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Abstract

Additive manufacturing holds significant potential in the field of tissue engineering,
particularly for healing, replacing, and regenerating damaged or diseased tissues.
However, the high cost of commercially available bioprinters and the limited
availability of suitable biomaterials for bioprinting have hindered its widespread
implementation and practical application in clinical settings. The aim of this study
was to identify printing parameters tailored to the viscosity of the bioink and the
evaporation characteristics of the organic solvent used in its formulation, with the
broader goal of developing a cost-effective and accessible bioprinting platform
for scaffold fabrication. To this end, we present a novel approach involving the
design and fabrication of a cost-effective three-dimensional (3D) bioprinter
conversion kit, developed using commercially available 3D printers. Bioprinting
high-viscosity bioinks present specific challenges due to their resistance to flow
and a high tendency to clog printing nozzles; however, this issue was mitigated
through comprehensive rheological characterization. By leveraging the favorable
properties of cellulose acetate as the chosen biomaterial, scaffold fabrication via 3D
bioprinting was achieved efficiently without the need for curing or post-processing
steps. Furthermore, a parametric troubleshooting procedure was developed
to optimize printing parameters, elucidate the material behavior, and improve
scaffold resolution, as assessed through scanning electron microscopy. Additionally,
preliminary cell culture studies were carried out to evaluate the influence of the
printed scaffolds’ biophysical cues on cellular responses, including adhesion and
proliferation.Thisinnovative and cost-effective solution has great potential to support
researchers in tissue engineering and facilitate further exploration of advanced
bioprinting techniques.

Keywords: 3D bioprinter conversion kit; Additive manufacturing; Bioprinting
parameters optimization; Cellulose acetate bioink; High-viscosity polymer solutions;
Tissue engineering
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1. Introduction

Tissue engineering offers a therapeutic alternative to
traditional tissue grafts through the fabrication of polymer-
based scaffolds that mimic the physiological properties
of the native tissue. Both synthetic and naturally derived
polymers have been used to support the regeneration of
new tissue.! Synthetic polymers, such as thermoplastics,
often exhibit limited cellular affinity and require surface
modifications to promote cell adhesion, in contrast to
natural polymers.”

Cellulose, a natural polysaccharide, is an eco-friendly
and abundant material with the potential to replace
conventional synthetic polymers such as poly(lactic acid)
(PLA) and poly(ethylene terephthalate).” Among cellulose
derivatives, cellulose acetate (CA) is considered particularly
valuable due to its biocompatibility, biodegradability,
water insolubility, and excellent mechanical, chemical,
and thermal resistance properties.® Cellulose has become
increasingly important in biomedical research, with
numerous advancements enhancing its suitability for
various biomedical applications, particularly in drug
delivery systems, tissue engineering, and sutures.” A
wide range of cellulosic scaffolds—both in pristine and
composite forms—have been developed, including films,*
electrospun fibers,” and hydrogels.” These scaffolds have
demonstrated significant potential in tissue engineering
applications, especially in wound healing,'" cardiovascular
repair,'” and bone regeneration.” Studies have revealed
that CA-based scaffolds not only support cell adhesion,"
but also promote osteogenic differentiation,”” making
them promising alternatives to conventional biomaterials
used in bone tissue engineering. These scaffolds offer
structural integrity alongside bioactivity. Moreover, CA
has a low environmental and carbon footprint, aligning
with circular economy principles and sustainability-driven
material selection strategies.'®!”

Despite these beneficial properties, the printability
of cellulosic composites remains challenging. This is
partly due to a limited understanding of CA’s rheological
behavior—critical for optimizing bioprinting parameters—
and its susceptibility to thermal decomposition.”® These
factors complicate the development of reliable methods for
fabricating 3D-printed cellulose-composite scaffolds.

Scaffolds suitable for implantation must possess
specific characteristics related to the biomaterial of choice,
such as biocompatibility, biodegradability, non-toxicity,
and the absence of immunologic responses.'® Additionally,
they should exhibit important structural features—such
as conformational architecture, porosity, topographical
features, and mechanical strength—that mimic the

extracellular environment of cells in vivo. This is based
on the ability of cells to “sense” the extracellular matrix
(ECM) and external mechanical cues and to convert these
signals into biochemical responses through a process
called mechanotransduction.?

Over the past years, various fabrication methods—
ranging from conventional techniques such as solvent
casting and electrospinning to more recent additive
manufacturing approaches—have been utilized to
fabricate desirable scaffolds with ECM-like porosity and
conformational architecture.”>* Among these, three-
dimensional (3D) bioprinting stands out for its ability
to generate 3D scaffolds with specific geometries and
architectures that influence cellular and nuclear mechanics,
as well as other responses.”**

Additive manufacturing is a pioneering fabrication
technique that enables the efficient and cost-effective
production of high-performance prototypes and structures.
With broad applications across the automotive, aerospace,
and healthcare industries, additive manufacturing
techniques offer swift prototyping, reduced component
weight, and minimal material waste at an affordable cost.
The use of a bioprinter in place of a conventional 3D
printer to a bioprinter—achieved by converting from fused
deposition modeling (FDM) to fluid deposition modeling
(fluid-DM)—introduces new capabilities within additive
manufacturing for biomedical applications.

In this study, we present a custom-designed,
extrusion-based,  piston-driven  bioprinting  head.
Composed primarily of 3D-printed parts, the system
is easily optimizable for universal compatibility with
commercially available 3D printers. Its piston-driven
mechanism allows the extrusion of high-viscosity bioinks,
enabling the processing of material compositions that are
typically beyond the capabilities of current pneumatic
bioprinting systems.” Furthermore, through experimental
characterization of the CA bioink—using rheological
analysis and scanning electron microscopy (SEM)—we
identify optimal parameters for printing high-resolution
3D scaffolds.

Scaffolds are commonly based on high-viscosity
materials; however, their processing is complicated and
often prone to instabilities (e.g., stick-slip effects) that
lead to defective products (e.g., distorted extrudates). In
this context, the use of bioinks in volatile solvents appears
promising. As the solvent gradually evaporates during
printing, the viscosity increases, while the formation of
an external cellulosic-rich film—upon contact with air—
stabilizes the extrudate. This mechanism, further explored
in this study, offers a promising avenue for improving
printing performance.
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Several printability challenges—such as nozzle
clogging, optimization of printing speed, symmetry of
printed lines, and solvent evaporation phenomena (e.g.,
shrinkage)—were investigated and optimized, resulting
in the successful fabrication of high-quality CA 3D
scaffolds. Importantly, the printing process occurs at room
temperature, eliminating the need for advanced and costly
instrumentation.”® Although evaporation during printing
must be accounted for, it can also confer benefits, as
discussed in the subsequent sections.”

