealed six outliers (Figure 2B). Subsequently, the Z-score
with a threshold of 2.5 and MAD identified one additional
outlier (Figure 2C, Table S6). Comparison of the boxplot,
Z-score (Figure 2D), and MAD approaches confirmed the
consistent detection of seven outliers, which were removed
and replaced with new measurements. The SPM approach,
incorporating IIZK and IIFK to model mixed ultrashort-
peptide bioinks, is depicted in Figure 2D. Overall, this
approach demonstrated high accuracy in predicting the
stiffness map based on the proposed RSM equation, as
shown by the strong agreement between experimental
and predicted measurements (Table S7), and successfully
identified several ultrashort peptide bioink formulations
with specific stiffness values (Figures 2D & S7).

3.2. Identification, formulation, and characterization
of mixed ultrashort peptide bioinks

In this study, IIZK and IIFK, differing by an exchange
of only one single amino acid Z for F in the peptide
sequence, were selected as model peptides for the SPM
approach (Figure 3A). In a previous study, these peptides
had demonstrated biocompatibility and characteristic
stiffness properties, with IIZK being stiffer and IIFK
being softer.”> We assumed that, when using these two
peptides to formulate bioink mixtures, it would potentially
improve the stiffness tunability, which is important for cell
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Figure 1. Schematic overview of the stiffness prediction map strategy supporting the formulation of optimized mixed ultrashort peptide bioinks for robotic
extrusion-based 3D bioprinting of self-healing and elastic trachea-like constructs. Created with BioRender.com.

differentiation. Therefore, the SPM strategy was applied
to formulate mixed ultrashort peptide bioinks with
tailored stiftness to support chondrogenic differentiation,
aiming to enable bioprinting of elastic and structurally
stable constructs for tracheal regeneration. The stiffness
range was selected based on the scaffold stiffness of the
perichondral space, which has been reported as an ideal
graft for repairing severe laryngotracheal stenosis due to
its high pliability, chondrogenic capacity, mucosalization,
and resistance to infection. Additionally, studies have
shown that a stiffness of 30 kPa induced the formation of
chondrogenic nodules and collagen type II production.”®*
Therefore, the SPM was used to identify three potential
mixed peptide compositions within a stiffness range of
24-34 kPa, closely resembling the chondrocyte stiffness
microenvironment (Figure 3B & 3C, Table S13). Using
peptides IIZK and IIFK as the underlying scaffold
sequences, three mixed ultrashort peptide bioinks were
identified and prepared for chondrogenic differentiation.

The SPM correctly predicted the experimental stiffness
valuesofthesebioinkstotheactualmeasurements(TableS7),
and they were congruent with the theoretical model
accuracy (Table S3). Additional factors could further

enhance prediction capabilities, such as considering the
effects of temperature and pH on the gelation of peptide
hydrogels. Stiffness variation in viscoelastic samples can
arise due to several reasons, including the material of the
rheometer geometries (e.g., stainless steel), instrument
inertia, momentum diffusion artifacts, viscoelastic wave
propagation (viscous or elastic), surface tension artifacts
in rotational geometries, and secondary flows caused by
purely elastic instabilities that violate the assumption of
homogeneous shear deformation.® Therefore, there has
been an interest in automated preparation of homogeneous
bioinks in 3D bioprinting, which could further improve
rheology-based data acquisition of viscoelastic samples.*

The selected bioinks exhibited different viscosities and
surface tensions (Figure 3D & 3E). These properties have
been highlighted as important parameters for the successful
3D bioprinting of bioinks.* In this study, the 3:1 IIZK:ITFK
mixed peptide bioink exhibited a viscosity similar to that
of the 1:3 IIZK:ITFK composition in suspension, suggesting
that the 3:1 ratio would be less prone to clogging during
extrusion-based bioprinting. Furthermore, both bioinks
exhibited surface tensions of approximately 5 mN/m,
which reduced bioink adhesion and supported smoother
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Figure 2. Stiffness prediction mapping of peptide bioinks for precise control of the 3D microenvironment stiffness. (A) Schematic representation describing
the four steps in the SPM strategy for the development of mixed ultrashort peptide bioinks for extrusion-based 3D bioprinting. (B) Visualization of outliers
through boxplot plotting. (C) Identification of outliers according to their Z-scores. (D) Stiffness prediction map to identify, predict, and formulate the
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extrusion through the microfluidic tubing, ensuring
compatibility with the extrusion-based bioprinter. In
general, it was observed that bioinks containing higher
amounts of IIFK resulted in higher viscosity, while those
containing higher amounts of IIZK reduced the viscosity.

