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Abstract:

Bioink design is one of the most challenging and time-consuming tasks in 3D bioprinting. This
study provides a comprehensive framework balancing key factors such as printability (evaluated
through rheological analysis), scaffold mechanical stability, and biocompatibility for developing
inks based on alginate (Alg), carboxymethyl cellulose (CMC), and gelatin methacrylate (GeIMA).
A detailed protocol is presented, outlining the sequence of rheological tests, selecting appropriate
parameters, and correlating them with printability indices (e.g., fiber diameter and printability
value) as well as printing conditions (e.g., temperature, cross-linking time, and degree). Optimal
formulations were identified as 4% Alg, 10% CMC, and GelMA at 8%, 12%, and 16%
concentrations (4%Alg-10%CMC-GelMA). Rheological and printability functions were
quantified, establishing them as benchmarks for bioink design. The thermo-responsive properties
of GelMA allowed precise control of printability by modulating temperature and GelMA content.
A mathematical model was employed to correlate the shear-thinning behavior, measured via shear
rheology, and printing conditions. These bioinks demonstrated long-term mechanical stability (up
to 21 days), superior mechanical performance, and enhanced cell proliferation at 4%Alg-
10%CMC-16%GelMA. The dual curing approach (UV curing and CaCl, cross-linking) resulted

in scaffolds with variable stiffness, showcasing their potential for gradient tissue regeneration.
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Notably, the protocol is adaptable to other materials and concentrations, streamlining bioink

development for diverse applications in gradient tissue engineering.
Introduction:

3D bioprinting (3DBP) has been in the limelight of the tissue engineering (TE) scientific
community over the past two decades due to its potential to build complex functional tissue
equivalents!. The technology enables obtaining 3D structures by depositing materials with
embedded cells in a layer-by-layer fashion with high precision, scalability, and cost-effectiveness
23, Such structures find vast applications ranging from proof-of-concept new material prints to
hierarchical artificial tissues and models for drug testing and implants for regenerative medicine®.
Various bioprinting modalities have been developed, primarily extrusion-based, jetting-based, and
vat photopolymerization-based techniques, each presenting distinct advantages and limitations
with respect to printability, resolution, and bioink compatibility. Extrusion-based bioprinting, the
most widely adopted technique in tissue engineering laboratories, is particularly well-suited for
printing highly viscous, cell-laden hydrogel systems, offering excellent flexibility in material
formulation and scalability®. In contrast, jetting-based bioprinting is constrained by the

requirement for low viscosity and the potential for nozzle clogging®. Finally, vat

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

photopolymerization techniques are limited to photocrosslinkable materials and may pose

phototoxic risks to embedded cells’. Given the widespread use of extrusion-based bioprinting, its
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high applicability in tissue engineering, the availability of suitable equipment in many laboratories,
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and the variety of compatible hydrogel-based materials, this paper focuses on proposing strategies

for designing bioinks specifically for extrusion-based bioprinting.

Bioinks are printable formulations comprising polymeric components, cells, suitable cross-
linkers, and biochemical cues 3. Natural hydrogel-based materials (e.g., alginate, cellulose,
collagen, hyaluronic acid, and gelatine) with high water content, good water retention capacity,
and degradability, providing a cell-friendly environment are extensively used in 3DBP?. Synthetic
polymer-based inks such as polyethylene glycol (PEG) and polyvinyl alcohol (PVA) have also
been employed in 3D printing, benefiting from their straightforward tunability to comply with
tissue-specific degradation and mechanical properties. Irrespective of the hydrogel origin,

designing a functional bioink demands adjustment of three primary parameters: (1) printability,
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(2) degradability/stability, and (3) biocompatibility. Those parameters are the prerequisites for
successful bioprinting and can be controlled by the material design (composition, polymer

architecture), yet very often not independently!©.

Printability is defined as the ability of the ink to form a reproducible, sustainable 3D
structure as a result of the printing process!!. Printable material must be extrudable, flow under
applied pressure, and maintain a stable and self-supporting structure after deposition on the
printing stage. Printability also determines the overall structure and mechanical properties of the
scaffold, which can influence the morphology, growth, and differentiation of incorporated cells
and the ability of fabricated 3D structures to resemble anatomical designs'?!3. Printability can be
evaluated using the dimensionless ratios of different parameters of interest (e.g., printability value
Pr) and dispensing velocity ratio or dimensionless numbers (such as capillary number and

Reynolds number)!4-16,

Several studies have indicated that hydrogel rheology can be a roadmap correlating
printability with material properties!’. Shear thinning, visco-elasticity, thixotropy, and yield stress
were shown as essential parameters influencing the printability of a bioink'8. Shear thinning is a
non-Newtonian behavior of a fluid that decreases its viscosity with increasing shear rate,
facilitating extrudability and cell survival during printing!®. This property can be evaluated with a
flow sweep test performed in a rotational rheometer. Visco-elasticity can be defined as a
simultaneous existence of elastic and viscous properties described by two rheological functions -
storage modulus G’ (a measure of the elastic property of material’s response to a small oscillatory
strain) and loss modulus G"(a measure of the viscous property of material’s response to a small
oscillatory strain) While viscous behavior facilitates extrusion and material flow, the dominance
of elastic properties supports shape persistence after printing. The parameters G’ and G” can be
derived using oscillation tests like frequency sweep, amplitude sweep, and temperature ramp 2°. A
frequency sweep is performed to study the frequency-dependent behavior of the material in a non-
destructive range of deformation (linear visco-elasticity). For visco-elastic liquids, the test
provides information about the material's structural relaxation time (inverse frequency and the
moduli crossover point (CF)?!. The shear strain amplitude sweep test is performed at a fixed
frequency, typically 100 rad/s, up to a nonlinear visco-elastic regime, where the shear stress does

not depend linearly anymore on the shear strain2, This test aids in identifying the maximum shear

Page 4 of 47


https://www.sciencedirect.com/science/article/pii/S2405886621000026
https://books.google.pl/books?hl=en&lr=&id=9dqQY3Ujsx4C&oi=fnd&pg=PA1&dq=Ferry,+J.D.,+1980.%C2%A0Viscoelastic+Properties+of+Polymers%C2%A0(Vol.+264).+Wiley.&ots=FjA-UK0OLf&sig=dJNZwA3qV4t6adkO0i95SzRQ_kU&redir_esc=y#v=onepage&q&f=false
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb00737b

Page 5 of 47 Journal of Materials Chemistry B

View Article Online
DOI: 10.1039/D5TB00737B

strain below which the linear visco-elastic regime (LVE) is ensured at a given frequency. Such a
test can also provide information on the frequency-dependent yield stress (YS), describing a
transition point from elastic to viscous behavior?3. The yield stress values can be directly correlated
to the concentration of polymers and extrusion pressure; the inks with high polymer content exhibit
high yield stress, reflected in the elevated extrusion pressure. Thixotropy is the ability of the
material to decrease viscosity at a constant shear rate. The thixotropy test mimics the actual
printing conditions (before, during, and after printing) and reveals the ink's post-shear thinning
structural recovery or self-healing nature®*>. In this test, the ink is reversibly subjected to low and
high oscillatory shear deformation, and the moduli (G" and G") are recorded. The response of ink
to various stimuli (e.g., temperature changes and cross-linking conditions such as UV or cross-
linker addition) can also provide information about the optimal printing and cross-linking
conditions?®. The information derived from the temperature ramp test can give an insight into the
G’ and G" values of inks and shear exerted on the cell embedded in the gel during printing?’. The
final stiffness of the bioprinted construct can be studied using an oscillatory time sweep test
wherein G’ and G” values are measured post-curing?®. That data is crucial in identifying the
structural and mechanical resemblance of the 3D-printed scaffold to the physiological

counterparts. Numerous attempts have been made to link rheology and printability?°-3°. However,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

a well-defined experimental protocol to correlate shear rheology and 3D-printing printing for ink

design is missing.
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The scaffold post-printing stability or degradability in the appropriate culture
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media is defined as the ability of the printed structure to maintain its integrity, shape, and
functionality over time3!. This stability is crucial to ensure that the scaffold supports biological
processes such as cell growth, tissue development, or drug delivery, and it does not degrade
prematurely or lose its structural properties’>33 This property primarily depends on the
components' interaction, cross-linker types, and their density?4. For instance, alginate (Alg), widely
cross-linked using CaCl,, forms a physical temporary (ionic interactions) network that, in cell
media conditions, slowly releases calcium and, consequently, alginate chains. In contrast, photo
cross-linking using methacrylate (MA) systems like gelatin methacrylate (GeIMA) or hyaluronic
acid methacrylate forms a covalent bond in the presence of photoinitiators, providing long-term
stability to the system in physiological media. Further, the type and cross-linking degree define

the swelling property of the material. Properly tuned stability will ensure initial support for cell
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attachment, favoring cell survival and controlled degradation, allowing eventual replacement of

the scaffold with the cell-produced extracellular matrix3.