Finally, the bioprinting head is capable of printing bio-
derived materials without structural damage and supports
direct cell extrusion, enabling the incorporation of cells
within the printed constructs.*®*! As mentioned above, the
goal of regenerative medicine and tissue engineering is to
develop substrates that mimic native tissue architecture
and function. Given the outstanding mechanical properties
of CA,* the scaffolds produced using this bioprinting
head demonstrate considerable promise for bone tissue
engineering applications. To evaluate the biomedical
relevance of this system, the 3D-printed scaffolds were
cultured with mouse mesenchymal stem cells (MSCs).
Preliminary cellular data, obtained via SEM and confocal
microscopy, demonstrate the potential of both the
bioprinter and the material for future applications across
various biomedical fields.*>**

2. Materials and methods

2.1. Cellulose acetate as the polymer for scaffold
fabrication

CA (number average molar mass, M_ ~30,000 g/mol;
Sigma-Aldrich, United States of America [USA]) was
selected as the bio-derived synthetic material for scaffold
production, in combination with acetone (AC; 299.5%;
Sigma-Aldrich, USA) and deionized water (di-H,O) to
improve printability. CA bioinks (ranging from 20 to 30
wt%) were prepared in glass containers and stirred gently
using magnetic stirrers at room temperature (~23°C) for
5-10 min, depending on the CA concentration.” The CA
bioinks were then allowed to rest for about 2-5 h (also
concentration-dependent) until fully transparent and free
of visible air bubbles. The same preparation method was
applied for CA bioinks containing 10 wt% di-H,O, with the
AC proportion adjusted accordingly.””

2.2. Poly(lactic acid) as the material for the
production of the bioprinting head

Poly(lactic acid) (PrimaCreator™, Sweden) was selected
as the material for 3D printing the components
constituting the bioprinting head. PLA was selected due
to its favorable mechanical properties, ease of printing,
and environmentally sustainable nature.*® Known for its

outstanding structural integrity, PLA ensures robustness
and durability in the fabricated parts. Additionally,
PLAs renewable and biodegradable composition aligns
with the growing emphasis on sustainability in modern
engineering. Its use in this study not only ensures
optimal performance but also reflects a commitment to
environmentally responsible practices in the development
of bioprinted structures.”

2.3. Basic 3D printer

An Ender 5 Pro (Creality, China) 3D printer was chosen as
the base platform for conversion into a 3D bioprinter, due
to its affordability, structural robustness, and build volume
of 220 x 220 x 300 mm?®.

2.4. Computer-aided design software

FUSION360™ (Autodesk®, USA) was chosen as the
computer-aided design (CAD) software throughout the
project. Its versatility supported the design of 3D models,
simulation of assembly mechanisms, and verification of
functional components. FUSION360™ was instrumental
in the development of the 3D bioprinting head, the design
of printability testing structures, and the generation of 3D
scaffolds. By leveraging the capabilities of this software,
the study ensured the accurate and efficient realization of
complex designs while optimizing the overall functionality
of the bioprinted components.**-*

2.5. Non-printed functional parts for the

bioprinting head

The bioprinting head was designed to accommodate a
5 mL Injekt disposable syringe (B. Braun, Switzerland).
Syringes of identical dimensions may also be used. A sterile
blunt stainless-steel needle (22G; Cellink, Sweden) served
as the bioprinting nozzle. For assembly, OEM M3 screw
nuts (5x), M3 screws (9x), and an M5 lead screw (150 mm
length, 2 mm pitch) were utilized. To improve calibration
and alignment between parts and the printing surface, a
628-8 2RS ball bearing (SKF, Sweden) was used to align the
driven gear with the M5 lead screw.

2.6. Slicing software

UltiMaker Cura (UltiMaker, the Netherlands) was
employed to convert digital 3D models into printing
instructions for the 3D printer. The slicing process
consisted of following two phases: an initial phase
using standard parameters for thermoplastics FDM
3D printing, followed by an optimization phase, where
parameters were specifically adjusted for 3D bioprinting
using fluid-DM. This two-phase approach ensured
precise communication between the software and printer,
facilitating the successful fabrication of the desired
bioprinted structures.
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2.7. Rheological instrumentation and

measurement protocols

Two different approaches were utilized to assess the bulk
viscoelastic properties of the CA bioinks. These methods
aimed to minimize errors resulting from the rapid
evaporation of AC and potential polymer migration at the
solution—-air interface, which could lead to the formation
of a thin surface crust.** To address this, a high value of
the parameter K (defined as the ratio of sample volume
to surface area at the air interface) was maintained.
Specifically, a coaxial cylindrical Couette geometry
and a custom-made cone-partitioned plate (CPP)
geometry were used.”””" The CPP geometry, specifically
designed to mitigate edge fracture instabilities during
high-rate shearing of viscoelastic samples, consists of a
large-diameter rotating cone, a lower-diameter (inner)
transducer-connected (measuring) plate, and an outer
partition linked to a non-measuring bridge (further
details are provided in Supplementary File). The sample
overfills the geometry beyond the inner plate, allowing
the excess material to contact the partition. Notably, any
distortion of the outer surface does not affect shear stress
measurements, provided it does not propagate to the inner
plate. Recently, the CPP geometry has been acknowledged
as an efficient means of conducting bulk measurements
due to the negligible interfacial contribution from the
partition.”” Building on this advantage, both CPP and
cylindrical Couette geometries were employed in this study
to evaluate the viscoelastic properties of the CA bioinks.

2.7.1. Measurements with cylindrical

Couette geometry

A stainless-steel cylindrical Couette geometry was
mounted on a Kinexus PRO (Malvern, UK) controlled-
stress rheometer operating in controlled-strain mode. The
outer cylinder (cup) had a diameter of 27.5 mm, while the
inner cylinder (bob) had a diameter of 25 mm and a length
of 37.5 mm. The bottom of the bob was shaped as a cone
inclined at an angle of 15° and a height of 3.35 mm. When
the geometry was filled to the top of the bob, the vertical
distance from the bob’s top to the cup’s bottom measured
60 mm, resulting in a calculated K ratio of 13.3 mm.

To account for the submerged bob configurations,
adjustments were made to include the bob’s new height and
the driving shaft diameter (7.8 mm). It was ensured that
evaporation at the larger free surface had minimal influence
on the sample’s measurement surface (i.e., the bob). With
an overfill height of 2 mm, the K ratio was calculated as
11.5 mm. These values align with similar experimental
conditions reported in previous studies.*>** Notably, the
use of poly(dimethyl siloxane) viscosity standards (1 Pa-s
at 25°C) revealed that a maximum overfill of 2.5 mm above

the bob surface resulted in only a negligible impact on
viscosity, with a mere 2% increase observed (see Figure S1,
Supporting Information).