The mixed peptide bioinks formed stable fiber
assemblies, with the number of intermolecular hydrogen
bonds varying according to peptide ratios (Figures 3F
& S§9-S11, Tables S8-S12). SEM imaging confirmed
the formation of fibers in all cases (Figure 3G). Our
simulation results suggest that both IIZK and IIFK, when
mixed, can form intra- and intermolecular bonds during

peptide assembly (Figures S10 & S11). Furthermore,
a higher amount of IIFK resulted in hydrogen bond
numbers comparable to those of IIZK (Tables S9 & S10),
while ITFK formed fewer random coil and more B-turn
secondary structures during assembly (TablesS11 &
S12). This suggests that IIFK, within mixed ultrashort
peptide bioinks, can mimic the assembly behavior of
IIZK, enabling high biocompatibility while retaining
solid structural properties after bioprinting. This is
interesting because IIFK-bioprinted structures have
been reported to exhibit lower structural stability and
resolution than IIZK-printed structures.® Meanwhile,
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IIFK is known for excellent cytocompatibility during
stem cell proliferation.'” Therefore, it would be possible
to retain both properties in the form of mixed ultrashort-
peptide bioinks for extrusion-based bioprinting. Such
cooperative assembly is commonly seen in ultrashort-
peptide bioinks, where peptides of different properties can
assemble into higher-order structures.” Moreover, this
dual-peptide gelation highlights how molecular pairing
tunes the stiffness-softness balance of the resulting
bioinks (Tables S9 & S10). AFM topographical analysis of
the peptide mixtures revealed a predominant nanofiber
diameter of approximately 8.5 nm across all observed fibers
(Figure 3H).

AFM topographical analysis of the peptide mixtures
revealed different height profiles depending on peptide
combinations: 3:1 IIZK:IIFK fibers had an average
diameter of 6.54+0.92 nm, 1:1 IIZK:IIFK fibers averaged
7.06£0.49 nm, and 1:3 IIZK:IIFK fibers averaged 7.46+0.45
nm (Figures 3H, S12A-S§12C, S13A-S13C, & S14A-
S14C). In most cases, the supramolecular handedness of
the fibers was not readily discernible, and no consistent
helical pitch could be resolved, as can be observed from
the sample longitudinal profiles provided in Figures S12D,
S12E, S13D, S13E, S14D, and SI14E. By contrast, in our
previous investigations involving IIZK and IIFK, AFM
topography demonstrated distinct helical pitches, with
IIFK consistently forming left-handed nanofibers and IIZK
forming right-handed ones. In this study, the nanofiber
diameters were consistently smaller than those previously
reported, which may reflect slower assembly kinetics of the
two peptides.

Regarding the fibers of the peptide mixtures, the absence
of discrete left-handed and right-handed supramolecular
assemblies suggests that the IIZK and IIFK peptides co-
assemble along the same nanofiber rather than forming
distinct fibers. However, due to the inherent resolution
limitations of the AFM technique and convolution effects
between the AFM probe and the nanofiber surface, it is
currently not possible to unambiguously resolve the precise
arrangement of the peptide constituents within individual
nanofibers. Additionally, Raman spectral analysis of the
Amide I region revealed a predominant sharp peak in
the range of 1660 cm™!, typical of well-ordered amyloid-
like nanofibers with -turn secondary structure, a kinked
structural variant of B-sheets. The slight differences in the
values of the Raman peak shift were not significant and can
be attributed to the instrument’s resolution (Figure 3I). The
solubility and gelation properties of the mixed ultrashort-
peptide bioinks are provided in Table S13.