In addition to ensuring the scaffold's printability and post-printability stability,
biocompatibility plays a crucial role by promoting proper cell attachment, maintaining high cell
viability, and supporting tissue-specific differentiation, making it essential for regenerating diverse
tissues3®. The chemical and biological composition of a bioink and the printed scaffold’s topology,
stiffness, and stability are determinant factors for cell survivability and tissue regeneration’’. The
availability of cell attachment domains can help with initial adherence. For instance, gelatin has
been identified as a promising bioink component endorsing cell growth due to the presence of cell
attachment peptide motifs like RGD (arginine—glycine—aspartic acid)’®. Additionally, the cross-
linking approaches used to tune the printability and stability of the scaffolds and the degradation
of the scaffold products need to be non-toxic for the growth and proliferation of encapsulated
cells’®. This shows that printability, stability, and biocompatibility are not independent and must
be adjusted carefully to counterbalance each other.

Recent advancements in hydrogel-based bioinks have focused on optimizing key material
properties such as printability, structural stability, and biocompatibility—especially in systems
based on alginate, gelatin, GelMA, and emerging materials like SilkMA (a methacrylated silk
fibroin derivative). These materials exhibit broad tunability: GeIMA hydrogels can achieve storage
moduli (G') ranging from ~3 kPa up to >100 kPa depending on polymer concentration and UV
exposure conditions, while alginate hydrogels range from 1-50 kPa depending on calcium content.
The optimal printability for cell-laden alginate, assuring high cell viability, is typically associated
with G’ values below ~10 kPa***. Study have linked lower GelMA concentrations—and
consequently lower stiffness—to enhanced cell viability, particularly in neuronal and myogenic
applications®>. However, precise G’ thresholds ensuring safe printing conditions are not
consistently defined in the literature, emphasizing the need for standardized rheological
benchmarks in bioink design. SilkMA based bioprinting can reach up to ~640—770 Pa or more,
ensuring biocompatibility 4°. Balancing shear modulus is critical, as overly stiff inks increase
extrusion forces, potentially compromising cell viability. Many existing studies focus on either
mechanical optimization or biological compatibility separately?6. What is often missing is an
integrated framework that quantifies rheological behavior, print fidelity, stability in culture, and

cytocompatibility in a unified workflow. Therefore, this work provides general guidance and tips
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on bioink design by balancing three factors: printability (assessed by rheology and printability
quality indices), post-printability stability (assessed from weights of the printed construct placed

in media), and biocompatibility (assessed by live-dead and Alamar blue assay.

The bioink based on gelatin and alginate was chosen for the study due to its broad applicability in
3D bioprinting*’. Specifically, the ink comprising Alg, CMC, and GelMA was prepared in
phosphate-buffered saline (PBS). Alg and CMC (an anionic cellulose-derived emulsifier) were
chosen primarily to tune the formulation's printability. Previous studies have shown that Alg/CMC
inks possess an electrostatic interaction, forming a full-interpenetrating polymeric network
resulting in improved mechanical properties, swelling capacity, and biodegradability*34°. Alg and
GelMA were intended to enhance the stability of the 3D construct via ionic cross-linking (by Alg-
Ca interactions) and photo cross-linking (using UV curing of gelatin methacrylate groups in the
presence of photo-initiator), respectively>®. The addition of GeIMA was also meant to improve
biocompatibility. The inks with good printability, stability, and biocompatibility were identified.
A correlation between rheological properties and printed structure was established, the apparent
shear rate was estimated using a mathematical model, and apparent shear viscosity and shear stress
were quantified. Post-printing-cross-linked scaffolds were subjected to stability and cell culture

tests. Overall, this study provides an easy-to-apply, systematic, and reproducible toolset for

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

developing well-printable bioinks without compromising stability or biocompatibility.
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2.1. Chemicals

Alginic acid sodium salt from brown algae (high viscosity), sodium carboxymethyl-cellulose
(medium viscosity), gelatin from porcine skin (gel strength 300, Type A), methacrylate anhydride,
Lithtum phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), fluorescent diacetate (FDA),
snakeskin dialysis tubing (10k MWCO), Dulbecco's Modified Eagle’s Medium (DMEM)-high
glucose media, trypsin-ethylenediamine tetraacetic acid solution and Pencillin-streptomycin (Pen-
Strep) were purchased from Sigma Aldrich. Other reagents were purchased from the respective
companies: Fetal bovine serum (Eurax), heat-stable recombinant human Beta fibroblast growth

factor (B-FGF) (Gibco), propidium iodide (PI) (Acros organics), CaCl, anhydrous (Chemat),
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Alamar blue (Bio-rad) and 1X PBS (VWR). All the samples were used as purchased, with no
further purification or treatment.

2.2. Ink preparations

Alg-CMC inks at different concentrations (w/v) were used for the study (first and second bolded
columns in Table 1.). 25% Alg stocks (w/v) were prepared in PBS by overnight stirring at 200
rpm. PBS was chosen as a solvent to maintain the pH of the ink in physiological conditions. The
CMC groups were prepared by uniformly mixing powdered CMC (different concentrations) with
4% and 6% Alg solution (from 25%Alg) to obtain 4%Alg-CMC and 6%Alg-CMC, respectively
(first column in Table 1; the component highlighted in bold implies that its concentrations were
varied in the respective mixtures). Similarly, Alg groups were obtained by mixing powdered (4%
and 6%) CMC with different concentrations of Alg (from 25%Alg) to obtain 4%CMC-Alg and
6%CMC-Alg, respectively (second column in Table 1.). For both CMC and Alg groups, the
components were mixed thoroughly using a sterile spatula, followed by overnight shaking of the
samples at 37 °C to allow the homogenous mixing of the elements. All formulations were prepared
in triplicate batches under controlled temperature (37 °C) and identical mixing protocols to ensure
reproducibility. The Alg and CMC concentrations below 4% were not chosen for the study as in
the preliminary studies the viscosity curve of pure 2% Alg and 2% CMC depicted a low shear
viscosity value in the range of 1 Pa.s. which is likely to give collapsing strands post-printing (Fig

37.)!

Table 1. Composition of different studied material mixtures™.

CMC group
4%Alg-CMC 6%Alg-CMC

4%Alg-6%CMC  6%Alg-6%CMC
4%Alg-8%CMC  6%Alg-8%CMC
4%Alg-10%CMC  6%Alg-10%CMC

Alg group
4%CMC-Alg 6%CMC-Alg
4%CMC-6%Alg
4%CMC-8%Alg
4%CMC-10%Alg

GelMA group
4%Alg-10%CMC-GelMA

4%Alg-10%CMC
4%Alg-10%CMC-8%GelMA
4%Alg-10%CMC-12%GelMA

6%CMC-8%Alg
6%CMC-10%Alg

Page 8 of 47
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| 4%Alg-15%CMC | 6%Alg-15%CMC | 4%CMC-15%Alg | 6%CMC-15%Alg | 4%Alg-10%CMC-16%GeIMA |

*The table summarizes different mass concentrations (w/v) of Alg, CMC, and GelMA-containing inks studied. The

components highlighted in bold imply that the concentration of this particular component was varied in respective
combinations, and the exact representation is used throughout the manuscript. For instance, 4%Alg-CMC indicates

4%Alg-different concentrations of CMC.

4%Alg-10%CMC-GelMA inks (third bold column in Table 1.) were prepared as follows. 8%Alg
and 40%GelMA stocks (w/v) were prepared separately in PBS by stirring the solutions at 100 rpm
overnight at 37 °C. Next, 4%Alg (from 8%Alg) was mixed with GeIMA (from 40% GelMA) at 37
OC using a sterile spatula to obtain 4%Alg-GelMA. Finally, the powdered 10% CMC was
combined with a 4%Alg-GelMA solution to obtain 4%Alg-10%CMC-GelMA. The mixture was
kept overnight in a shaker at 37 °C. On a subsequent day before printing, the 0.25% LAP
photoinitiator was added (from 5% LAP stock prepared in PBS) and mixed homogeneously using
a sterile spatula while maintaining ink in a water bath at 37 °C. Before loading in the printing
cartridge, the inks were centrifuged at 1000 rpm for 15 mins at 37 °C to eliminate air bubbles. The
importance of maintaining the component mixing sequence and temperature control during bioink
preparation was validated through a series of experiments (as shown in Figures S15 and S16). All

bioink formulations were prepared in triplicate under controlled temperature (37 °C) and identical

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

mixing protocols to ensure reproducibility.

Open Access Article. Published on 09 2025. Downloaded on 15/09/25 12:03:32.

2.3 Printing of different inks

(cc)

The quality of different inks was studied by printing two-layered square scaffolds of 10x10 mm
dimension with 1.5 mm 2 layer distance and 7.5 mm/s printing speed. The scaffolds were printed
using a GeSiM 3D bioscaffolder. The minimum pressure needed to extrude inks was used, which
significantly depends on the polymer concentration and is reported later in the text for each sample.
Four-layered square constructs were printed at the optimized extrusion pressure, defined as the
minimum required for stable filament formation. As this parameter remained constant across
replicates, it is reported as a single representative value per formulation. 30% relative humidity
was recorded in the hood during printing. Alg-CMC combinations (detailed in Table S1.) were
printed using a plastic conical nozzle of 250 um orifice diameter. 4%Alg-10%CMC-GelMA
scaffolds were printed using a metallic nozzle of 200 um orifice diameter to maintain the

temperature of 37 °C. Plastic nozzles could be employed in the case of Alg-CMC combinations


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb00737b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 09 2025. Downloaded on 15/09/25 12:03:32.