2.7.2. Measurements with cone-partitioned

plate geometry

Two custom-made stainless steel CPP fixtures were
employed. The first fixture featured an inner tool diameter
of 10 mm, a partition diameter of 15 mm, and a gap size of
0.30 mm. It was mounted on a strain-controlled rheometer
(ARES 2K FRTN1, TA Instruments, USA), equipped with
a bottom cone of 25 mm diameter and a cone angle of 5.7°.
The second fixture was specifically designed for weaker
viscoelastic liquids. It featured an inner tool diameter of
25 mm, a partition diameter of 35.3 mm, and a smaller
gap size of 0.15 mm. This configuration was mounted
on a highly sensitive strain-controlled rheometer (ARES
100 FRTNI, TA Instruments, USA) and incorporated a
bottom cone with a diameter of 52 mm and an angle of 2.1°
(see Figure S2, Supporting Information).

2.7.3. Sample preparation and conditioning

Cellulose acetate bioinks ranging from 20 to 30 wt%, with
and without di-H,O, were loaded onto the rheometer as
quickly as possible. In all cases, a nearly saturated solvent
environment was maintained using solvent-soaked
tissues, and all airflow in the laboratory was eliminated by
switching off ventilation systems. A constant temperature
of 25°C was maintained throughout the experiments.

For the CPP geometry, temperature control was
achieved via a Peltier element with an accuracy of £0.1°C,
which also served as the mounting base for the bottom
cone. In contrast, Couette measurements were performed
without active temperature control; the ambient
temperature varied between approximately 20 and 24°C.

All rheological tests were conducted in steady shear
mode. These measurements included transient tests—
employing step changes in shear rate to monitor the
evolution of the shear stress growth coefficient until a
steady state was reached—and rate sweep tests, which
compassed systematically ramping the shear rate up
and down. In certain cases, the influence of evaporation
was observed and is discussed further in the subsequent
section. For each sample, three replicate measurements
were performed to ensure data reproducibility.

2.8. Cell culture

Mesenchymal stem cells derived from the bone marrow
of C57BL/6 mice were used as an experimental model to
study cell adhesion, morphology, cytocompatibility, and
mechanotransduction on the CA substrates. MSCs were
cultured in cell culture flasks using Dulbecco’s modified
Eagle’s medium—low glucose (1000 mg/L glucose)
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(Gibco™, USA), supplemented with 10% fetal bovine serum
(Gibco™, USA) and 1% penicillin/streptomycin solution
(Gibco™, USA). Cultures were maintained at 37°C in a
humidified 5% CO, incubator, with medium renewed every
3-4 days. MSCs used in the experiments were at passages
5-10. CA scaffolds were UV-sterilized and transferred
into sterile wells of 24-well plates (Corning Incorporated,
USA). Subsequently, 1x10° cells/mL were seeded onto the
scaffolds in culture medium and incubated for 2, 4, and
7 days. In all the experiments, tissue culture plastic (TCP)
coverslips (polystyrene; Corning Incorporated, USA) were
used as controls.

2.9. Scanning electron microscopic analysis of cells
cultured on the scaffolds

The MSCs grown on CA scaffolds and TCP control
samples were analyzed using the Jeol JSM - 639 OLV SEM
(JEOL Ltd., Japan). Prior to SEM examination, samples
underwent a standard fixation and dehydration protocol
for biological specimens.

First, the culture medium was removed, and samples
were washed twice with 0.1 M sodium cacodylate
buffer (SCB; pH 7.4) (Sigma-Aldrich, USA) for 5 min
at 4°C. Fixation was performed with a solution of
2.5% glutaraldehyde (Sigma-Aldrich, USA) and 2.5%
paraformaldehyde (PFA; Sigma-Aldrich, USA) in SCB for
30 min at 4°C. The samples were then washed twice for 5
min each with 0.1 M SCB at 4°C.

For dehydration, samples were immersed in a graded
ethanol (EtOH) series (30%, 50%, 70%, 90%, and 100%)
(Sigma-Aldrich, USA) for 10 min at each concentration, all
at 4°C. They were then treated twice with a 50:50 mixture
of hexamethyldisilizane (HMDS) (Sigma-Aldrich, USA)
and EtOH for 30 and 20 min, respectively, followed by two
20-min incubations in 100% HMDS at 4°C. As a final step,
HMDS was removed, and the samples were allowed to dry
completely overnight. Prior to SEM examination, samples
were sputter-coated with a 15 nm gold film using a BAL-
TEC SCD 050 sputter coater (BAL-TEC AG, Liechtenstein)

2.10. Immunocytochemical assay

For the immunocytochemical assay, the culture medium
was removed, and samples were washed twice with 1x
phosphate-buffered saline (PBS; pH 7.4) (Sigma-Aldrich,
USA) for 5 min. Cells were then fixed with 4% PFA for
15 min at room temperature. After fixation, the PFA
solution was removed, and samples were washed twice with
1x PBS. Cell membrane permeabilization was performed
using 0.1% Triton X-100 (Sigma-Aldrich, USA) in PBS
for 5 min. Samples were then washed twice again with 1x
PBS for 5 min and blocked with 2% bovine serum albumin
(BSA) (Sigma-Aldrich, USA) in PBS for 30 min.

Cells were subsequently incubated overnight at 4°C
with the primary antibodies. For focal adhesion staining,
a mouse anti-vinculin antibody (1:300 in PBS-BSA 1%;
Millipore, USA) was used. The following day, samples
were washed twice with 1x PBS and incubated for 2 h
with the secondary antibody goat anti-mouse IgG 488
(1:300 in PBS-BSA 1%; Biotium, USA), and either CF°® 568
phalloidin (1:800 in PBS-BSA 1%; Biotium, USA) or TRITC
532 phalloidin (1:1,000 in PBS-BSA 1%; Millipore, USA)
for F-actin staining. Nuclear staining was performed using
DAPI (4',6-diamidino-2-phenylindole; 1:1000 in PBS;
Millipore, USA) at room temperature. The stained samples
were mounted onto microscope slides for observation and
imaged using a Leica SP8 laser inverted scanning confocal
microscope (Leica Microsystems, Germany).

2.11.Image analysis

Image processing was performed using Image] (National
Institute of Health, USA)Y and CellProfiler (Broad
Institute, USA). CellProfiler was used to quantify cell
morphological parameters, including cell area and the
aspect ratios of both cells and nuclei. Custom image
processing pipelines were created to load 2- or 3-channel
immunofluorescence images for each analysis. Automated
detection of cell nuclei and the extraction of morphological
features were performed. To ensure consistency, the same
processing parameters and algorithms were applied across
all images."®*

2.12, Statistical analysis

Statistical analysis was conducted using one-way ANOVA
followed by post hoc Tukey’s HSD test for multiple
comparisons between groups, using GraphPad Prism 8.0.2
(Dotmatics, United Kingdom). A p-value of less than 0.05
(p < 0.05) was considered statistically significant.

