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Custom biomaterials as inks for 3D printing (Biolnks) are recently being explored to curate features to
eliminate device failures caused by structural delamination. This study investigated Biolnks composed of
polyethylene glycol diacrylates of varying molecular weights for their inherent swelling, soft mechanical
strength, non-reactivity, and biocompatibility. These Biolnks have been tuned to be photo-sensitive to a
range of wavelengths using a panel of photo-initiator and photo-absorber additives. Modifying visco-
elastic and UV-sensitive properties yields cross-platform Biolnk compositions that can be printed across
stereolithography (SLA), digital light processing (DLP), and direct ink extrusion technologies. We also
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explore the cost efficiencies of using alternative photo additives to improve accessibility and affordability.
3D-printed techniques employing multilayered constructs are great candidates for fabricating biomedical
devices that exhibit controlled reactions triggered by analyte molecules and shear or compressive
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Introduction

Hydrogels are flexible biomaterials that can be customized for
various uses in tissue engineering and drug delivery due to
their adjustable characteristics and ability to interact with bio-
logical systems.'™ The emergence of additive manufacturing
methods, such as 3D printing, has transformed manufacturing
abilities, allowing for the creation of complex designs and
structures in different sectors like automotive, aerospace, and
biomedical engineering.”® Significant progress in materials
science, printing methods, and biofabrication techniques has
greatly improved the application of 3D printing for hydrogels,
enabling the creation of intricate designs with accurate man-
agement of both structure and function.

A key obstacle in 3D printing is choosing appropriate
materials with the right printing capabilities, mechanical pro-
perties, and functionality for particular uses.®® The impor-
tance of 3D printing using polymers in the medical field is sub-
stantial for creating customized implants, drug delivery
methods, and tissue-engineered frameworks.'* "> Novel hydro-
gel formulations have been created with unique mechanical
properties, compatibility with living organisms, and the ability
to adapt to environmental changes."* ' This includes combin-
ing hybrid hydrogel composites with bioactive molecules,
nanoparticles, or reinforcement materials to improve mechani-
cal strength, conductivity, and bioactivity."”2° Progress in
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pressure changes in their microenvironment as experienced within target organs in the body.

material design allows the creation of hydrogel-based structures
with tailored characteristics for particular biomedical uses.

Innovations in printing techniques like stereolithography
(SLA) and digital light processing (DLP) have made it possible
to print precise hydrogel structures with complex shapes and
minuscule details.”’* Printing systems that use controlled
light exposure or direct precision injection enable accurate
control over deposition variables, which enables the creation
of intricate 3D structures with unique mechanical
characteristics.*>*® These methods present fresh possibilities
for crafting custom implants and tissue scaffolds tailored to
each patient with enhanced accuracy and genuineness.
Various 3D printing methods, such as inkjet printing and
extrusion, allow the integration of multiple hydrogel formulas
or materials in one printed object.*>*® Multi-material printing
allows for the creation of intricate biomimetic structures with
various functions.”” >

3D printing of hydrogels has progressed to create intricate
tissues and organs with anatomically accurate structures and
physiological functions. Combining cells, growth factors, and
biomimetic scaffolds in printed structures allows for replicat-
ing tissue environments and supporting tissue regeneration
and formation of organoids.* Bioprinting shows potential for
use in regenerative medicine, modeling diseases, and screen-
ing personalized drugs.”*"** The ability of a polymer to be
processed into specific shapes with high accuracy and faithful-
ness is essential for successful 3D printing.****

Evaluation of printability includes a set of tests to analyze
the polymer’s flow characteristics, ability to be extruded, and
overall printing performance in comparison to other polymers
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used in 3D printing. Rheology provides insight into the flow
properties of the polymeric formulations, which is essential
for techniques involving extrusion-based 3D printing.**>>3°
Measurements of viscosity at various shear rates and visco-
elastic properties through oscillatory rheometry can help
understand how the material will behave during printing.
Extrusion printing techniques require the testing of factors
that affect print quality, such as extrusion force, nozzle dia-
meter, and relaxation after shear, through a combination of
rheology and visual evaluation of successful prints,?*?3%36738
These determine the material’'s suitability for printing.
Mechanical testing assesses the performance, stability, time to
failure, and structural integrity of printed constructs.