TGA was performed on mixed ultrashort peptide and
single peptide bioinks to evaluate their composition under

thermal changes. In Figure S15, a 5% reduction in weight
was observed when heating from room temperature to
200°C, attributed to the evaporation of residual solvent
and the release of H O within the crystalline arrangements,
confirming the absence of adsorbed water or solvent
molecules across all peptides.®** Subsequently, a further
15% loss was observed when heating from 200 to 250°C
in all samples, associated with progressive deamination,
decarboxylation, and depolymerization resulting from
peptide bond breakage.®>* A further 65% loss occurred
between 300 and 340°C due to primary decomposition,
followed by secondary decomposition from 380 to 650°C,
ultimately leading to complete degradation with only
residual weight remaining. Additionally, we can observe
that the highest rates of decomposition occurred at 230 and
325°C across all samples. The physico-chemical analysis of
the peptide mixtures showed that they remained stable up
to 332°C (Figure S15). One of the primary advantages of
utilizing mixed peptide bioinks lies in their ability to adapt
to the desired mechanical stiffness needed for prospective
applications. Consequently, in TGA, consistent degradation
trends in terms of weight loss versus temperature are
discernible for the ultrashort peptides IIZK and IIFK.
According to our results (Figure S15), we can conclude that
there are no significant changes from a thermomechanical
perspective, indicating the stable performance of all mixed
bioinks. This stability is crucial for applications where
biofabrication is pertinent, allowing for the adjustment of
other properties, such as biological and chemical, without
interfering with thermal modifications.

3.3. 3D bioprinting of trachea-like constructs
containing mesenchymal stromal cells

Our robotic 3D bioprinting system has been extensively
used with single peptide bioinks to fabricate various
cell-laden tissue constructs.'’>'>'%¥ As reported earlier,
depending on the individual cellular graft of choice, the
3D bioprinting system must be adapted to guarantee a
continuous gel deposition by considering the speed of the
robotic arm, selecting the suitable nozzle, adjusting the
microfluidic pumps, and choosing the correct viscosities of
the bioinks. For the bioprinting of trachea-like constructs
using mixed peptide bioinks, we adopted a constant flow
rate and pulse mode for the automated extrusion of cells,
buffer, and peptide solution (Figures 4A & S16, Video S1).

On days 14 and 28, after differentiation of MSCs,
no cytotoxicity was observed for the newly generated
chondrocytes within the scaffolds (Figure 4G & 4H, see also
the cytocompatibility of the non-mixed individual peptide
bioinks in Figure S17). The constructs exhibited excellent
resolution, formed multiple layers through gel-thread
deposition, and showed visibly refined details without
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Figure 3. Characteristics of IIZK-IIFK peptide mixtures. (A) Structure of peptides IIZK and IIFK. (B) Application of the stiffness prediction map to
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(D) viscosities and (E) surface tensions. (F) Molecular docking simulations for assembling the mixed ultrashort peptide bioinks for 3D bioprinting. (G)
Scanning electron microscopy images (scale bars: 2 pm; magnifications: 25, 000x), (H) atomic force microscopy topography (scale bar: 1 um; Figure H
left, magnification is about 15,000 based on displayed image size of 3x3 cm; Figures H center and right, magnification is about 10,000 based on displayed
image size of 3x3 cm), and (I) Raman spectra of the Amide I region of mixed peptide bioink fibers with different ratios: 3:1 IIZK:IIFK (left), 1:1 IIZK:ITFK
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collapsing under their weight or after the addition of media IIFK contents resulted in lower-resolution constructs
(Figure 4C-4F, Table S1). Among the tested formulations, (Table S1). Interestingly, a higher proportion of IIZK
it was observed that the 3:1 IIZK:IIFK (7.03 and 2.36 mg/ decreased solubility, whereas IIFK improved it (Table S13),
mL, respectively) mixed peptide bioink showed the best with opposite effects observed for gelation speed. These
results for layer deposition and printing resolution, with results are congruent with previous reports showing that

minimal clogging and clumping during the printing ITFK-based bioinks gel more slowly than IIZK-based
process (Figure 4B & 4C, Video S1). Bioinks with higher bioinks at 10 mg/mL."* Nonetheless, all mixed formulations

IIZK contents exhibited viable, spherical chondrocytes were easily printable and formed stable, multilayered

that were better preserved than those from single peptide structures using 3.60-4.88 mg less peptides than previously

bioink formulations (Figure S17), while those with higher reported for bioprinting large-scale constructs.'*”* This
A
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reduction in peptide concentration represents a significant
improvement, potentially reducing synthesis costs and
promoting overall process sustainability.* The viscoelastic
properties of these bioinks further underscore their
use in the extrusion-based bioprinting of 3D structures
(Figure S18). Overall, these findings demonstrate that
mixed ultrashort peptide bioinks are highly extrudable,
compatible with the robotic 3D bioprinting process, and
hold strong potential for upscaling and automated printing
of large-scale tissue and organ constructs.