3. Results and discussion

3.1. Structural integrity analysis of the bioprinting
head via computer-aided design

The 3D modeling and design of the bioprinting head were
conducted using Autodesk’s FUSION 360, a CAD software
that facilitates rapid design and provides tools for finite
element analysis (FEA). This allowed for the application
of specific stress conditions to the assembly, simulating
a working environment and identifying weak spots for
potential redesign (Figure 1).>"%*

The designed version (Figure 1A) utilized a 1:3
transmission ratio to convert vertical movement,
optimizing system performance, and distributing working
components evenly to ensure balanced weight distribution.
Unlike conventional designs—such as those utilizing
ITEM aluminum profiles, which concentrate mass toward
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Figure 1. Schematic illustration of the custom-designed bioprinting head. (A) A 3D rendered view showcasing the overall configuration of the bioprinting
system. (B) Finite element analysis of the symmetric design, showing stress concentration at the moving mounts (0.045 MPa) without deformation or
strain under a 20 N applied force. The center of gravity is centrally aligned, ensuring balanced assembly. (C) Syringe-to-tip diameter reduction to calculate
and optimize the feed rate during the printing process. (D) A commercially available filament exhibiting a smaller syringe-to-tip diameter reduction
compared to (C). (E) For a 5 mL volume of bioink, 40 m of filament can be extruded through the needle tip.

the front of the holding structure—the presented design part count to save time and cost relative to other bioprinting
centers key components (e.g., positioning them atop the heads.***® The conversion kit accommodates installation
holding structure). This reduces cantilevered weight and on different 3D printers by allowing adjustments to the
minimizes torque, improving stability during X-Y axis alignment of the mounting plate holes. Standardized
movements. FEA results confirmed that this configuration parts used in the assembly included M3 screw nuts (5x),

M3 screws (9%), and a 150 mm M5 lead screw with a
2 mm pitch. While a ball bearing (e.g., 628-8 2RS SKF) can
be used to improve alignment between the parts and the
printing surface, it was not necessary in this case.*

effectively distributes mechanical loads from the weight
and motion of the bioprinting head, yielding a maximum
stress of 0.045 MPa (Figure S3B, Supporting Information),
compared to 0.2 MPa in a front-mounted design (Figure
S3A, Supporting Information). This prevents deformation 3.2. Functional optimization of the bioprinter via
or excessive stress. The result is a more stable and hardware adaptation

ergonomically integrated bioprinting head that minimizes
mechanical strain and improves overall performance
(Figure 1B).”

3.2.1. Bioprinting extrusion system parameters
Adaptation of a standard 3D printer for bioprinting
necessitated recalibrating the extrusion system to
The bioprinting head was constructed exclusively from accommodate a 5 mL syringe. Similar to FDM printing—
PLA parts, with an emphasis on compactness and reduced where a filament is reduced in diameter at the nozzle—
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this system extrudes material from a syringe with a
14.57 mm inner diameter through a 22-gauge nozzle
(0.41 mm inner diameter). Firmware modifications enabled
extrusion at room temperature (23 °C), addressing the
lower temperature requirements of bioprinting compared
to traditional FDM. Optimization of the extrusion stepper
motor involved adjusting the eSteps/mm parameter. The
printer’s default setting of 93 eSteps/mm-—calibrated for
1.75 mm filament and a 0.4 mm nozzle—was recalculated
to 4800 eSteps/mm to suit the syringe-based system. This
calculation accounted for the stepper motor’s 200 steps/
revolution, 1:16 microstepping, a 1:3 gear ratio, and a
2 mm lead screw pitch. This configuration ensures precise,
low-rate extrusion for every 1.25 mm of printed material,
0.001 mm is deposited vertically within the syringe,
corresponding to 4.1 eSteps for smooth movement. At
50% stepper motor power, the time required for complete
syringe unloading was determined to be 115 s (Table 1).

3.2.2. Rapid modeling and slicing procedure

A simplified cubic scaffold model was designed using
basic extrusion commands in CAD software to reduce
computational load. The resulting STL file was scaled to
the desired dimensions using slicing software (see Figure
S4, Supporting Information). Scaffold architecture was
optimized by adjusting the infill line distance (rod-to-rod
spacing) to 0.7 mm. With a printed line width of 0.35-0.4
mm—accounting for material stretching during vertical
printing and movement speed—this configuration resulted
in a pore size of approximately 300 um (Figure 1C and D).
Pore size is influenced by nozzle gauge, print speed, and the
solidification rate of the material, which in turn depends

Table 1. Extrusion system parameters and calculations

on the material composition and solvent evaporation rate
(discussed further in subsequent sections). A line infill
pattern with alternating 0° and 90° layer orientation was
employed. Finally, the extrusion rate was optimized either
by adjusting the slicer’s filament diameter setting to match
the syringe’s 14.57 mm inner diameter or by reducing
the feed rate to 8-11% to compensate for the difference
between syringe and standard filament diameters.”

3.3. Rheological characterization of cellulose
acetate bioinks

The rheological analysis includes steady-state shear
viscosity measurements as a function of shear rate for
different CA samples, assessing using both CPP and
Couette geometries. In particular, Figure 2 depicts the
steady shear viscosity profiles for four formulations: two
CA concentrations (20 wt% [Figure 2A] and 28 wt%
[Figure 2B]) in two solvents—AC and a mixed solvent of di-
H,O and AC. Viscosity measurements exhibited minimal
variation across different experimental conditions,
including batch differences, loadings, and geometries.

Notably, solutions containing 28 wt% CA exhibited
greater stability over time, as indicated by smaller
discrepancies among repeated measurements. The viscosity
profiles displayed Newtonian behavior at low shear rates,
with mild shear thinning observed at higher shear rates—
particularly in the higher concentration sample. Figure 2C
illustrates the evolution of shear thinning with increasing
CA concentration (data obtained using Couette geometry).

