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Introduction

Soft robotics is the specific subfield of robotics dealing with constructing
robots from highly compliant materials, similar to those found in living
organisms. Soft robotics draws heavily from the way in which living organ-
isms move and adapt to their surroundings. In contrast to robots built from
rigid materials, soft robots allow for increased flexibility and adaptability for
accomplishing tasks, as well as improved safety when working around
humans. These characteristics allow for its potential use in the fields of
medicine and manufacturing. To perceive the pervasiveness of soft robotics
in research, a simple search in the Web of Science database as late as April
2021 for the keyword “soft robotics” resulted in over 6.6k entries, with a
boost started in the early 2010s and still gaining increasing interest (Fig. 1).

The aim of this book is to provide a comprehensive overview on the
broad field of soft robotics and how chemical engineering can be involved.
The reader will be primed on the fundamentals of soft robotics and will be
walked through the most salient applications of soft robotics in the different
industrial and research fields. Importantly, the book will also pose emphasis
on the open challenges and issues related to the implementation of soft
robotics in large-scale products.

The book has been divided into seven chapters.

The first chapter deals with main principles of soft robotics and in
particular soft microrobotics. Dr. Bernasconi (Chapter 1) describes the novel
functionalities and actuation strategies that have been implemented in the
last years. This chapter describes materials, fabrication techniques, actuation
strategies, and applications of microrobots fabricated employing soft matter,
focusing on some peculiar types of materials like biological entities and
hard-soft hybrids.

Dr. Costa Angeli (Chapter 2) gives an overview on the printing technol-
ogies and printable materials that could be used in soft robotics. Strong atten-
tion is also devoted to the main challenges that should be solved to open the
use of these technologies in industry.

Prof. Sacchetti (Chapter 3) provides further insights on metal organic
frameworks (MOFs) in this field. The coordination between the metal
centers and the organic scaffolds gives rise to complex assemblies which
can develop into coordination polymers from one- to three-dimensional
structures. In this chapter, the application of MOFs for the sensing of
chemical species will be briefly illustrated. The interaction of the MOF with

ix
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Fig. 1 Trend of publications and citations in the field of soft robotics. Data source: WoS,
April 2021.

the guest often results in a modification of the MOF crystalline structure,
which eventually produces a change in the physical properties of the mate-
rials. These variations can be exploited to detect the presence of a
specific guest.
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Another category of devices that seem to be extremely promising in
sensing applications is represented by hydrogels, a three-dimensional
structure made up from crosslinked polymers showing a hydrophilic behav-
ior, biocompatible, and able to swell in the presence of a thermodynamic
compatible solvent.

Prof. Perale (Chapter 4) discusses the advantages reached in the last years
for hydrogel-based sensors both physicochemical sensors and biosensors.

Hydrogel flexibility is another key characteristic that make these
materials extremely promising for soft robotics applications. Indeed polymer
chains of the hydrogel have a nanoscale function of swelling and contracting
in response to external stimuli. In particular, Prof. Onoe (Chapter 5) pro-
vides a detailed understanding of hydrogels and the recent development
of novel fabrication and integration of hydrogel with functional materials
such as magnetic nanoparticles, Pt catalytic, graphene, photonic colloidal
crystal, and living cells.

In parallel with academic research studies also industrial applications of
soft-based sensors are gaining high success. In this context, gas sensors
and volatile organic compound sensors are for sure very interesting devices,
thanks to the wide range of applications in which they can be employed.
Dr. Pinelli (Chapter 6) gives an overview of the latest developed sensing
materials that can be employed for volatile organic compound detection,
focusing first of all on their synthesis and features and then going deeper
in their engineering applications.

Finally, Prof. Rainer (Chapter 7) focuses the attention on the possibility
to manufacture personalized biomedical devices (from metals to hydrogels)
using additive manufacturing, where the donor shortage for organ transplan-
tations and the lack of fully effective systems for drug administration still
represent a major issue.

We hope you will enjoy reading this book.

The Editors
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CHAPTER ONE

Soft microrobotics
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®Multi-Scale Robotics Laboratory, Institute of Robotics and Intelligent Systems, ETH Zurich, Zurich,
Switzerland
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Abstract

In the last few decades, the highly multisciplinary field of microrobotics has seen impor-
tant developments. Among the most significant landmarks in the field is the introduc-
tion of soft materials in the microfabrication of untethered devices. Novel functionalities

Advances in Chemical Engineering, Volume 57 Copyright © 2021 Elsevier Inc. 1
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and actuation strategies have been implemented thanks to the use of soft and smart
materials. In this context, it is useful to take stock of the current situation of soft micro-
robotics to provide a complete overview of the field. The present chapter describes
materials, fabrication techniques, actuation strategies and applications of microrobots
fabricated of soft materials. Finally, we also focus on some peculiar types of materials
such as biological structures and hard-soft hybrids.

1. Introduction

The last few decades have seen the emergence of soft robotics, an
innovative field in mechatronics that is largely inspired by biological struc-
tures and makes use of so-called soft materials (Dong, 2019; Hassan et al.,
2011). These are substances (e.g., liquids, polymers, foams, gels, biological
structures, etc.) that can be easily deformed by mechanical, chemical or ther-
mal stress. Soft robotics capitalizes on these materials in the realization of
highly functional devices, radically changing the conventional approach
followed so far. Soft, highly deformable and adaptive structures present sig-
nificant advantages over conventional hard robotic components: they are
characterized by a high usage flexibility, display a higher affinity with bio-
logical structures, they allow gentle manipulation of fragile materials, their
cost and weight are considerably reduced, and their biocompatibility (and
resorbability) characteristics are typically good. Moreover, soft materials pre-
sent a high potential for the manufacturing of untethered soft machines and
can be integrated with stretchable electronics and sensors (Boyraz et al.,
2018; Schmitt and Haeufle, 2015). The best evidence of the potential of soft
robotics and the interest from the scientific community are the large number
of reviews that have been published in the last few years (Kim et al., 2013a;
Lee et al., 2017; Majidi, 2014) as well as the release of a dedicated journal
(Soft Robotics (SoRo), 2021).

The advantages and features of macroscopic soft structures can also be
transferred to the microscale, giving rise to the novel concept of soft micro-
robotics (Hu et al., 2018a; Medina-Sanchez et al., 2018). By employing
a wide variety of materials (metals, polymers or ceramics), researchers have
fabricated remotely actuated devices using lithography (Tung et al., 2014),
nanotemplating (Li et al., 2014), sputtering deposition (Huang et al., 2009),
electrodeposition (Zeeshan et al., 2014), 3D printing (Bernasconi et al.,
2018, 2019a; Qiu et al., 2015) or combinations of these techniques (Kim
et al., 2013b, 2016a). The swimming capabilities of motile microstructures
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in fluidic environments has already been accomplished using a number of
different propulsion strategies, which are based on various energy sources
(chemical reactions (Paxton et al., 2004), magnetism (Chautems et al.,
2017; Sitti and Wiersma, 2020), electromagnetic radiation (Sitti and
Wiersma, 2020), ultrasound (Aghakhani et al., 2020), or combinations
thereof. Following the original concept, micrometric-sized untethered
devices can be remotely controlled and guided to perform specific medical
(Choit et al., 2020; Jang et al., 2019) or environmental (Maric et al., 2020)
tasks. In medical applications, microrobots can be guided in-vivo in the
human body to perform a profusion of difterent tasks, including cell delivery
(Erkoc et al., 2019), drug release (Luo et al., 2018), diagnosis (Nelson et al.,
2010) and micromanipulation (Kim et al., 2016b). In addition to the
established functionalities typical of rigid microrobots, the introduction of
soft materials could potentially create microrobots, inspired by living micro-
organisms, that simulate biological systems to an even higher degree. This
would result in soft micromachines with superior biocompatibility, higher
flexibility and motility, and enhanced adaptability. Although the production
and actuation of untethered machines at the microscale presents significant
challenges, most have been addressed through various approaches. It is
important to emphasize the relative abundance of soft microrobotics litera-
ture, with many significant publications being released every year. This is
indicative of the importance of the topic in perspective and shows the poten-
tial for significant developments in the coming years.