3.4. Chondrogenesis and cartilage formation
through mesenchymal stromal cell differentiation
Using different mixed peptide bioink formulations, the
bioprinted ring structures exhibited distinct morphological
features during stem cell differentiation (Figure 5).
The presence of dense segments of chondrogenic
nodules indicated the presence of several chondrocytes
surrounded by a pericellular matrix.*** The formation of
chondrogenic nodules was mainly observed in Figures 5A
and 5C. This is similar to previous observations where,
at higher concentrations, both IIZK and IIFK promote
a chondrogenic-like microenvironment. It has been
highlighted that stiff to moderately stift scaffold matrices
promote chondrocyte spreading, while softer matrices
induce a spherical chondrocyte shape.”* This is consistent
with the observed chondrocyte morphogenesis in this
study, where bioinks containing more IIFK exhibited
more spheroid chondrocytes (Figure 5A), while those with
more IIZK showed dense dark areas due to cell spreading
(Figures 5B & 5C).

Gene expression analysis revealed that the 3:1 IIZK:IITFK
and the 3:1 ITFK:IIZK (i.e., 1:3 [IZK: IIFK) mixed peptide
bioinks showed high expressions of collagen type X, collagen
type 2, collagen type 1, SOX9, and RUNX2 (Figure 5G). On
the contrary, the ALPL gene expression was highest for
the 1:1 IIZK:IIFK mixed peptide bioink, with almost no
chondrogenic gene expression. The expression of the SOX5
gene was also observed with the 3:1 IIZK:IIFK mixed
peptide bioink. These findings indicate that 1:1 IIZK:IIFK
mixed peptide bioink yielded a peptide hydrogel network
that was not suitable for chondrogenesis (Figure 3F-3H),
potentially due to differences in the amount of
differentiated cells, their morphology, and the formation
of chondrogenic nodules that successfully condensed into
mature cartilage nodules.”>** This observation is further
supported by the morphogenesis of chondrocytes with this
formulation (Figure 5B & 5E). In contrast, the abundance
of collagen type II and type X promoted chondrocytes and
chondrogenic nodules (Figure 5A-5C), resulting in dense
segments distributed throughout the bioprinted trachea-
like constructs containing differentiated MSCs.

It has been reported that the expression of collagen
type I is found in early chondrocytes, followed by the
enrichment of collagen type II for the structural strength of
the ECM, and then the essential roles of SOX5 and SOX9
in directing MSC differentiation into chondrocytes for
cartilage formation. Lastly, the presence of collagen type
X indicates abundant ECM production and hypertrophic
chondrocyte formation, highlighting the protein as an
essential component for tissue integration and function.”*
Furthermore, the viscoelastic properties of the IIZK/IIFK
bioinks appeared to further promote chondrogenic nodule
formation ("¢'517). Our results parallel previous findings
with GelMA-based hydrogels,”® where chondrocytes
showed similar morphology, and gene expression analysis
confirmed the production of collagen types I, II, and
X (Figure 5G). Specifically, the bioprinted trachea-like
constructs printed with 3:1 IIZK:IIFK and 3:1 IIFK:IIZK
ratios resulted in higher gene expression of collagen type
X, followed by collagen types II and I, consistent with the
composition of hyaline cartilage. Collagen type I forms
fibers with high tensile strength and is commonly present
in articular and meniscal cartilages, as well as bone, dermis,
tendon, ligaments, and cornea.””*

Interestingly, previous studies using single IIZK
peptide bioinks in 3D bioprinting reported high collagen
type II expression but low collagen type I, collagen type
X, SOX-9, and aggrecan expressions.'>”* In contrast, in the
present study, the bioink that contained high levels of IIZK
induced the expression of all these genes, with particularly
high collagen type X expression. The presence of collagen
X suggests successful cartilage formation through
hypertrophic chondrocytes and serves as a pre-indicator
of endochondral ossification.”*® It provides strong inter-
and intramolecular interactions among network-forming
short-chain collagens.”” It has been found in scaffold-free
endotracheal structures transplanted in rabbits, native
tracheal cartilage,’®'°"'%> deep zone articular cartilage,
articular chondrocytes, auricular and nasal cartilages, and
during the development of mid-diaphysis. Importantly,
its presence does not necessarily imply mineralization.”®
While collagen type X contributes to the structural
stability of bioprinted trachea constructs due to its high
stiffness properties, it is not sufficient for successful trachea
regeneration and may predispose to tracheal stenosis after
transplantation.'” Therefore, the balanced expression
of collagens, such as collagen type II, is essential for
successful trachea regeneration. This type of biomaterial
could also be useful for articular cartilage repair due to its
high expression of collagen type X.