The shear-rate-dependent viscosities of the different
solutions were fitted using an empirical expression
(represented by lines in the figure)*:

Parameter Value Unit Calculation/Reason
Syringe inner diameter 14.57 mm Datasheet
Syringe inner area 166.6 mm”’ nx (14.57/2)*
Nozzle inner diameter 0.41 mm Datasheet
Nozzle inner area 0.132 mm? 1t x (0.41/2)*
Printed width (W) 0.40 mm Measured
Printed height (H) 0.40 mm Measured
Vertical deposition per ~1.25 mm printed 0.001 mm (166.6x0.001)/0.132
eSteps per 1 mm printed 4.1 eSteps
Stepper motor steps/revolution 200 eSteps
Microstepping 1:16
Gear ratio 1:3
Lead screw pitch 2 mm
Calculated eSteps/mm 4800 eSteps/mm (200x16x3)/2
Deposition time (50% performance) 115 s
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Figure 2. Rheological characterization of cellulose acetate (CA) solutions. (A) Steady-state shear viscosity as a function of shear rate for 20% CA/acetone
(AC) and 20% CA/AC/di-H,O in both cone-partitioned plate (CPP) and Couette geometries. (B) Same comparison for 28% CA/AC and 28% CA/AC/di-
H,0 in both CPP and Couette geometries. (C) Overall comparison of steady-state shear viscosity values for all CA concentrations based on Couette data.
(D) Zero-shear (steady) viscosity as a function of CA concentration, averaged across different geometries and batches. Fitted lines are shown (see text).
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where n, and n_ are the zero-shear and high-shear
limiting viscosities, respectively; t_ is the characteristic
time for the onset of shear thinning; and « is the shear
thinning exponent. At the lowest concentration, the
viscosity remained nearly constant (Newtonian) across
the examined shear rate range (with a low exponent of
0.19), indicating Newtonian behavior. As concentration

@

increased, both the viscosity and degree of shear thinning
rose, as reflected by increasing values of Ny & and T.
The strongest shear thinning was observed at the highest
concentration (30 wt%), with exponents of 0.35 and 1.09
for the AC/di-H,O and AC solvents, respectively. Further
details are provided in Table S1, Supporting Information.

Importantly, the viscosity values align well with those
reported in the literature for similar systems, confirming
the consistency of these findings.*®

The average zero-shear viscosities (obtained from
measurements using both the Couette and CPP
geometries, as shown in Figure 2A and B) are plotted
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against concentration in Figure 2D. The data were fitted
using the empirical relationship:

n=Aexp(c) (ID)

where A and n are fit parameters (represented by
lines in the figure). For CA/AC and CA/AC/di-H,O, the
values of A and n are 5.6 x 10° and 0.51, and 5 x 10~ and
0.36, respectively. As expected, the viscosity increases
proportionally with CA concentration. In all cases, CA
solutions in AC exhibited slightly higher viscosity values
compared to those in the AC/di-H,O mixture. While there
is some uncertainty in the data for the 30 wt% solution,
the overall trend remains consistent. However, at this
specific concentration, the possibility of microstructural
changes cannot be disregarded. The solubility of CA in a
given solvent relies heavily on intra- and inter-molecular
interactions arising from the functional groups within the
CA chains, as well as the polarity of the solvent.>”* Variations
in solvent quality, CA concentration, and molecular
characteristics (such as molar mass and polydispersity)
can result in diverse chain conformations and network
microstructures, including cluster formation and phase
separation.®**> Unlike the stable behavior observed in
solutions utilizing the mixed solvent over extended
periods, concentrated solutions in AC (30 and 60 wt%)
exhibited visible signs of phase separation. Furthermore,
sheared solutions in the mixed solvent appeared opaque,
suggesting that flow-induced microstructural or phase
changes may be occurring—an observation that warrants
further investigation.

Notably, the viscosity exhibited an approximately
eightfold increase from 25 to 30 wt%, which is significantly
greater than typically observed in polymer solutions. This
sharp rise likely signifies the formation of large-scale
molecular arrangements and/or clusters, independent of
solvent evaporation.

The efficiency and quality of 3D printing processes
depend largely on the rheology of the printed material. The
shear thinning behavior of these highly viscous solutions is
important for efficient processing, as the 3D printer relies
on capillary flow through a nozzle during extrusion.

In general, the material must exhibit shear thinning to
facilitate flow, while also avoiding instabilities—such as
stick-slip behavior—that can lead to extrudate distortion.
Additionally, the deposited extrudate should self-heal
and/or solidify to yield the desired final product. In this
context, the design of the injection capillary, needle, and
nozzle plays a crucial role. This requires a detailed analysis
of the flow behavior of the specific viscoelastic fluid

through the geometry of interest. While the comprehensive
study of viscoelastic flow in such configurations is the
subject of separate investigations, here we account for
the basic rheological features that affect the printing
process.*?>763-% In particular, we combined experimental
and literature evidence to develop a promising capillary-
needle-nozzle design, although no further optimization
was pursued. Using this setup, the high-viscosity CA
solutions were adjusted to shear thin within the range of
shear rates relevant to the printing process. This represents
an important and direct link between bioprinting and
the rheological behavior of the material, demonstrating
the effectiveness of the process and offering promise for
further developments.

A naive estimate of the relevant apparent shear rate to
this bioprinting application—based on a printing speed of
3 mm/s and a nozzle tip radius of 0.2 mm—yields a value
of 15 s™%. This value is well within the shear thinning regime
of the printed solutions (see Figure 2); that is, the viscosity
is evidently reduced with respect to its equilibrium (zero-
shear) value, thereby facilitating extrusion. It should
be noted that this discussion, which links printing
efficiency to the rheological properties presented in
Figure 2, refers to the bulk rheological properties of the
CA solutions in the absence of evaporation (within the
limits of experimental capabilities). Therefore, it relates
to the material’s performance of the CA solution inside
the capillary, before it exits into the atmosphere through
the nozzle. Upon exiting, rapid evaporation of the AC
solvent takes place. Although not examined in detail in
this work, this aspect is relevant to the formation and
deposition of the final printed product. While minimizing
the impact of evaporation and preventing the formation
of a surface “skin” at the solution-air interface is often
considered important,” this instantaneous solidification
at the filament edge can, in fact, stabilize the structure
and assist the bioprinting process. It is expected that AC
evaporation begins almost immediately—on the order
of milliseconds—resulting in the formation of a polymer
skin layer on the filament surface, which then undergoes
shrinkage.®® This shrinking process continues, albeit at a
slower rate, due to the extended time required for solvent
diffusion through the skin layer.®® Further consequences
of this evaporation-driven behavior are discussed in the
following sections.

3.4. Printability limitations analysis of cellulose
acetate bioinks

Generally, the main printability limitations are related to the
intrinsic properties of the bioink material, such as printing
speed, feed rate, viscosity, and—specifically in the case of
CA—the evaporation of AC.** As previously mentioned
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in Section 2.1, CA combined with AC forms a solution
that is easy to optimize and capable of rapidly forming
structures due to AC’s high volatility, which promotes
evaporation driven by pressure and diameter differentials.
However, despite these advantages, several challenges
had to be addressed to ensure optimal printability. One
major limitation was related to CA concentration. When
the concentration exceeded 30%, the mixture became too
viscous to transfer from the vial to the syringe.”

