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REVIEW ARTICLE

2D/3D-printed PEDOT/PSS conductive hydrogel
for biomedical sensors

Bin Huang', Zengjie Zhao', Yayu Zheng', Kaidi Xu', Dan Wang’,

Qingyuan Yang’, Tingting Yang’, Xiaojie Yang**, and Huangqin Chen'*

'School of Stomatology and Ophthalmology, Hubei University of Science and Technology, Xianning
City, Hubei Province, China

2School of Nuclear Technology and Chemistry & Biology, Hubei University of Science and
Technology, Xianning City, Hubei Province, China

(This article belongs to the Special Issue: Advances in 3D Printing of Hydrogels)

Abstract

The integration of conductive hydrogels and advanced three-dimensional (3D)
printing is a trigger of the development of biomedical sensors for healthcare
diagnostics and personalized treatment. Poly(3,4-ethylenedioxythiophene):poly(styr
ene sulfonate) (PEDOT:PSS) is a versatile conductive hydrogel materials renowned for
its exceptional conductivity and hydrophilicity, and 3D printing technology allows
for precise and customized fabrication of electronic components and devices. In
this review, we aim to explore the potential of 3D-printed PEDOT/PSS conductive
hydrogel in the fabrication of biomedical sensors, with a focus on their distinct
characteristics, application potential, and systematic classification. We also discuss
the methods for fabricating PEDOT:PSS hydrogel electronic devices by employing
3D printing techniques, including extrusion-based 3D printing technology (fused
deposition modeling, direct ink writing, and inkjet printing), powder-based 3D
printing technology (selective laser sintering and selective laser melting), and
photopolymerization-based 3D printing technology (stereolithography and
digital light processing). The applications of 2D/3D-printed PEDOT:PSS hydrogels
in biomedical sensors, such as strain sensors, pressure sensors, stretchable
sensors, electrochemical sensors, temperature sensors, humidity sensors, and
electrocardiogram sensor, are also summarized in this review. Finally, we provide
insights into the development of 3D-printed PEDOT:PSS-based biomedical sensors
and the innovative techniques for biomedical sensor integration.

Keywords: PEDOT:PSS; 3D printing; Conductive hydrogel; Biomedical sensor

1. Introduction

Hydrogels are intricate three-dimensional (3D) polymer networks that form through
chemical and/or physical crosslinking in an aqueous solution. They harbor vast potential
in various domains, spanning from tissue engineering scaffolds to drug delivery carriers
and biomedical devices. Hydrogels bear high resemblance to extracellular matrix
for their exceptional capacity to absorb and retain water. They offer a stable micro-
environment that allows cellular activities and facilitates tissue formation, all the while
maintaining outstanding biocompatibility. Furthermore, these versatile materials display
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biomimetic qualities and harbor anti-inflammatory,
antioxidant, and even anticancer properties. The past
studies on hydrogels are primarily focused on enhancing
the mechanical properties of hydrogel, spawning several
strategies that improve the mechanical performance of
hydrogels, including topological crosslinking structures,’
nanocomposite structures,” interpenetrating network
structures,” strengthened hydrogen bonding,* and
co-crosslinking structures.” In general, an effective
approach should allow for the incorporation of stimulus-
responsive functional groups into the hydrogel structure.®
Nevertheless, achieving rapid stimulus responsiveness
and novel functionality design while preserving high
mechanical performance poses yet another challenge in
the creation of smart hydrogel systems.

The introduction of this review expounds the distinctive
attributes, potential applications, and classification of
conductive hydrogels. Subsequently, we delve into a
thorough examination of the recent advancements in
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) conductive hydrogels fabricated by 3D

printing technology. Within this context, we explore their
significant roles in the realm of biomedicine sensors,
including strain sensors, pressure sensors, stretchable
sensors, electrochemical sensors, temperature sensors,
humidity sensors, and electrocardiogram sensors. The
paper is concluded with a summary of the existing
challenges and the future prospects of PEDOT:PSS
hydrogels, illuminating how 3D printing technology stands
as a novel avenue for the fabrication of these remarkable
materials (Figure 1). The principal aim of this review is
to shed light on the promising trajectory of this evolving
field, where science and technology converge to create
transformative possibilities.

2. Characteristics and applications of
conductive hydrogels

Conductive hydrogel is a novel composite hydrogel that
combines a hydrophilic matrix with conductive fillers.
It integrates the properties of both conductive materials
and hydrogels, offering excellent electronic conduction

Conductive

Hydrogel

Figure 1. Application of conductive hydrogels in biomedical sensors.
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and ion transport capabilities along with desirable
biological features such as biocompatibility, adhesion, and
antibacterial properties.” These remarkable attributes have
bestowed conductive hydrogels a myriad of applications,
encompassing drug delivery systems, tissue engineering,
electronic skins, biosensors, supercapacitors, and flexible
wearable electronic devices.® In addition, conductive
hydrogels are poised to play a pivotal role in the realm
of flexible and wearable electronic devices due to their
inherent conductivity, enabling seamless integration with
wearable technologies.” As a rising star in materials science,
conductive hydrogels hold immense promise in reshaping
the future of sensor industries and bridging the gap between
electronic systems and biological entities. Their ongoing
development promises to unlock innovative and cutting-
edge applications, ushering in a new era of possibilities.

Over the past few decades, significant progress
has been made in the development of various types of
conductive hydrogels. These can generally be classified
into three main categories, according to the different types
of conductive media integrated into the hydrogel matrix.
The first category involves incorporating conductive
particles such as metal nanoparticles and carbon-based
nanomaterials into the hydrogel to form electronically
conductive hydrogels. In these hydrogels, conductivity
arises from the directed movement of free electrons within
these embedded conductive particles. This results in the
formation of a percolating particle network, effectively
enhancing both the electrical conductivity and mechanical
properties of the hydrogel.!® For example, the conductive
hydrogel synthesized by oxidized tannic acid-modified
AuNPs and chitosan hydrogel matrix with a dynamic Schiff
base reaction shows electrical conductivity ranging from
1 to 1.4 mS/cm. It also effectively alleviates the irregular
discharge of nerve cells in the intracerebral projection
area, leading to improved motor function recovery and
reduced histological neurodegeneration in rats with
Parkinsons disease.'! Regardless of these achievements,
certain attributes of this material type limit its applications,
such as the high cost of noble metal conductive materials.
Additionally, metals are susceptible to corrosion in
humid environments, and it thus leads to a degradation
in the electrical performance of the conductive hydrogel
biomaterials. Carbon-based nanomaterials, such as carbon
nanotubes (CNTs), graphene oxide (GO), and carbon fibers,
have emerged as highly promising conductive materials due
to high electrical conductivity, environmental stability, and
good biocompatibility,'> making them excellent alternatives
to metallic nanoparticles.”” However, the low dispersibility
in solution and high cost of CNTs and GO also limit their
practical applications in large-scale production.

The second strategy entails the introduction of
ionic species into the hydrogel network to synthesize
conductive hydrogels, either during the gel synthesis
process or through post-synthesis doping methods.
The presence of conductive ions within the hydrogel
establishes an interconnected pathway for the movement
of charge carriers, facilitating their migration throughout
the material. The conductive ions, acting as mobile
charge carriers, enable the hydrogel to conduct electricity
effectively and pave the way for applications in various
fields, including flexible electronics, bioelectronics, and
smart sensors, among others.

The third strategy involves introducing conductive
polymer into a hydrogel matrix to obtain polymer
electronic conductive hydrogel. Conductive polymers
belong to a class of high polymers capable of generating
a positive response to electric current signals and achieve
electrical conductivity through their own conjugated
structures or ionizable ions along the molecular chains.
The recognition of this field’s significance is evident from
the 2000 Nobel Prize in Chemistry awarded in celebration
of the birth and evolution of conductive polyacetylene.
By linking the structural units within polymers, these
materials can harness the m-m conjugated structure
present within large molecular chains or utilize ionizable
ions along the chains to facilitate the free movement of
charge carriers. Consequently, they acquire electrical
conductivity. In this strategy, the conductive properties of
the polymer are retained within the hydrogel, rendering
it an efficient solid-state conductor for electronic charge
transport. Since the discovery of conductive polyacetylene,
numerous other conductive polymer materials have
been developed, including polyaniline, polypyrrole, and
poly(3,4-ethylenedioxythiophene) (PEDOT). However,
a noteworthy challenge arises with many conductive
polymer materials. They tend to be challenging to
dissolve, or in some cases, entirely insoluble in water due
to their high molecular weights and the hydrophobic
nature of their organic constituents. As a result, when
attempting to prepare conductive hydrogels using the
doping method, the solubility issue can lead to difficulties
in achieving uniform incorporation of the conductive
components into the hydrogel matrix. This non-uniform
distribution within the gel structure significantly
compromises the electrical conductivity of the conductive
hydrogel."* The typical strategy for achieving water-
soluble conductive polymers is to complex them with
other hydrophilic molecules. For example, PEDOT, a
derivative of polythiophene, is inherently insoluble in
water due to its hydrophobic nature. However, PEDOT
can be doped with hydrophilic poly(styrene sulfonate)
(PSS) to form PEDOT:PSS electrostatic complex.'* This
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electrostatic interaction between PEDOT and PSS allows
for the homogeneous dispersion of the complex in water,
creating a stable and conductive aqueous solution. Its
water solubility and compatibility with solution-based
processing techniques make it an attractive choice for
various applications, enabling the realization of cost-
effective and scalable manufacturing processes. A
solvent-free strategy using laser-based heating enhances
the conductivity of PEDOT:PSS thin films up to three
orders of magnitude.'® Furthermore, laser-induced phase
separation enhances aqueous stability of PEDOT:PSS
which allows the transformation of PEDOT:PSS into
water-stable hydrogels and maintains electrochemical
properties even after 6 months in a physiological
environment."”

Throughout the year, we have witnessed the rapid
development of PEDOT:PSS from being a mere material
to sophisticated sensors.’® Various manufacturing
processes, including coating, printing, and lithography,
have made it possible to produce PEDOT:PSS nanowires
with exceptional sensing capabilities. However, neat
PEDOT:PSS lacks the flexibility and stretchability
required for wearable electronic applications. Enhancing
the mechanical flexibility of conductive polymers like
PEDOT:PSS for wearable electronics has been achieved
through methods such as polymerization directly on
textiles, coating/dyeing, and printing."” These techniques
involve combining PEDOT:PSS with commercially
available polymers known for their high flexibility and
stretchability, such as polyurethane. PEDOT-based
conductive composite materials, whether in gel, fiber, or
film form, have found extensive applications in strain,
pressure, and temperature sensors within the realm
of wearable bioelectronics.®® This integration not only
leverages the superior sensing properties of PEDOT:PSS
but also ensures the necessary mechanical durability and
adaptability required for wearable electronic applications.
At present, PEDOT/PSS conductive hydrogels are
regarded as promising materials, exhibiting advantages
for application in sensors compared with other materials.
However, there is a conspicuous dearth of comprehensive
reports systematically summarizing the applications
of 3D printing technology in the production of
PEDOT:PSS conductive hydrogels for biosensors. Thus,
in this context, we delve into the discussion of various 3D
printing techniques employed in fabricating PEDOT:PSS
hydrogel electronic devices. We also provide an overview
of the progress made in the application of 3D-printed
PEDOT:PSS hydrogels in biomedical sensors, including
strain sensors, pressure sensors, stretchable sensors,
electrochemical sensors, temperature sensors, humidity
sensors, and electrocardiogram sensors.

3. 3D-printed PEDOT/PSS
conductive hydrogel

3D printing technology, commonly referred to as additive
manufacturing, offers distinct advantages for replicating
natural tissue micro-structures and has gained prominence
in recent years for the fabrication of conductive hydrogels.
The method relies on layer-by-layer deposition of materials
using methods such as heating and melting, laser sintering,
or photopolymerization. These processes enable the design
and fabrication of complex structures that are challenging to
achieve through conventional manufacturing methods. Based
on the different forming methods, 3D printing technology
can be categorized into three main types (Table 1).

3.1. Extrusion-based 3D printing technology
Extrusion-based 3D printing technology represents a
method for fabricating 3D objects, wherein materials are
deposited layer by layer through an extrusion process. One
of the most representative techniques in this category is
fused deposition modeling (FDM), along with direct ink
writing (DIW) and inkjet printing.