With this in mind, the aim of this chapter is to provide a review of the
current state of soft microrobotics, with a general overview of existing
manufacturing approaches, actuation methodologies and applications, based
primarily on literature examples and the support of some key reviews.
Robotics, soft robotics and consequently, soft microrobotics, are all multi-
disciplinary branches of engineering, combining disciplines such as materials
science, biology, chemistry, electronics and physics. The materials and tech-
niques employed for the manufacturing of soft microrobots will be described
in this chapter, as well as the most interesting applications for such micro-
systems. The differences between rigid and soft microrobots and the
manufacturing techniques of macro and micro soft machines will also be
discussed. In general, certain manufacturing techniques and actuation
approaches can also be used for soft microrobots, but with some important
distinctions. The final part of this chapter focuses on two additional soft
robotics topics: rigid-soft hybrid microdevices and biohybrid microrobots.
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2. Robotics at the microscale

Robotic devices that work at the microscale are subject to completely
different physical interactions with the surrounding environment when
compared to their macroscopic counterparts (Abbott et al., 2007; Nelson
et al., 2008; Qiu et al., 2014). The general laws of physics are obviously
the same, but their relative influence on the final behavior of the device
is significantly different (Chaillet and Régnier, 2013). Micromachines typ-
ically operate in what is known as a low Reynolds number (Re) regime,
defined by Eq. (1)

Re = /%L<<1 (1)

where p is the density of the fluid, v is the speed of the device, L is its char-
acteristic length and g is the dynamic viscosity. From a physical point of
view, Re represents the ratio between inertial (F;) and viscous (F,) forces act-
ing on the system (Eq. (2)

F;

Re = —

F, @

Consequently, when Re<<1, viscous forces dominate over inertial forces,
e.g., volume-related forces tend to become negligible with respect to
surface-related forces. Under these conditions, the fluid dynamics of the sys-
tem is characterized by instantaneous and time-reversible flows. E. M.
Purcell, who studied motion at low Re in 1977 (Purcell, 1977), noticed that
the high reversibility of the flows created around objects swimming at the
microscale makes reciprocal motion impossible (based on a sequence of
moves that are identical when reversed). Such motion would invariably
result in a zero net displacement (provided the fluid is incompressible and
Newtonian). Consequently, movement at a low Re generally involves non-
reciprocal actuation to be effective. These considerations were stated by the
Purcell’s “scallop theorem.”

At the microscale, non-inertial interactions such as electrostatic and van
der Waals interactions tend to dominate. The latter are of particular interest,
since their relative importance with respect to other forces increases as the
size of the object decreases (Abbott et al., 2007). The van der Waals attrac-
tion between a sphere with radius r and an infinite plane can be described by
Eq. (3)
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Hr
87mx

Fypw = 5 3)

where x is the distance between the sphere and the plane, ris the radius of the
sphere and H is the Hamaker constant. If the distance between the sphere-
plane and the radius of the sphere x are equal, it is evident that the force
decreases with x”'. Consequently, its relative importance becomes dominant
when x is very small. Similar considerations can be made for electrostatic
interactions, which are governed by the Coulomb’s law (Eq. 4)

. N D
Fe=kAL 0

where ¢, and ¢, are the two charged particles, k, is Coulomb’s constant and
x is the distance between the particles. In this case, the force decreases with x ™.
In addition to interactive interactions, the surface tension and viscous drag
strongly influence the motion of micrometric devices moving at many body
lengths per second. In general, all these interactions strongly depend on the
surface of the device rather than its volume and are of particular interest in
the downscaling process from macro to micro robotics (Abbott et al.,
2009; Chaillet and Régnier, 2013).

Since the emergence of life on Earth, biological microorganisms have
swum with flagella and cilia that can efficiently address the problem of
low Re propulsion in viscous fluids. It is therefore not surprising that
researchers took inspiration from living microorganisms for the design of
artificial microrobots (Palagi and Fischer, 2018; Peyer et al., 2013). For
example, one of the most represented class of microdevices in literature is
artificial bacterial flagella (ABFs), which mimic the shape of helical flagella
of bacteria (Zhang et al., 2009a, b). ABFs are generally controlled wirelessly
using a low-strength rotating magnetic field, which allows high control over
their direction and speed (Zhang et al., 2010). ABFs are particularly useful to
describe and contextualize the challenges connected to downscaling robots
to the micrometric world, and a myriad of shapes and approaches have been
proposed for bioinspired microrobots. ABFs can move in low Re environ-
ments due to their chirality, which lends itself to the scallop theorem thanks
to their non-reciprocal rotatory propulsion. Furthermore, the corkscrewing
motion obtained from their actuation is particularly efficient and can achieve
an actuation speeds of many body lengths per second. Their behavior can be
described by a propulsion matrix (Eq. 5)
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-6l >

where v is the forward velocity, @ is the angular velocity, 7 is the applied

torque and f'is the applied force. The most interesting point of this matrix
is the well-defined and linear relationship between the force and torque
applied on the device, and its translational and rotational speeds, as well as
the inter-relationship between speed of rotation and linear displacement.
It suggests that the translational speed of the devices can be controlled by
adjusting their rotation speed. In fact, ABFs present a linear dependence
between the rotation frequency of the magnetic field applied and their linear
speed. This constitutes one of the most relevant examples of fine actuation
control at the microscale employing architectures derived from the
natural world.

3. Materials for soft microrobots

The greatest difference between conventional and soft microrobotics
resides in the typology of the materials employed. As the name suggests, soft
microrobotics capitalizes on the use of the so-called soft materials (Fig. 1). In
their commentary on soft robotics, Sitti and Alici (Alici, 2018; Sitti, 2018)
identify some fundamental characteristics for suitable materials. The first and
most significant, which is common to all applications, is the capability to
withstand large elastic deformation. This enables the use of locomotion strat-
egies that would be impossible to obtain using rigid materials, and permits
physical adaptability to the external environment. Quantitatively, adapted
materials should have an elastic modulus not higher than 1000 MPa and
should be highly stretchable (strain not lower than 10% and possibly even
higher than 100%). In addition to this fundamental characteristic, Alici
(2018) further specifies that materials for soft microrobotics should not only
allow for large deformations, but also have a programmable behavior.
Ideally, soft robots should combine multiple functions (actuation, manipu-
lation, sensing, drug release, etc.) in a single continuum body. It is therefore
essential to employ smart materials, with programmable compliance and
functionalities activated by external stimuli. Furthermore, soft materials
should be biocompatible and easily integrable with living tissues, and they
should also be inexpensive and easily implementable in a large variety of fab-
rication techniques. These fundamental requirements can be satisfied by a
great variety of hydrogels and polymeric materials, some of which are often
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Fig. 1 SEMimage of macrophage interacting with a control robot and with a 3D printed
zwitterionic microrobot made of ionic methacrylates (A); programmable polypyrrole-
based microrobots incorporated with a Pt catalytic layer and superparamagnetic iron
oxide nanoparticles (B); 3D fabrication of microswimmers starting from gelatin/magne-
tite and using two-photon polymerization (C); biodegradable, self-propelled bovine
serum albumin/poly-L-lysine multilayer rockets for light triggered release (D); platinum-
loaded stomatocytes with autonomous movement (E); magnetically actuated soft
robots based on ferrofluids (F). Panel (A) reprinted with permission from Cabanach P,
Pena-Francesch A, Sheehan D, et al: Zwitterionic 3D-printed non-immunogenic stealth
microrobots, Adv Mater 32 (42):1-11, 2020. https://doi.org/10.1002/adma.202003013;
Panel (B) reprinted with permission from Dekanovsky L, Khezri B, Rottnerova Z, et al:
Chemically programmable microrobots weaving a web from hormones, Nat Mach Intell
2(11):711-718, 2020. https://doi.org/10.1038/542256-020-00248-0; Panel (C) reprinted with
permission from Ceylan H, Yasa IC, Yasa Oet al: 3D-printed biodegradable microswimmer
for theranostic cargo delivery and release, ACS Nano 13(3):3353—3362, 2019. https.//doi.
0rg/10.1021/acsnano.8b09233; Panel (D) reprinted with permission from Wu Z, Lin X,
Zou X, et al: Biodegradable protein-based rockets for drug transportation and light-
triggered release, ACS Appl Mater Interfaces 7(1):250—255, 2015. https.//doi.org/10.1021/
am507680u; Panel (E) reprinted with permission from Wilson DA, Nolte RIM, Van Hest
JCM: Autonomous movement of platinum-loaded stomatocytes, Nat Chem 4(4):268-274,
2012. https://doi.org/10.1038/nchem.1281; Panel (F) reprinted with permission from Fan X,
Dong X, Karacakol AG, et al: Reconfigurable multifunctional ferrofluid droplet robots, Proc
Natl Acad Sci U S A 117(45):27916—27926, 2020a https://doi.org/10.1073/pnas.2016388117.
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stimuli-responsive, including artificial and natural hydrogels, conductive
polymers and a significant number of nanocomposites. The latter are of
interest due to their ability to combine many functionalities in the same
material, enabling the production of multifunctional soft robotic systems.