3.4.1. Printability enhancement via deionized

water addition

A significant challenge encountered during bioprinting
was the rapid solidification of the CA bioink at the nozzle
tip during travel moves. This issue, previously addressed in
the literature,”® is attributed to the exposure of the bioink
to the air between deposition steps. Such exposure led
to nozzle clogging, inconsistent feed rates, and material
pooling. Initially, manual cleaning was required to remove
the solidified material (Figure 3C). To automate this

A Line width (LW} resolution based on the printing speed profile

Needle tip
Diameter = 400 pm

Line width (mm)

5 T (mmis)
Printing speed profile - increment (2-7 mm/s)

Acetone evaporation

Thermaplastic sustains
decreases layer height

its volume
Time Time
b
Hetght at the Height at the
X Height after
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Figure 3. Parameters and affecting 3D bioprinting of cellulose acetate (CA) bioinks. (A) Speed profile analysis showing 3 mm/s as the optimal printing
speed for morphological stability. (B) Optical images of printed lines with speeds ranging from 2 to 7 mm/s (left to right). Scale bar: 2 mm; magnification:
10x. (C) Solutions lacking H,O exhibited poor printability, with asymmetric line morphology due to the bioink failing to detach from the needle tip. Scale
bar: 1 mm; magnification: 20x. (D) Solutions containing H,O demonstrated improved printability, forming uniform lines without user intervention.
Scale bar: 1 mm; magnification: 18x. (E) Fused deposition modeling thermoplastics maintained their shape over time. (F) Evaporation of acetone from
CA bioinks caused filament shrinkage, affecting final geometry.
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process and ensure consistent printing, the g-code was
modified to include nozzle cleaning paths. However, this
solution increased the overall printing time.

To further address these issues and improve printability,
di-H,O was added to the bioink solution at a concentration
of 10 wt% (Figure 3D).”" This modification reduced the
evaporation rate and eliminated the need for manual
intervention, thereby enabling autonomous printing.
Furthermore, the inclusion of di-HZO allowed for a wider
range of printing speeds (2-7 mm/s) while maintaining
symmetrical deposition and print repeatability comparable
to PLA.7>7

3.4.2. Printing speed optimization

As previously noted, a 22-gauge nozzle (0.41 mm
inner diameter) was used for the optimization of the
3D bioprinter and associated printing parameters. To
determine the optimal printing speed for achieving a
consistent line width of 0.35-0.4 mm—comparable to that
of an FDM 3D printer—a parametric speed profile ranging
from 2 to 7 mm/s was evaluated (Figure 3A). SEM imaging
of the resulting printed lines revealed that a printing speed
of 3 mm/s yielded the desired line width, as illustrated in
Figure 3B.%6747

3.4.3. Evaluation of solvent evaporation as a dual
printability factor

Solidification of the bioink occurs through the evaporation
of AC from the solution into the atmosphere. As previously
mentioned, this process starts immediately upon extrusion
and contributes to maintaining a stable filament that can be
readily deposited onto the substrate. However, over time,
AC continues to evaporate, and eventually, the process
completes, resulting in a shrunken 3D model structure
(Figure 3F). This behavior contrasts with the FDM process,
in which the fused material retains its mass and volume
after solidification (Figure 3E).

In this context, the continuous (albeit progressively
slowed) evaporation introduces a limitation: the final
layer height becomes dependent on the initial CA
concentration. For example, a 20 wt% CA solution would
yield a final layer thickness that is approximately 20% of
the initially deposited height. Thus, a 0.4-mm-deposited
layer would result in a final layer height of 0.08 mm after
complete evaporation.” This estimation assumes full
evaporation of AC and neglects the exponentially slowed
rate of evaporation that becomes critical at later stages
due to the formation of a thickened skin layer. Typically,
the radius R of a filament composed of an evaporating
polymer solution shrinks as R~exp(-t/7), where 7
represents the solvent diffusion time through the glassy
or crystalline skin layer.*

3.4.4. Quantification of shrinkage along the

X-Y-Z axes

Scaffold samples were printed in triplicate and analyzed
via SEM at 1, 3, and 24 h post-printing (Figure 4A-C).
Measurements (Figure 4D) revealed a rapid 6-7%
reduction in layer height within the first few hours, which
slowed to 5-6% between 3 and 24 h at room temperature,
consistent with the decelerated evaporation discussed
above. The extruded volume prior to shrinkage was
approximately 0.05 mm?®. The final structure is determined
by CA molecular interactions after evaporation of both
AC and di-H,O.

Shrinkage along the X-Y axis was evaluated using
similarly prepared samples (Figure 4E-G) at the same time
points, yielding a shrinkage value of 10% (Figure 4H). The
initial rapid shrinkage followed by negligible dimensional
change over time reflects the progressive evaporation
of solvents, which becomes less critical as time elapses.
Additionally, the observed shrinkage may be partly due to
the suboptimal printability of the CA bioink.””

3.4.5. Shrinkage analysis of fabricated pores

Analysis of the scaffold’s internal pore resolution (Figure 41
and J) revealed an 8% difference between the designed
and measured pore dimensions (Figure 4K). This
discrepancy is attributed to printing limitations, such
as material shrinkage and potential inconsistencies in
deposition. However, line width measurements revealed
only a 3% deviation from the intended dimensions
(Figure 4L), indicating minimal shrinkage. These results
confirm the system’s high-resolution printing capability
when used with the CA-based bioink.”

3.5. Printing resolution and optimization of
cellulose acetate scaffolds

Scaffold resolution was assessed via SEM imaging of single-
and multi-layered extruded lines (Figure 5A-C), revealing
excellent printability of the CA-AC/di-H,O bioinks,
comparable to that of FDM-printed thermoplastics. A
28 wt% CA bioink provided optimal results, offering a
balance between structural integrity, symmetrical line, and
pore formation (Figure 5B), making it suitable for physical
testing and immersion in aqueous solutions (see Figure
S5, Supporting Information). While the 30 wt% CA bioink
yielded superior symmetry (Figure 5C), rapid solvent
evaporation compromised interlayer adhesion (Figure S5,
Supporting Information).”*%