FDM stands out a popular and accessible 3D printing
technique that employs a thermoplastic filament as the
printing material. The filament is fed through a heated
nozzle, where it undergoes melting and is then precisely
deposited onto the build platform, layer by layer. It is worth
noting that the reports on PEDOT:PSS materials being
exclusively used with FDM technology for 3D printing are
scarce. The majority of significant reports typically involve
PEDOT:PSS material forming an active or functional
layer on the substrate via FDM technology, often through
methods like spray deposition or drop-casting.

DIW is another extrusion-based 3D printing method
that finds particularly suitable for printing soft and
bioactive materials such as hydrogels and living cells. In
DIW, a viscous ink or bioink is directly extruded from
a nozzle, enabling the precise deposition of material in
a controlled manner. The resulting PEDOT:PSS-based
supercapacitors exhibit exceptional energy storage
performance, outstanding cyclic stability, and remarkable
bending stability.**?** By incorporating various additives
such as deep eutectic solvents,* glucose, and ascorbic acid,*
or by combining with other materials like MXene* and
carbon methyl cellulose,* the conductivity of PEDOT:PSS
can be significantly enhanced. The introduction of
thermally crosslinkable N-(hydroxymethyl)acrylamide
segments” and the combination with graphene oxide
(GO) nanosheets and anionic polyurethane,” or
post-printing  freeze-thawing treatment,” facilitated
the development of flexible, tough, and stretchable
PEDOT:PSS-based hydrogels. The organic electrochemical
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Table 1. Classification of 3D printing technology of PEDOT:PSS-based conductive hydrogels

Classification Component Resolution Properties Application References
FDW CNTs, AgNW, and 0.25 mm vertical Transmittance and sheet  Bioelectronics 21
PEDOT:PSS resolution resistance
Polydimethylsiloxane, 0.1 to 0.16 mm at 0.02 Outstanding sensitivity, Flexible pressure sensor
PEDOT:PSS mm intervals stable and repeatable
operation
Poly(diallyldimethyl- 3 pairs of digits having 9 Easily distinguish the Electronic tongue sensing
ammonium chloride),  mm length, I mm width  chemical fertility of device
PEDOT:PSS soil samples without
pre-treatment
DIW PEDOT:PSS Diameter: 1 mm High energy storage Flexible micro-superca-
Distance: 0.15 mm Speed:  performance and pacitors
3 mm/s outstanding cycle stability
Pressure: 20 psi
(PEDOT:PSS)/MXene  Printing pressure: ~70 Deliver exceptionally Flexible micro-superca-
kPa large areal pacitors
Printing speed: 6 mm/s capacitances, remarkable
Needle diameter: 210 um  rate performance, and
high cycling stability with
thickness-independent
capacitances
PEDOT-graft-PLA 0.001 mm of maximum The conductive and Bioelectronics 2
copolymers resolution, and a biocompatible printed
maximum pressure of 4 patterns of PEDOT-g-
x 10° Pa. In this study, PLA showed excellent
needles with an inner cell growth and matura-
diameter of 0.2 and tion of neonatal cardiac
0.3 mm were used. myocytes co-cultured
with fibroblasts.
Functionalized The sensitivity and Room-temperature gas z
multi-walled CNTs, selectivity to ammonia sensor
PEDOT:PSS gas (NH,) at room
temperature
PEDOT:PSS High resolution High cyclic and bending  Flexible all-solid-state 2
Width: 500 um stability micro-supercapacitors
Spacing: 700 um
Thickness: 6 pm
PEDOT:PSS High resolution (~30 um) High resolution and high A cortex-wide neural »
conductivity, while interface
maintaining stable elec-
trochemical properties
Inkjet printing PEDOT:PSS, for- The drop spacing was High conductivity, Stretchable transparent 30
mamide, d-sorbitol, so- 35 um, and the printing stretching properties,as  electrodes in optoelec-
dium dodecyl benzene  height was 1.2 mm well as good biocompat-  tronic devices
sulfonate, and ethylene ibility
glycol
Continued
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Table 1. Continued

Dihydrolevoglucose-
none, glycerol
carbonate, PEDOT:PSS

21 um nozzle diameter,
droplet spacing of 34 um

Enhanced performance
stability was observed
under cyclic bending,
thermal annealing,
ultraviolet, or infrared
exposure

Heterostructures and
flexible electronics

31

Co-solvents, a
non-ionic surfactant,

A single nozzle with
diameter of 300 um; the

Good morphological,
optical, and electrical

Devices containing
high-efficiency printed

32

PEDOT:PSS ejects dropped (volume =  properties organic light-emitting
15 nL) from 7 mm height diodes
SLA PEDOT:PSS, carbon 500 pm thickness, 250 Enable rapid develop- Cuff electrode shell 3
black matrix pm inset windows, ment of cost-effective design

300° circumferential
nerve-electrode interface
coverage

functional stimulation
devices targeting nerve
bundles less than 1.0 mm
in diameter

PEDOT:PSS, photo- Lateral resolution around

34

Performances in Organic electrochemical

curable poly(ethylene 80 um biosensing for dopamine  transistors
glycol) diacrylate detection
DLP Dye ((3)Rf*), the amine  Highest resolution Significantly increase its ~ Conductive scaffolds »
(TEA), poly(2-hy- between 20 and 100 um mechanical modulus and
droxyethyl acrylate)/ electrical properties
PEDOT:PSS
Si/PEDOT:PSS/PEG Preserve a specific Free-standing electrode

discharge capacity, struc-
tural integrity, and sig-
nificantly high flexibility
with an enhanced load

PEDOT:PSS-coated
silver(I) selenide
nanowires

Thermoelectric
composites

The thermoelectric
figure of merit of cured
composite increased,
with the highest at room
temperature

Abbreviations: AgNW, silver nanowire; CNT, carbon nanotube; FDM; PEDOT, poly(3,4-ethylenedioxythiophene); PEG, polyethylene glycol; PLA,

polylactic acid; PSS, poly(styrene sulfonate).

transistors, fabricated by integrating PEDOT:PSS with 3D
printing techniques (FDM and DIW), demonstrate high
transconductance, low operating voltage, and high current
ON/OFF ratio. Moreover, the printed devices exhibit
noteworthy sensitivity, stability, and robust behavior even
after several measurement cycles.*

Within the domain of 3D inkjet printing, the printing
material is precisely jetted from multiple small nozzles
onto the build platform in a layer-by-layer fashion. The
material droplets are rapidly cured or solidified to form
the desired 3D object. In the realm of PEDOT:PSS-based
bioelectronics, inkjet printing stands out as one of the most
cost-effective techniques, offering substantial advantages
such as digital design precision, non-contact deposition,
and additive manufacturing versatility in additive
manufacturing. Current research predominantly focuses
on the development and optimization of PEDOT:PSS ink

formulations. Secondary doping and post-treatments with
formamide have been explored in an effort to enhance the
film’s conductivity. The addition of d-sorbitol plasticizer
gives the PEDOT:PSS film the ability to tolerate cyclic
tension.*® Substituting dimethyl sulfoxide (DMSO)
with bio-renewable solvents enhances jetting reliability
and long-term stability, while concurrently improves
of deposited PEDOT:PSS
layers.’! Surface modification of silicon substrates with
(3-aminopropyl)triethoxysilane has been employed to
enhance the adhesion of printed semiconductor layers.*
Moreover, careful regulation of surface tension through
the use of co-solvents and a non-ionic surfactant has led
to the creation of films with favorable morphological,
optical, and electrical properties, which are similar to
those observed for the corresponding spin-coated layers.*
Furthermore, a comprehensive exploration of factors

the electrical properties
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influencing PEDOT:PSS inkjet printing progress has been
investigated. The results highlight that resolution, substrate
treatment, and print head height are the most pivotal
factors affecting printing quality.*® The properties of the
PEDOT:PSS-based temperature-sensitive layer have also
been evaluated and analyzed, encompassing aspects like
sensitivity,"” time drift,” and mechanical flexibility.*

Electrohydrodynamic (EHD) printing technology,
also known as electrohydrodynamic inkjet printing
technology, is an innovative approach of inkjet printing.
It distinguishes itself from conventional inkjet techniques,
which rely on pressure or jetting force to control ink flow.
Instead, EHD printing operates by applying an electric
field to precisely regulate the movement and distribution
of ink during the printing process. This groundbreaking
technology seamlessly combines principles from both
electrochemistry and printing, resulting in significantly
enhanced precision and superior print quality. Typically,
EHD jet printing operates in four jetting modes:
dripping, micro-dripping, cone-jet, and multi-jet.
When working with PEDOT:PSS, the cone-jet mode
is typically the preferred choice.® To further improve
PEDOT:PSS properties, silicon-based hardeners are used
to enhance conductivity and solvent resistance,’" while the
incorporation of CNTs provides exceptional dimensional
stability.> The addition of the surfactant Triton X-100
not only increases the conductivity of PEDOT:PSS films®
but also optimizes surface tension, enabling multiple
jetting modes.” In comparison to traditional EHD jet
printing methods, when operating under similar printing
conditions, the EHD jet printing method employing
high-voltage electrostatic focusing lenses achieves
higher resolution.” PEDOT:PSS prepared using the low-
temperature cone-jet mode exhibits tunable conductive
and thermal properties, making it potentially valuable for
applications in flexible and wearable micro-devices.™

3.2. Powder-based 3D printing technology

The powder-based approach involves the utilization
of powdered materials to achieve the layer-by-layer
fabrication of 3D objects through selective sintering
or melting processes. This technique encompasses two
primary methodologies: selective laser sintering (SLS)
and selective laser melting (SLM), both employing a
heat source such as a laser or electron beam. SLS has
shown remarkable potential in the production of medical
devices, and SLS-based 3D-printed dosage forms hold the
promise of revolutionizing the production of personalized
drugs.” On the other hand, SLM technology excels at
rapidly processing metal powder to obtain the necessary
parts with outstanding metal structure performance
and excellent metal thermal performance, making it

indispensable for modern industrial revolution.”® While
SLS and SLM are highly effective technologies for working
with powder materials, they are not particularly well-
suited for use with hydrogels.

3.3. Photopolymerization-based

3D printing technology

Photopolymerization-based 3D printing falls under the
umbrella of additive manufacturing techniques that utilize
light-induced polymerization to create 3D objects layer by
layer. These techniques rely on the solidification of liquid
photopolymer resins when exposed to specific wavelengths
of light. They offer precise control over geometry and are
particularly suitable for producing intricate and finely
detailed structures characterized by smooth surface
finishes. The commonly photopolymerization-based 3D
printing methods for constructing PEDOT:PSS-based
conductive hydrogels are stereolithography (SLA) and
digital light processing (DLP).

Renowned for its ability to produce high-resolution
models and prototypes with intricate details, SLA
employs an ultraviolet laser to selectively cure a liquid
photopolymer resin layer by layer. Within the realm
of conductive hydrogels, SLA technology has achieved
success in fabricating such materials using a blend of
PEDOT:PSS and polyethylene glycol diacrylate (PEGDA)
as the photopolymerizable matrix.” The optimization of the
photocurable resin’s composition has been accomplished
through three aspects: photoinitiator, surfactant, and
filler concentrations. This optimization process has
yielded printed objects possessing noteworthy electrical
conductivity and mechanical properties.” Furthermore,
the utilization of the PEGDA:PEDOT resin mixture is
able to facilitate the rapid prototyping of 3D organic
electrochemical transistors, highlighting the promising
potential of this methodology for generating functional
electronic devices with excellent sensing capabilities.*

Similar to SLA, DLP uses a digital light processor
(DLP chip) to project an entire layer’s image onto the
liquid photopolymer resin, allowing for the simultaneous
curing of the entire layer and thereby achieving faster
printing speeds. Within DLP process, PEDOT:PSS plays
a dual role: It expedites the photoinitiation process and
imparts the resulting hydrogels with high conductivity
and exceptional electrical stability.*>®" The 3D-printed
PEDOT:PSS-based electrodes developed via DLP maintain
a notably high specific discharge capacity, accompanied by
an extremely low-capacity fade, showcasing remarkable
flexibility.*® Incorporating PEDOT:PSS-coated silver
selenide nanowires as a filler enhances the thermoelectric
figure of merit and mechanical properties of the cured
composite material.”’
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4, 2D/3D-printed PEDOT/PSS conductive
hydrogel for biomedical sensors

In this section, we discuss the recent advances of 2D/3D-
printed PEDOT/PSS conductive hydrogel for biomedical
sensors, including strain sensors, pressure sensors,
stretchable sensors, electrochemical sensors, temperature
sensors, humidity sensors, and electrocardiogram sensors.