3.1 Stimuli-responsive smart materials

One of the most attractive properties of soft materials is the option to pro-
gram the response of the material when subject to a particular stimulus
(Theato et al., 2013) or stimuli (Cao and Wang, 2016; Fu et al., 2018).
This introduces the possibility to change the shape of the device upon expo-
sure to a controlled stimulus. This property can be used to induce the motion
of the microrobots or to introduce novel functionality (such as gripping abil-
ity, triggered drug release or cell delivery) (Soto et al., 2021). Many different
types of stimuli have been used to trigger a response in suitable materials,
such as pH, temperature, magnetic fields, electrochemical, light, ultrasound
or biological agents (Cao and Wang, 2016). The induced response can vary
from a mechanical action (as with shape-memory polymers), to a change in
permeability (Stuart et al., 2010; Wei et al., 2017), a variation in electrical
properties or a color modification (Gao et al., 2019).

In general, the ability of a polymeric material to change its properties in
response to an external stimulus can be controlled at the molecular level by
introducing suitable functional groups, or by controlling the architecture of
the molecular backbone. Temperature sensitive materials, for example, are
usually built starting from an alkylic polymeric chain where specific groups
are grafted. Such groups are characterized by hydrophobic and hydrophilic
moieties and a variation in the external temperature can alter their interaction,
thereby favoring molecular rearrangement (Almeida et al., 2012). Materials
such as poly[tri(ethylene glycol) methyl ether acrylate] (PTEGMA) or
poly(N-isopropylacrylamide) (PNIPAM) fall into this category. Interactions
between different groups in the same molecule can also be further controlled
by synthesizing block copolymers (Jochum and Theato, 2013), which can be
used to control a color or transparency variation in the final material.
Light-sensitive smart materials are mainly based on the presence of chromo-
phores in the molecular backbone. Light driven shape-changing polymers can
be created through the incorporation of light sensitive groups or molecules
into the polymer (Stoychev et al.,, 2019). For example, many materials
reported in literature contain an azobenzene moiety, attached directly to
the polymeric chain or introduced via block copolymerization (Jochum
and Theato, 2013; Stoychev et al., 2019). In some cases, such azobenzene
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derivatives present liquid crystal properties (Kim and Jeong, 2019; Mehta
et al.,, 2020) that can be exploited in specifically tailored microactuators
(Pilz Da Cunha et al., 2020a). pH-sensitive polymers are invariably character-
ized by the presence of acidic or alkaline groups on the polymeric chain (Cao
and Wang, 2016; Kocak et al., 2017). These moieties, which include, for
example, carboxylic acids or tertiary ammines (Ahn et al., 2008; Cao and
Wang, 2016), respond to variations in the pH of the external environment.
Specifically, such ionic groups are counter-balanced by oppositely charged
ions that can diffuse in and out of the polymer structure, thus varying the
mechanical properties of the material or its permeability (Ahn et al., 2008).
In other instances, pH variations can change the affinity between different
groups present in the same molecule (introduced, for example, via block poly-
merization) (Ahn et al., 2008). Electrochemically responsive soft materials
usually contain redox groups that are sensitive to the application of an electric
field (Zhang et al., 2017), for example, disulfide bridges (Huo et al., 2014),
nitroxide groups (Cao and Wang, 2016) or ferrocene derivatives (Peng
et al., 2014). One of the most interesting characteristics of redox responsive
materials is that the redox sensitive species can also be separated from the poly-
meric chain. For example, a metallic inorganic ion in a polymer solution will
undergo oxidation/reduction between different valence states. An example of
this is Cu®", which can be mixed with hydrogels and reduced to Cu™ as the
hydrogel undergoes changes in mechanical properties due to an alteration in
the crosslinking degree (Harris et al., 2013).

The final important characteristic of stimuli-responsive smart materials is
their ideal integrability with 3D printing technologies, which gives origin to
the 4D printing approach (Kuang et al., 2019). In this case, the fourth
dimension for 3D printing is time, as the use of stimuli responsive materials
introduces a time dependent behavior induced by the external stimulus
applied. Smart materials can be either directly printed using extrusion based
technologies (like fused deposition modelling) or, by implementing suitable
materials with photo-initiators, they can be printed via photoinduced poly-
merization (Shafranek etal., 2019; Suriano et al., 2019). 4D printing can also
be easily scaled down to the microscale (Spiegel et al., 2020).

3.2 Synthetic and natural hydrogels

Hydrogels are among the most common materials used for the construction
of soft microrobotic systems. These materials fulfill the majority of the
requirements previously discussed: they can withstand large deformations,
their chemistry can be easily modified to introduce programmable behaviors,
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they are inexpensive and display optimal biocompatibility characteristics (Lee
et al., 2020). Consequently, a wealth of examples for hydrogel-based micro-
robots is available in literature.

This class of materials includes water swellable polymers obtained by
chemical synthesis or by extraction from natural sources. One of the most
utilized synthetic hydrogels is poly(ethylene glycol) diacrylate (PEGDA),
which is used, for example, by Hu et al. (2012) for the realization of
disc-shaped microrobots optothermally actuated by laser-induced bubbles.
Also Fusco et al. (2015) employed PEGDA for the realization of shape
switching microdevices for drug delivery. Some stimuli responsive polymers
are actually hydrogels. One of the most widely used synthetic hydrogel in
soft microrobots fabrication is PNIPA, which has interesting thermo-
sensitive properties (Irie, 1993). In particular, it can reduce its size in response
to a temperature increase. Tabatabaei employed PNIPA (Tabatabaei et al.,
2011) to manufacture shrinkable microdevices suitable for medical interven-
tion in the vascular network. In addition to chemical synthesis, nature is
another important source of soft hydrogels for possible application in soft
microrobotics. An important example is alginate, which was used by Ali
et al. to produce rolling microbeads that could potentially be used for tissue
engineering or pharmaceutical research (Ali et al., 2016). Palagi et al. fabricated
magnetically propelled microrobots by pouring droplets of alginate into cal-
cium chloride (Palagi et al., 2011). Mair et al. synthesized magnetic alginate
capsules usable as tumbling robots for manipulation and drug delivery (Mair
et al., 2019). Chitosan can also be used for microdevice production, as dem-
onstrated by Go et al. with their multifunctional biodegradable devices
(Go et al., 2020).