(cc)

Journal of Materials Chemistry B

Page 10 of 47

View Article Online
DOI: 10.1039/D5TB00737B

due to the component’s non-thermoresponsive properties. 4%Alg-10%CMC-GelMA was
maintained in a water bath at 37 °C, and before printing, it was pre-heated to 37 °C in the printing
cartridges for 10 mins. The temperature of the printing cartridge was set at 37 °C. These
precautions were taken to ensure good extrudability and ease cell survival when cells were mixed

with 4%Alg-10%CMC-GelMA for printing.

Following printing, 3D scaffolds generated using 4%Alg-CMC and 4%CMC-Alg were
cross-linked with 0.1M CaCl, for 4 mins. Scaffolds printed with 4%Alg-10%CMC-GelMA were
dually cross-linked—firstly using a UV pen (of GeSiM 3D bioscaffolder) at 25 mW/cm?2 for 60 s
(at the height of 25 mm from the printing stage), secondly by 0.1M CaCl, treatment for 4 mins.

The images of printed scaffolds were immediately captured using a stereomicroscope (SZ-
PT Olympus) to study printability quality indices. Printability assessments were performed in
duplicates from triplicate batches under fixed printing parameters, and printability metrics were
recorded for each batch until a continuous, smooth-stranded square mesh was consistently
achieved. The printability quality indices — FD, defined by the printed scaffold’s fiber diameter,
were measured using ImagelJ software from the images and were compared to the nozzle size. The
diameter of the six vertical strands from the center of the scaffolds was measured in triplicates,
and its closeness to nozzle size was studied. To define well-printable ink, the calculated FD needs
to be in the range of the used nozzle size (250 um and 200 pm, respectively).

In other printability quality indices, ink printability value (Pr) was calculated based on

Equation 1.2

Pr=m/4%1/C Equation 1.

Where C is the printed grids' circularity (measured using Image J software).

Using Imagel, the inner circumference of the 25 square pores in the center was measured,
substituting printed grids' circularity (C) to Equation 1. The Pr value describes the correlation
between ink printability and shape retention ability. An ink with good printability is anticipated to
depict smooth, continuous extrudable fiber and retain the square pores (defined by G-code) post-
printing (Pr = 1). Inks with poor printability, give collapsing strands with circular pores (Pr < 1).

As the total polymer content in an ink increases, wavy, irregular strands are observed (Pr> 1) (see

10
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also Fig S3. G). Studies have also proved that it is best to set the acceptable Pr value between 0.9
and 1.1 rather than one particular value, as precisely calculating this parameter is challenging. Pr
values can vary depending on the region (center or sides) of the printed scaffold from where the

value is estimated>?.

The best printability was characterized by a Pr value in the range 0.9-1.1 and FD = 250 um and
200 pum for different Alg-CMC combinations and 4% Alg-10 % CMC-GelMA inks, respectively.

2.4 Rheological tests
2.4.1. Measurements for inks containing Alg and CMC only

Samples were loaded in the rheometer (TA Discovery Hybrid 2), and a thermal equilibration at 37
C was maintained. Reproducibility was further assessed using statistical analysis Consequently,
flow sweep, shear strain amplitude sweep, and frequency sweep tests of 4%Alg-CMC and
4%CMC-Alg were performed in triplicates, using a solvent trap, to minimize water evaporation.
Flow sweep tests were performed using a cone and plate geometry with a 20 mm diameter and 1°

cone angle. The measuring gap was 200 um, and the shear rate varied from 0.1 to 1000 s!.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Oscillation tests were performed using a 20 mm parallel plate at a gap of 200 um. In a shear strain

Open Access Article. Published on 09 2025. Downloaded on 15/09/25 12:03:32.

amplitude sweep, the angular frequency was set to 0.1 rad/s, varying the oscillation strain from 0.1

to 1000 (%), while in the frequency sweep experiments, the strain was set to 1% (within the visco-

(cc)

elastic regime), and the angular frequency was varied from 0.1 to 500 rad/s. The shear strain
amplitude sweep test determined the yield stress value at 0.1 rad/s. The yield stress value was
derived as the oscillation stress value corresponding to G’ and G” cross-over points in the
amplitude sweep tests (Fig S3 H.)33. Rigorously, the yield stress is calculated at zero deformation
54, In this study, it was estimated at the lowest frequency possible, 0.1 rad/s. Next, frequency sweep
tests were performed, which helped assess the crossover frequency (CF) value, whenever
detectable in the probed frequency range. The structural relaxation time defines the material's
ability to relax stresses fully. Ideally, optimal inks that maintain a non-collapsing structure post-
printing are expected to show a visco-elastic solid behavior (G’>> G") with cross-over at low
frequencies (< 0.01 rad/s) or no CF at all 236, In contrast, inks with crossover at higher

frequencies tend to flow, which may lead to collapsing of printed structures.
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2.4.2. Measurements for optimized inks: 4%Alg-10%CMC and 4%Alg-10%CMC-GelMA

4%Alg-10%CMC and 4%Alg-10%CMC-GelMA were subjected to flow sweep (shear rate varied
between 0.001 to 1000 s-), shear strain amplitude sweep, frequency sweep, and thixotropic tests
at 37 °C as described in 2.4.1. The shearing time at each shear rate was set to 800 s (based on the
start-up of shear rate experiments) to ensure a steady-state viscosity value at each shear rate in a
flow sweep (as shown in Fig S8 A). The amplitude sweep test was performed at both 100 rad/s
and 0.1 rad/s varying the strain from 0.1 to 1000%. Amplitude sweep was first performed at 100
rad/s to identify the LVE so that LVE of all other (lower) frequencies falls in this spectrum (Fig
S9. A). Further YS was determined using the amplitude sweep was performed at 0.1 rad/s to

resemble the yield stress closest at zero shear rate (Fig S9. B).

The thixotropic test was performed in oscillation mode, subjecting the inks to 1% and 1000%
alternative oscillation strains at an angular frequency of 0.1 rad/s. Temperature ramp was
conducted at a rate of 0.1°C/min at an oscillation strain and angular frequency of 1% and 0.1 rad/s,
respectively. The G’ and G” of non-cross-linked samples and cross-linked hydrogel (UV, with
CaCl,, and both) were measured using a time sweep test at 0.1 rad/s angular frequency and 1%
strain. The storage modulus was used as a quantity to measure stiffness. A high value of G’ means
that the polymer behaves more stiffly under dynamic loading. For UV curing tests, 0.25% LAP
photoinitiator was added to 4%Alg-10%CMC-GelMA, followed by 3-step sample testing using a
UV accessory of the rheometer. (1) In the UV curing test, the G' and G" of non-cured samples
were tracked for 90 s, followed by curing at 25 mW/cm? for 280 s. UV curing power optimization
was performed in a wide range of power (5, 25, 50, and 75 mW/cm?); the measurements details
are mentioned in supporting information (Fig S1). (2) The storage modulus of CaCl, cross-linked
inks was studied using an immersion cap. An immersion cap is an accessory used to maintain the
solvent around the sample and obtain the measurements while cross-linking. The time sweep of
untreated inks was first measured for 180 s, followed by 0.1M CaCl, addition to the immersion
cup, around hydrogel, and measurements for 400 s. (3) To measure the final modulus of dual cross-
linked (UV cured and CaCl, cross-linked) inks. First, the modulus of non-crosslinked inks was
measured, followed by UV curing of inks at 25 mW/cm2 for 60 s, subsequent 0.1M CaCl2
treatment for 4 mins, and time sweep measurements of inks for 600 s. A temperature ramp (at a

rate of 0.1°C/min) of dually-cured inks was performed to study the thermal responsiveness of the
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double-crosslinked inks, at an oscillation strain and angular frequency of 1% and 0.1 rad/s,

respectively (Fig S2).

Further, the estimation of shear thinning degree and the apparent shear rate, shear viscosity and
shear stress values of 4%Alg-10%CMC-GelMA during printing was performed as described in
section 2.5. Rheological tests were conducted in duplicate from triplicate batches, and results were

reported as mean = standard deviation.
2.5 Mathematical modeling

A mathematical model was used to calculate the apparent shear rate during printing and correlate
the estimated apparent shear stress to yield stress deduced from the amplitude sweep test
(described in 2.3). First, the experimental flow curve was fit to a power-law function (Equation
2.), where the shear thinning coefficient (a and b) and power-law index n (n=1-b) were determined.
19 In the current study, curve fitting of the plot was done using Origin software. Secondly, the
power-law index n was used to calculate the apparent shear rate. To this end, Equation 3, a model
widely used to evaluate the resolution of well-printable ink, was employed3®7 . The diameter of

the 3D-printed filaments was derived from Table 4., while diameter of the printing nozzle and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

printing speed were set to 4x104 m and 7.5x10 m/s, respectively. The selected model is the best

fit for the study as it allows the determination of apparent shear using power law indices and

Open Access Article. Published on 09 2025. Downloaded on 15/09/25 12:03:32.

printing parameters.