4.1. Strain sensor

The initial studies on PEDOT:PSS-based strain sensors
primarily focused on optimizing ink formulations and
conducting tests under various tensile conditions and
strain histories.” These efforts aimed to highlight the
correlation between electrical response, applied strain,
time, and mechanical history. As the research progressed,
attention shifted toward investigating the feasibility of
printing conductive patterns on flexible polyimide film
substrates using graphene/PEDOT:PSS multi-component
ink materials.®® The effect of different graphene doping
amounts on composite ink performance and printing
processes was thoroughly analyzed.

Subsequent research endeavors aimed to enhance
specific characteristics of strain sensors. For instance,
novel hybrid inks were developed by incorporating foam
graphene foam/PEDOT:PSS hybrid ink using 2-propanol
and ethylene glycol as solvents.® This innovation resulted
in conductive patterns with a gauge factor of 4.3, rendering
them suitable for low strain sensor applications. However,
deposition of PEDOT:PSS thin films onto treated flexible
substrate surfaces using inkjet printed technique achieves
high gauge factors and showcases the materials potential in
high-strain sensing applications® (Figure 2).

To minimize interference from skin deformation
caused by skin-contact strain sensors, an ultra-thin strain
sensor was developed using PEDOT:PSS inkjet-printed on
polystyrene-polybutadiene-polystyrene nanosheets.*® This
sensor demonstrated the capability to accurately detect
minor skin strains (approximately 2%), offering a new
approach for precisely monitoring the movement of both
human and artificial soft robotic skin.

In the pursuit of enhancing the gauge factor of
piezoresistive strain sensors, a novel approach was
employed, introducing a high resistive path perpendicular
to the sensing direction, driven by phase separation of
PEDOT:PSS polymer material.”” Inspired by sesame
candy, a PEDOT:PSS-based conductive nanocomposite
with viscoelasticity was crafted through electrostatic/
coordination interactions and hydrogen bonds.®
This composite material was used to create epidermal
electrodes and strain sensors for monitoring human
electrocardiogram/electromyogram and movement signals.

In response to the challenge posed by the challenge of
poor processability of conductive polymer PEDOT:PSS in
solution, low electrical resistance PEDOT particles were
first synthesized and applied via brush painting, enabling
the fabrication of pH and strain sensors on hydrophobic
surfaces such as 3D printable thermoplastics.*

Furthermore, a robust fluidic strain sensor was
developed, using biocompatible PEDOT:PSS/multi-wall
CNTs liquid.” This sensor had shown high linear response,
minimal hysteresis, and stable response across a full
humidity range and at temperatures between 20°C and
40°C. Additionally, it demonstrated good biocompatibility,
as confirmed through cell viability assessment using
human epidermal keratinocytes and human umbilical cord
vascular endothelial cells.

4.2. Pressure sensor

The PEDOT:PSS hydrogel possesses exceptional electrical
conductivity, inherent flexibility, and mechanical
robustness. This unique combination of attributes
empowers the hydrogel to adeptly convert mechanical
pressure into electrical signals, allowing for precise and
sensitive pressure detection.” Byincorporating PEDOT:PSS
hydrogel-based pressure sensors into robotic systems or
interactive surfaces, it becomes possible to enhance the
safety and precision of human-robot interactions. These
sensors can detect changes in pressure distribution and
intensity, enabling robots to respond intelligently to human
touch and providing a more natural and intuitive user
experience.”” PEDOT:PSS hydrogel-based pressure sensors
have gained substantial attention in the realm of wearable
fields. They can be seamlessly integrated into clothing,
gloves, or even attached directly to the skin, providing
real-time pressure monitoring in various contexts.
A commonly employed strategy involves combining
PEDOT:PSS with polydimethylsiloxane, either by coating
or drop-casting it onto 3D-printed polydimethylsiloxane
sheets as the active layer, or formulating it as a composite
electrode in conjunction with polydimethylsiloxane.
These pressure sensors exhibit remarkable sensitivity and
linearity, rendering them suitable for detecting diverse
health signals such as wrist pulses, swallowing, and speech
articulation*>”>”* (Figure 3).

Another intriguing approach involves crafting pressure
sensing patches by sandwiching conductive cotton fabric
between two parallel electrodes.” In essence, this method
entails mixing carbon-based paste with the organic conductor
PEDOT-PSS to create a conductive nanocomposite solution.
A nanofibrous and stretchable cotton fabric was then selected
and immersed in the nanocomposite solution to serve as the
pressure sensing layer. The resulting sensors, when tested,
demonstrated the ability to record resistance variation as
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Figure 2. PEDOT:PSS-based strain sensor.”” (A) Experimental test setup: sample assembly jig with four ohmic contact proven from the resistivity
measurements system. (B) Image of the PEDOT:PSS ink printed on the SP-TPU substrate after annealing (at 80°C). (C) Detail of the interface between
ink and the SP-TPU substrate. (D) Atomic force microscopy (AFM) topographic images of: (a) SP-TPU surface; (b) the printed SP-TPU surface with six
layers of PEDOT. The image size is 10 um x 10 pm. (E) Scanning electron microscopy (SEM) images of SP-TPU substrate with inkjet printed PEDOT:PSS
ink: (a, b) top and fractured cross section surface, respectively, with five layers of ink; (c, d) top and fractured cross. (F) Optical microscopy (OM) images
of the printed substrate after the cross-cut tape test: (a) remaining ink on the substrate; (b) detail of (a); (c) remaining ink on the adhesion tape. (G) Sheet
resistance measurement, according to the PEDOT:PSS printed layer thickness. (H) Typical TPU stress versus strain curve. (I) Stress—strain curves of the
SP-TPU substrate and stress—strain curves of SP-TPU substrate inkjet printed with 6 layers of PEDOT:PSS. (J) Electrical resistance versus homogeneous
strain. (K) Resistance changes with strain for printed PEDOT:PSS ink over a SP-TPU substrate. Copyright © 2023 Springer Nature. Reprinted and modified
with permission of Springer Nature.

small as 1 gram of weight. These findings underscore the mechanical deformation, as the strain can induce changes

successful application of this sensor for various scenarios
necessitating extensive deployment of pressure mapping
and force monitoring systems.

4.3. Stretchable sensor

The unique combination of electrical conductivity
and mechanical flexibility makes PEDOT:PSS an ideal
candidate for stretchable sensor applications. Traditional
sensors often encounter challenges when subjected to

in electrical properties or even lead to sensor failure. The
significance of PEDOT:PSS in stretchable devices lies in
its ability to maintain electrical performance even under
mechanical strain. Its inherent stretchability enables the
creation of electronic circuits, sensors, and displays that
can be bent, stretched, or conformed to various shapes
without compromising functionality. This attribute is
particularly crucial for applications in wearable electronics,
soft robotics, and healthcare monitoring.
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Figure 3. PEDOT:PSS-based pressure sensor.”>”* (A) The proposed pressure sensor: (a) basic structure; (b) simplified sensor model. (B) Fabrication process
of sensors. (C) Finite Element Method (FEM) results of the sensors with different micro-structures. (D) Static test results of sensors. (E) Durability test
results. (F) Characterization of the sensing performance of a concentric circle pattern (CCP)-based pressure sensor. (G) Applications of the CCP-based
pressure sensor with a 0.16 mm printing layer height (PLH) for human health monitoring. Copyright licensed under Creative Commons Attribution

4.0 license.
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The printed PEDOT:PSS-based interconnects exhibit structures characterized by well-interconnected, uniform
an impressive ability to withstand strains exceeding networks. This innovative combination enhances storage
100%, highlighting their robust mechanical flexibility.” modulus and conductivity, showcasing exceptional
The integration of PEDOT:PSS and a stretchable poly(2- stability and durability even when subjected to substantial
hydroxyethyl acrylate-isobornyl acrylate) (PHI) structure strains of up to 60%”’ (Figure 4). PEDOT:PSS-based
has led to the creation of 3D-printed porous stereo sensors can also achieve elasticity by blending with the
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Figure 4. PEDOT:PSS-based stretchable sensor.”””® (A) Preparation route for PHI/PEDOT: PSS DN. (B) Properties of PHI, PHI/PEDOT: PSS and annealed
PHI/PEDOT: PSS. (C) Compression curves. (D) Electrochemical impedance spectroscopy and its shape deformation under finger pressing. (E) Illustration
of sensor design process and sensor output (dynamic test). (F) Representative applications of the printed stretchable PEDOT:PSS/PEO conductor for
wearable electrocardiography (ECG) and photoplethysmography (PPG) sensors. Copyright © 2023 Elsevier. Reprinted and modified with permission of
Elsevier. Copyright © 2023 Elsevier. Reprinted and modified with permission of Elsevier. Copyright © 2021 American Chemical Society. Reprinted and
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soft polymer polyethylene oxide (PEO),”® or printing on a
thermoplastic polyurethane (TPU) substrate.” Thin films
of PEDOT:PSS/PEO polymer can resist up to 50% tensile
strain with minimal changes in electrical performance,
while PEDOT:PSS/TPU polymer can achieve one-time
stretching up to 40%, increasing the sheet resistance up
to 214 Ohm/sq only. The integration of hydrogels and
dielectric elastomer PEDOT:PSS composite materials
combines the water-based flexibility and biocompatibility
of hydrogels with the excellent conductivity and
mechanical resilience of PEDOT:PSS composites, creating
a new paradigm of stretchable electronics.®!

The application of stretchable and conductive materials
has revolutionized the field of sensors, especially in
applications related to strain, pressure and force sensing. In
strain sensing, the composition of PEDOT:PSS nanofibers
with polyvinyl alcohol, coupled with a fusion of 3D
printing and successive freeze-thawing, has given rise to
a conducting polymer hydrogel strain sensor that exhibits
both ultimate strain (300%) and negligible hysteresis
(<1.5%).% Notably, these sensors show remarkable
attributes, such as stretchability, linearity, cyclic stability,
and robustness against mechanical twisting and pressing.
By modulating micro-cracking patterns within carbon
nanofiber-thin film sensors containing PEDOT:PSS by
changing thickness, these sensors exhibit an extraordinary
linear response to exceptional tensile strains, reaching up to
97% under a high measurement factor.** Introducing fiber-
reinforced region within the PEDOT:PSS thin film proves
to be an effective strategy in suppressing crack propagation
in strain sensors. Even after subjecting the sensor to 1000
cyclic tests at a 50% tensile strain, its operational range
remains robust at 70%.*?

In addition to these advancements, coating the surface
of acrylic polyurethane layers with a PEDOT:PSS film*
or applying a mixture of PEDOT:PSS and polyurethane
dispersion on the contact surface of polydimethylsiloxane
plates” allows for the design and fabrication of flexible
force sensors and flexible pressure sensors.

4.4. Electrochemical sensor

The remarkable electrical conductivity inherent in
PEDOT:PSS hydrogels, coupled with their unique ability
to retain ionic species and their compatibility with various
electrode substrates, renders them effective in facilitating
electron transfer and ion diffusion. This ensures precise
and responsive electrochemical signal transduction. In
the domain of medical diagnostics, PEDOT:PSS-based
electrochemical sensors hold promise for rapid and reliable
point-of-care testing.

Among various biosensing applications, glucose
sensors based on PEDOT:PSS have gone through

a remarkable metamorphosis in terms of sample
type amenable for testing, i.e., from blood-based
glucose measurement to saliva-based detection.®* This
transformation has been driven by the desire to make
blood sugar monitoring more convenient and user-
friendly, shifting away from invasive blood measurements
that come with discomfort and inconvenience. In the
realm of fabrication technology, the traditional screen
printing technology® has evolved into the more precise
and adaptable methods, such as inkjet printing.*
Meanwhile, PEDOT:PSS modification has become a
key strategy in the works involving sensor materials. On
the one hand, enhancements in electrical conductivity
and biocompatibility have paved the way for improved
sensor performance and reliability.” On the other hand,
the combination of glucose oxidase with biosensors
has given rise to enzyme-based platforms, catapulting
PEDOT:PSS-modified sensors into being applied in the
realm of glucose oxidase-anchored enzyme biosensors®
(Figure 5). Using appropriate surface immobilization
strategies, these enzyme biosensors realize accurate and
sensitive glucose measurements. This comprehensive
exploration underscores the importance of PEDOT:PSS
as a groundbreaking material for advancing glucose
detection, providing a potential breakthrough for
diabetes management and personalized medicine.
Furthermore, a biosensor array has been developed,
featuring PEDOT:PSS conductive polymer, silicone,
activated carbon, and platinum nanoparticles. This array
allows for the concurrent measurement of glucose, lactate,
and neurotransmitters like glutamate in cell cultures over
hours to days.* Notably, the application of this array
offers a dynamic and longitudinal view on how neural
cells respond to various drugs and environmental cues.
It can be seamlessly integrated into micro-fluidic organ-
on-a-chip platforms or as part of intelligent culture dish
systems. This innovation enables real-time monitoring
of multiple analytes, providing insights into cellular
behavior and responses that are crucial for advancing
our understanding of complex biological processes and
drug interactions.