All 3D printing techniques build a construct from the
ground up in a layer-by-layer method, building along the x-y
plane, one layer at a time. Interlayer adhesion is crucial
between printed layers, which is crucial for structural integrity
and avoiding delamination.>® Lap tests, peel shear tests, or
tack tests provide the necessary insight into the adhesive and
cohesive properties of printing formulations. Cross-platform
printability assessments involve printing similar structures
using various 3D printing techniques such as photocuring-
based printing and extrusion printing and comparing the
quality of the prints in terms of layer adhesion, surface finish,
precision across repeated prints, and dimensional accuracy.
Maintaining cell viability, functionality, and spatial arrange-
ment in printed tissues is a crucial challenge for the success of
tissue engineering applications.*>*° Biocompatibility, ensur-
ing long-term stability, and addressing regulatory concerns are
crucial aspects to consider when translating 3D-printed hydro-
gel-based implants and medical devices into clinical
settings.>4*!

In this study, polymeric formulations using known biocom-
patible compounds are modified to achieve printability across
different types of 3D printers incorporating light and extrusion-
based 3D printers. Each printer presents a different loading
volume requirement, flow rate, viscosity requirement and curing
parameter, to which proprietary resin properties are tuned. The
goal is to optimize printability of in-house polymeric BioInk for-
mulations across different 3D printing techniques commonly
used in medical settings to achieve broad compatibility.

In conclusion, the latest advancements in 3D printing of
hydrogels show significant potential for progressing tissue
engineering, drug delivery, and personalized medicine.
Continuous research is essential to address existing obstacles
and fully unlock the capabilities of this technology for medical
purposes. Progressing improvements in material design, print-
ing methods, and biofabrication strategies will propel inno-
vation and support the creation of next-generation hydrogel-
based treatments and devices.

Materials and methods

The BioInks were prepared using combinations of polyethylene
glycols, acrylates, acrylamides, and sodium alginate to tune
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sensitivities to desired analyte molecules. When printing with
light-based printers, 40% w/v acrylate-based backbones in de-
ionized water are chosen with up to 3% w/v photo-additives (at
10:1 ratio of photo-initiator to photo-absorber specifically)
sensitive to the 390 nm-410 nm range. Photo-initiator concen-
trations were reverse calculated against standard curves estab-
lished using serial dilutions of commercial resins on a
Scilogex SCI-V1100 Spectrophotometer.

The total volume of the batch made for final printing
depends on the printer used, ranging from 1 mL to 500 mL. A
combination of Pneumatic Air Extrusion-based Celllnk BioX,
DLP-based Cellink LumenX, and SLA-based Formlabs Inc
Form 3 printers were used to print these constructs. The
LumenX was the primary printer of choice for obtaining hydro-
gel-based trays and seamless hydrogel tubes, which were both
the sensing and reservoir elements of the constructs. The BioX
printer was used in two ways: (1) to fill a secondary hydrogel
element into the constructs printed and (2) to print a 2-part
hydrogel construct consisting of monomer-crosslinker com-
plexes and accelerators. The Form 3 printer demonstrated the
cross-platform functionality of the modified Biolnks created
in-house for CellInk printer projects.

Commercial resin compositions printed using the three 3D
printers, were used as controls for this research. Both these
resins are proprietary variations containing unknown concen-
trations of polymeric backbones, photo-initiators and photo-
absorbers. These represent the current industry standards and
our in-house Biolnk samples were compared to properties
exhibited by these controls. Sample compositions were made
using PEGDA (polyethylene glycol diacrylates; molecular
weight of 700 Daltons) as the primary backbone and additives
such as PEG 400 (polyethylene glycol; molecular weight 400
Daltons), AAM (acrylamide), FS (fumed Silica) or HEMA
(hydroxyethyl methacrylate) with photo additives (photo-
initiator-photo-absorber at a ratio of 10:1). A range of custom
photo-initiators such as 12959(2-hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone), DMPAP (2,2-dimethoxy-2-phenylaceto-
phenone), VA-086 (2,2'-azobis[2-methyl-N-(2-hydroxyethyl) pro-
pionamide]), CQ (camphorquinone), CTX (2-chlorothiox-
anthen-9-one), MK (4,4"-bis(dimethylamino) benzophenone)
were compared against commercially used LAP (lithium
phenyl-2,4,6-trimethylbenzoylphosphinate). Tartrazine, a bio-
compatible yellow azo dye, was chosen as the photo-absorber
to minimize light scattering and prevent the curing of non-
printed areas.