(cc)

Power law equation: 7 = a (y)® Equation 2.

Where,

7 - is the apparent viscosity (Pa-s)

y - is the shear rate (s™!)

a and b — are shear thinning coefficients

. 2
Y = (3211) . (%)v Equation 3.

Where,

Y — is the apparent shear rate (s!)

n — is the power law index

d — is the diameter of printing nozzle (m)

D — is the diameter of printed strands (m) (mentioned in Table 4.)
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v — is the printing speed (m/s)

The apparent shear viscosity was then calculated using Equation 2. by substituting the apparent
shear rate and coefficients. Shear stress, defined as viscosity times the shear rate, was therefore
estimated by multiplying apparent viscosity with apparent shear rate. The apparent shear stress
values derived were thereafter compared with the yield stress. Apparent shear rate is typically well
above the determined yield stress, meaning the shear stress experienced by ink during printing is
higher than the initial force required to initiate flow in the system. The model thereby serves as an

effective tool in identifying the link between the yield stress and the apparent shear stress.

2.6 Shape fidelity determination in complex 3D constructs

To evaluate the shape fidelity, resolution, and structural stability of the optimized ink (4% Alg—
10% CMC-16% GelMA), a series of constructs was printed and imaged macroscopically.
Constructs were printed with varying geometries, infill distances, and layer heights. The printing
resolution was evaluated by designing grid structures with different infill spacings (0.25 mm, 0.5
mm, 1 mm, and 1.5 mm). Geometric fidelity was assessed by printing various shapes, including
triangles, hexagons, and polygons. To test the self-supporting capability and structural integrity,
multi-layered grid constructs (4-layer and 10-layer) were imaged before cross-linking. 20-layered
constructs were further imaged after UV cross-linking. Structural stability of 10-layered constructs
under biological conditions was assessed by incubating the constructs in DMEM supplemented

with 10% FBS and 1% Pen-Strep for up to 7 days.
2.7 Study on scaffold’s post-printing stability:

The 3D scaffolds were printed in triplicates on 18mm x 18mm square coverslip using 4%Alg-
10%CMC and 4%Alg-10%CMC-GelMA inks. A dual-cross-linking approach was used (as
described in 2.4) after placing the scaffolds in a sterile 3 mm Petri dish. Next, the scaffolds were
washed thrice with sterile PBS to remove the CaCl, remnant left after CaCl, cross-linking and 3
ml of DMEM media supplemented with 10% FBS and 1% Pen-Strep was added, to mimic the cell
culturing conditions. The scaffolds were incubated at 37 °C for 21 days. The media was changed
every second day, and the weights of the samples were taken on the day of printing (DO0) after
removing the media with the pipette. Same procedure was followed for subsequent days (D1, DS,

D7, D14, and D21), and the residual weight (%) was calculated using Equation 4:
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Residual weight (%) = (Wf/Wi) = 100 Equation 4.

g?e-r ?s the final weight (mg) of inks post-incubation in media and

Wi - is the initial weight (mg) of the scaffolds before incubation in media.

To qualitatively assess the structural integrity of the scaffolds under culture conditions,
macroscopic images of 4-layered 3D bioprinted constructs composed of 4%Alg—10%CMC—
16%GelMA with primary human fibroblasts were captured. Bioink preparation, cell density, and
culturing of 3D bioprinted scaffolds in DMEM supplemented with FBS and penicillin-
streptomycin (Pen-Strep) were performed as detailed in Section 2.7. Images were captured on Days

1, 5, and 7 to monitor shape retention and overall stability over time.

2.8 Cell study:

Primary fibroblast human cells were cultured in DMEM media supplemented with 10% FBS, 1%
Pen-Strep, and Ing/ml B-FGF in an incubator at 5% CO, and 37 °C. After reaching 80%
confluency, the cells were passaged using 0.25% trypsin. Cells in 3-5 passages were used. 4%Alg-
10%CMC-GelMA inks were prepared under sterile conditions (as described in 2.2) and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

maintained in a water bath at 37 °C. The sequence of component mixing, along with maintaining

Open Access Article. Published on 09 2025. Downloaded on 15/09/25 12:03:32.

temperature control at 37 °C during bioink preparation, is of paramount importance. After 0.25%

LAP photo-initiator was added, 1 million cells/ml suspended in supplemented DMEM were

(cc)

incorporated, and the bioink was gently mixed for approximately 30 seconds at 37 °C with a sterile
spatula, as demonstrated by the experimental results presented in Fig. S15 and S16. Cell-laden
scaffolds were printed on sterile triplicates 18mm x 18mm square coverslips using a GeSiM 3D
bio-scaffolder. 4 layered square designs were printed with optimised extrusion pressure (as
mentioned in Table 4.). 3D constructs were dually cured (as described in 2.4). All the scaffolds
were placed in 3 mm Petri dishes, washed thrice in sterile PBS, and cells in the scaffolds were
cultured in a DMEM medium supplemented with 10%FBS and 1% Pen-Strep for 7 days. Live-
dead assay was performed at days 1, 5 and 7 using fluorescent diacetate (FDA) for live cell and
propidium iodide (PI) for dead cell staining. FDA stock (5 mg/ml) prepared in acetone and PI stock
(2 mg/ml) prepared in PBS were diluted in PBS to the final concentrations of 5 pg/ml and 5 pg/ml,
respectively. The 3D bioprinted scaffolds were washed with PBS, followed by the addition of
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staining solution and incubation for 20 mins at 37 °C. Next, the scaffolds were washed thrice with
PBS with a 5-minute incubation time. Confocal imaging (Olympus Fluoview FV3000) was
performed on the scaffolds at 10X magnification. The cell metabolic activity in the printed
scaffolds (n=3) at days 1, 5 and 7 was studied using Alamar blue assay according to the protocol
provided by the manufacturer. Briefly, 10% bio blue solution (1.5 ml) prepared in fresh media was
added to each scaffold cultured in a 3mm petri dish and incubated at 37 °C for 4 hours. 200ul of
reagent from each sample were transferred to black-colored 96 well plates, and fluorescence at
excitation and emission wavelengths of 560 and 590 nm were studied using a spectrofluorometer
(Varioskan Lux, Thermo Fischer Scientific). The same scaffolds were washed twice with PBS and
cultured for subsequent days upon the addition of supplemented DMEM. The cell metabolic

activity was calculated using Equation 5.

(F1 test agent—F1 untreated control)
(F1100% Reduced Alamar blue—F1 untreated control)

Alamar blue reduction (%) = x 100 Equation 5.

where,

F1 test agent - fluorescent values at 590 nm of scaffolds with cells

F1 untreated control - fluorescent values at 590 nm of scaffolds without cells

F1 100% Reduced Alamar blue - fluorescent values at 590 nm of autoclaved 10% Alamar blue
prepared in media

The higher the value of Alamar blue reduction, the higher cell metabolic activity is anticipated.

Sterilization protocols were carefully implemented to ensure aseptic conditions during bioink
preparation and cell encapsulation. 8% alginate stock solution was prepared in sterile PBS and
sterilized by autoclaving at 121 °C for 20 minutes. Lyophilized GelMA and powdered CMC were
sterilized by UV exposure under a laminar flow hood for 20 minutes, and a 40% GelMA stock
solution was subsequently prepared in sterile PBS. The 5% photoinitiator (LAP) stock solution
was also prepared in sterile PBS using beads that had been sterilized in 70% ethanol prior to use.
All printing accessories—including metallic cartridges, nozzles, pressure regulators, and
spatulas—were immersed in 70% ethanol overnight before use. Additionally, consumables such
as eppendorf tubes, pipette tips, and water bath containers were autoclaved and UV-sterilized

before use. All bioink preparation steps were conducted under aseptic conditions within a laminar
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airflow hood. No visible signs of microbial contamination (e.g., turbidity or fungal growth) were
observed in the cell-laden scaffolds cultured for up to 7 days, confirming the effectiveness of the
sterilization procedures.

2.9 Statistical Analysis:

All results were reported as mean values + standard deviation from duplicate measurements across
triplicate batch, and statistical differences were calculated using a two-way analysis of variance
(ANOVA) and a Tukey multi-comparison post hoc test, performed using GraphPad Prism

software. Differences with a p-value < 0.001 and *p-value < 0.05 were considered significant.
3. Results and Discussion:

3.1 Printing and Rheology of 4%Alg mixed with different CMC concentrations (4%Alg-CMC):

CMC concentrations -

e AR

e e —— |
EE——

4%Alg-15%CMC
4%Alg-10%CMC
4%Alg-8%CMC
4%Alg-6%CMC

1025

Storage modulus G'(Pa)
Loss modulus G" (Pa)

T T — 100 101 T — T — T
102 10° 102 102 10 10° 10' 102
Shear rate (s™) Frequency (Hz)

Fig 1. Correlation between printing and rheology of 4%Alg-CMC. (A-C) represents
stereomicroscopic images of 3D-printed scaffolds. (E), (F) and (G) depict the inks' flow

sweep, the yield stress obtained from shear strain amplitude sweep and frequency sweep,

respectively.
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Table 2. summarizes the extrusion pressure, printability quality indices (FD and Pr values), and
rheological parameters (YS, G’ and CF). ***represents a significant difference with a p-value

<0.001.