PEDOT:PSS sensors have proven versatile in detecting
various cations and anions, such as sodium, potassium,
calcium,” and chloride ions,” as well as in pH sensing.*
The application of PEDOT:PSS in ulcer pH detection
holds significant potential for advancing wound care. As
chronic or infected wounds often exhibit pH variations
outside the normal range, the PEDOT:PSS-based sensor
provides clinicians with a valuable tool to assess wound
healing progress and infection risk.”’ Additionally, their
biocompatible nature ensures minimal adverse reactions
when in contact with the wound environment. This
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Figure 5. PEDOT:PSS-based electrochemical sensor.***' (A) Glucose biosensors inkjet printed on paper with a loop on the device and their geometry or
configuration. (B) Scanning electron microscopy (SEM) images of PEDOT:PSS film printed on paper, mechanism of the enzymatic reaction, and cyclic
voltammetry (CV) curves of the biosensor. (C) Current-time characteristics of the sensor in response to different concentrations of glucose successively
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technology offers the potential to detect pH deviations
indicative of complications, prompting timely interventions
and personalized treatment strategies. It can also gauge the
effectiveness of wound healing interventions, marking a
substantial leap forward in patient care.

In addition to glucose and various ions, PEDOT:PSS-
based organic electrochemical transistors have found
application in detecting hydrogen peroxide. For instance,
biocompatible electronic devices have been designed using
conductive/semiconductive polymers in combination with
the biologically active enzyme horseradish peroxidase.®
These devices demonstrate excellent sensitivity and
notable operational stability. Moreover, the incorporation
of Prussian-blue nanoparticles, PEDOT:PSS, and water-
soluble silkworm protein has been shown to result in
a high-accuracy H,O,-selective organic-inorganic 3D
heterointerface.”” PSS and silkworm protein, acting as poly-
anionic and poly-cationic charge compensating elements,
generate a physical blockage effect, significantly enhancing
the potential cycling and response stability of the sensing
system. Furthermore, PEDOT:PSS-based biosensors
have been tailored for detecting various analytes, such
as triglyceride,” hydrazine,”” human papillomavirus-
related DNA,” psychoactive ingredient in cannabis,”
and nicotine.”

4.5. Temperature sensor

By monitoring the changes in electrical resistance of the
PEDOT:PSS layer in response to temperature fluctuations,
the sensors can precisely and swiftly measure variations in
body temperature. This conductivity-driven mechanism
not only eliminates the need for complex circuitry but also
enables real-time monitoring of body temperature without
compromising user comfort.”” The incorporation of GO
endows the temperature sensor with better performance in
terms of faster speed as well as shorter response and recovery
times, as compared with commercial thermistors.'” These
sensors are integrated onto the electronic skins of a robotic
hand, enabling robots to respond through temperature
feedback. Furthermore, the introduction of a crosslinker
(3-glycidoxypropyl)trimethoxysilane and  fluorinated
polymer passivation significantly improves the humidity
stability and temperature sensitivity of the PEDOT:PSS-
based film.'"" The integration of these printed sensors
into flexible hybrid circuits creates a wireless temperature
sensing platform, which enables stable real-time healthcare
monitoring. Additionally, utilizing a hybrid composite of
zinc oxide (ZnO) and PEDOT:PSS as the temperature-
sensitive layer in flexible sensors yields a high sensitivity
of up to 1.06%, with response and recovery times of 5 s
and 12.7 s, respectively.'” The incorporation of graphene
nanoflakes and Co304 nanoparticles into PEDOT:PSS-

based sensing electrodes affords these sensors with high-
pressure sensitivity and high-temperature sensitivity
simultaneously, with negligible interferences among these
parameters'® (Figure 6) .

In addition to material doping to enhance sensor
performance and the construction of multi-functional
sensors, several studies have also focused on the substrate
of printed temperature sensors. For instance, fabricating
temperature sensors on pre-treated pure cotton fabric
flexible substrates results in comfortable, skin-friendly
wearable electronic products.'”* Fabricated by means of
printing paper and PEDOT:PSS solution, paper-based
temperature sensors boast significantly superior sensitivity,
a desirable attribute enabling their integration into a body-
attachable patches for a wearable thermometer.'® These
sensors can transfer signal results to smartphones via
bluetooth, supporting their applications in a wide range of
flexible electronics and healthcare scenarios.

Furthermore, studies have explored the alternatives
or supplementary materials for PEDOT:PSS-based
temperature sensors, a PEDOT-like self-doped
conjugated polymer. These investigations have examined
the electrical and morphological characteristics of both
polymers and their blends for temperature sensing

applications.'” Research has also delved into silk-
protein-based biodegradable temperature sensors,
evaluating their temperature sensitivity, humidity

stability, and biodegradability.'”” Additionally, a passive
design of matrix sensor that achieves high sensor density
for spatial temperature readings while maintaining
a small array size has been proposed.'” Collectively,
these advancements highlight the potential for diverse
applications and multi-functional capabilities of printed
temperature sensors in fields ranging from flexible
electronics to healthcare monitoring.

4.6. Humidity sensor

Humidity detection holds paramount significance within
the realm of biomedical applications, exerting a far-
reaching impact on critical aspects such as infection control
in medical environments, optimal functionality of medical
equipment, maintenance of pharmaceutical storage
conditions, and assurance of a controlled environment
for medical testing and diagnostics. Its integration
into wearable electronic devices introduces a range of
functionalities, including respiratory monitoring,'”
assurance of surgical mask integrity,""° and diaper wetness
alerts,'""! which are valuable in the healthcare domain.
By serially connecting multiple interdigital transducer
electrodes with PEDOT:PSS, methyl red, and GO as active
sensing materials, humidity sensors can respond to much
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Figure 6. PEDOT:PSS-based temperature sensor.'”*'”” (A) Structural design and photographs of the flexible all-nanofiber pressure-temperature
sensor. (B) Morphology characterization of the all-nanofiber pressure-temperature sensor. (C) Working principle and performance evaluation of the
temperature sensor. (D) Working principle and performance evaluation of the pressure sensor. (E) Stability test of the pressure-temperature sensor.
(F) Photolithographically printed flexible silk/PEDOT:PSS temperature sensors. Copyright © 2023 Elsevier. Reprinted and modified with permission of
Elsevier. Copyright © 2020 American Chemical Society. Reprinted and modified with permission of American Chemical Society.
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wider range of relative humidity with high sensitivity'
(Figure 7).

The unique approach of combining multiple transducers
within a single sensing device facilitates the development of

high-performance sensors and circumvents the limitations
of single-transducer-based sensing devices. For instance,
using both PEDOT:PSS and two-dimensional material
molybdenum disulfide (MoS,) nanosheets as active
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Figure 7. PEDOT:PSS-based humidity sensor.'? (A) Schematic image of sensor, interdigital electrode, electrode fingers, and inkjet printer DMP-3000.
(B) Schematic set-up for characterizing response versus relative humidity change in the tested sensors. (C) Surface morphology characterizations.
(D) Impedance response of the sensors. (E) Stability responses at different humidity levels. (F) Real-time application and stability in the open natural
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layers for two independent sensors on a single substrate,
interconnected in a serial combination, it enables a single
humidity sensing device with good properties, such as
high sensitivity that exhibits exceptionally high sensitivity
and responds to a wide range of relative humidity.'”®
Integrating multiple sensors may address the limitations
of separate sensors and at the same time combine their
advantages. For instance, integrating strain and pH sensors
with a humidity detector based on PEDOT:PSS into a
single demonstrator enables simultaneous monitoring of
multiple biomedical parameters.'*

Furthermore, the synergistic use of various materials is
also a common approach for developing multi-functional
sensors. Printing commercial silver nanoparticle ink and
PEDOT:PSS onto glossy inkjet photo paper allows the
formation of an interdigitated electrode array and curved
micro-ribbon, which enable concurrent measurement of
relative humidity, temperature, as well as compression and
tensile bending.'”

4.7.Electrocardiogram sensor

As a critical tool wused in healthcare sector,
electrocardiography (ECG) provides a clear picture about
cardiacactivity. Commercially available Ag/AgClelectrodes
are commonly used to capture ECG signals. However,
they may cause skin irritation and lead to unreliable data
during prolonged use. In contrast, PEDOT:PSS hydrogels
offer a promising alternative due to their low electrode
interface impedance and excellent biocompatibility.'®
ECG signals acquired with PEDOT:PSS electrodes closely
resemble those obtained with commercial electrodes.
Remarkably, these electrodes maintain their electrical
properties and functionality even after several washing
cycles when subjected to physical stretching.!” In certain
electrolyte conditions, the skin contact impedance and
physiological signal extraction characteristics closely
resemble those achieved with disposable gelled Ag/AgCI
electrodes (rho >0.99). Therefore, PEDOT:PSS electrodes
can potentially replace commercial electrodes in wearable
devices for health monitoring under both static and
dynamic conditions. In addition, the dual ionic and
electronic conductivity properties of PEDOT:PSS endow
the electrodes the ability to record ECG signals on dry skin
conditions."® Signal amplification occurs when moisture
evaporates from the skin or common emollients are
applied, making the recorded ECG signals comparable to
those obtained with copper-wired Ag/AgCl electrodes. This
phenomenon may be attributed to PEDOT:PSS’s ability to
reduce contact impedance of dry electrodes.'”” Therefore,
dry electrodes which are reusable, comfortable to use, and
suitable for long-term measurements permit the collection
of electrocardiograms comparable to those collected with

gel-based electrodes in terms of quality. Additionally,
textile electrodes coated with PEDOT:PSS via the layer-
by-layer technique not only exhibit low impedance and
excellent skin contact properties, but can also reliably
detect high-quality heart rate signals in both wet and dry
conditions and maintain stability through 20-30 wash
cycles and 120-130 bending cycles.'*® The highly porous
PEDOT:PSS hydrogels, formed through self-assembly on
paper fibers, enable efficient electron transmission and
substance diffusion.'?! They can function as low-impedance
ECG electrodes and highly sensitive glucose sensors,
providing simultaneous real-time monitoring of ECG
and biochemical signals (glucose levels) in sweat during
physical activity. 3D-printed PEDOT-based eutectogels,
known for their flexibility, stretchability, strong adhesion,
and excellent capacity as conformal electrodes, can
continuously record epidermal physiological signals such
as electrocardiograms and electromyograms over extended
periods.'”? However, when prepared as concentric ring
electrodes, silver electrodes provide a more stable response
(fewer saturations and alterations) to intentionally induced
subject movement, as compared with PEDOT:PSS
concentric rings.'® When PEDOT conductive polymer
inks are added to thermoplastic styrene-ethylene-butylene-
styrene elastomers for micro-extrusion 3D printing, the
resulting PEDOT composites demonstrate conductivity
and stretchability lower than those of silver micro-flakes
and carbon black nanoparticles.'** Although they exhibit
unique properties due to their ionic conductivity, the
application of PEDOT conductive polymers in ECG signal
detection requires further exploration.

5. Recent advances of 3D-printed
PEDOT/PSS conductive hydrogel for
biomedical sensors

In summary, the recent advances of 3D-printed PEDOT/
PSS conductive hydrogel for biomedical sensors are rooted
in the development of strategies for fabricating PEDOT/
PSS conductive hydrogels using 3D printing technology,
allowing for the amalgamation of the conductivity of
PEDOT with the water solubility and processability of
PSS. This unique combination makes PEDOT:PSS an
exceptional candidate for biomedicine sensors. The main
achievements in this field are summarized in the following:

5.1. Fabrication methods: from traditional methods
to 3D printing

The evolution of PEDOT:PSS-based sensor fabrication
methods has traversed various stages. Initially, simple
coating and spraying methods were employed to apply
PEDOT:PSS onto substrates in the process of creating
basic sensors. After gaining significant understanding
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of the materials properties, researchers explored
techniques such as screen printing, which allowed for
controlled deposition of PEDOT:PSS patterns, enabling
the fabrication of more intricate and tailored sensors.
Coincidentally, the breakthrough occurred with the
advent of 3D printing technology, which revolutionized
the sensor fabrication process in a few ways: (i) allowing
the deposition of PEDOT:PSS in controlled patterns and
precise locations, (ii) fabricating sensors with improved
spatial resolution, (iii) reducing waste, and (iii) allowing
on-demand fabrication. Direct ink writing, inkjet printing,
and DLP techniques have found promising applications in
the realm of PEDOT:PSS-based sensors. These techniques
enable the rapid creation of intricate sensor patterns with
high resolution and versatility in design. As 3D printing
technologies continue to evolve, it is expected that sensor
performance, resolution, and complexity will continue
to improve. Innovations in material formulations, ink
development, and integration with emerging technologies
like Internet of Things (IoT) and flexible electronics
will likely drive the next wave of PEDOT:PSS-based
sensor applications.