3.5. Self-healing properties
Next, we analyzed the self-healing properties of the mixed-
and individual-peptide bioinks in the presence or absence
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Figure 5. Analysis of the differentiation capacity of 3D bioprinted mesenchymal stromal cells (MSCs) using different mixed ultrashort peptide bioink
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of cells, including undifferentiated MSCs and MSC-derived
chondrocytes (Figures 6A, S17, S19, & S20). The circular
structures of printed bioinks had full contact with the
rheometer probe (Figure 6B-6D). The acellular scaffolds,
i.e., bioinks without any cells, exhibited a self-healing
capacity between 81.42 and 99.06% (Figure 6N). When
the samples were 3D bioprinted with undifferentiated
MSCs and incubated for 28 days, their stiffness decreased
compared to acellular scaffolds (Figure 6E, 6H, 6K), likely
due to cellular reorganization on the 3D scaffolds.

Among the mixed formulations, the self-healing
properties of the 3:1 IIZK:IIFK bioink were higher in the
presence of chondrocyte-enriched ECM compared to those
with undifferentiated MSCs after an incubation of 28 days
and a healing time of 60 min (Figure 6N), with a healing
efficiency of 94.62%, along with the expression of collagen
and the presence of chondrocytes. In comparison, the 3:1
IIFK:IIZK bioink reached 61.65% healing efficiency, while
the 1:1 IIZK:ITFK bioink only achieved 29.33%. Conversely,
the self-healing capabilities were slower for bioinks
containing MSCs, with healing efficiencies between 70.24
and 71.88% (Figure 6F, 6], 6L, & 6N). Notably, the mixed
ultrashort peptide bioinks consistently outperformed
individual peptide formulations in terms of self-healing
properties (Figures 6N-6P, S19, & S20).

The self-healing properties of our mixed peptide
bioinks were found to be faster and more stable than
several reported thixotropic polymer-based and
nanocomposite hydrogels, such as PDMA hydrogels,
telechelic difunctional PEG mixed with glycol chitosan
hydrogels, and nanofibrillated cellulose mixed with PVA
hydrogels. Overall, the mixed ultrashort peptide bioinks
exhibited remarkable self-healing properties comparable
to those of PVA functionalized with methyl viologen
cellulose nanocrystals, which exhibit near-instantaneous
self-recovery.'”” Remarkably, the 3:1 IIZK:IIFK bioink
containing chondrocytes demonstrated the most profound
and stable self-healing properties in comparison to the
other formulations tested in this study.

3.6. Changes in viscoelastic behavior during long-
term 3D cell culture

Our findings demonstrate that the 3:1 IIZK:IIFK bioink
performed remarkably well in terms of printability,
cytocompatibility, chondrogenic differentiation, and
healing efficiency. These observations, including excellent
resolution and structural stability of the bioprinted
constructs, support the bioink’s superior performance
in the bioprinting process of trachea-like structures
(Figure 7A & 7B, Table S1). By day 14, confocal microscopy
imaging revealed connecting actin filaments within the
bioprinted trachea-like structures, with few dead cells

(Figure 7C). Furthermore, the presence of undifferentiated
MSCs was observed within the bioprinted trachea-like
structure, particularly at the sides (Figure 7E). The fibers
of the bioprinted scaffold exhibited anisotropic alignment
to form the scaffolding 3D structure (Figure 7F). Following
28 days of differentiation, the bioprinted trachea-like
structure exhibited the formation of a dense region
(Figure 7G) and high elasticity (Figure 7K, Videos S2 &
S3), a finding that is consistent with earlier observations.
SEM imaging revealed the presence of chondrocytes within
this region, accompanied by the formation of filopodia
bridges (Figure 7H-7]). An explicit change in the rigidity
of the trachea-like structures was evident following a 100-
day incubation period (Figure 7L). The bioprinted trachea-
like structures, containing MSC-derived chondrocytes,
demonstrated a 2.7-fold increase in structural stiffness,
while the trachea constructs containing undifferentiated
MSCs exhibited a 26.8% decrease in stiffness. The 3D
trachea-like constructs were bioprinted in human-size
dimensions and then cultured for a period of up to 100
days (Figure 7M-70, Video §4).