Pressure

Inks (kPa) YS (Pa) CF (Hz) G’ (Pa) FD (um) Pr value
4% Alg-6%CMC 85 54+15 NA 14242 270+30 0.83+0.06
4% Alg-8%CMC 135 154410 NA 42043 260+30 0.85+0.02
4%Alg-10%CMC 190 308+10 NA 48742 250+20 0.95+0.08
4%Alg-15%CMC 475 1082115 NA 2648+4 240+20 0.96+0.02

Inks with 4% Alg and different concentrations of CMC were printed, and printability quality
indices, FD and Pr, were calculated to assess material printability. FD value was measured by
correlating the diameter of printed strands with the nozzle orifice diameter of 250 um. Adding 6%
or 8% of CMC to 4%Alg was insufficient for a well-printable scaffold with inhomogeneous thick
strands. In such conditions, Pr =~ 0.8 and FD =~ 270-260 pm upon printing with extrusion pressure
of 85-135 kPa (Fig 1. A and B). As CMC concentration increased to 10%, the inks extruded at 190
kPa pressure exhibited Pr = 0.95+0.08 and FD = 250+20 pum, maintaining perfect square grids
post-printing (Fig 1 C). As the CMC content increased to 15%, Pr = 0.96+0.02 and FD=240+20
um were obtained at 475 kPa extrusion pressure (Fig 1. D). Further increase of CMC to 20% with
YS of 1473420 Pa required an extrusion pressure of 598 kPa, and the printed scaffolds presented
non-smooth discontinuous strands with FD = 200+25 pum. Due to the broken or non-uniform
strands, the estimation of Pr value was not possible (Fig S3. G). The analysis revealed that
increased CMC concentrations improved 4% Alg-CMC ink printability. The inks above a
threshold concentration of CMC (10%) were well-printable up to ca. 15% CMC addition.

Rheological tests were performed to correlate the obtained printing results with material
composition. The flow sweep tests revealed that 4% Alg inks with all tested concentrations of
added CMC were characterized by decreasing viscosity with increasing shear rate, proving the
shear-thinning nature of the inks (Fig 1. E). The shear strain amplitude sweep test was performed,
which showed G"> G’ irrespective of the applied strain for low-concentration gels (i.e., 4%Alg-
4%CMC, see Fig S3. H). However, as the CMC polymer concentration increased (i.e., 4%Alg-
6%CMC, see Fig S3. H), the gel depicted a G"™G" at a lower strain, gradually showing a crossing-

over of G’ over G” as the strain increased. YS derived from the test showed that the value
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significantly increased from 54+15 Pa to 1473420 Pa as the CMC content increased from 6% CMC
to 20%CMC (Fig S3. I). The frequency sweep showed solid-like behavior (G'>G") at high
frequencies for the 4%Alg-4%CMC ink (low CMC content) and a crossover frequency at 2.52
Hz, corresponding to a 0.39 s terminal relaxation time. This correlates with the observation that
4%Alg-4%CMC ink relaxed and collapsed relatively fast after printing and could not maintain its
shape ( see Fig S3.J). All inks above 4%Alg-6%CMC showed a dominance of elastic behavior
(G™ G") across the whole frequency range probed in the experiments (Fig S3. J). Also, the G’
value showed an increase from 142Pa to 2648 Pa as CMC concentration increased (Table 2.).
Thus, when the concentration of the CMC polymer increased, the YS and G’ values increased, and

no CF was observed.

To conclusively deduce the most suitable ink, the derived rheological parameters (YS, G', and CF)
of inks and extrusion pressure were associated with the printability quality indices (FD and Pr
value) (see Table 2.). As CMC content increased, i.e., 4%Alg-10%CMC ink depicted an optimal
printability quality indices value with Pr = 0.95+0.08 and FD = 250+10 um (Fig 1. C and Table
2.), at relatively lower printing pressure (190Pa), making it the suitable candidate for further
studies. Low printing pressure is a desirable property for developing bioinks to decrease the

probability of cell death due to the high pressure. This model system suggested that the desired

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

rheological properties for printing are: (1)YS above 300 Pa, (2) no CF, (3) G'>G" and in the range
of 400-500Pa using 4%Alg in combination with less than 20%CMC.

Open Access Article. Published on 09 2025. Downloaded on 15/09/25 12:03:32.
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The rheology and printing test of 6%Alg-CMC was also performed to check if increasing the CMC
content improves printing. The same trends were observed in rheological properties and printing
as for 6%Alg-CMC (Fig S4). 6%Alg-8%CMC with YS = 1901420 Pa, G' = 450+2 Pa and no CF
was extruded at a pressure of 200 kPa, giving prints with FD = 262+15 pum and Pr = 0.9+0.004,
showing good printability. A higher YS required to obtain a well-printed strands from 6%Alg-
CMC with properties comparable to 4%Alg-10%CMC, therefore printing of this material with
cells could be challenging.
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3.2 Printing and Rheology of 4%CMC mixed with different Alg concentrations (4%CMC-Alg):

Alg concentrations
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4%CMC-10%Alg
4%CMC-8%Alg

Viscosity (Pa.s)
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Yield stress (Pa)
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Fig 2. Correlation between printing and rheology of 4%CMC-Alg. (A-C) represent

stereomicroscopic images of 3D-printed scaffolds. (E), (F) and (G) depict the inks' flow sweep,

the yield stress deduced from amplitude sweep and frequency sweep, respectively.

Table 3. summarizes the extrusion pressure, printability quality indices (FD and Pr value), and

rheological parameters (YS, G' and CF). . A significant difference in p values of yield stress was

observed in (F), represented as ***p value<0.001.

Pressure

Inks (kPa) YS (Pa) CF (Hz) G’ (Pa) FD (um) Pr value
4%CMC-6%Alg 70 NA 1.6 3243 310+20 0.82+0.06
4%CMC-8%Alg 145 125+10 NA 13242 300+40 0.83+0.02
4%CMC-10%Alg 160 388+10 NA 37143 280+10 0.95+0.08
4%CMC-15%Alg 370 1774+15 NA 199445 265+20 0.96+0.02

Pure (2% to 12%) Alg, pure (2% to 12%) CMC (Fig S7. A-D), and 4%Alg-CMC all show a shear

thinning and visco-elastic property; therefore, how those components contribute to printability of

the system had to be answered. For this reason, we also decided to investigate 4%CMC-Alg inks,

with fixed CMC concentrations with Alg concentrations ranging from 6% to 15% Alg (Fig 2. A-
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D). It was observed that 4%CMC with (6% and 8%) Alg and 4%CMC with (10% and 15%) Alg
depicted Pr in the range of 0.8 and 0.95, respectively (Table 3.). As Alg concentration increased
from 6% to 15%, FD values were close to a nozzle diameter of 250 um, but a higher extrusion
pressure varying from 70 to 370 kPa was required (Table 3.). It can be concluded that Alg at lower
concentrations ( of 6% and 8%) did not improve printability (Fig 2. A-B); however, increasing
Alg concentrations above 10% had a significantly impact (Fig 2. C-D). Further, 4%CMC-20%Alg
depicted optimal printability quality indices with FD=255+20 um and Pr = 1+0.02 (Fig S5. G);
however, a required printing pressure was very high (i.e. 590kPa). 4%CMC-10%Alg (with total
polymer content resembling 4%Alg-10%CMC) was extrudable at a pressure of 160 kPa and gave
prints with Pr = 0.95+0.05 and FD = 280+20 um. The FD value is higher than the nozzle size of
250 pwm. This is due to the weak physical interaction between the polymeric chains of Alg and
increased collapsing of the material when compared to 4%Alg-10%CMC ink*>>® . Thus, to obtain
a well-printable formulation from the 4%CMC-Alg group, relatively high polymer content was
required, and bioprinting of the ink with high extrusion pressure would be required, which makes

the system less favorable for bioink (i.e for printing with enclosed cells).

The rheological testing proved the shear thinning property of 4%CMC-Alg inks (Fig 2. E). The
amplitude sweep test showed that 4% CMC with 4% and 6%Alg demonstrated G"> G’ irrespective

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

of the strain, with no yield stress values (Fig S5. H). Increasing Alg concentration to 8% led to G™>
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G", with a yield stress of 125+10 Pa (Fig S5. H and I ). The yield stress value significantly
increased as Alg content increased (Fig S5. I). In the frequency sweep test, 4% CMC-4%Alg and
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4%CMC-6%Alg depicted a cross-over frequency at 2.5 Hz (with relaxation time = 0.4 s) and 1.6
Hz (with relaxation time = 0.625 s) (Fig S5. K), respectively. 4%CMC with 8%,10%, and 15%Alg
revealed G’ G” in the range of frequencies, implying the ink’s visco-elastic solid behavior and no
CF (Fig 2. G). As a result, the printed strands could retain the 3D structure (Fig 2. B-D). Also, G’
value increased from 32 Pa to 1994 Pa as Alg concentration increased (Table 3.). 4%CMC-Alg
systems showed the desired rheological properties for printing are: (1)YS above 300 Pa , (2) no
CF, (3) G>G" and in the range of 400 Pa, which is corroborating the conclusions obtained for
4%Alg-CMC. 4%CMC-20%Alg was found to be the most desirable formulation from the group
based on FD = 255+20 um and Pr = 1+0.02 values, however the required high printing pressure

made it not suitable for bioprinting with cells.
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3.3 Printing and Rheology of 4%Alg-10%CMC mixed with different concentrations of GeIMA
(4%Alg-10%CMC-GelMA):
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Fig 3. Correlation between printing and rheology of 4%Alg-10%CMC-GelMA. (A-C) represent
stereomicroscopic images of 3D-printed scaffolds. (E), (F) and (G) depict the inks' flow sweep,

the yield stress deduced from amplitude sweep and frequency sweep, respectively.