Compositions were all made to a set 4 mL total volume to
control for synthesis variables and negate discrepancies such
as stirring, vortexing, mechanical agitation, diffusion or pre-
cipitation. Photo-initiator stocks were premade at a concen-
tration of 10% w/v dissolved in appropriate solvents due to
their sensitivities once added to light-cured polymeric back-
bones. Solutes with a lower dissolution rate were ultrasoni-
cated in a water bath-sonicator for 60 seconds to ensure dis-
solution into the solvent. Photo-initiators and photo-absorbers
were added to the formulation at volumetric concentrations
varying from 1% to 3% w/v before loading into the 3D printer.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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0.5 mL of the formulated resins are spot-tested for cross-
linking under handheld irradiation of different UV wave-
lengths and curing time. A post-print conditioning was done
where the constructs were cyclically washed for 1 hour in de-
ionized water and 10% v/v ethanol in deionized water solution
to elute any unreacted monomers or additives. Photo-curability
of initial formulations were tested to verify that the photo-addi-
tives enabled curing at the parameters available on the prin-
ters. Further optimizations were stepwise adjustments to
ensure resin filling into the printer’s load tanks through flow
valves, adherence to print-bed surfaces, and successful extru-
sion through nozzles under shear force. Successful polymeriz-
ations indicated the ability to use the tested formulation in UV
light-based 3D printing platforms such as SLA & DLP.
Following this, flow and deformation tests are characterized
on an Anton Paar MCR 302 Modular Compact Rheometer to
ascertain their ability to be extruded through 3D printing plat-
forms such as material jetting and pneumatic air extrusion
(Table 1).

All chemicals used in this study were purchased from
Sigma Aldrich and Fisher Scientific. Resins used as controls
were purchased directly from 3D printer manufacturers. Costs
for analysis and comparisons were calculated based on market
costs of chemicals and control resins between fiscal years
2022-2024. All tests were run on triplicates, and error bars rep-
resent the standard error of the mean. All data were graphed
and statistically analyzed using GraphPad Prism version 10.2.3
for Windows, GraphPad Software.

Results and discussion

Light and extrusion-based 3D printers were assessed for their
printing parameters such as UV wavelengths, light intensities,
print speeds, shear rates and layer thicknesses. Formulations
fabricated in this study were assessed for their properties and
compared to commercial resin, referred to as ‘controls’. For
light-based printing inks, the samples were spot-tested for
their sensitivity to UV wavelengths of 365 nm and 405 nm irra-
diated between 20-30 mW c¢m™> up to a working distance of
up to 2 inches from the irradiation source, which is typical of
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SLA and DLP printers. Success was based on observation of
complete transition of polymer solution to sol-gel constructs
without defects or inconsistencies. As seen in Fig. 1 (left) the
samples successfully cured under 15 s, showing sensitivity to
these parameters with most formulations curing well within
10 seconds and showing no significant difference compared to
controls in their curing time, as seen in Fig. 1 (right).

For extrusion-based printing inks, the samples were tested
for their viscosity, extrudability, and tack. Samples were tested
before and after the addition of rheological modifiers, as
initial unmodified formulations showed that the tack showed
significant differences to controls, as seen in Fig. 2 (left). Tack
determines the adhesion of the first printed later to the build
platform and the cohesion of subsequent print layers to the
previous layers. Fig. 2 (right) shows that the modified resins
have comparable values of tack showed by the normal force
required to detach the measuring tool from the material, veri-
fied by the lack significant differences comparing all controls
to modified samples seen in Fig. 2 (left).

Additionally, Fig. 2 (right) also shows that both control and
sample resins exhibit varying levels of elasticity seen by the
higher gap values before detachment attributing to higher visc-
osities. For both light-based and extrusion-based printing tech-
niques, viscosity acts as a key parameter to ensure print success.
Controls were found to have varying flow profiles depending on
the 3D printer of interest. Controls from SLA printers have a
higher viscosity while DLP resins tend to have a lower viscosity,
based on the applications that these printers are intended for.
Extrusion printing resins tend to focus on the shear-thinning be-
havior to allow for a stable loading into syringes and uninter-
rupted flow upon application of up to 30 kPa of normal shear
force during printing. Fig. 3 shows that the viscosities of printing
resins decreased upon increasing shear rates, confirming shear
thinning behavior. Commercial additive manufacturing tech-
niques, including 3D printing, use extrusion syringes or vat
filling systems where formulations experience a shear rate of up
to 60/s™". All tested resins show a sufficient reduction in viscosity
to enable filling and shear flow.