5.2. Substrate: from polymer to flexible paper

The substrate for PEDOT:PSS-based sensors has
undergone notable evolution over time. In the early stages,
conventional substrates like polyethylene terephthalate
were commonly used. However, as the focus shifted
toward creating flexible and wearable sensors, there was
a transition to substrates that offered both hydrophilicity
and flexibility. Hydrophilic and flexible paper-based
substrates emerged as a preferred choice. This shift to paper
substrates not only enhances the adaptability of the sensors
for wearable applications but also aligns with the growing
interest in eco-friendly and biodegradable materials. The
utilization of paper substrates not only contributes to
the comfort and conformance of the sensors to different
surfaces but also reflects the broader trend of integrating
sustainable materials into sensor fabrication processes.
This evolution in substrate selection demonstrates the
dynamic nature of PEDOT:PSS-based sensor technology,
driven by the pursuit of enhanced functionality, comfort,
and environmental consciousness.

5.3. Materials composition: from single to
multi-component

The composition of PEDOT:PSS-based printing inks has
also undergone substantial changes, evolving from single-
component formulations to more sophisticated multi-
component formulations. In the early stages, PEDOT:PSS
with inherent conductivity was commonly used as the
primary component for sensor fabrication. As the demand
for improved sensor performance grew, there was a shift

toward exploring and optimizing multi-component
printing inks. This progression involved the incorporation
of additional components, such as CNTs and graphene, to
enhance various aspects of the sensors. The integration of
CNTs into PEDOT:PSS formulations leads to the creation
of composite inks that offer improved sensing repeatability
and enhanced bending stability. These enhancements
stem from the unique properties of CNTs, such as their
excellent electrical conductivity and mechanical strength.
Likewise, graphene/PEDOT:PSS composite inks have
been developed to leverage the exceptional electrical,
mechanical, and thermal properties of graphene. The
synergistic effects of combining graphene with PEDOT:PSS
contribute to sensors with enhanced sensitivity, response
time, and stability. The shift from single-component
to multi-component ink formulations highlights the
drive to harness the strengths of various materials for
optimized sensor performance. This evolution showcases
the innovative approach in sensor development, where the
judicious selection and combination of materials lead to
sensors with advanced capabilities and improved reliability.

5.4. Function: from single function to multi-function
The functionalities of PEDOT:PSS-based sensors have
undergonearemarkable evolution fromsingular capabilities
to multi-functional versatility. Initially, these sensors
started as single-purpose devices, such as pressure and
strain sensors, providing specific insights into mechanical
interactions. However, advancements in technology have
driven a leap toward multi-functionality. From the early
pressure and strain sensors, the field expanded to include
stretchable versions of these sensors, enabling them to
withstand deformation while retaining their sensing
capabilities. This development marked a significant
breakthrough in wearable and flexible electronics,
allowing sensors to be seamlessly integrated into various
applications. Furthermore, the expansion into multiple
parameters has been a noteworthy trend. Sensors that were
once limited to single measurements, such as temperature
or humidity, have now evolved into dual-response sensors,
simultaneously detecting both temperature and humidity
changes. This expanded functionality is particularly useful
in applications where correlated data provides a more
comprehensive understanding of the environment. In the
realm of biometric sensing, PEDOT:PSS-based sensors
have exhibited a similar trend toward multi-functionality.
Some sensors are engineered to simultaneously monitor
multiple biochemical markers, enabling the comprehensive
assessment of physiological conditions. For instance,
sensors are designed to detect glucose, glutamate, and
lactate simultaneously, enabling comprehensive metabolic
insights. Moreover, the integration of different sensing
modalities has led to the development of sensors capable
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of capturing both physiological and biochemical signals.
This is exemplified by sensors that can monitor both
ECG signals and glucose levels in sweat during physical
activities. Such multi-functional biosensors offer a holistic
perspective, merging real-time physiological responses
with biochemical variations.

6. Concluding remarks and prospects

PEDOT:PSS, a popular conducting polymer material, faces
several challenges that limit its widespread use in various
applications. The primary issues include the inconsistent
conductivity of the material due to environmental
sensitivity, instability, and aging of PEDOT:PSS over time,
leading to decreased performance and reliability, difficulty
in achieving uniform and defect-free film formation,
low mechanical strength and flexibility, and interface
incompatibility with certain substrates and interfaces
in electronic devices. Addressing these limitations and
challenges is essential to enhance the performance and
applicability of PEDOT:PSS in areas such as energy storage
devices, flexible electronics, and biosensors. Ongoing
research focuses on improving stability, conductivity,
mechanical properties, and interfacial compatibility of
PEDOT:PSS materials to widen their practical utilization.

Looking ahead, the future of 3D-printed PEDOT:PSS
hydrogel sensors holds promising prospects for further
expanding their functionalities and applications.
Regardless of these achievements, some challenges still
remain. As technology continues to advance, several
exciting directions emerge:

(1) Enhanced sensing modalities. Future PEDOT:PSS
sensors are likely to encompass an even broader
spectrum of sensing modalities. This may involve the
integration of new materials, such as nanomaterials
and biomolecules, to enable the detection of a wider
range of analytes, including specific chemicals, ions,
gases, and biomarkers.

(2)  Real-time monitoring. The evolution of PEDOT:PSS
sensors could lead to real-time, continuous
monitoring of various parameters. This helps
revolutionize the healthcare sector, enabling the
constant tracking of health indicators and early
disease detection, as well as improving patient
outcomes and preventive care.

(3) Wireless  connectivity.  Incorporating  wireless
communication capabilities into PEDOT:PSS sensors
may allow seamless data transmission to external
devices or cloud platforms. This can facilitate remote
monitoring, data analysis, and personalized feedback
in real time.

(4)  Miniaturization and integration. Advances in
fabrication techniques could lead to smaller, more
compact sensors that can be seamlessly integrated
into a wide range of wearable devices, textiles, and
even implantable medical devices.

(5) Adaptive and  self-powered  sensors.  Future
PEDOT:PSS sensors might harness energy from
their surroundings or body movements, allowing
them to operate autonomously and extend their
operational lifetimes.

(6) Smart environments and Internet of Things (IoT).
As the IoT ecosystem expands, PEDOT:PSS
sensors could play a pivotal role in creating smart
environments. These sensors may contribute to
data-driven decision-making in industries, such as
agriculture, infrastructure monitoring, and urban
planning.

(7)  Multi-parameter sensing. The sensors capable of
simultaneous detection of multiple parameters will
become more refined, allowing for a comprehensive
understanding of complexsystemsand environments.

(8)  Biocompatible and implantable sensors.
Advancements in biocompatible materials and
fabrication techniques will enable the creation of
PEDOT:PSS sensors for implantation within the
body, providing real-time monitoring of health

conditions and therapeutic responses.

(9) Artificial  intelligence  integration. ~ Supported
by artificial intelligence and machine learning
algorithms, the PEDOT:PSS sensors will be able to
process complex data patterns, thereby improving
accuracy and providing predictive insights.

(10) Environmental monitoring. Environmental
monitoring is an important element in the
development of sustainable and smart cities, and
thus, PEDOT:PSS sensors can play a role in this
regard by monitor environmental factors, such as
pollution, humidity, and temperature.
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Abstract

Degenerative osteoarthritis,a common sequela of articular cartilage defect, significantly
impacts the quality of life of millions of individuals worldwide. Three-dimensional (3D)
bioprinting has emerged as an advanced tissue engineering strategy, offering precise
spatial arrangements of cells, hydrogels, and bioactive cues. Hyaluronic acid (HA) is a
crucial component of bioink designed for fabricating cartilage tissue. However, creating
a bioink that closely mimics the cartilaginous extracellular matrix (ECM) still remains a
challenge.HA hydrogelshavelimitationsin recapitulating tunable mechanical properties,
stimuli responsiveness, and flexibility in ligands’adhesion akin to those of native tissues.
In recent years, DNA has emerged as a smart biomaterial that endows hydrogels with
tunable properties and allows for precise structural customization of the hydrogels due
to its unique programmability. Integrating reversible DNA linkages, reconfigurable DNA
architectures, DNA plasmid, and targeted DNA aptamers into HA hydrogels allows them
to respond to the extracellular environment and express desired molecules, making
them ideal artificial ECMs for 3D bioprinting of cartilage tissue. This review targets this
challenge by highlighting the characteristics of DNA moieties designed as reversible
crosslinkers, responsive units, and adhesion ligands to functionalize HA hydrogels.
Furthermore, we offer perspectives on how DNA-functionalized HA hydrogels can be
harnessed to create dynamic and biomimetic bioink capable of recapitulating the more
complex functions required for cartilage tissue engineering.

Keywords: Hyaluronic acid; DNA functionalization; Cartilage regeneration;
Tissue engineering

1. Introduction

Articular cartilage,aload-bearing connectivetissuelocated attheboneinterfaces, facilitates
smooth and frictionless skeletal movements. However, cartilage defects due to traumatic
injury or disease can lead to its degradation, resulting in widespread cartilage loss and
potentially causing degenerative osteoarthritis."” Adopting different tissue engineering

Volume 10 Issue 2 (2024)

26 doi: 10.36922/ijb.1814


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

International Journal of Bioprinting

DNA-functionalized hyaluronic acid bioink

strategies, incorporating stem cells, utilizing advanced
engineering techniques, and creating scaffold designs are
among the techniques aimed at creating biostructures that
are optimally conducive to cartilage regeneration.** Among
these approaches, three-dimensional (3D) bioprinting has
emerged as a potent tool, enabling precise manipulation
of the spatial arrangement of cells,”® biomaterials,'*'* and
bioactive cues"*'* within three dimensions, thus emulating
the intricate structure of natural tissues. Considering the
distinctive tissue architecture of articular cartilage, such
as low cell density and lack of vasculature, much emphasis
is being placed on the careful selection of polymeric
biomaterials for cartilage tissue engineering, among which
hyaluronic acid (HA)—a pivotal polysaccharide constituent
of the cartilage ECM and synovial fluid—has gained
prominence.'*®* HA offers exceptional biocompatibility,
biodegradability, and low immunogenicity, playing a crucial
role in maintaining cartilage structural integrity through
water retention and interactions with aggrecan and type II
collagen.” Moreover, HA supplementation in patients with
degenerative osteoarthritis promotes the production and
retention of matrix components, contributing to cartilage
homeostasis.?*** Although HA-based hydrogels possess
appealing bioactive properties, they still have limitations
in recapitulating tunable mechanical properties, stimuli
responsiveness, and flexibility in ligands’ adhesion akin to
those of native tissues.

Regenerating cartilage tissue is a complex biological
process involving intricate interactions between cells
and bioactive factors within the matrix. The extracellular
matrix (ECM) plays a pivotal role in the cellular
microenvironment, encompassing organized, anisotropic,
and dynamic structures that deliver essential physical
and chemical cues through interactions with cells.”*
Constructing 3D structures that closely mimic the natural
ECM is essential for cartilage tissue regeneration. The
ideal HA-based bioink should possess tunable physical
and chemical properties, resembling the elastic modulus
and dynamic characteristics that respond to changes in
the cellular metabolic microenvironment. Additionally,
adhesive ligands, similar to those in the native ECM, should
be incorporated into HA-based hydrogels to recognize and
interact with cell for desired biological functions.