In many cases, two or more hydrogels are blended to tailor their mechan-
ical or functional properties. For example, Kim et al. blended gelatin and
poly vinyl alcohol (PVA) (Kim, 2019) to improve the thermal stability of
gelatin while maintaining its biocompatibility. Lee et al. blended alginate
and PNIPA (Lee et al., 2018) to create soft microrobots for controlled drug
delivery. In this case, alginate was used to address drug release and PNIPA to
tune the release. Some microrobot designs are based on multilayers of dif-
ferent hydrogels: Chen et al. designed double-layer drug-loaded micro-
robots (Chen et al., 2020), with an outer layer of alginate hydrogel and
an inner layer of chitosan microspheres, and Kim et al. created a bi-
layered microrobot (Kim et al., 2020a), containing a gelatin/PV A therapeu-
tic layer and a PEGDA/magnetite actuation layer. In most cases, hydrogels
are used in the form of composites to combine different functionalities and
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in particular to allow magnetic movement. Due to their non-magnetic
nature, hydrogels have to be combined with magnetic materials, in most
cases magnetite nanoparticles. This is the approach followed in virtually
all the examples cited so far (Ali et al., 2016; Chen et al., 2020; Go et al.,
2020; Kim, 2019; Kim et al., 2020a; Lee et al., 2018; Mair et al., 2019;
Palagi et al., 2011; Tabatabaei et al., 2011). Similarly, Li et al. used
NdFeB nanoparticles (Li et al., 2018) to impart magnetic properties in their
polymeric microrobots. Another important advantage of hydrogels is the
possibility for functionalization after polymerization in order to link mole-
cules, with a cleavable bond, to specific points of the polymeric backbone
(Mauri et al., 2017). Bond cleavability can be governed by many different
stimuli able to break chemical bonds, like pH (Mauri et al., 2017) or light
(Wang et al., 2020). This strategy is of great interest for drug delivery appli-
cations, in which the release can be triggered to take place only when desired
inside human body (Bernasconi et al., 2021). A specific mention must be
given to 3D printable hydrogels—to make a hydrogel 3D printable with
stereolithography (SLA) or two-photon lithography (2PL), its monomeric
form is used (which must have suitable reactive groups) and it is activated
with a photoinitiator. Reports on the use of many different monomers
are available in literature: ionic methacrylates (Cabanach et al., 2020), mod-
ified gelatins (Ceylan et al., 2019) and PEGDA (Park et al., 2019).

3.3 Conductive polymers

Conductive polymers represent an interesting class of materials for the
potential development of soft microrobots. In addition to biocompatibility
and deformability, their ability to conduct electricity introduces important
attributes over other polymeric materials. For example, they can be
electropolymerized (Patois et al., 2011) and consequently nanostructured
via templating techniques (Bernasconi et al., 2019b). These attributes have
already been utilized for the fabrication of microrobots (Bernasconi et al.,
2020; Zeeshan et al., 2014). Moreover, some conductive polymers present
a redox behavior accompanied by a volume variation, which can be used to
build microactuators (Yan et al., 2017).

A notable example of such actuators was provided by Benouhiba et al.,
who wused polypyrrole (PPy) to build soft millimeter-sized robots
(Benouhiba et al., 2019). Tyagi et al. electropolymerized PPy on gold
and passive gel to build microactuators for soft microrobots (Tyagi et al.,
2020a). The redox behavior of PPy can also be exploited to alter the affinity
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of the microrobot for specific molecules. Dekanovsky et al. built program-
mable polypyrrole-based microrobots (Dekanovsky et al., 2020): as the pH
of the environment changed, the surface affinity of PPy toward hormonal
pollutants improved, thus allowing efficient sorting and collection. Other
conductive polymers also can be used in addition to PPy: polyaniline
(PANI) and poly(3,4-ethylenedioxythiophene) (PEDOT) constitute nota-
ble examples. Their ability to withstand electropolymerization allowed
Gao et al. to electroform chemically propelled tubular microdevices (Gao
et al., 2012).

3.4 Self-assembled materials

Another class of materials that is interesting for soft microrobotics are
self-assembled supramolecular structures. These self-organizing assemblies
are typically composed of elongated molecules that have two distinct ends with
opposite behaviors, hydrophobic and hydrophilic, which self-assemble using
intermolecular electric interactions. A notable example of self-assembled struc-
tures can be found in nature, where cell membranes are comprised of a
self-organized double layer of phospholipids (Coskun and Simons, 2011).

From the soft microrobotics point of view, an interesting example of self-
assembled microdevices are stomatocytes. These are synthetic polymersomes
with an introflexed bowl-shaped structure (Kim et al., 2010a). Stomatocytes
are normally self-assembled starting from block copolymers, whose behavior
can be tuned by manipulating the phase behavior of one of the two monomers
(Kim et al., 2010a) or their magnetic susceptibility (Van Rhee et al., 2014).
Furthermore, stomatocytes have the ability to trap nanoparticles (Van Rhee
et al., 2014), allowing Pt or magnetite nanoparticle loading for chemical
(Wilson et al., 2012) or magnetic (Zhang et al., 2020) actuation. Tu et al. built
stomatocytes using two block copolymers, poly(ethylene glycol)-b-poly
(e-caprolactone) (PEG-b-PCL) and poly(ethylene glycol)-b-polystyrene
(PEG-b-PS) (Tu et al., 2017a), they loaded the devices with Pt nanoparticles
for use in controlled doxorubicin delivery. Another interesting approach is
the one followed by Mathesh et al., who introduced pH sensitivity in their
stomatocytes (Mathesh et al., 2020) to build biocompatible CaCOs-loaded
devices that could move in slightly acidic environments and deliver doxoru-
bicin. Ph sensitivity was also introduced by Tu et al., who rendered their
stomatocytes sensitive to pH variations by introducing a disulfide bridge
between the hydrophilic poly(ethylene glycol) block and the hydrophobic
polystyrene block (Tu et al., 2017b). By doing this, the devices released their
drugs and self-destroyed for resorption.
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3.5 Materials for the future of soft microbotics

Even if not yet completely implemented in fully working microdevices,
some advanced materials currently under development show considerable
potential for soft microrobots fabrication. They present unique behaviors,
specific actuation patterns and properties that makes them unclassifiable
under the previously discussed categories. A notable example is stimuli-
responsive polymeric liquid crystals (White and Broer, 2015). With respect
to common stimuli-response polymers, these are able to self-organize and
form parts with homogeneous composition but with a spatial variation of
the mechanical properties. Liquid crystals show a marked tendency to
self-organize in stacks and piles, whose orientation can be controlled by
applying rubbing, magnetic fields and light. Another class of relevant mate-
rials is DNA hydrogels, which are fabricated via gelation of DNA building
blocks (Jahanban-Esfahlan et al., 2019). These materials share many advan-
tages with other hydrogels, but also present specific characteristics: they gel-
ate under physiological conditions, and drugs can be encapsulated in them
during the gelation process. Significantly, they have already been used to
fabricate microspheres for protein delivery (Kim et al., 2016¢). Moreover,
magnetic actuability of DNA hydrogels via blending with magnetic
nanoparticles has already been demonstrated (Ma et al., 2017). Moving to
extremely low elastic moduli, ferrofluids may also find potential applications
in the production of soft robots (Fan et al., 2020a, b). Fan et al. demonstrated
magnetic actuation and object manipulation at the millimeter scale with a
magnetite based ferrofluid.

4, Manufacturing techniques for soft microrobots

The discussion on the materials employed for soft microrobots would
be incomplete without considering the manufacturing techniques, as in
many cases, materials are specifically tailored for the technique employed
or vice versa (Fig. 2). Rigid microrobot manufacturing relies on a wide
selection of manufacturing techniques or combinations of these techniques,
making it one of the most multidisciplinary fields in current research. In the
case of soft-robotics, some techniques are limited by the characteristics of the
materials employed. For example, electrodeposition of metals shows limited
applicability, due to the high elastic modulus of the materials deposited. In
contrast, some techniques, e.g., 3D printing, adapt well to the production of
soft microrobots.
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4.1 3D printing

One of the most interesting technologies employed in soft microrobotics
manufacturing is 3D printing (Gibson et al., 2014; Li and Pumera, 2021).
The main advantages include low cost, low material wastage, superior design
freedom and high customizability of printed parts. In light of these advan-
tages, 3D printing has already been extensively implemented in standard soft
robotics applications (Gul et al., 2018; Wallin et al., 2018). Although the
term “3D printing” indicates a substantial variety of manufacturing technol-
ogies (Gibson et al., 2014), the only two techniques widely employed for
microfabrication are micro stereolithography (p-SLA) and two-photon
lithography (2PL) (Fassi and Shipley, 2017). Both technologies are based
on the selective polymerization of a photocurable monomer by means of
a laser. In the case of p-SLA, the laser works in the UV range, while for
2PL the laser works in the IR range. This disparity is linked to the different
starting mechanisms followed by the initiators employed in the two technol-
ogies. In p-SLA, the photoinitiator absorbs a single high-energy photon to
start the polymerization. In 2PL, the photoinitiator absorbs two low-energy
photons before giving origin to the reactive radical that starts the reaction. As
a consequence, 2PL is significantly more precise than p-SLA, since the den-
sity of light required for the double absorption process is reached in a smaller
area around the focus of the laser beam (Piqué, 2020). In addition, p-SLA