The observed elasticity of the bioprinted trachea-like
structures (Figure 7K, Videos S2 & §3) is attributable to
the presence of collagen type II, which comprises 90-95%
of the collagen in the ECM, especially in hyaline, auricular,
epiglottal, nasal, articular, and meniscal cartilages.”®
Collagen type II is a marker of musculoskeletal maturity
and comprises, together with glycosaminoglycans, a
dominant part of the chondrocytes’ microenvironment.*®'%*
It forms mixed fibrils with collagen type IX and collagen
type XI, promoting tissue elasticity and the formation of
hyaline fibrous cartilage. It is also known to form 400-nm-
thick crossbanded fibrils with a banding pattern, which
constitutes the fibrous cartilage matrix.””

The arrangement of collagen fibers in the bioprinted
trachea-like structures (Figure 71 & 7]) exhibited a high
degree of similarity with previously described cases.' The
gene expression, the morphology of chondrocytes, and
the SEM images all indicated the successful establishment
of a collagen type II matrix within the structures. The
presence of collagen type II has been shown to reinforce
the ECM matrix, thereby enhancing the elasticity of
the 3D structures (Figure 7K). However, culturing the
trachea-like structures with MSCs for 100 days did not
increase biomaterial stiffness. Instead, the storage modulus
remained statistically consistent with the initial material
stiffness, suggesting that bone marrow-derived MSCs
remodeled the scaffold toward a softer tissue. In contrast,
when the bioprinted trachea-like structures containing
MSC-derived chondrocytes were cultured for a longer
period, there was a significant increase in the stiffness
of the structure between day 28 and day 100 (p<0.001;
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Figure 6. Studies on the self-healing capabilities of 3D bioprinted scaffold structures in the presence and absence of mesenchymal stromal cells (MSCs)
and MSC-derived chondrocytes on day 28. (A) A schematic representation. (B & C) Images of 3D bioprinted circular structures. (D) Rheological analyses
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in the presence of MSCs, and (G, J, M) in the presence of MSC-derived chondrocytes. (N) Initial and final storage modulus of the bioinks in the presence
and absence of undifferentiated MSCs or MSC-derived chondrocytes after inducing self-healing cycles for 1 h. (O & P) Self-healing efficiencies of (O)
individual IIZK or IIFK peptide bioinks and (P) mixed ultrashort peptide bioinks. Experiments were performed with alternate step-strain relaxation at
25°C. Figure 6A created with BioRender.com.
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Figure 7. 3D bioprinted trachea-like structures fabricated from 3:1 IIZK:ITFK mixed peptide bioinks. (A) An overview of the bioprinting process and
the main structural concerns associated with the trachea. (B) A 3D bioprinted trachea-like construct that is 2 cm in height (left), generated through
extrusion-based bioprinting. The same construct after 5 days (middle) and 28 days (right) of incubation with cell media. (C) Confocal microscopy of
the cytoskeleton (scale bar: 50 pm; magnification: 20x). (D) Live/dead staining of the inner tracheal-like ring (scale bar: 100 pm; magnification: 20x).
(E) Phase-contrast microscopy (PCM) image of the outer, tracheal-like ring (scale bar: 100 pm; magnification: 40x). (F) Scanning electron microscopy
(SEM) images of the fibers derived from the mixed ultrashort peptide bioink scaffold (scale bar: 1 pm; magnification: 50,000x). (G) PCM images of the
bioprinted trachea-like construct on day 28 (scale bar (right): 650 um; magnification: 20x (right). (H) SEM images show the differentiation of MSCs into
chondrocytes and their interaction with the scaffold through filopodia (scale bars: 10 um [top], 5 um[bottom]; magnification : 5,000x [top], 12,000 x
[bottom]). (I & J) After 28 days, extracellular matrix components were secreted within the fibrous scaffold biomaterial (scale bars: 4 um; magnifications:
20,000x). (K) Elasticity and structural stability of the bioprinted trachea-like construct on day 28 after stem cell differentiation into chondrocytes.
(L) Changes in the biomaterial stiffness after long-term incubation. (M) Extrusion-based 3D bioprinting of a peptide-based human-like tracheal construct
with cells at clinically relevant dimensions. (N & O) The biomaterial was subjected to chondrogenic differentiation and cultured for (N) 28 days and
(O) up to 100 days. Videos are additionally provided in Videos S2 & S3. Figure 7A created with BioRender.com.
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Figure 7L). This increase can be attained through the
adaptation of the scaffold into a more cartilage-like tissue.