DNA, traditionally known for its role in storing,
replicating, and transmitting genetic information within
cells, has emerged as a versatile, non-genetic biomaterial
for constructing or functionalizing hydrogels.***” Notably,
certain well-designed DNA hydrogels, such as those driven
by DNAzyme catalysis,”® light,”® or magnetism,” could
convert chemical energy, magnetic energy, or light energy
into mechanical energy, and dynamically modulate the
morphology and properties of the hydrogel network. DNA

hydrogels offer unique programmability due to Watson-
Crick base pairing, allowing the creation of precisely
tailored structures, adjustable mechanical properties,***!

functional and targeted molecular recognition
motifs,?**>* stimuli responsiveness,”***> and exceptional
biocompatibility.** The substantial transformation

undergone by DNA-functionalized hydrogels is marked
by the integration of DNA molecules as crosslinkers
or functional components and their release with
programmable, versatile, and responsive characteristics,
making them well-suited for applications in bioprinting
and tissue engineering. Initially, oligonucleotides were
covalently attached to vinyl polymers, enabling self-
assembly via complementary base pairing.”’ Subsequent
advancements incorporated DNA as crosslinkers, leading
to smart hydrogels. Notable milestones also include the
development of a supramolecular peptide-DNA hydrogel,
capable of retaining shape and preserving cell viability, for
3D bioprinting.*® Another innovation is represented by a
stimuli-responsive G-quadruplex-crosslinked pNIPAM
hydrogel capable of reversible transitions.”” In 2021,
DNA aptamers were employed to functionalize bioink
for 3D-printing cell-specific scaffold, which was utilized
to promote cartilage formation.” A recent development
involves a dynamic DNA-crosslinked matrix formed using
a synthetic DNA library-based hydrogel with ultra-high-
molecular-weight polymers.”” This technology allows
precise control over viscoelasticity, thermodynamics, and
kinetics, mimicking living tissue properties. Although
research on DNA-functionalized bioinks is in its early
stages, these materials show great potential in constructing
ideal artificial ECMs, enabling the formation of artificial
cartilage tissues in vitro and facilitating advanced tissue
regeneration in vivo. This review outlines the characteristics
and functional mechanisms of DNA sequence moieties,
including reversible DNA linkages, reconfigurable DNA
architectures, DNA plasmid, and targeted DNA aptamers,
that are ideal for functionalizing HA hydrogels to create
dynamic bioinks for cartilage tissue engineering (Figure
1). With special emphasis, this review describes the
current state of strategies used to functionalize hydrogels
with DNA molecules, and exclusive advances of DNA-
functionalized HA hydrogels as dynamic and smart
bioinks for engineering cartilage tissue. Although DNA-
functionalized bioinks are in their infancy, this review
article aims to provide directions for guiding insightful
research studies in this field.

2. Action of DNA moieties

2.1.DNA as a crosslinker
The intrinsic properties of DNA in encoding sequences
and its highly accurate structural assembly are keys to
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Figure 1. Schemvatic illustration of DNA-functionalized HA bioink for cartilage regeneration. Created using BioRender.com.

manipulating both the microscopic and macroscopic
characteristics of DNA-based hydrogels. DNA hydrogels
can be obtained through various gelation strategies,
including chemical or physical crosslinking. Chemical
crosslinking is involved in the formation of the
intermolecular covalent bonds within DNA, establishing
stable and irreversible connections that preserve the
mechanical resilience, stability, and shape fidelity.
On the other hand, physical crosslinking capitalizes
on non-covalent bonds including hydrogen bonds

between complementary DNA sequences, electrostatic
interactions as well as metal-ion coordination for
crosslinking purposes. These bonds offer a dynamic
and adjustable nature to the structure.’”* When it
comes to the fabrication of tunable DNA hydrogels, the
gelation strategies can be categorized into three types:
assembly guided by DNA sticky ends, assembly-induced
enzymatically, and assembly based on hybridization
chain reaction.
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2.1.1. Assembly guided by DNA sticky ends

Sticky ends of a DNA molecule refer to the protruding parts
of one strand beyond its complementary strand within the
double helix. This structural characteristic allows the DNA
chains to engage in hybridization, leveraging the principle
of base pair complementarity. Based on this concept, a
highly entangled 3D DNA hydrogel was fabricated through
the self-assembly of short linear double-stranded DNA
(dsDNA) units, each equipped with sticky ends* (Figure 2a).
DNA hydrogels can also be fabricated via branched DNA
gelation systems. The assembly of Y-shaped DNA units was
accomplished by means of i-motif DNA structures forming
at the sticky ends. As a consequence, the fabricated DNA
hydrogels exhibited prompt responsiveness to alterations in
environmental pH, enabling controlled encapsulation and
release cargos.” DNA hydrogels with properties of thermal

and enzymatic responsiveness can be hybridized via sticky
ends that affix to two types of building blocks, such as
linear double-stranded DNA and Y-shaped DNA. This
adaptability of dynamic properties was achieved through
precise modulation of the ratio of these constituent building
blocks* (Figure 2b). This method relies on hybridization
reactions between single-stranded DNA molecules with
complementary sequences to create a 3D network structure.
The core advantages of this method lie in its simplicity,
speed, and controllability, which allow for adjustments in
hydrogel porosity and stiffness through an alteration to
the length, type, and concentration of DNA molecules.
However, a drawback of this method is its reduced stability
and responsiveness, marked by its susceptibility to factors
such as nucleases and temperature fluctuations, which
could lead to hydrogel disassembly or annealing.

a b c
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Figure 2. Assembly strategies of DNA hydrogels. (a) A pure DNA hydrogel formed by direct assembly of dsSDNA monomers with sticky ends. Reprinted
with permission from ref.** Copyright © 2014 Wiley. (b) Direct assembly of sticky ends of Y-scaffold and linkers for pure DNA hydrogel. Reprinted with
permission from ref.* Copyright © 2011 Wiley. (c) DNA hydrogels by crosslinking and subsequent PCR primer extension. Reprinted with permission
from ref.** Copyright © 2013 Wiley. (d) DNA initiator-triggered clamped hybridization chain reaction self-assembly process. Reprinted with permission
from ref.*” Copyright © 2017 Wiley. (e) Surface-initiated DNA hydrogel formation. Reprinted with permission from ref.*” Copyright © 2017 Wiley.
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2.1.2. Assembly induced enzymatically

Enzymes also play a pivotal role as essential molecular
agents in facilitating the assembly of DNA hydrogels.*” For
example, by using Taq polymerase, coupled with a pair of
thermostable Y-shaped DNA building blocks, thermostable
DNA hydrogels could be synthesized via polymerase
chain reaction (PCR)* (Figure 2c). Firstly, the DNA was
crosslinked with psoralen and extended into a dumbbell
shape. Subsequently, these oligonucleotides formed
covalently interstranded, branched DNA nanostructures,
highlighting the crucial role of polymerase enzymes in the
efficient production of robust DNA hydrogels. The two
Y-structured DNA units underwent psoralen treatment,
resulting in crosslinked structures. These crosslinked
entities served as modular primers for PCR.* Moreover,
the utilization of T4 ligase-mediated reactions enables the
effective crosslinking of branched X-, Y-, and T-shaped
DNAs, resulting in the formation of an interconnected
gel system.” The resulting DNA hydrogel leverages this
enzyme-driven, ligase-mediated crosslinking mechanism
under physiological conditions, showcasing its potential
for applications such as controlled substance encapsulation.
Different swelling profiles of DNA hydrogels can be
achieved by adjusting the initial concentration and types
of building blocks. This method employs reactions of
enzymes such as ligases or polymerases to connect DNA
molecules with different end sequences or branched
structures to form a 3D network structure. The advantages
of this method lie in its performance under physiological
conditions and the ability to adjust crosslinking density
and mechanical strength by selecting different enzyme
types and concentrations. However, the drawbacks of this
method include the complexity of hydrogel preparation
process, which necessitates precise control of enzyme
activity and reaction time, and the susceptibility to factors
such as enzyme residues or inhibitors.

2.1.3. Assembly based on hybridization chain reaction
Hybridization chain reaction (HCR) is a unique, isothermal
DNA strand displacement process involving two hairpin
structures. It facilitates the formation of cross-opening
polymer nucleic acid strands, acting as a versatile strategy
to fabricate responsive hydrogels endowed with tunable
characteristics. For example, DNA initiators, similar to
catalysts in chemical synthesis or seeds in crystal growth,
were employed to achieve precise temporal and spatial
control in gelation process.” These initiators direct
3D self-assembly and clamped hybridization, yielding
hydrogels with enhanced mechanical properties. Moreover,
employing printed, surface-confined DNA initiators, these
hydrogels can be patterned into two-dimensional shapes
without external constraints to allow for the generation of
hydrogels with precisely defined geometry, composition,

and arrangement® (Figure 2d and e). Hydrogen bonds,
rather than covalent bonds, provide major support to the
HCR-mediated network in DNA gelation systems, which
is endowed with a less rigid but dynamic structure. This
method employs HCR between single-stranded DNA
molecules with hairpin structures or initiator sequences to
form long-chain polymers, which crosslink with polymer
chains to create a 3D network structure. The advantages
of this method encompass precise control over hydrogel
patterns, shapes, responsiveness, and the ability to
introduce various functional elements, but this method is
tied a time-consuming hydrogel preparation process, which
involves multiple reaction steps and purification, and it may
be susceptible to impurities or non-specific hybridization.

2.2. DNA as functional units

Beyond their role as crosslinking agents, DNA-
functionalized = hydrogels can also  incorporate
reconfigurable DNA architectures and targeted DNA
aptamers as responsive and recognition elements,”**! such
as G-quadruplexes (G4), i-motifs, triplex nucleic acids,
plasmid, and aptamers, which facilitate the intelligent
and functional regulation of hydrogels. By incorporating
different functional elements, DNA hydrogels can achieve
structural regulation, molecular recognition, and functional
display under different environmental conditions.

2.2.1. G-quadruplex

G-quadruplex and i-motif are both crosslinking modes
induced by the secondary structure of DNA, depending
on specific base pairing and structural conformation.
G-quadruplex is a four-stranded structure formed by
guanine (G) bases of DNA. By regulating ion concentration
and pH value, the physical and chemical properties of
hydrogels can be controlled. Lu et al. explored a novel DNA
hydrogel synthesized with acrylamide and G-rich nucleic
acid. In the presence of K* ions, the nucleic acid crosslinkers
formed G-quadruplex structures, enabling reversible
hydrogel formation. Furthermore, the authors incorporated
hemin into the G-quadruplex hydrogel, endowing it with
catalytic activity similar to horseradish peroxidase. By
modulating K* ions, krypto[2.2.2], temperature, and pH
as stimulus factors, the authors could regulate the phase
transitions of the hydrogel between solution, hydrogel,
and solid states as well as the conductivity and spectral
properties of polyaniline®® (Figure 3a).

2.2.2. i-motif

i-motif is a special structure formed by the pairing of
protonated cytosine and guanine under acidic conditions.
It can regulate the structural changes of hydrogels*
(Figure 3b). For example, the incorporation of i-motif
structures at the sticky ends of the DNA strands facilitates
the formation of DNA hydrogels that respond rapidly to pH
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Figure 3. Hydrogels with functional DNA units. (a) Thermosensitive G-quadruplex-crosslinked copolymer hydrogel with reversible solution-hydrogel-
solid transitions. Reprinted with permission from ref.*” Copyright © 2015 Royal Society of Chemistry. (b) pH-responsive DNA hydrogel based on 3D
assembly of Y-shaped DNA nanostructure with interlocking i-motif domains. Reprinted with permission from ref.* Copyright © 2009 Wiley. (c) pH-
activated reversible DNA hydrogels based on triplex structures. Reprinted with permission from ref.** Copyright © 2018 Royal Society of Chemistry. (d)
Plasmid-complex-encapsulated-loaded alginate/HA hydrogel for bFGF delivery. Reprinted with permission from ref.** Copyright © 2019 Royal Society
of Chemistry. (e) ATP aptamer-modified linker and Y-scaffold DNA hydrogel with conformational transition and mechanical properties. Reprinted with

permission from ref.”” Copyright © 2018 MDPL

fluctuations. These changes allow the hydrogel to capture
and release cargo in a regulated manner. By integrating
this i-motif sequence, which undergoes a pH-dependent
conformational change, into the DNA hydrogel network,
microscopic transitions occur, leading to significant
changes in the mechanical properties of the hydrogel.
Consequently, this strategy enables the reversible control
of the hydrogel’s mechanical strength, ranging from 250 Pa
to 1000 Pa, proving beneficial for applications such as cell
differentiation and tissue engineering.”

2.2.3. Triplex structures
The formation of triplex structures relies on the protonation
of cytosine-guanine-cytosine (C-G-C+) and thymine-

adenine-thymine (T-A-T) base triplets. By adjusting
environmental conditions (such as pH), the morphology
and properties of hydrogels can be controlled. The C-G-C+
triplexes are formed at a pH of 5.0 and disassemble at a pH
of 7.0, while the T-A-T triplexes are formed at a pH of 7.0
and disassemble at a pH of 10.0. These triplex structures
afford the DNA structures the ability to perform pH-
regulated reversible self-assembly, which allows it to switch
between gel and liquid phases™ (Figure 3c).