Table 4. summarizes the extrusion pressure, printability quality indices (FD and Pr value), and
rheological parameters (YS, G’ and CF). A significant difference in p values of yield stress was

observed in (F), represented as *p value<0.001.

Inks leislf:)re YS(Pa)  CF(Hz) = G'(Pa)  FD(um)  Prvalue
4%Alg-10%CMC 200 308+10 NA 48742 200410 0.92+0.05
4%Alg-10%CMC-8%GelMA 185 155425 NA 62842 210415 0.95+0.02
4%Alg-10%CMC-12%GelMA 175 142430 NA 54343 215410 0.94+0.05
4%Alg-10%CMC-16%GelMA 165 132425 NA 56442 220410 0.93+0.04
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4%Alg-10%CMC, chosen based on 3.1 and 3.2 studies, was combined with 8%,12%, and 16%
GeIMA and printed using a metallic cartridge and 200 um pore diameter metallic nozzle at 37
0C. GeIMA was added due to its known biocompatible properties (i.e. presence of cell adhesive
domains). GeIMA 1is a gelatin-based photo cross-linkable polymer with thermoresponsive
properties. Due to the thermoresponsive nature, controlling the printing temperature of 4%Alg-
10%CMC-GelMA inks was paramount. To minimize the influence of GeIMA introduction on
the previously optimized ink 4%Alg-10%CMC, the printing temperature was maintained at 37
OC (at this temperature GeIMA is a low viscosity liquid)*’. Image analysis of 4%Alg-10%CMC-
GelMA printed scaffolds showed the Pr value in the range of 0.9+0.01, meaning all the inks
could maintain perfect square pores after printing (Table 4.). However, FD showed an increase
of 5 um with increasing GelMA concentrations in the inks from 8% to 12% to 16% (Table 4.).
The increment in fiber diameter was assigned to decreased viscosity and yield stress for 4%Alg-
10%CMC-16%GeIMA compared to 4%Alg-10%CMC-8%GeIMA and 4%Alg-10%CMC-
12%GelMA (Fig 3. E and F) at 37 °C. We hypothesize that this caused the strands to collapse
when coming in contact with the printing substrate. In conclusion, all the inks with the addition
of GeIMA were printable.

The flow sweep tests performed at 37 °C corroborate the shear-thinning nature of all inks
containing GelMA, with the 4%Alg-10%CMC-16%GelMA sample depicting the lowest
viscosity over other inks (Fig 3. G). The amplitude sweep test (Fig 3. F) showed that 4%Alg-
10%CMC possesses a higher yield stress (308+10 Pa) than 4%Alg-10%CMC-GelMA. Among
four inks containing GelMA, 4%Alg-10%CMC-16%GelMA showed the lowest yield stress
(i.e., 132425 Pa) compared to 4%Alg-10%CMC with 8% and 12%GeIMA having yield stress

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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of 155425 Pa and 142+30 Pa, respectively. However, the values did not show a significant
difference from each other. The G’ difference observed among 4%Alg-10%CMC-GelMA was
reflected in these inks' extrusion pressure and FD values, showing a difference of =10kPa in the
pressure and an increase in FD value (Table 3Table.). We assumed that the decrease in yield
stress and viscosity value of 4%Alg-10%CMC-GelMA samples is caused GelMA at 37 °C
interrupting the Alg-CMC network. The frequency sweep test showed no CF for all inks with
G’ > G” at 37 °C (Fig 3. G). 4%Alg-10%CMC-GelMA inks showed a higher G’ value than
4%Alg-10%CMC (Table 4.). 4%Alg-10%CMC can form an interpenetrating polymeric

network with few cross-links, giving rise to a loose network illustrating a lower G' than 4%Alg-
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10%CMC-GelMA. In 4%Alg-10%CMC-GelMA, G’ increased as GelMA content increased
(Table 4.).

Based on those results, it can be deduced that to obtain well-printable scaffolds using 4%Alg-
10%CMC-GelMA material system, the desired rheological properties are: (1)Y'S above ca 150 Pa
(2) no CF, (3) G>G" and in the range of 600 Pa. Those values are similar to the values observed
by us for two other studied systems without GeIMA. The optimized bioink not only meets the
required quantitative rheological parameters but also supports the fabrication of multilayered,
complex 3D structures with excellent shape fidelity and structural integrity—an essential criterion
for tissue engineering applications involving large-scale or hierarchically organized constructs
(Fig.5). The following section further studies to determine the apparent shear values experienced

by the inks during printing.
3.4 Mathematical modeling of 4%Alg-10%CMC-GelMA:

We used the mathematical model reported in Equation 3 to determine the apparent shear rate
during printing by knowing the shear thinning exponent and the printing parameters. The apparent
viscosity was determined from Equation 2 using apparent shear rate and coefficients, followed by
apparent shear stress estimation. This allows us to correlate the magnitude of the shear stress the
sample is subjected to during printing to yield stress deduced from the amplitude sweep. The shear
viscosity measured in flow sweep (Fig 3. E) showed the ink's resistance to flow when the ink is
subjected to constant shear rate with varying magnitude, and apparent viscosity during printing
conditions defined the shear thinning degree of the formulations. For a shear-thinning ink, n is
expected to be less than 1, and the n value quantitively defines the shear-thinning degree (Table
5.). The higher the n value of ink, the lower the shear thinning property. 4%Alg-10%CMC depicted
n=0.5, meaning it showed the highest n value and least shear thinning nature (Table 4.). 4%Alg-
10%CMC-GelMA inks showed a higher shear thinning nature over 4%Alg-10%CMC due to an
increase in the total polymer content of the formulation. Among 4%Alg-10%CMC-GelMA,
4%Alg-10%CMC-8%GelMA with n=0.43 showed the highest shear thinning degree compared to
the 4%Alg-10%CMC-12%GelMA and 4%Alg-10%CMC-16%GelMA with n value of 0.44 and
0.46, respectively. In 4%Alg-10%CMC-GelMA inks, the shear thinning property decreased with
an increase in GelMA content, meaning the presence of GeIMA, a thermoresponsive component,

lowered the shear thinning nature. Further, the apparent shear stress values of all inks were found
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to be higher than the yield stress value (Table 5. third column.), meaning the ink had to overcome
the yield stress to be smoothly extruded during printing® . 4%Alg-10%CMC depicted a high yield
stress and apparent shear rate value compared to 4%Alg-10%CMC-GelMA. However, adding
GelMA lowered both values due to GeIMA's thermo-responsive nature. The apparent shear rate
and shear viscosity experienced by the 4%Alg-10%CMC-GelMA inks decreased with increased
GelMA, favoring smooth extrudability and cell survivability during printing.

The calculated shear stress and shear viscosity values thus can help predict the maximum stress
the cells can tolerate during printing. Studies have shown the shear stress value ranging from 1-10
kPa and shear viscosity value of 1-100 Pa.s can employed by extrusion-based bioprinting 61.92,
Another study has proved that shear stress below 4 kPa can help maintain satisfactory
mesenchymal stem cell viability during bioprinting®. The limit of the apparent shear viscosity and
shear stress cells' tolerance depends on the cell type and bioink composition. For instance, human
umbilical vein endothelial cells (HUVECSs) reported a decreased cell viability due to high shear
stress exerted during bio-printing. Shear thinning bioinks containing kappa-carrageenan or silk
fibroin help to reduce the stress experienced by the cells during printing®4%3- In the current study,

4%Alg-10%CMC-GelMA inks, with apparent shear stress and shear viscosity in the range of

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

5313-9535 Pa and 6.9-4.6 Pa.s, respectively were found to be suitable for fibroblast survivability,

as studied in section 3.8 (Fig 6.). The obtained values thus quantitatively define the apparent shear

Open Access Article. Published on 09 2025. Downloaded on 15/09/25 12:03:32.

stress and viscosity desired to attain a well-printable bioink using 4%Alg-10%CMC-GelMA

system. Additional rheological studies were performed to analyze the suitability of

(cc)

thermoresponsive ink for printing.

Table 5. Rheological values derived from amplitude sweep for 4%Alg-10%CMC and 4%Alg-
10%CMC-GelMA.