Fig.2 2PL 3D printed helical microswimmers made of photocrosslinkable hydrogel gel-
atin methacryloyl (A); lithography fabricated microrobotic platform for on-demand
release of microbeads (B); indirectly 3D printed soft robotic microstructures (C);
star-shaped microswimmers obtained from the gelation of a PVA/alginate/magnetic
nanoparticles inside a micromold (D); biotemplate fabricated microrobots based on
Spirulina for targeted delivery (E). Panel (A) reprinted with permission from Wang X,
Qin XH, Hu G, et al: 3D printed enzymatically biodegradable soft helical microswimmers,
Adv Funct Mater 28(45):1-8, 2018. https://doi.org/10.1002/adfm.201804107; Panel
(B) reprinted with permission from Fusc, S, Saka, MS, Kennedy S, et al: An integrated
microrobotic platform for on-demand. Targeted therapeutic interventions, Adv Mater
26(6):952—957, 2014. https://doi.org/10.1002/adma.201304098; Panel (C) reprinted with
permission from de Marco C, Alcantara CCJ, Kim Set al: Indirect 3D and 4D printing of
soft robotic microstructures, Adv Mater Technol 4(9):1-7, 2019. https://doi.org/10.1002/
admt.201900332; Panel (D) reprinted with permission from Hu N, Wang L, Zhai Wet al:
Magnetically actuated rolling of star-shaped hydrogel microswimmer, Macromol Chem
Phys 219(5):1-6, 2018b. https.//doi.org/10.1002/macp.201700540; Panel (E) reprinted with
permission from Wang X, Cai J, Sun L, et al: Facile fabrication of magnetic microrobots
based on spirulina templates for targeted delivery and synergistic chemo-photothermal
therapy, ACS Appl Mater Interfaces 11(5):4745—4756, 2019. https.//doi.org/10.1021/
acsami.8b15586.
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operates layer-by-layer, while 2PL does not (hence its classification as
Direct Write technology). Both technologies can, in principle, also achieve
multi-material deposition (Alcantara et al., 2020; Soreni-Harari et al., 2020),
thereby expanding the potential for combining more than a single function-
ality in the same device.

As mentioned, 2PL is promising due to its small printable feature size,
Wang et al. (2018) and Dong et al. (2020) demonstrated the potential of
2PL for soft microrobot fabrication by printing ABFs for cell delivery, using
a gelatin modified to make it photocurable. Cabanach et al. also used 2PL for
ABFs microfabrication (Cabanach et al., 2020). Giltinan et al. manufactured
composite PETA ABFs loaded with hard magnetic FePt nanoparticles
(Giltinan et al., 2021) using 2PL. p-SLA can, in principle, also be used
for soft robotic fabrication (Ge et al., 2020).

Another interesting 3D printing technique, although to a lesser extent than
p-SLA and 2PL, is microscale continuous optical printing (LCOP), which
offers high fabrication speeds, improved feature resolution and high through-
put. Zhu et al employed this technology to produce PEGDA-based microfish
able to achieve chemically-induced swimming (Zhu et al., 2015). Extrusion
techniques like syringe-based printing (Tyagi et al., 2020b) can also be used for
soft microrobots production, however this technique lacks the resolution
required to produce microdevices. A notable example was provided by
Son et al., who produced soft microgrippers via syringe based bioprinting
(Son et al., 2020). However, these microgrippers had a dimension of more
than one centimeter, with finer features of a few millimeters. Despite their
relatively large dimensions, the grippers successfully demonstrated magnetic
guidance and ultrasound mediated actuation. Soft microrobots can be also fab-
ricated using indirect 3D printing. This technique, which falls into the cate-
gories of both 3D printing and micromolding, was developed by de Marco
et al. (2019), who used 2PL to 3D print a micromold, which served as the
negative shape of the microrobot. The cavity was then filled with a hydrogel
and the resist was stripped to form soft robotic microstructures.

4.2 Laser micromachining and lithography

Soft microrobotic systems can also be manufactured with more traditional
manufacturing techniques like laser machining or lithography. These tech-
niques show considerable advantages in terms of throughput and miniatur-
ization, but have significant disadvantages in terms of tri-dimensionality and
customizability.



Soft microrobotics 17

Kim et al. used laser micromachining to manufacture biodegradable
drug-encapsulating microrobots based on poly(lactic-co-glycolic acid)
(PLGA) (Kim et al., 2018). Gao et al. employed the same technique to pro-
duce magnetically actuated flowerlike soft platforms for micromanipulation
(Gao etal., 2016). Fusco et al. and Li et al. provided two notable examples of
lithography-tfabricated devices. The former fabricated drug-releasing micro-
robots actuated by temperature variations (Fusco et al., 2014), while the lat-
ter built pH-responsive microdevices for drug delivery (Li et al., 2016a). In
both cases, two hydrogel layers characterized by different swelling behaviors
were patterned via lithography.

4.3 Natural templating

As already mentioned, nature is a major source of inspiration for microrobot
shapes and functionalities. It even provides natural templates that can be
employed to manufacture artificial soft microrobots, such as monocellular
entities, either eucariotic or procariotic. An important example was pro-
vided by Magdanz et al., who built magnetically controllable microdevices
using electrostatic self-assembly of non-motile sperm cells and magnetic
nanoparticles (Magdanz et al., 2020). The result, called “IR ONsperm,”
was found to be biocompatible and able to carry drugs for localized delivery
applications.

Following a similar approach, Wang et al. coated monocellular algae of
the genus Spirulina with magnetic nanoparticles to impart magnetic motility
(Wang etal., 2019). Such algae, as their name suggests, are characterized by a
spiral shape that surprisingly resembles the morphology of synthetic ABFs.
For this reason, they are a natural choice for the realization of soft biomimetic
ABFs. Wang et al. applied core-shell-structured Pd@ Au nanoparticles, mag-
netite nanoparticles and doxorubicin on the surface of the Spirulina cells to
obtain microrobots characterized by magnetic actuability and a synergistic
chemo-photothermal therapeutic efficacy.

4.4 Other techniques

Some additional techniques for soft microrobot fabrication are micro-
molding and electrodeposition. Micromolding can be used to manufacture
micrometric sized devices with a variety of materials. It uses molds that are
fabricated via other patterning techniques like lithography. When working
at the microscale however, this technology presents additional difficulties as
opposed to standard macromolding, for example, mold release can be
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challenging. Hu et al. cleverly overcame this obstacle by applying periodical
freezing/unfreezing cycles to expand and contract the molded material and
induce the release form the micromold (Hu et al., 2018b). Thanks to this
approach, they were able to fabricate micrometric star-shaped PV A/alginate
hydrogel microswimmers for drug release. Electrodeposition is routinely
employed in the fabrication of metallic microrobots. For soft microrobots,
its importance as a fabrication technique is considerably diminished.
However, it can be used to manufacture devices based on conducting
polymers or hydrogels. Hu et al employed a two-step electrodeposition
of CoNi and alginate hydrogel to manufacture hydrogel pillars with defined
structures (Hu et al., 2016). Gao et al. used electrodeposition for the produc-
tion of their chemically actuated microtubules based on the conducting
polymers PPy, PANI and PEDOT (Gao et al., 2012).

Worthy of mention in this review is also self-assembly. Groups of par-
ticles at the microscale often interact between themselves as a consequence
oflocal interactions (electrostatic, chemical, etc.). As a result of this phenom-
enon, they often tend to self-organize in specific structures. This feature can
be tailored and exploited to produce desired structures at the microscale.
Self~assembling materials, which were discussed in Section 3.4, exhibit
exactly this behavior and can be used to manufacture structures like
stomatocytes. In addition to specifically tailored materials however, a great
variety of materials exhibit self-assembly behavior that can be exploited for
soft microrobotics fabrication. Magnetic nanoparticles, for example, tend to
self-organize and attach to surfaces, allowing the functionalization of bio-
templates (Magdanz et al., 2020; Wang et al., 2019). Self-assembly is, in
some cases, not limited to single molecules or nanometric objects, but
can also be observed in larger structures. Indeed, it can also be used to assem-
ble at the microscale, as demonstrated by Hamed et al. (2018) and Wang
et al. (2017).