2.2.4. DNA plasmid

Among its primary utilities, plasmids are instrumental in
the field of recombinant DNA technology. This technique
involves the integration of foreign DNA sequences into
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plasmids, resulting in the formation of recombinant
plasmids that can be introduced into host cells. This
procedure requires the use of restriction enzymes to cleave
DNA at specific sites, followed by the application of ligases
to facilitate the fusion of DNA molecules. By harnessing
these methodologies, researchers can construct plasmids
containing precise DNA sequences. The inherent capacity
of plasmid DNA to carry and independently replicate
foreign DNA sequences establishes it as a fundamental
tool in genetic engineering. In recent years, DNA plasmids
have been introduced into hydrogel materials for tissue
regeneration applications. For example, Wang et al.
constructed two plasmids that encode mouse vascular
endothelial growth factor (VEGF) and transforming
growth factor-p1 (TGF-B1), respectively.”” They combined
these plasmids with arginine-modified chitosan (Arg-CS)
to form Arg-CS/pDNA nanoparticles, which acted as gene
carriers. Next, they incorporated these nanoparticles into
a composite hydrogel prepared from N-carboxymethyl
chitosan (NCMC) and sodium alginate (SA), forming a
gene-activated matrix (GAM). This GAM could achieve
long-term and sustained gene release and expression in vitro
and in vivo.” Kim et al. combined plasmid DNA (pDNA)
encoding mouse bFGF gene, which is a growth factor that
can promote tissue regeneration, with polyethylenimine-
grafted poly(ethylene glycol) (PEI-g-PEG) complex to
form a nanoparticle carrier that can protect pDNA from
degradation and enhance transfection efficiency.”® They
further loaded the nanoparticles into a mixture hydrogel
of alginate (ALG) and hyaluronic acid (HA), which can
solidify under mild conditions and release pDNA complex
slowly*® (Figure 3d).

2.2.5. Aptamers

Aptamers are oligonucleotide molecules with high affinity
and specificity that are obtained by systematic evolution
screening. They can interact with specific target molecules,
making hydrogels targeted and specific” (Figure 3e). For
instance, the adenosine triphosphate (ATP) aptamer,
whose 3D structure is designed to precisely match the
molecular structure of ATP, can be integrated into the
linker DNA to regulate the mechanical properties of the
hydrogel. When ATP is present, it is recognized and bound
by the aptamer, causing a change in the 3D structure of
the aptamer and subsequently forming a stable framework
composed of two stacked G-quartets. The formation of
this framework triggers a conformational change in the
aptamer-DNA, thereby altering the physical properties
of the DNA hydrogel, such as its mechanical strength. As
a result of the specific interaction between ATP and its
corresponding aptamer, the mechanical strength of the
hydrogel increases from 204 Pa to 380 Pa. This regulatory
mechanism can be achieved by changing the concentration

of ATP in the hydrogel, thereby achieving fine control over
the mechanical properties of the hydrogel.”” Additionally,
aptamers can be conjugated into DNA hydrogels as
targeting recognition molecules to enable selective
binding and internalization of target cells by the DNA
nanohydrogels, thus achieving targeted gene delivery.

Cartilage ECM is characterized by its intricate
structure and multifaceted functions, serving as a source of
mechanical, chemical, and biological cues that orchestrate
cell behaviors such as proliferation, differentiation,
migration, and tissue formation.”® Consequently, the
properties of hydrogels, which act as synthetic ECMs, play
a pivotal role in shaping cell functions during cartilage
regeneration. Mechanical properties hold particular
significance in the context of cartilage regeneration, as
this tissue must endure varying loads and directions.
Additionally, hydrogels possess the unique -capacity
to emulate the recognition attributes of natural ECM,
which facilitates selective recruitment or release of
cells and substances. Notably, the functionalization of
hydrogels with DNA molecules allows them to mimic the
characteristics of cartilage ECM, inducing differentiation
of cells into chondrocytes and enhancing cartilage tissue
support. This can be achieved through the introduction of
reversible DNA crosslinking that enables the regulation of
hydrogel mechanical properties in a reversible or even self-
healing manner.*** The incorporation of reconfigurable
DNA structures further enhances hydrogel responsiveness,
enabling adaptation to complex and dynamic
microenvironments and regulation of cell behaviors and
fate.”>>*® By enhancing the recognition properties of
hydrogels, DNA aptamers represent an additional avenue
for enabling the selective adsorption and release of target
cells or molecules, thereby enhancing the efficiency and
quality of cartilage regeneration.®

3. DNA-functionalized hyaluronic acid
hydrogels

In comparison to pure DNA hydrogels, hybrid DNA
hydrogels offer a broader spectrum of applications. Hybrid
hydrogels constructed through DNA crosslinking not only
retain the inherent biological functions of DNA but also
preserve the structural integrity of hydrogels.”” The energy
necessary to break the bonds between complementary
DNA base pairs is notably lower compared to the energy
required for traditional polymer chains and crosslinking
agents. The integration of customizable DNA into polymer
gel systems imparts a degree of structural control and
property modulation. HA is alinear high-molecular-weight
polysaccharide comprising repeating disaccharide units
composed of N-acetyl-D-glucosamine and D-glucuronide.
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These units are connected by f-(1,3) and -(1,4) glycosidic
bonds. HA encompasses both polar segments with positive
and negative charges, as well as non-polar portions lacking
charge separation, which contribute to the formation of
intermolecular linkages. The fundamental structure of
HA consists of a continuous polymer chain covalently
linking N-acetyl-D-glucosamine and D-glucuronic acid
units.” The carboxyl group of glucuronic acid, primary
and secondary hydroxyl groups, and N-acetyl group
are the three functional groups involved in the chemical
modification of HA.' To prepare DNA-conjugated HA,
DNA strands can be post-modified onto HA by means of
EDC-NHS chemistry, Michael addition, click chemistry,
etc. to incorporate DNA molecules functionalized with
handles like amino-DNA, thiol-DNA, and azide-DNA. The
extent of DNA attachment via this approach is contingent
on distinct reaction efficiencies and conditions.”

HA can be prepared as a derivative of DNA-crosslinked
HA hydrogels by chemically modifying groups on the

molecular chain. For example, HA reacts with maleic
anhydride to form HA-Mal, which then forms a thioether
bond with thiol groups in deprotected thiolated oligo-
DNA. After mixing HA modified with two complementary
single-stranded DNAs, the hybridized complementary
strands serve as crosslinking points to form a hydrogel®
(Figure 4a). Moreover, HA can be activated by EDC
(1-ethyl-3-(3-dimethylaminopropyl) carbodiimide)
and NHS (N-hydroxysuccinimide), which converted
carboxylic acid groups on HA into highly active reaction
intermediates that could react with amino-modified
nucleic acids. By connecting amino-modified nucleic acids
(3) and hairpins (5) to the HA skeleton, copolymers HA-
(3) and HA-(5) are formed. Then, nucleic acid (3) in HA-
(3) hybridized with equimolar amount of nucleic acid (4),
generating crosslinked copolymer HA-(3)/(4). Hairpins (5)
also participate in the HCR reaction, forming crosslinking
units by complementary base-pairing with hairpins (4).
These crosslinking units can stably connect the MOFzyme
and the hydrogel. Moreover, hairpins contain the ZEN-
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specific aptamer sequence that binds to ZEN, if present, to
cause a conformational change of hairpins (5) and trigger
the disintegration of the hydrogel® (Figure 4b).

The DNA sequences within hybrid hydrogels can
also be crosslinked using diverse strategies to attain
reversible and mechanical control. For example, two
types of functionalized single-stranded DNAs can be
copolymerized with polymer monomers to form reversible
DNA hybrid hydrogels by introducing R1 sequences
complementary to the crosslinking chains.®® In addition,
the “hairpin structure” of DNA sequences is used to control
the expansion and change shape of hybrid hydrogels.
The hairpin structure refers to a structure composed of
two complementary DNA fragments; one of which is
a “polymerizing hairpin® used to introduce additional
monomers and promote hydrogel expansion, while the
other is a “terminator hairpin” that does not participate
in further DNA crosslinking reactions and limits the
expansion process of hydrogels. The final expansion size
of hydrogels can be precisely controlled by adjusting the

relative concentration of polymerizing and terminator
hairpins* (Figure 4c and d).

The functionality of DNA hybrid hydrogels can be
tailored by integrating specific DNA components, such
as reconfigurable DNA architectures for environmental
responsiveness, gene transfection, and DNA aptamers
for molecular recognition®* (Figure 5). For example,
two types of polymer monomers (polyacrylamide chains)
have been modified with predesigned hairpins and nucleic
acid tethers, respectively. In the presence of a promoter,
the hairpin structures hybridized with each other to
form double-stranded DNA bridges that crosslinked the
copolymer chains into a hydrogel. Notably, the hairpins
contained caged sequences of anti-ATP or anti-cocaine
aptamers, which could be unlocked by the formation
of aptamer-ligand complexes. The nucleic acid tethers
contained pH-sensitive duplex units, which could
dissociate by forming i-motif structures under acidic
conditions. These nucleic acid units provided stimuli-
responsive functions to the hydrogel shells.” The unique
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Figure 5. Advantages of DNA-functionalized HA bioink. Created using BioRender.com.
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sequences and structures of these DNA elements can
encode functional details, imbuing hydrogels with precise
and tailored recognition and response to external stimuli.
This inherent programmability of DNA affords researchers
the flexibility to adeptly design and regulate smart
hydrogel.®® DNA-functionalized HA hydrogels combine
the advantages of both HA and DNA as biomaterials for
cartilage engineering. HA provides biocompatibility,
biodegradability, and low immunogenicity, as well
as mimics the natural component of cartilage ECM.
DNA provides structural programmability, stimuli
responsiveness, molecular recognition, and gene delivery
functions, and enables precise control over the mechanical
properties and degradation rate of the hydrogels. Therefore,
DNA-functionalized HA hydrogels have the potential to
serve as a versatile and intelligent bioink platform for 3D
bioprinting of cartilage tissue.

4, Implications of advanced bioinks for car-
tilage engineering

Utilizing customizable structural configurations, DNA-
functionalized hydrogels exhibit the ability to regulate
cellular behavior and fate, providing essential physical,
chemical, and biological cues necessary for cellular
proliferation.®*’® These functionalized hydrogels have
broad application prospects in cartilage regeneration
and can be classified, according to their modes of action,
into different categories, such as cell protection, drug
delivery, cell recruitment, gene transfection, and reversible
mechanical regulation (Figure 6).

4.1. Cell protection
Certain DNA-functionalized hydrogel can serve as an ideal
cell carrier, providing suitable mechanical support and

L
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=7

Figure 6. Overall concept map of the DNA-functionalized HA bioink in cartilage engineering. Created using BioRender.com.
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biological protection, preventing cells from being damaged
by shear forces or immune system during delivery. Yan et
al. presented a DNA hydrogel-based delivery system for
mesenchymal stem cells (MSCs) for severe osteoarthritis
treatment in a rabbit model.” The DNA hydrogel matrix
demonstrated effective shielding of encapsulated MSCs,
which led to enhanced therapeutic outcomes in terms
of cell transportation and cartilage regeneration. The

hydrogel exhibited remarkable resistance against robust
shear forces, thereby contributing to the successful
improvement of MSC-mediated treatment” (Figure
7a and b). Another study showed that the rigidity of
dsDNA and the soft protection of DNA supramolecular
network in DNA hydrogel ensured the proliferation and
differentiation of tendon stem/progenitor cells (TSPCs)
by protecting them from external compression and sliding
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Figure 7. DNA hydrogels for the construction of tissue in vitro. (a) Anti-friction delivery system for MSCs to treat severe osteoarthritis. Reprinted with
permission from ref.”! Copyright © 2021 Wiley. (b) Assessment of DNA hydrogels in cartilage degeneration using macroscopic observations, ICRS score,
and micro-computed tomography imaging after treatment. Reprinted with permission from ref.”” Copyright © 2021 Wiley. (c) Schematic illustration
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shear.” Jin et al. encapsulated single cells in DNA hydrogel
caps within PDMS (polydimethylsiloxane) microwells.
After 24 h of culture, 98% of the cells remained viable.
Using the restriction enzyme EcoR I could open the DNA
hydrogel caps to release the encapsulated single cells on
demand. Strategically, using specific restriction enzymes
and digesting DNA hydrogel could precisely control the
release of cells” (Figure 7d). In addition, researchers also
prepared biostable and non-biodegradable DNA hydrogel
networks by replacing natural D-type DNA with L-type
DNA, which had better biostability and low inflammation
response. In 3D cell culture and tissue engineering, L-DNA
hydrogels can maintain uniform cell distribution, prevent
degradation and remodeling of ECM, and provide an inert
mechanical stimulation platform””* (Figure 7e).