Apparent shear Apparent shear Apparent shear

BIECre i n rate (1/s) viscosity (Paes) stress (Pa) R
4%Alg-10%CMC 0.5 1316 329 43296 308+10
4%Alg-10%CMC-8%GelMA 0.43 1382 6.9 9535 155425
4%Alg-10%CMC-12%GelMA 0.44 1273 4.8 6110 142430
4%Alg-10%CMC-16%GelMA 0.46 1155 4.6 5313 132425
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3.5 Temperature ramp, thixotropic, and time sweep of cross-linked 4%Alg-10%CMC-GelMA:
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Fig 4. Temperature ramp, thixotropic test and time sweep tests of 4%Alg-10%CMC-GelMA. (A)
Temperature ramp, (B) Thixotropic test, (C) Time sweep test of single (CaCl, cross-linked and
UV cured separately) and dually cross-linked (both CaCl, cross-linked and UV cured) inks; dually-
cured 4%Alg-10%CMC-GelMA showed a significant difference in G’ compared to CaCl, cross-
linked 4%Alg-10%CMC (***p value<0.001). The P-value was determined by two-way ANOVA

followed by a Tukey multiple comparison post hoc test.

Further, a temperature ramp test was performed to analyze the thermo-responsive properties of
4%Alg-10%CMC-GelMA. Based on this test, it was observed that 4%Alg-10%CMC-GelMA
showed a gradual decrease in G’ value with an increase in temperature, and the values did not
significantly differ from 35°C to 40°C (Fig 4. A). Due to the non-thermo responsive nature of Alg
and CMC, the control (4%Alg-10%CMC) showed a lower G’ value than 4%Alg-10%CMC-
GelMA, but G’ did not show variation at different temperatures. The temperature ramp was
performed at a frequency of 0.1 rad/s. The test is frequency-dependent, and the modulus value

would differ based on the chosen frequency. This statement can be proved based on the frequency
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sweep test, which showed an increase in modulus value with an increase in frequency (Fig 3. G).
Comparing the G’ values at 37 °C, 4%Alg-10%CMC-16%GelMA revealed a lower G’ value
(1136+30 Pa) than 4%Alg-10%CMC with 8% and 12%GelMA with a G’ value of 1400+25 Pa and
1300+25 Pa, respectively (Fig 4. A).

To verity the effect of printing temperature on 4%Alg-10%CMC with 8% and 12%GelMA
and how it differed between the two inks, the inks were printed at 25 °C and 37 °C (Fig S11.) At
25 9C, the G’ value of 4%Alg-10%CMC-8%GeIMA and 4%Alg-10%CMC-12%GelMA were
found to be 5372410 Pa and 8196+10 Pa, respectively (Fig 4. A). When printing these inks at 25
0C, 4%Alg-10%CMC-12%GelMA with higher G’ value showed better printability (Pr=0.98+0.02
and FD=200+20 um) demanding higher printing pressure (400 kPa) compared to 4%Alg-10%-
8%GeIMA (Pr=0.98+0.01 and FD=205+20 um) and printing at a pressure of 300 kPa (Fig S11.).
A lower G’ value was observed for 4%Alg-10%CMC-12%GeIMA than 4%Alg-10%CMC-
8%GelMA. These results are incongruent with the printing results at 37 °C, which proved 4%Alg-
10%CMC-12%GelMA to give better prints, with Pr=0.95+0.02 and FD=210+10 pm at a pressure
of 175kPa compared to 4%Alg-10%CMC-8%GeIMA giving prints (with Pr=0.94+0.05 and
FD=215+10 um) at 180 kPa. The above test proved that at a lower temperature (25°C), 4%Alg-
10%CMC with 8% and 12% GelMA inks showed a higher G’ value demanding higher extrusion
pressure at 37 °C. Printing of 4%Alg-10%CMC with 8%,12% and16%GelMA was performed at
30 °C and 37 °C (Fig S12.), which also showed the same trend, proving the dependency of GeIMA
content on the printing temperature. Based on these results, 37 °C was chosen as the printing
temperature as it enables smooth extrudability of cell-encapsulated ink with minimal shear, easing
cell survival. This is also the most beneficial temperature maintaining high cell viability and cell

culture.

The thixotropic test for 4%Alg-10%CMC and 4%Alg-10%CMC-GelMA at 37 °C was
performed to mimic pre-, during, and post-printing conditions. It was observed that all the inks
seem to depict a visco-elastic solid behavior (G’> G") at minimal strain (1%), mimicking the pre-
printing condition, (G">G’) at maximal strain (1000%) mimicking printing process, and full
recovery after increased strain removal (back to 1%) (Fig 4. B). The test thus proved the self-

healing or structural recovery of the inks when subjected to varying strains.
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To determine the final stiffness of all the material systems in single and dual cross-
linking conditions (UV curing and CaCl, cross-linking), the G’ value was derived using a time
sweep performed at 1% strain and 0.1 rad/s angular frequency. 4%Alg-10%CMC ink showed a
significant increase in G’ to 157544200 Pa after CaCl, with respect to the untreated sample with
G' of 226945 Pa. 4%Alg-10%CMC with 8%,12% and 16%GelMA control without any cross-
linking depicted G’ values of 1672+3, 156215, and 141547, respectively (Fig 4. C). G’ value after
CaCl, cross-linking increased further to 2774+40, 2971451 and 2977463 Pa, respectively. CaCl,
cross-linked 4%Alg-10%CMC-GelMA inks did not show any significant difference in G' value
among themselves. We assigned this result to the unavailability of the carboxyl group of Alg for

Ca?" binding, which is involved in an electrostatic interaction with the amine group of GelMA®.

Irradiation with UV at a power of 25 mW/cm? for 1 min showed an improvement in the
G’ value of 4%Alg-10%CMC-GelMA, depending on GelMA concentration. After UV curing, G’
value of 4%Alg-10%CMC-(8,12,16)%GelMA reached 11218+182, 143034350, and 208924685
Pa, respectively (Fig 4. C). It can inferred that after UV curing, G’ value significantly increased
with an increase in GeIMA content. The increase in G’ with GelMA content is due to a high

methacryloyl group available on GeIMA, which enhances the cross-linking density and G’ values.

On comparing G’ values of single cross-linked 4%Alg-10%CMC-GelMA with dually cured
4%Alg-10%CMC-GelMA, it was observed that the inks showed a significant difference to each
other (p<0.001). Dually cured 4%Alg-10%CMC-GelMA inks also showed G’ values of 20544443,
26576127, and 30132435 Pa, respectively, illustrating a difference of approximately 5000 Pa to
each other (p<0.001). Among 4%Alg-10%CMC-GelMA, 4%Alg-10%CMC-16%GelMA showed
the highest G’ compared to 4%Alg-10%CMC with 8% and 12%GelMA. Thus, it can be inferred
that stiffness can be adjusted based on GeIMA content. The cross-linking was not performed in
the reverse order (first CaCl, cross-linking followed by UV curing) because it could potentially

result in photo-initiator (LAP) leakage during CaCl, incubation, reducing UV curing efficiency.

A temperature ramp of dual-cured 4%Alg-10%CMC-GelMA inks was also performed,
and showed G" and G" to be constant at different temperatures (Fig S2.). This proved that the inks

did not respond to the temperature change after dual curing anymore. The results, therefore, show
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the dual-cured scaffold would not demonstrate any change in stiffness (G’ value) in culturing

conditions of 37 °C.

Each rheological test provides crucial information on the desirable properties that make the
inks suitable for bioprinting applications. It is recommended to perform the tests in the order: flow
sweep, oscillation tests, and thixotropic tests, followed by other modifications of the oscillation
test to study the change in the ink's nature depending on specific stimuli (like temperature and uv
curing). The congruency of the rheological result with printing quality indices affirms that
rheological testing can ease bioink design. The rheological parameters and conditions must be
chosen considering what information has to be deduced and how this information will be employed
in future steps. For instance, the rheological testing of 4%Alg-10%CMC-GelMA at 37 °C is
paramount as the gel properties would differ at various temperatures due to GeIMA’s gelation. The
resulting difference in viscosity and yield stress is essential to predict the survival of cells during
printing. Another example is the dual cross-linking test, which proved the plausibility of using the
dual-cured 3D-printed 4%Alg-10%CMC-GelMA inks to generate a gradient system with a
difference in final stiffness. Therefore, apart from identifying the fundamental rheological

properties of bioink, the test should be performed while considering the end goal of the inks.
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Fig. 5: Macroscopic images of 4%Alg-10%CMC-16%GelMA ink prints to prove its shape fidelity
(A)depicts prints in different infill distances (0.25 - 1.5) mm as marked in the images, (B)
represents ink printed in three different geometries (triangle, hexagon and nanogon), (C and D)
depicts 4 layered and 10 layered scaffolds scaffold (scaffold of 10x10 mm dimension and infill
distance of 1mm). (A-D) are the images of prints without crosslinking. (E) depicts side view of 20
layered scaffold after UV curing and (F) illustrates 10 layered scaffold after dual (UV and CacCl,
treatment) crosslinking and incubated in DMEM media with FBS and Pen-Strep for 7 days.