With the selective addition of rheological modifiers based
on high molecular weight PEG chains and silicates, the shear
thinning profiles of the samples either matched or were

Table 1 Summary table listing all control and sample composition, sources and modifications

Label Source Composition Modifiers Photo-additives
Controls C1 Commercial SLA resin Flexible (as-procured) — —

Cc2 Commercial DLP resin Start gel (as-procured) — —

C3 Commercial DLP resin High stiffness (as-procured) — —

C4 Commercial DLP resin Low stiffness (as-procured) — —

C5 Commercial Extrusion resin High viscosity (as-procured) — —

C6 Commercial Extrusion resin Low viscosity (as-procured) — —
Samples S1 Made in-house 40% PEG-DA backbones — 1.5%

S2 Made in-house 20% PEG-DA backbones 5% HEMA 3%

S3 Made in-house 40% PEG-DA backbones 2.5% HEMA 3%

S4 Made in-house 20% PEG-DA backbones 5% silicates 1.5%

S5 Made in-house 20% PEG-DA backbones 5% silicates 3.0%

S6 Made in-house 20% PEG-DA backbones 8% silicates 1.5%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Tests for the photocurable property of the light-sensitive formulations (left) samples were exposed to UV wavelengths at varying intensities
for up to 30 seconds, and (right) time to complete curing in seconds compared to commercial compositions using Student’s t-tests showed no sig-
nificant difference (marked as ‘ns’ for a p-value > 0.05), showing that all compositions cured within similar exposure times.
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Fig. 2 Tack tests (left) before any viscosity modification shows significant differences upon the comparison of means using One-way ANOVA test
groups, where significance was established at p-value < 0.05. After addition of rheological modifiers, a comparison of means showed no significant
difference (marked as ‘ns’ for a p-value > 0.05), showing that there was no significant difference in tack between the controls and samples (right)
Control resins from were tested along with formulated samples with the normal force of adhesion represented on the left y-axis and the distance of

separation before release on the right y-axis.

lowered than the controls, as desired. Fig. 3 (left) shows that
the low-viscosity profiles of samples used in DLP printing are
highly similar to the controls, establishing the higher concen-
trations of PEGDA found in the control resins. Fig. 3 (right)
shows that high-viscosity profiles of samples used in SLA print-

RSC Appl. Polym.

ing showed an initial high value of viscosity followed by sharp
viscosity upon application of shear force, making them ideal
for extrusion-based printing as well. The versatility of extrusion
printers allows setting higher pressure parameters on the
interface to print formulations with varying viscosities.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Rheological viscosity under increasing shear rate profiles of (left) sample resins with lower viscosity and (right) resins with higher viscosities
were compared to respective control resins to establish shear-thinning nature and sufficient reduction of viscosity upon application of shear forces

by the printers.

A cost analysis of the compositions showed that the photo-
initiators contribute to most of the cost incurred of the total
print. Table 2 lists the retail cost per gram of resin in combi-
nation with LAP as a photo-initiator used in controls, which is
the commercial photo-initiator of choice due to its ease of
solubility in deionized water and quick response to 405 nm UV
radiation. In comparison to commercial controls, cost of print-
ing the custom in-house samples reduced by approximately
60%, 40% and 65% per print for DLP, extrusion and SLA print-
ing, respectively.

The sample formulations were then printed across different
3D printing technologies, specifically the extrusion-based
Cellink BioX extrusion printer and light-based Volumetric
LumenX and Formlabs Form 3 printers. Fig. 4 shows multi-
layered hydrogel constructs, channel layers, hollow tubes, and
flexible gels across 3D printers.