5. Actuation strategies for soft microrobots

The propulsion of soft robots have an advantage over their rigid coun-
terparts, as the presence of highly deformable regions in the device can allow
for additional degrees of freedom, providing innovative actuation strategies
(Fig. 3). Some of these strategies can emulate natural actuation, again evok-
ing the similarity between artificial soft materials and natural tissues.
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Fig.3 Chemical propulsion of microfish and a micro manta ray in a of 10% wt. hydrogen
peroxide solution (A); magnetic actuation of biotemplate fabricated microrobots based
on Spirulina (B); tetherless mobile microgripper capable of performing fast repeatable
grasping motions (C); thermo-electromagnetically actuated microdevice for targeted
transport of microbeads (D); caterpillar light driven actuation of a microrobot (E).
Panel (A) reprinted with permission from Zhu W, Li J, Leong YJ, et al: 3D-printed atrtificial
microfish, Adv Mater 27(30):4411—4417, 2015. https://doi.org/10.1002/adma.201501372;
Panel (B) reprinted with permission from Wang X, Cai J, Sun L, et al: Facile fabrication of
magnetic microrobots based on spirulina templates for targeted delivery and synergistic
chemo-photothermal therapy, ACS Appl Mater Interfaces 11(5): 4745—4756, 2019.
https://doi.org/10.1021/acsami.8b15586; Panel (C) reprinted with permission from Zhang
J, Diller E: Tetherless mobile micrograsping using a magnetic elastic composite material,
Smart Mater Struct 25(71):1-8, 2016. https://doi.org/10.1088/0964-1726/25/11/11LT03;
Panel (D) reprinted with permission from Go G, Du Nguyen V, Jin Z, et al: A thermo-
electromagnetically actuated microrobot for the targeted transport of therapeutic agents,
Int J Control Autom Syst 16(3):1341—1354, 2018. https.//doi.org/10.1007/512555-017-
0060-z; Panel (E) reprinted with permission from Rogdz M, Zeng H, Xuan C, et al:
Light-driven soft robot mimics caterpillar locomotion in natural scale, Adv Opt Mater 4
(11):1689—1694, 2016. https://doi.org/10.1002/adom.201600503.



20 Roberto Bernasconi et al.

To fully comprehend this discussion, a definition of some basic soft
robotics actuation concepts is required. First, the term “actuation” is generic
and simply indicates making a machine start to work. Indeed, microrobots
are actuated at different levels: in general, they are characterized by long-
range motion (they should move on a scale much larger than their dimen-
sions to reach the target region), and by short-range actuation (when they
reach the target zone, they must accomplish the task for which they are
designed). The first, called “propulsion” or “long-range actuation,” is sim-
ply amechanical actuation in which the device acts as a transducer to convert
an external source of power into motion. These power sources can be
magnetic fields, ultrasound, chemical fuels or light. The second, termed

>

“localized actuation” or “short-range actuation,” is the performance of
the function of the microrobot upon reaching the target zone. While the
propulsion is, by definition, a mechanical action, localized actuation may
also rely on non-mechanical variations in the chemical or physical state of
the soft material of the device. These may induce, for example, drug release
or a variation in the surface properties of the materials. Localized actuation
can be triggered by the same external stimuli employed for propulsion or by
others that cannot be used for propulsion (pH variations, electromagnetic
radiation, thermal gradients, etc.). In general, both propulsion and localized
actuation require energy. This can be provided from outside the environ-
ment in which the device is moving, or is generated directly on the device
using fuel present in the environment. In the first case, the device is exter-

nally powered, in the second case, it is selt-powered.

5.1 Chemical actuation

The most notable example of self~powered propulsion is chemical actuation
(Safdar et al., 2018). The devices that base their motion on this approach,
which are properly called self-propelled micromotors (Terzopoulou et al.,
2020) rather than microrobots due to their limited wireless controllability
(Chen et al., 2018), convert chemical species present in the environment
into motion through a chemical reaction. The most classic example is the
degradation of hydrogen peroxide into water and oxygen (Safdar et al.,
2018). The presence on the device of a bimetallic structure translates into
an anodic region and a cathodic region, where hydrogen peroxide oxidizes
at the anodic segment and reduces at the cathodic segment. The device, in
this condition, moves due to a self-electrophoresis mechanism (Puigmarti-
Luis et al., 2020). Indeed, the presence of the two reactions described builds
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up an electron flux inside the device and a diftusion of protons from the
anode to the cathode. Such protons diffusion is at the base of the movement.
Chemically actuated micromotors can also move exploiting other mecha-
nisms, like direct chemical degradation or self-diffusiophoresis (Puigmarti-
Luis et al., 2020). Hydrogen peroxide is of course incompatible with in-vivo
use, and indeed finding a suitable fuel in the actuation environment
constitutes one of the most important limitations of chemical actuation.
However, other species characterized by a redox behavior can be used
(Safdar et al., 2018) (e.g., glucose, urea, etc.). The introduction of a catalytic
functionality in soft devices is a major challenge, as opposed to rigid devices,
where layers of metals such as Pt or Au can be easily integrated. In soft robots,
the catalytic material can be applied by depositing metallic nanoparticles, for
example. Li et al. used poly(allylamine hydrochloride) and poly(styrene
sulfonic acid) in combination with Pt nanoparticles to impart the catalytic
behavior required for hydrogen peroxide propulsion (Si et al., 2019). In this
way, they were able to build catalytic microrockets. A similar approach was
followed by Wu et al. by employing chitosan and alginate (Wu et al., 2013a).
Huang et al. discussed the effect of device geometry on the propulsion of cat-
alytic polymeric microrockets (Huang et al., 2017). Wu et al. demonstrated
the possibility to regulate the motion speed of chemically propelled micro-
motors by using infrared light (Wu et al., 2014a). Specifically, they observed
that polymeric microrockets remain motionless at low peroxide concentra-
tion, however infrared illumination led to a photothermal effect that rapidly
triggered motion. Chemical propulsion can be combined with localized actu-
ation to perform specific tasks. Wu et al., for example, built biodegradable
poly-L-lysine hydrochloride/bovine serum albumin multilayered microtubes
(Wu et al., 2015). These were loaded with doxorubicin, which was released
on demand by shining a near infrared laser beam on the devices.

5.2 Magnetic actuation

The most investigated propulsion technique for externally powered devices
is based on the controlled application of magnetic fields (Ebrahimi et al.,
2020). Indeed, many of the examples previously discussed in the materials
section are based on magnetic propulsion, which has important advantages
over chemical or other types of propulsion as there is no need for “fuel” in
the actuation environment. Additionally, magnetic fields do not significantly
interact with living tissues in a wide range of conditions, and high precision
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actuation can be achieved. Through magnetic actuation, both forces and
torques can be easily applied (Eqgs. 6 and 7)

F= /V (fwov) BdV =V (ﬁ-v) B ©)
?:/mmvzmxﬁ @)
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where 17is the volume of magnetic material, B is the applied external mag-
netic field and M is the magnetization of the material. As suggested in
Eqgs. (6) and (7), magnetic actuation requires the presence of a magnetically
responsive material inside the device. Usually, ferro-, ferrimagnetic and
superparamagnetic materials are commonly used for the realization of mag-
netic microrobotic structures, as they exhibit large magnetization. Yet, sev-
eral investigations have also demonstrated manipulation of paramagnetic and
diamagnetic devices (Chen et al., 2017). In the case of rigid microdevices,
the problem is usually addressed by depositing metallic or oxide layers on the
surface or manufacturing fully bodied metallic architectures. However, this
is a challenge for soft robotics, since ferromagnetic materials are usually char-
acterized by a high elastic modulus. A solution consists of blending the soft
material with magnetic nanoparticles (Kim, 2019). Magnetic actuation of
soft microrobots can be carried out by employing magnetic fields gradients,
which exert a force on the devices in accordance with Eq. (6). For example,
Wei et al. propelled their degradable polymeric microrobots for the
controlled delivery of stem cells by applying gradients in the order of few
T/m (Wei et al., 2020). In addition, rotating magnetic fields can also be effi-
ciently employed for controlled locomotion, thereby exploiting the torque
exerted on the devices (Eq. 7). ABFs base their actuation on the application
of'a few mT rotating fields (Zhang et al., 2009a). In contrast, oscillating fields
can be employed to impart distinctive motion like the bipedal actuation pro-
posed by (He et al. (2020), the sperm-like actuation obtained by (Khalil
et al., 2014) or the orbiting two-tailed actuation by Khalil et al. (2020)
By carefully designing the material and the device, more than one magnetic
actuation strategy can be implemented on the same device, as demonstrated
by Hu et al. with their multimodal microrobots (Hu et al., 2018¢). In some
cases, the magnetic properties of the material can be programmed to intro-
duce an anisotropy, thus generating special magnetic actuation paths.
Indeed, a magnetically anisotropic material tends to align its magnetic
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moment with its easy axis, which can be programmed in advance. A proto-
typical example of this approach was proposed by (Kim et al. (2011), who
built a snake-like actuator composed of difterent sections (each section con-
taining an easy axis programmed along a specific direction). By applying an
external field, they achieved a controlled snake-like movement (Xu et al.,
2019) and (Huang et al., 2018) proposed other examples of programmed
anisotropy.