To assess the structural performance of the optimized 4% Alg—10% CMC-16% GelMA ink, a
series of constructs was printed to evaluate its shape fidelity, spatial resolution, and structural
stability. Constructs with varying infill distances (0.25—1.5 mm) were successfully fabricated (Fig.
5A), showing clearly separated and well-defined strands across all spacings. This confirmed the
ink’s ability to support fine resolution and spatial control, even in the pre-crosslinked state.
Additionally, the ink maintained shape fidelity in more complex geometries, including triangles,
hexagons, and irregular polygons (Fig. 5B), further demonstrating its precision during extrusion.
Multi-layered printing tests revealed that both 4-layer and 10-layer grid scaffolds remained self-
supporting before crosslinking, indicating a non-collapsing nature (Fig. 5SC—D). Post-crosslinking
performance was evaluated through a 20-layer construct, which retained its vertical structure and
layer resolution after UV curing (Fig. SE), verifying the effectiveness of photopolymerization in
stabilizing the architecture. Finally, to assess long-term mechanical stability in a biological
environment, a 10-layer construct was dual-crosslinked (UV and calcium chloride) and incubated
in DMEM for 7 days. The scaffold exhibited no signs of deformation or degradation (Fig. 5F),

indicating stability of multilayered constructs.

Overall, these results validate the robustness of the optimized bioink in supporting complex,
multilayered 3D constructs. The ink exhibited excellent shape fidelity across various geometries,
structural integrity in the non-crosslinked state, and sustained stability under physiological
conditions. This highlights the bioink’s potential for use in tissue engineering applications where

both architectural precision and long-term mechanical durability are critical.
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3.7 Post-printing stability/degradability of 3D printed 4%Alg-10%CMC-GelMA constructs:
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Fig 6. Post-printing stability/degradability of 4%Alg-10%CMC-GelMA constructs: (A) A
graphical representation of 3D printed scaffold stability (without cells) over 21 days, illustrating
changes in residual weight from Day 0 to Day 21 (**p value<0.05). The P-value was determined
by two-way ANOVA followed by a Tukey multiple comparison post hoc test. The color of the bar
graph represents the 4%Alg—10%CMC-GelMA formulation, as defined in Figure 4. (B)
Macroscopic images of 4-layered 3D bioprinted scaffolds (4%Alg—10%CMC-16%GelMA)
captured on Days 1, 5, and 7, showing clear shape retention and confirming structural integrity

during culture.

3D-printed dually cured 4%Alg-10%CMC-GelMA scaffolds were incubated in DMEM media
supplemented with FBS and Pen-Strep at 37 °C to check the stability of the scaffolds. The weight
of the scaffolds was taken to calculate the residual weight of the samples. The scaffolds with
4%Alg-10%CMC with 8%,12% and 16%GelMA after 21 days of incubation showed a residual
weight of 83%, 88%, and 90 %, respectively (Fig. 6A). The results showed that dually-cured
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4%Alg-10%CMC-GelMA scaffolds could maintain their structural integrity until Day 21.
Meanwhile, scaffolds printed with 4%Alg-10%CMC ink (without GeIMA) could not maintain
their structure and were dissolved in the media in less than 24 hours. The electrostatically bonded
Alg/CMC/GelMA polymers, after a dually cross-linking process with non-covalently bonded Alg-
Ca and an irreversible covalent bonded photo-cross-linked GeIMA keeps the Alg/CMC/GelMA
network intact with slow degradation property. To qualitatively support the degradation study,
macroscopic evaluation of 4-layered 3D bio-printed 4%Alg-10%CMC-16%GeIMA over 7 days in
culture was performed. Structural fidelity and a defined pore architecture were maintained
throughout the 7-day period, indicating the long-term stability of 3DBP constructs (Fig 6 B-D).
The stability study results proved that the 3D-printed scaffolds generated using optimized inks
possess handling properties, maintain shape, and can be used for further cell studies.

3.8 Biocompatibility of 3D bioprinted 4%Alg-10%CMC-GelMA:
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Fig 7. Biocompatibility evaluation of 4%Alg-10%CMC-GelMA: Live-dead assay (A-I) and
Alamar blue assay (J) of 4%Alg-10%CMC with 8%,12% and 16%GeIMA for Day 1, 5, and 7 of
culturing. Scale bars: 200pum. (***p-value < 0.001).

Biocompatibility and estimation of cell wviability of 3D bioprinted 4%Alg-10%CMC-
(8,12,16)%GelMA was performed using a live-dead assay and an Alamar blue assay. Temperature
control during cell mixing and order of bioink component mixing, specifically maintaining the ink
at 37°C, is vital as it minimizes shear stress and mixing time and enables more uniform cell
incorporation compared to preparation without temperature regulation (as demonstrated in Fig.
S15 and S16).

The live-dead assay results showed that the cells were alive in all inks. However, they were round
in shape. As the culturing days increased and the live cell number increased, the cells started to
show an elongated morphology (Fig. 7 A-I). The Alamar blue results quantitatively supported the
live-dead test based on the percentage of reduced Alamar blue. 4%Alg-10%CMC-
(8,12,16)%GelMA constructs demonstrated a 10%, 20%, and 40% increase in cell metabolic
activity, respectively, from Day 1 to Day 7 of culture (Fig. 7J). These observations can be traced
to the previous studies that proved higher fibroblast spreading in the 3D printed GelMA hydrogel

with matrix stiffness greater than 20 kPa®7-68,
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The increase in cell metabolic activity with increased GeIMA concentration in the inks could also
be associated with the presence of the cell adhesion (RGD) domains. The combination of the higher

amount of RGDs and increased stiffness proved the 3D bio-printed 4% Alg-10%CMC-GelMA

(cc)

scaffolds to have excellent biocompatibility.

Various attempts have been initiated using the Alg/GelMA combination for numerous tissue
engineering applications®*%-7%, Also, previous studies have proven the fabrication of a tri-
composite Alg/CMC/Gelatin scaffold for human meniscus knee regeneration and 3D printed
Alg/CMC constructs as a potential scaffold in tissue engineering*®% However, no studies are
currently available that have employed dually cured Alg/CMC/GelMA ink in 3D bio-printing
applications. 4%Alg-10%CMC-GelMA inks proved to have more stability with residual weight
(of an average of 87%) on Day 21 compared to the Alg/CMC/Gelatin scaffold ¢ that demonstrated
a 50% weight loss of the scaffolds on Day 25%. Among 4%Alg-10%CMC-GelMA, 4%Alg-
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10%CMC-16%GeIMA ink was observed to show best printability with desirable rheological
properties, scaffold stability, and excellent biocompatibility. However, 4%Alg-10%CMC-
(8,12)%GelMA inks also seem to be promising. The combination of all testes 4%Alg-10%CMC-
GelMA inks can be employed for the regeneration of gradient or interface tissue, such as

myotendinous or muscle-skeletal engineering.
Conclusions:

This study presents a comprehensive framework for designing dually cured
Alg/CMC/GelMA bioinks that optimize printability, scaffold stability, and biocompatibility. By
correlating rheological parameters such as yield stress (YS), cross-over frequency (CF) and G’
with printability quality indices (fiber diameter, FD, and printability value, Pr) and extrusion
pressure, it establishes quantitative guidelines for achieving optimally printable formulations.
Importantly, the mechanical tunability of the bioink optimized in this study falls within the ideal
range reported for successful tissue engineering applications, exhibiting storage moduli between
approximately 200-500 Pa which supports smooth extrusion and reliable shape retention, while
preserving high cell viability’!. While previous studies on GeIMA or alginate-based systems report
similar modulus ranges, the novelty of our approach lies in integrating a structured validation of
printability, biocompatibility, and long-term culture stability, offering a robust and adaptable

strategy for developing bioinks suitable for complex, multilayered tissue constructs.

Despite the well-documented relationship between rheology and printing, this study fills a
critical gap by providing a systematic protocol linking these parameters. For Alg-CMC inks the
desired rheological properties for printing are: (1)Y'S above 300 Pa, (2) no CF, (3) G>G" and
in the range of 400 Pa. While in case of 4%Alg-10%CMC-GelMA inks (1)YS above ca 150 Pa
(2) no CF, (3) G>G" and 1in the range of 600 Pa are beneficial, allowing good printability at
pressures suitable for printing with cells. Our results also indicates that for these inks the
apparent shear stress and viscosity in the range of 5000-9500 Pa and 5-7 Pas, respectively,
ensure mild printing conditions supportive cells viability after extrusion. This study also
identifies 4%Alg-10%CMC as superior to 4%CMC-Alg due to the collapsing nature of Alg
when used as a primary component. Adjusting the emulsifier concentration (CMC) proved more
effective for achieving optimal rheological and printing properties. Rheological tests pinpointed

37 °C as the optimal printing temperature for the 4%Alg-10%CMC-GelMA system, reducing
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thermal stress on cells and enhancing bioprinting efficiency. The final range of scaffold stiffness
values highlights the potential for applications in graded tissue regeneration, validated by

stability and biocompatibility testing.

This approach offers a practical and reproducible protocol that can be adapted to
other multi-component hydrogel systems, enabling researchers to tune their bioink composition
for extrusion-based bioprinting applications rationally. By defining the optimal rheological and
printability parameters for bioink development, this study sets a benchmark for future research,

offering critical insights for advancing extrusion-based bioprinting applications.
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