4.2, Drug delivery

The structure of DNA hydrogels can form hollow
internal spaces, which provide a favorable environment
for drug molecule encapsulation. Under electrostatic
attraction, positively charged subunits can bind to DNA
nanostructures. These characteristics are the prime factors
prompting researchers to use nucleic acid nanostructures
as carriers to deliver drugs to target cells. Notably, Chen et
al. developed an injectable DNA hydrogel that could deliver
dexamethasone and induce macrophages to polarize to M2
phenotype, in order to promote bone formation.” Li et al.
also developed a physically crosslinked DNA hydrogel
loaded with interleukin-10 as a soft bioscaffold,” which
could gradually degrade or hydrolyze under physiological
conditions, thereby continuously releasing cytokines for a
long time (Figure 7f). In addition, Borum et al. effectively
encapsulated MB-Dox conjugates within specific regions of
DNA hydrogels.” Upon in vivo injection, these hydrogels
undergo degradation initiated by nucleases present in
bodily fluids, resulting in the gradual release of MB-Dox
conjugates. Importantly, the rate of this release can be
finely controlled by modulating the weight percentage of
the hydrogel.”®

4.3. Cell recruitment

Unlike inherent ECMs, traditional hydrogels generally
lack bioactive groups serving as “baits” to attract cells. The
integration of bait molecules into DNA-based hydrogels
enables precise interactions between cell and matrices, thus
verifying the presence of requisite cell surface markers.
Mimicking the ECM requires the ability of the hydrogels
to recognize specific cell types, which is the fundamental
of tissue engineering.’”® Yao et al. constructed a DNA
hydrogel using the double rolling circle amplification (RCA)
method to achieve effective capture and enzymatically
triggered release of bone marrow mesenchymal stem
cells (BMSCs)* (Figure 8a). The introduced aptamer

Apt19S exhibited a strong binding affinity toward the
ALPL protein on the surface of BMSCs, achieving specific
anchoring of BMSCs. By digesting the DNA network into
fragments with the nucleic acid enzyme DNase I, BMSCs
can be released in a concentration-dependent manner
within tens of minutes. Moreover, Hu et al. employed DNA
aptamer Apt19S was immobilized on the bilayer scaffold to
recruit MSCs for articular cartilage and subchondral bone
regeneration.”’ The inclusion of the stimulatory factor
kartogenin (KGN) within the aptamer-functionalized gel
layer enhanced the process of chondrogenic differentiation,
guiding MSCs toward adopting a chondrocyte phenotype.
In parallel, the aptamer-functionalized 3D graphene
oxide-based biomineral framework (GBF) layer expedited
the osteoblastic differentiation of MSCs, facilitating
their transformation into osteoblasts® (Figure 8b).
Except aptamer Aptl9S, aptamer HM69 was also used to
specifically recruit MSC. Yang et al. chemically combined
the aptamer HM69 with decellularized cartilage ECM
and subsequently blended it with gelatin methacrylate
(GelMA) to produce a photo-crosslinkable bioink.
The 3D-bioprinted scaffold can guide MSCs to move
directionally to the site of cartilage injury in situ®? (Figure
8c and d). Apart from cells, DNA hydrogels can also bind
to and recruit exosomes. An exosome separation strategy
based on a DNA network of polyvalent adaptors has been
developed.” A DNA ultra-long single strand containing
polyvalent adaptors was synthesized by enzyme-catalyzed
RCA reaction. The DNA single strand was added to the
biological system. The DNA chain containing polyvalent
adaptors could capture exosomes through specific
recognition of CD63 protein on exosomes.*

4.4. Gene transfection

Hydrogels can serve as an effective gene carrier for
encapsulating and delivering different types of DNA
molecules, such as plasmid DNA and siRNA, to damaged
tissues.”*® Hydrogels can prevent plasmid DNA from
being degraded or cleared by nucleases or the immune
system and enhance the transfection efficiency of DNA
molecules.”®* These functionalized hydrogels can
also achieve long-term and sustained release of DNA
molecules through the addition of degradable or cleavable
crosslinkers or functional units, which enable the hydrogel
to undergo structural changes or degradation according to
environmental conditions or target molecules to release
active DNA molecules.

4.5. Reversible mechanical regulation

One of the enduring challenges in tissue engineering is to
construct artificial tissues with 3D arrangement of different
types of living cells.* Li et al. showed that these hydrogels
can be used for in situ multilayer 3D cell printing, which
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creates structures with viable cells and normal functions.
By mixing peptide-DNA conjugates (bioink A) and
covalent DNA linkers (bioink B) in specific ratios, the
hydrogel forms rapidly and possesses self-healing and
high mechanical strength properties. It also responds to
proteases and nucleases, allowing selective removal of
hydrogel sections in the presence of cells. This advancement
opens doors to fabricating precise 3D tissue structures with
diverse cell arrangements.** Recently, Peng et al. developed
a hydrogel named DyNAtrix, which consists of ultra-high-
molecular-weight polymers and DNA crosslinkers.” The
polymers are connected with DNA anchor chains, which

can bind with DNA crosslinkers composed of two splints,
forming a dynamic supramolecular network. By changing
the sequence information of the overlap domain between
the splints in the DNA crosslinkers, the mechanical,
thermodynamic, and kinetic properties of the hydrogel
can be systematically regulated to suit different cell and
organoid culture needs. For instance, stress relaxation
time from less than 1 s to several hours can be achieved by
choosing different lengths of overlap domain. Thermally
activated crosslinking at 37°C can be achieved by adding
blocking strand. Controlled degradation of the hydrogel
can be achieved by adding DNase I. Since the non-covalent
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bonds between DNA crosslinkers are reversible, this
hydrogel has good self-healing properties, which allows
the hydrogel to be printed and reshaped without damaging
cells. The authors successfully cultured human-induced
pluripotent stem cells using DyNAtrix and observed
their proliferation, morphogenesis, and differentiation
in the hydrogel, which holds great potential in tissue
engineering* (Figure 8e and f).

Taken together, the integration of DNA hybrid
hydrogels into cartilage engineering holds immense
promise for driving the field forward. These hydrogels
offer precise control over cellular behaviors through
customizable structures. This modulation capacity enables
diverse applications, from shielding encapsulated cells from
shear forces to enabling controlled cell release. Beyond cell
encapsulation, DNA hybrid hydrogels function as versatile
carriers delivering therapeutics, such as drugs, cytokines,
and exosomes, to targeted sites in order to boost treatment
effectiveness. However, several limitations surrounding the
application of DNA-functionalized hydrogels in cartilage
regeneration should be acknowledged: (i) impurities or
non-specific hybridization, which leads to reduced stability
and responsiveness of hydrogels; (ii) interference by
enzyme residues or inhibitors, which makes the preparation
process of hydrogels complex and uncontrollable; and
(iii) rejection by the immune system or adverse reaction
stemming from exogenous gene expression, which lowers
biocompatibility and safeness of hydrogels. Nevertheless, by
mimicking synthetic ECMs using specific aptamers, DNA-
functionalized hydrogels facilitate cell-specific recruitment
and differentiation, which are the core functions required
by tissue engineering strategies. With their multifaceted
capabilities, DNA hybrid hydrogels emerge as a dynamic
toolset with transformative potential, poised to redefine
cartilage engineering and tissue regeneration.

5. Conclusion

Hyaluronic acid is a prominent polysaccharide found
in living tissues, possessing high potential for hydrogel
fabrication due to its exceptional biocompatibility.
Nevertheless, conventional crosslinking methods for HA,
which often involve the use of chemical agents or the
introduction of functional groups, limit the dynamic and
adaptable characteristics of the resulting products. This
renders them less than optimal for cartilage applications.*
Conversely, DNA, as a biological macromolecule,
exhibits enhanced biocompatibility and degradability.
It offers exceptional structural programmability and
multifunctionality, allowing for the customization of
desired attributes, such as specific recognition, targeted
specificity, and biocatalytic activity.”” The inherent
flexibility of DNA molecules empowers hydrogels with

precise structural customization and the ability to fine-
tune their physical and chemical properties. Recently,
a review unveils the unprecedented prospects of DNA
integration into dynamic supramolecular hydrogels in
cartilage tissue engineering and illuminates the strategy
of incorporating reconfigurable DNA building blocks into
hyaluronic acid hydrogels, which serve as crosslinking
nodes within network structures, with implications for
advancing cartilage repair through the rational design of
responsive smart hydrogels.*®

The complex interplay between in vivo cell interactions
and the ECM relies on the temporal dynamics and
spatial definition of physical and chemical cues. This
interaction replicates stem cell microenvironments and
guides suitable cell phenotypes. Unlike conventional
static hydrogels, dynamic DNA-HA hybrid hydrogels not
only fulfill the biological and mechanical requirements of
bioinks, but also exhibit in situ responsiveness to cellular
signals and external stimuli. This attribute holds promise
for simulating the physicochemical characteristics of
chondrocyte ECMs.% Despite these advantages, several
challenges remain in advancing the utilization of DNA-
HA hybrid hydrogels for cartilage tissue regeneration.
Variationsinsynthesismethodologiesyield DNA hydrogels
with distinct pharmacokinetics, suggesting varying
anti-enzyme activities. Distinct stimuli should induce
different kinetic behaviors in DNA hydrogels. However,
comprehensive studies on the pharmacokinetics of DNA
hydrogels are currently limited, possibly due to research
limitations or insufficient focus on this area. In-depth
kinetic inquiries will contribute to the informed design
of DNA hydrogels for specific applications, fostering
the development of controlled release hydrogels and
tissue engineering advancements. With the continuous
development of DNA nanotechnology, the structure and
function of DNA-functionalized hydrogels will become
more diverse and sophisticated to align with different
biomedical needs. For example, increasing studies
focus on exploring various DNA crosslinking strategies,
optimizing the mechanical properties of DNA hydrogels,
and achieving dynamic regulation of mechanical signals.
Moreover, improving enzyme resistance and immune
evasion abilities of DNA hydrogels, as well as controlling
their degradation rate and products, are also important
directions. Furthermore, by integrating different
functional elements, such as nucleic acid aptamers,
nucleases, gene carriers, and nanoparticles, more DNA-
functionalized hydrogels can be developed as bioinks to
construct organoids with complex structure and function.
In summary, the convergence of DNA and HA presents
an intriguing bioink platform, which has the potential to
be widely applied in the field of cartilage repair.
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Debin Shan'? and Bin Guo'**

'State Key Laboratory of Advanced Welding and Joining, Harbin Institute of Technology, Harbin,
Heilongjiang, China

2National Innovation Center for Advanced Medical Devices, Shenzhen, Guangdong, China

3Dalian Jiang Xiaolan Dental Clinic Co., Ltd, Dalian, Liaoning, China

(This article belongs to the Special Issue: Advances in Bioprinting Technologies)

Abstract

Three-dimensional (3D) bioprinting technologies play significant roles in various
facets of the medical field, such as bioengineering, tissue repair, scaffolds,
biomedical devices, and drug. As a versatile manufacturing technology, 3D
bioprinting is able to overcome the constraints of other conventional methods
and shows potential for future advancements in the field of biology. Nevertheless,
the existing 3D bioprinting technologies still grapple with significant challenges in
materials, equipment, and applications. Therefore, it is essential to select appropriate
bioprinting method in alignment with the required application. In this review, we
aim to cover the development, classification, and application of 3D bioprinting,
with a particular emphasis on the fundamental printing principles. Additionally, we
discuss the potential of 3D bioprinting in terms of materialization, structuralization,
and functionalization, highlighting its prospective applications. We firmly believe
that 3D printing technology will witness widespread adoption in the future, as it has
the potential to address the limitations associated with multi-size, multi-material,
multi-cell, and high-precision bioprinting.

Keywords: Tissue engineering; Scaffolds; Biomedical devices; Drug delivery

1. Introduction

Three-dimensional (3D) bioprinting technology leverages customizable 3D models,
software algorithms, and precision control molding methods to integrate cells,
biomolecules, and biological scaffolds.