5.3 Other actuation strategies

To a lesser extent, acoustic propulsion is also employed for the locomotion
of soft microrobots. For example, ultrasound can be used to obtain a repro-
ducible motion via the generation of microbubbles. Ahmed et al. carved a
microcavity in their microdevice that was able to produce microbubbles via
ultrasound stimulation (Ahmed et al., 2017). Although chemical and mag-
netic propulsion are routinely employed for both rigid and soft micro-
devices, some actuation strategies are exclusively used in the world of soft
microrobots. These include methods based on the presence of a specifically
tailored stimuli responsive material, e.g., light and temperature. Light
induced motion is cited in many examples in literature (Nocentini et al.,
2018) and is typical of devices containing polymers modified with chromo-
phores that can be employed to induce motion via photomechanical
non-reciprocal actuation (Lahikainen et al., 2020; Palagi et al., 2019;
Zeng et al., 2018). Pilz da Cunha et al proposed a millimetric robot based
on this principle (Pilz da Cunha et al., 2020b). Furthermore, by employing
structured light, biomimetic swimming (Palagi et al., 2016) and caterpillar-
like locomotion (Rog6z et al., 2016) can be achieved. Propulsion can also be
achieved by applying alternative heating and cooling cycles to heat-sensitive
microdevices, for example, Mourran et al. actuated helical microdevices via
plasmonic heating (Mourran et al., 2017) by inducing two non-reciprocal
shape variations, the first obtained during heating and the second during
cooling.

5.4 Advanced actuation routes

Melting propulsion and photosynthetic propulsion are two advanced
methods of actuation. The first is based on a light-controlled travelling-
wave approach, which allows a soft microrobot to propel itself through a
solid hydrogel (Palagi et al., 2017). The latter takes inspiration from nature,
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generating O, bubbles from visible light. In this way, controlled propulsion
can be achieved by varying the exposure of the device to light (Mathesh and
Wilson, 2020).

Another possibility, which is exclusive to soft robotics, is the exploita-
tion of stimuli responsive materials (Deng et al., 2017; Jeon et al., 2017;
Stoychev et al., 2013) to change the shape of the devices during motion
(Wu et al., 2013b). By doing this, reconfigurable microrobots that can
change their actuation mechanism or actively control motion can be
obtained, allowing high environmental adaptability and novel locomotion
strategies. Shape-morphing devices are characterized by an intrinsic
reprogrammability, which results in a superior flexibility in production
and usage. Magdanz et al. built chemically propelled microrobots that
can fold and unfold (Magdanz et al., 2014), when folded in a tubular shape,
the devices move and when unfolded, they stop. This allows good control
over their motion. Xie et al. adopted an analogous strategy with magnetic
actuation, obtaining reconfigurable magnetic microrobot swarms (Xie
et al., 2019). Huang et al. exploited magnetic anisotropy to produce
devices with programmable morphology (Huang et al., 2016). Further
examples of shape-morphing magnetic soft machines have been provided
by (Alapan et al., 2020).

It is with short-range actuation, however, that soft robotics exhibit the
greatest advantages over rigid robotics thanks to the use of stimuli respon-
sive materials. Generally, after reaching the target site via chemical, mag-
netic or light propulsion, soft microrobots can perform localized actuation
to carry out their function. By introducing shape-changing functionalities,
a variety of different actuation patterns can be obtained. With a tempera-
ture sensitive material, long-range magnetic locomotion can be combined
with short range mechanical actuation to release therapeutic agents
(Go et al., 2018; Malachowski et al., 2014) or capture living cells
(Breger et al., 2015). Other triggers can also be employed to mechanically
actuate soft microrobots, such as changes in pH (Fernandes and Gracias,
2012; Yoon etal., 2014), magnetisation (Zhang and Diller, 2016), or light.
Lee et al. employed a near-infrared stimulus to change the permeability of
magnetically propelled hydrogel coated devices for drug delivery (Lee
et al., 2018). Light can also be used to change the device morphology,
enabling the capture of small objects (Wani et al., 2017). The final method
of short-range actuation is obtained by electrochemical stimuli, which can
be used to deform hydrogel layers in magnetically guided devices (Kim
et al., 2020b).
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6. Applications of soft microrobots

The advantages of soft microrobots have been exploited in a large vari-
ety of applications, mainly biomedical (Field et al., 2019), which range from
already well-established uses typical also of rigid devices (like drug and
cell delivery or localized surgery), to exclusive applications (like soft
micro-gripping). The unique properties of soft robots (controllable perme-
ability, stimuli responsiveness, shape variations, high biocompatibility and res-
orbability) demonstrate significant potential for many applications (Fig. 4).

6.1 Drug delivery

The intrinsic permeability to small molecules and the biocompatibility of many
soft materials, such as hydrogels (Hoare and Kohane, 2008; Narayanaswamy
and Torchilin, 2019) or chitosan (Peers et al., 2020), are ideal properties for
drug delivery applications. Furthermore, the ability of controlled release from
the hydrogel by means of heat, light, magnetic (Liao and Huang, 2020) or
chemical (Rizwan et al., 2017) stimuli provides another significant advantage
over conventional microrobots. Furthermore, the redox behavior of some
conducting polymers can be employed to control or enhance drug release
(Shah et al., 2018). In addition to the examples reported in the previous sec-
tions, some supplementary cases can be cited. Park et al. built microrobots
based on PEGDA and pentaerythritol triacrylate (PETA) and containing mag-
netic Fe;O,4 nanoparticles (Park et al., 2019). They employed these devices in
actively controlled drug delivery and hyperthermia therapy. Peters et al. 3D
printed biodegradable magnetic composite microswimmers able to release
drugs (Peters et al., 2016). Darmawan et al. developed a self~folding microrobot
for ultrasound-triggered drug release: devices were guided towards a target
zone, where non-covalently bonded anti-cancer drugs were released via ultra-
sonic stimulation (Darmawan et al., 2020). The stomatocytes described in the
materials section can also be applied to controlled drug delivery (Schmidt et al.,
2020). Indeed, their naturally hollow structure is ideal to allocate nanoparticles
or molecular drugs (Tu et al., 2017a, b).

6.2 Cell delivery

The superior biocompatibility of many soft materials and their intrinsic con-
formity to biological tissues can be used for cell delivery in a wide variety of
in-vivo situations. For example, in the previously cited work of (Dong et al.,
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2020), neuron-like cells were actively transported using 3D printed soft
microswimmers. A similar approach was followed by (Chen et al., 2019).
In some cases, when the material employed is totally resorbable, devices
can be left inside the body, thus allowing scaffolding applications
(TirgarBahnamiri and Bagheri-Khoulenjani, 2017). As already discussed,
the shape reconfigurability of many soft materials can be used to build
microgrippers for in-vivo tissue sampling. Indeed, even if the trend of mod-
ern medicine is moving toward non-invasive diagnosis methodologies, tis-
sue biopsy coupled with histopathologic examination is still required for a
large number of pathologies. Consequently, microgrippers able to selec-
tively collect tissue samples and extract them from the body are highly desir-
able. Gultepe et al. described this approach in their papers on diagnostic
thermally enabled microgrippers (Gultepe et al., 2013a, b). Jin et al. also
described multi-fingered grippers for single cell biopsies (Jin et al., 2020).