The toxicity values of certain photo-initiators were obtained
from published materials safety data sheets, and LDs, values
were calculated out to 150 g of photo-initiator for an average

person weighing 75 kg to assess w/w concentration
comparisons.**** The loading concentrations at 1%-5% w/v in
these printing inks were between 0.01 g-0.05 g of photo-
initiator for every mL of formulated resin, which is less than
0.04% of the toxicity value. MK, as a photo-initiator, was
avoided due to its published potential carcinogenicity.**
Certain knowledge gaps were identified, such as the
inability to simultaneously establish the irradiation distance
and intensity of the embedded light processing units within
the printers. Declared values obtained from technical specifi-
cation sheets were used to establish the testing range for all
modified formulations. Tunable printing parameters were
obtained from the 3D printers available, and testing parameter
ranges were chosen to match the setting required for commer-
cial prints. 3D printed samples were additionally subjected to
post-cure conditioning in deionized water to elute unreacted
polymeric monomers. The lack of complete knowledge of the
components of control resins due to proprietary regulations
restricts the ability to account for all costs involved in fabricat-

Table 2 A cost analysis of the amount of photo-initiator added to resins for printing and the comparative costs incurred in the commercial controls

against samples formulated in-house

Loading volume per print Cost (per mL in Cost per print

Printer ~ Technique Composition (mL) USD) (USD)
Controls LumenX DLP As-procured 1 $10 $10
BioX Extrusion  As-procured 3 $10 $30
Form3  SLA As-procured 300 $0.2 $60
Samples LumenX DLP 20% backbone + 1.5% photo- 1 $4 $4
additives
BioX Extrusion  40% backbone + 3% photo- 3 $6 $18
additives
Form3  SLA 40% backbone + 1% photo- 300 $0.07 $21
additives

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The inset picture on the top left of each image shows the printer used in printing the construct shown in the respective image. (a) Channel
layers showing aperture variations due to swelling in the analytic environments. (b) A capping layer can be printed as an enclosure over the multi-
layered gel with extrudable polymer compositions. (c) Multilayered gel showing sandwiched loading of release moiety. (d) Printed seamless tubes
allow for dynamic swelling across the inner—outer lumen in fluidic environments and loaded-dye release over time through elution. (e) & (f) Tubes
of varying mechanical stiffnesses and pressure sensitivities can be printed using combinatory techniques.

ing the resin. Additionally, all cost calculations were per-
formed based on retail costs of equivalent components or par-
tially known components from printer manufacturers and
chemical suppliers.

Conclusions

Customized formulations were successfully printed across the
extrusion, SLA, and DLP platforms. Formulations used to
obtain these prints were tested before and after printing.
Prepolymer solutions were characterized for the viscosity and
gelling times close to 1000 cP and 5 s, respectively, to match
those of the commercial Biolnks. The adhesion and cohesion
through tack testing were released to be comparable to com-
mercially successful resins. The gels were successfully printed
across the mentioned 3D printing platforms after confirming
shear-thinning and self-adhesion properties via rheological
profiles. Scalability and reproducibility were inherently con-
firmed upon scaling up modified Biolnks from 3 mL to
300 mL batches based on individual printer’s loading volume
requirements. The structure-property relationship-based
response of these gels will be captured using thin-film piezo-
resistive pressure-sensing circuitry displayed on a digital
monitor and recorded for future work. Toxicity values from
materials data safety sheets showed that the photo-additives
do not pose a hazard to the overall formulation, even in the
event of complete elution at the target site. Cost analyses of
the printing inks revealed that the photo-additives are the
most expensive constituents out of all the components. The v/v
comparison between current commercial printing resins and

RSC Appl. Polym.

our resins showed a reduction between 45% and 65% of the
cost for every successful print depending on the printing tech-
nique, greatly improving accessibility to healthcare and clinical
care facilities. Future work will focus on evaluating post-cure
oscillatory rheology, swelling ratios, layer adhesion, and
mechanical stiffness on a case-by-case basis, tailored to the
intended biomedical device, target site, therapeutic appli-
cation, and specific performance requirements.

In summary, conventional methods of BioInk preparation
involve the chemical modification of materials, especially poly-
mers, to introduce a controllable sensitivity of UV wavelengths.
Our approach omits the need for modification, followed by
characterization and regulatory assessments, instead using
pre-approved additives to enable easy adaptions of various
polymeric formations as Biolnks for printing complex struc-
tures across 3D printing platforms.
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