Table 2 compares the resolution quality and printability
of the various scaffolds. The addition of di-H,0 to CA
solutions proved crucial for enhancing printability.
CA solutions (20-28 wt%) without di-H,O resulted in
asymmetrical structures, whereas those containing di-
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Figure 4. Structural shrinkage analysis of printed cellulose acetate (CA) scaffolds along the X-Y-Z axes over time, caused by evaporation of acetone and
di-H,O from the bioink. (A-C) Sectional view of 28 wt% CA scaffolds (eight layers) at (A) 1 (scale bar: 500 um; magnification: 35x), (B) 3 (scale bar: 500
pm; magnification: 35x), and (C) 24 h post-printing (scale bar: 500 um; magnification: 35x), illustrating time-dependent shrinkage. (D) Quantitative
analysis revealed shrinkage of 6-7% within the first 3 h, 5-6% between 3 and 24 h, and total shrinkage of 13%, significantly lower than the theoretical 72%.
(E-G) Scanning electron microscopic (SEM) top-view images (scale bar: 2 mm; magnification: 10x) of 3D, 10-layered, 10 x 10 x 3 mm?® scaffolds at (E) 1
(scale bar: 2 mm; magnification: 10x), (F) 3 (scale bar: 2 mm; magnification: 10x), and (G) 24 h (scale bar: 2 mm; magnification: 10x) post-printing. (H)
X-Y axis shrinkage analysis based on comparisons between the computer-aided design (CAD) model and the printed scaffolds at 1, 3, and 24 h. Mean
X-Y dimensions indicated immediate shrinkage upon printing, while differences in resolution were primarily attributed to printability factors. (I, J) High-
magnification SEM top-view images (scale bar: 500 pm; magnification: 50x) of 3D, 10-layered, 10 x 10 x 3 mm?® scaffolds at (I) 1 h (scale bar: 500 um;
magnification: 50x) and (J) 24 h (scale bar: 500 pm; magnification: 50x) post-printing. (K) Analysis of the shrinkage effect on hole resolution, comparing
the CAD model with scaffolds at 1 and 24 h. Mean hole dimensions showed an 8% variation, attributed to printability rather than shrinkage (negligible
impact). (L) Analysis of the shrinkage effect on printed lines, comparing the CAD model with 1-, 3-, and 24-h post-printed scaffolds. A 3% variation was
observed, primarily due to printability parameters (e.g., printing speed and layer height), while the shrinkage effects were minor at this stage.

H,0 (20-30 wt%) exhibited improved printability and characteristics of the CA scaffolds and how these factors

symmetry. Ultimately, the 28 wt% CA solution with di- affect cell spreading, morphology, and shape. As shown
H,0 (CA28) was selected for cell culture studies due to in Figure 6A and B, MSCs adhered to the scaffolds within
its optimal combination of symmetry, strong interlayer the first 2 days, primarily occupying the convex printed
adhesion, and overall functionality (Figures 5B).% lines on the top surface. They exhibited film-like spreading

L. . behavior, with early indications of migration toward
3.6. Preliminary cell studies of cellulose acetate

scaffolds for cell adhesion and proliferation

As presented in Section 2.8, MSCs were used as an in vitro
model for preliminary cell studies. To explore the effects
of the 3D-printed CA28 scaffolds on MSC behavior, cells
were cultured on the scaffolds for 2, 4, and 7 days.

the scaffold’s inner layers. This migratory phenomenon
became more pronounced after 4 days. By this time, the
cell layer extensively covered the top surface, displaying
numerous lamellipodia, indicative of strong adhesion,
and several cells had extended across neighboring printed
lines (Figure 6C and D). After 7 days, MSCs had infiltrated

This analysis aimed to investigate whether MSC the inner layers of the scaffold and displayed clear signs
volume correlates with the structural and rheological of adhesion through cellular extensions. Proliferation
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Figure 5. Comparison of average line widths in 20-layer scaffolds. (A) 20 wt% cellulose acetate (CA) produced line 500 pm in width. Scale bar: 1 mmy;
magnification: 12x. (B) 28 wt% CA produced lines 400 um in width, matching the needle tip diameter—considered optimal. Scale bar: I mm; magnification:
13x. (C) 30 wt% CA yielded slightly narrower lines (width: 380 pum). Scale bar: 1 mm; magnification: 12x. (D) 28 CA wt% was identified as the ideal

concentration, as 30 wt% showed poor interlayer adhesion.

occurred in all directions along both the top and side
surfaces of the printed lines. At the top surface, cells
tended to cover scaffold pores (Figure 6E and F). It is worth
mentioning that no coating techniques—such as poly-L-
lysine or ECM proteins (e.g., laminin)—were used prior to
seeding, emphasizing the strong cell-adhesive properties of
the CA scaffolds.

The 3D-printed CA28 scaffolds provided a symmetric,
non-polarized microenvironment for MSCs. Geometrical
parameters—e.g., height and surface area of the printed
lines and pore size—were consistent throughout. Scaffold
stiffness was influenced by CA concentration, solvent
composition, and the specific printing method. Flattened
cells, observed at all time points, exhibited distinct

volumetric differences compared to rounded cells, which
were only present at the 2-day time point.

Mesenchymal stem cells cultured on all samples were
successfully stained with vinculin (green) and actin/
cytoskeleton (red) on Days 2 (Figure 7A and B) and 4
(Figure 7C and D). SEM and confocal imaging revealed
similar spreading patterns on the CA28 scaffolds at both
time points, with cells adhering and spreading from
the top surface into the inner scaffold layers. Vinculin-
containing focal adhesion points were more pronounced
and localized, especially in the perinuclear region of the
cells (Figure 7A and B) on Day 2, although these appeared
immature and diffusely distributed (poorly visible).
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Figure 6. Scanning electron microscopic images of mesenchymal stem cells cultured on printed 28 wt% cellulose acetate (CA) (CA28) scaffolds. (A, B)
After 2 days (tilted view; [A]: scale bar: 100 um, magnification: 100x; [B] scale bar: 20 pm, magnification: 750x). (C, D) After 4 days (tilted view; [C]: scale
bar: 100 pm, magnification: 100x; [D] scale bar: 20 um, magnification: 750x). (E, F) After 7 days (tilted view; [E]: scale bar: 100 pm, magnification: 100x;
[F] scale bar: 100 um, magnification: 250x). Yellow boxes in (C) and (D) highlight concave and convex surface regions, respectively.
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Table 2. Optimization of scaffold quality based on composition and printing parameters

CA wt% di-H,0 % Printability Required resolution Produced Shrinkage (X-Y Layer adhesion Quality
(slicer; um) resolution (um) axis) (%) (1-10)

20 Yes Mid 400 200 25 Yes 5

20 No Low 400 - - Yes 1

25 Yes High 400 300 15 Yes 5

25 No Mid 400 - - Yes 1

28° Yes® High? 400° 400° 13° Yes® 10°
28 No Low 400 - - Yes 1

30 Yes High 400 400 9 No¢ 6°

30 No Low 400 - - No 1

Notes: This table highlights the critical relationship between scaffold composition and printing parameters, particularly the presence of deionized water
(di-H0), in achieving optimal scaffold functionality. Scaffold quality was evaluated on a scale of 1-10 based on resolution and printability, under a
constant printing speed of 3 mm/s. Abbreviations: CA, cellulose acetate; di-H,O, deionized water.