Our findings align with earlier observations on the
formation of chondrogenic nodules and their associated
gene expression profiles (Figure 5), as well as with the
high elasticity exhibited by the bioprinted trachea-like
model. This discrepancy in the changes of stiffness may be
attributable to the distinct interactions and organization
of MSC-derived chondrocytes with the mixed peptide
scaffold (Figure 7H) and the ECM components they secrete
(Figure 71 & 7]), compared with those secreted by MSCs.
These results emphasize the function of cell type in ECM
deposition within bioprinted structures. In comparison to
undifferentiated MSCs, trachea-like structures containing
chondrocytes exhibited a significantly higher storage
modulus (p<0.001).

The present study employed 3D bioprinting and an SPM
to predict scaffold stiffness, with the objective of fabricating
trachea-like constructs for healthcare applications. The
stiffness map was instrumental in the formulation of three
distinct bioinks with pre-tuned stiffness designed to facilitate
stromal cell differentiation. These bioinks demonstrated
adequate mechanical and physicochemical properties
for bioprinting and exhibited compatibility with living
tissues, rendering them optimal for chondrogenic nodule
formation. The differentiation of MSCs into chondrocytes
was facilitated by each bioink, as evidenced by both
morphological observations and gene expression analysis
(Figure 5). Notably, two bioinks successfully induced the
production of collagen type II and type X.

The 3D bioprinted trachea-like constructs exhibited
structural stability, elasticity, and self-healing properties,
as well as enhanced viscoelastic properties through the
deposition of ECM components, visualized through SEM.
In addition, the presence of collagen was shown through
gene expression analysis. In the future, histochemical
analysis of the printed structures could visually facilitate the
localization of deposited collagens and glycosaminoglycans.
Our findings suggest a new strategy for the bioprinting of
tracheal-like structures for trachea regeneration.

4, Conclusion

The trachea can face various issues, such as structural
deformities, blockages, and other health conditions
arising from intubation (e.g., due to SARS-CoV-2 post-
intubation effects), as well as aging-related degeneration.
Advanced biomaterial is needed for trachea engineering
to address these serious issues. Our research focuses on
developing 3D bioprinted, elastic, self-healing trachea-
like models using mixed ultrashort peptide bioinks. This
involves using the RSM to develop an SPM to formulate

mixed ultrashort peptide bioinks that enhance MSC
differentiation into chondrocytes through the bioink
scaffold stiffness architectures. To our knowledge, this is
the first report of utilizing the SPM strategy with robotic-
assisted extrusion-based 3D bioprinting for developing
trachea-like models. The resulting bioinks demonstrated
excellent printing resolution, mechanical solid properties,
and biocompatibility, promoting hyaline and hypertrophic
cartilage formation while exhibiting superior self-
healing properties compared to single peptide bioinks.
Furthermore, our bioinks also promoted the expression
of collagen type X, suggesting potential utility in bone
formation studies. After being cultured for up to 100
days, the trachea-like structures further enhanced their
mechanical properties, making them suitable for trachea
regeneration. This research advances the engineering of
trachea-like structures using mixed ultrashort peptide
bioinks to develop tracheal models. Future work should
include the evaluation of the long-term changes in
viscoelasticity through rheology measurements (e.g.,
evaluation of mixed bioinks’ dynamic fiber formation),
protein-level validation through Western blotting of key
chondrogenic markers (e.g., collagen type I alpha-1, SOX9,
and runt-related transcription factor 2), and histochemical
staining (e.g., Alcian blue and Safranin O) to complement
our current gene expression and morphological evidence.
Additional studies will explore AI-driven modeling for the
formulation of multi-peptide (=3) bioinks and integrate
epithelial cells into the trachea-like models to investigate
the formation of tracheal mucosa. Finally, in vivo studies
in rabbits or other animal models will be essential to assess
the functionality and potential immunogenicity of the
trachea-like constructs.
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