*Critical optimization characteristics.
*Optimal fabrication results.
‘Defective fabrication results.
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Figure 7. Fluorescence and scanning electron microscopic (SEM) analysis of mesenchymal stem cells (MSCs) on printed 28 wt% cellulose acetate (CA)
(CA28) scaffolds. (A-D) Fluorescence images at 2 (A, B) and 4 (C, D) days. Cytoskeleton stained red (TRITC-532 phalloidin), focal adhesions green
(anti-vinculin antibody, Alexa Fluor 488), and nuclei blue (DAPI). Scale bar: 100 um, magnification: 20x. (E, F) SEM top-view images of printed CA28
scaffolds. Scale bar: (E) 500 um and (F) 100 um, magnification: (E) 40x and (F) 100x. Yellow boxes indicate the printed lines and pores of the scaffolds.
(G-J) Morphological analysis of MSCs cultured on the printed CA28 scaffolds. (G, H) Cell area (in pm?) represented as relative frequency (%) at (G)
2 days and (H) 4 days (n = 50). (I) Cell aspect ratio (ratio of long to short cytoskeleton axis), analyzed separately for cells located on pores and printed lines
at each time point (n = 50-100). (J) Nuclear aspect ratio (ratio of long to short nuclear axis), also analyzed by location (pores vs. printed lines) at each time
point (n = 50-100). Data were analyzed using one-way ANOVA followed by Tukey’s HSD post hoc test for multiple group comparisons. (Notes: *p < 0.05,
*p < 0.001, ***p < 0.0001).
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By Day 4, more matured focal adhesions were observed,
especially along the cytoskeletal edges, while some
vinculin remained diffusely localized in the perinuclear
area (Figure 7C and D). The cytoskeleton displayed both
parallel (short and long) actin fibers and spot-like actin
structures, reflecting variations in MSC morphology and
degree of spreading. On Day 4, the actin cytoskeleton was
more organized, with fibers concentrated at the cell edges,
indicating increased spreading and migration from the top
surface to the inner layers of the printed scaffolds.

Interestingly, in regions where parallel actin fibers were
clearly observed, vinculin staining was less pronounced.
This suggests that cells shape, morphology, and intercellular
connectivity—whether on top or side surfaces—are
influenced by the printing process itself. Specifically, the
shear-thinning behavior of the CA solution may affect
the final scaffold architecture, which in turn governs actin
fiber orientation.

Immunofluorescence image analysis revealed that after
4 days of culture, the cell area increased, which correlated
with a reduction in both cell and nuclear aspect ratio
(Figure 7G-J). Similar observations have been reported by
others, showing that larger cell areas are typically associated
with smaller cell and nuclear aspect ratios.** The observed
decrease in aspect ratios after 4 days of culture indicates
morphological changes, with both the cells and their
nuclei appearing more flattened. It has been previously
reported that nuclear shape can alter in response to overall
cell morphology.®***

Interestingly, higher cell and nuclear aspect ratios
were observed in the pore regions, indicating active
cell migration into the inner layers of the scaffold.
Furthermore, the nuclear aspect ratio varied from nearly
round in flat cells located on the printed lines, to more
elongated and anisotropically oriented shapes in cells
residing within the concave pore regions. Such nuclear
shape changes are closely associated with various cellular
functions, including proliferation in both physiological
and pathological contexts.®

Based on vinculin staining, cell attachment appeared
stronger after 4 days of culture, and active migration into
the scaffolds was apparent (Figure 7C and D). Notably, the
cells demonstrated distinct adhesion patterns depending
on the curvature of the scaffold (Figure 6C and D). On
convex surfaces—such as the top of the printed lines—
MSCs maintained full contact with the substrate. On
the contrary, on concave surfaces—typically located at
the interface between the top and inner scaffold layers,
or where curvature altered—cells displayed partial

detachment of their central body from the substrate, while
their peripheral filopodia extensions remained anchored.

It is important to note that the scaffold curvature of the
printed lines may vary depending on fabrication parameters
such as layer height and printing speed. These findings
corroborate those of Werner et al.,* who described cell
attachment at convex surfaces as “snail-like” and on concave
surfaces as “spider-like” Both Werner et al.* and Bidan et
al.¥ reported that concave surfaces facilitate cell migration,
as cellular extensions can move more freely and rapidly
through dynamic remodeling of adhesion points Kavte
KAtk 1] Totote e0w yla va eloayayete keipgevo. Moreover,
it has been shown that convex surfaces enhance osteogenic
differentiation of MSCs.**® Therefore, the printed CA28
scaffolds presented in the current study show significant
promise for applications in bone tissue engineering.

4, Conclusion

In this study, we successfully converted a standard 3D
printer into a high-precision 3D bioprinter, primarily
composed of 3D-printed parts, capable of fabricating
high-resolution scaffolds (300 um) comparable to those
produced using traditional thermoplastic materials
and FDM techniques. A novel printing protocol was
developed through systematic experimentation and
iterative optimization of printing parameters. Rheological
characterization and SEM morphological evaluation
identified the optimal bioink composition of 28 wt% CA,
62 wt% AC, and 10 wt% di-H,0 (CA28), which exhibited
suitable properties for high-resolution bioprinting. Precise
control of printing speed was crucial, as higher speeds
compromised resolution and structural detail, leading to
an optimal printing speed of 3 mm/s.

While the 3D-printed scaffolds exhibited slight
anisotropic shrinkage (13% on the Z-axis and 10% on the
X-Y axis), the overall pore resolution remained unaffected.
In vitro studies with MSCs demonstrated excellent cell
adhesion and proliferation on the CA scaffolds. MSCs
formed a film-like coverage on the top surface and migrated
toward the inner layers, exhibiting lamellipodia extension
and strong adhesion. Morphological analysis revealed the
presence of parallel actin/cytoskeleton fibers and a shift
toward more flattened cells after 4 days of culture. Increased
cell area and reduced cell and nuclear aspect ratios on the
CA printed lines indicated cell remodeling and potential
functional changes.

These findings demonstrate the potential of the
converted system for high-viscosity, high-resolution
bioprinting, and highlight CA as a promising biomaterial
for scaffold fabrication. The observed cell-material
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interactions provide valuable insights into biomaterial
design and contribute to our understanding of how scaffold
composition influences cell behavior, advancing the fields
of tissue engineering and regenerative medicine.
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