6.3 Microsurgery applications

Soft microrobots also can be employed to carry out localized microsurgery
tasks. For example, they can operate inside blood vessels, as cited in the work
of Tabatabaei et al. (2011), who built shrinkable hydrogel-based micro-
robots able to navigate the vascular system. Another example of application
is hyperthermia therapy, which can be carried out using microdevices such as
those produced by Park et al. (2019). The devices described by Xie et al. can
be used to perform ultra-minimally invasive thrombolysis (Xie et al., 2020).

Fig. 4 Untethered devices able to transport neurons in a targeted and precise way,
while creating an electrically stimulated microenvironment to favor their differentiation
(A); biodegradable helical microswimmers for targeted drug delivery (B); microgrippers
for controlled in-vivo tissue sampling (C); soft microrobots with collective behavior for
microvascular thrombolysis (D). Panel (A) reprinted with permission from Chen XZ, Liu JH,
Dong M, et al: Magnetically driven piezoelectric soft microswimmers for neuron-like cell
delivery and neuronal differentiation, Mater Horizons 6(7):1512—1516, 2019. https://doi.
0rg/10.1039/c9mh00279k; Panel (B) reprinted with permission from Peters C, Hoop M,
Pané S, et al: Degradable magnetic composites for minimally invasive interventions: device
fabrication, targeted drug delivery, and cytotoxicity tests, Adv Mater 28(3):533—538, 2016;
Panel (C) reprinted with permission from Gultepe E, Yamanaka S, Laflin KE, et al: Biologic
tissue sampling with untethered microgrippers, Gastroenterology 144(4):691—693, 2013a.
https://doi.org/10.1053/j.gastro.2013.01.066; Panel (D) reprinted with permission from Xie
M, Zhang W, Fan C, et al: Bioinspired soft microrobots with precise magneto-collective con-
trol for microvascular thrombolysis, Adv Mater 32(26):1—11, 2020. https.//doi.org/10.1002/
adma.202000366.
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Finally, soft microrobots can be efficiently employed to drive a guidewire
through blood vessels (Jeon et al., 2019).

6.4 Microdevices imaging and guidance

To complete the discussion on soft microrobots applications, we should
mention the imaging and guidance for in-vivo applications. Real time guid-
ance of microrobots is strongly application-related and has always been a
major concern throughout the development of microrobotics. For rigid
microrobots, the movement of the devices inside the human body can be
tracked and guided via both closed-loop and open-loop approaches using
ionizing radiation, ultrasound, magnetic feedback or light (Aziz et al.,
2020; Pane etal., 2021; Wu et al., 2019). Guidance for soft microrobots pre-
sents additional problems, for example, the low mean atomic weights results
in poor contrast with biological tissues for radio imaging techniques. High
resolution tracking and imaging can be improved with the inclusion of
radioactive compounds. Iacovacci et al. added pertechnetate to thermo-
responsive magnetic microrobots and tracked their motion inside a mouse
via tomography imaging (lacovacci et al., 2019). Overall, in-vivo micro-
robot guidance is still in the early stages and is one of the most critical topics
in microrobotics.

7. Hard-soft hybrid microrobots

In some cases, the movement and functionalities of a microrobot can
be accomplished by integrating both rigid and soft sections into the body of
the microdevice. This technology is known as hard-soft hybrid microrobots
(Fig. 5).

The presence of soft sections (made of hydrogels or conductive poly-
mers) alternated with hard metallic components enables specific actuation
strategies based on selective bending and rotation depending on the different
flexibilities (Pak et al., 2011). This principle has been demonstrated in
many examples in literature. For example, Yoshizumi et al. connected
two gold/platinum micromotors (able to provide chemical propulsion) with
a polymeric joint made of poly(allylamine hydrochloride) (PAH) and
poly(acrylic acid) (PAA) (Yoshizumi and Suzuki, 2017). By doing this, they
were able to introduce a rotatory component to the motion of their devices
in addition to the translational motion induced by the chemical propulsion,
giving a higher control over the movement of the device. Mirkovic et al.
employed a similar approach to manufacture metallic nanorods with
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polyelectrolyte hinges (Mirkovic et al., 2007). Further rotational degrees of
freedom can be introduced by using multiple hinges along the nanorods. Li
et al. first tested double hinged (Li et al., 2017) and then multiple hinged
(Li et al., 2016b) microswimmers. In the latter, by introducing three hinges,
they were able to build microswimmers that mimic the caudal fin propulsion
mechanism displayed by fish. The devices developed by Li et al. also con-
stitute examples of magnetically actuated flexible microswimmers, as does
those of Jang et al, who created triple linked devices using PPy,
polyallylamine chloride (PAH) plus polystyrenesulfonate (PSS) and nickel
(Jang et al., 2015). In another example, miniaturized grippers were con-
structed using hinges that employed biopolymer triggers (gelatin and car-
boxymethylcellulose) and metallic elements (Ni, Au and Cr) (Bassik
et al., 2010). The selective enzymatic degradation of the biopolymer
employed triggered the closing of the grippers, while nickel enabled mag-
netic motion. Soft materials combined with hard materials can maximize the
advantages of both categories. For example, Bernasconi et al. applied a pH
sensitive hydrogel to a 3D printed wet metallized structure (Bernasconi
etal., 2021) and was thus able to combine the high magnetic properties typ-
ical of ferromagnetic alloys with the shape customizability typical of 3D
printing, and the drug releasing properties of hydrogels (in this case triggered
by pH). Finally, Ahmed et al. demonstrated the feasibility of acoustic actu-
ation on hard-soft hybrid devices (Ahmed et al., 2016). They fabricated
microswimmers composed of a rigid bimetallic head (Ni/Au) and a flexible
tail (polypyrrole). By exploiting the different oscillations acoustically gener-
ated inside the tail and the head, the authors were able to propel the devices.

Fig. 5 Hinged hard-soft microswimmers with ondulatory motion (A); multilinked artificial
nanofish (B); biohybrid erythrocytes-based functional micromotors (C); biohybrid bacterial
microswimmers functionalized with red blood cell membrane nanoliposomes (D). Panel
(A) reprinted with permission from Jang B, Gutman E, Stucki N, et al: Undulatory locomotion
of magnetic multilink nanoswimmers, Nano Lett 15(7):4829—4833, 2015. https://doi.org/
10.1021/acs.nanolett.5601981; Panel (B) reprinted with permission fromLi T, Li J, Zhang H,
et al: Magnetically propelled fish-like nanoswimmers, Small 12(44):6098—6105, 2016b.
https://doi.org/10.1002/smil.201601846; Panel (C) reprinted with permission from Wu Z, Li
T, Li J, et al: Turning erythrocytes into functional micromotors, ACS Nano 8(12):12041—
12048, 2014b. https://doi.org/10.1021/nn506200x; Panel (D) reprinted with permission from
Buss N, Yasa O, Alapan Y, et al: Nanoerythrosome-functionalized biohybrid microswimmers,
APL Bioeng 4(2):026103, 2020. https://doi.org/10.1063/1.5130670.
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8. Biohybrid soft microrobots

Recently, the use of a particular form of soft matter, biological entities,
for the propulsion or functionalization of synthetic microrobots is being
explored, giving rise to a novel class of soft microdevices known as biohybrid
microrobots (Bastos-Arrieta et al.,, 2018; Feinberg, 2015; Hosseinidoust
et al., 2016; Martel, 2012; Ricotti et al., 2017; Sun et al., 2020) (Fig. 5).
Indeed, living cells constitute a natural choice for the propulsion of micro-
robots, since they are naturally adapted for low Re actuation (Edwards et al.,
2014; Ng et al., 2018). Biological entities are propelled by highly efficient
molecular motors (e.g., myocytes), which transform chemical energy into
motion. This approach must not be confused with natural templating, where
the biological entity is simply employed as a mold to obtain the desired
microdevice and does not take part in the actuation.

The first logical choice to realize biohybrid devices is the use of
microorganisms like bacteria (Leaman et al., 2019) or protozoan (Alapan
et al., 2019). These are usually connected to a cargo by means of emulsion
synthesis (Singh et al., 2017), optically mediated assembly (Barroso et al.,
2015) or chemical/electrostatic bonding. The latter is probably the most
important technique to bind microorganisms to a cargo, since it enables easy
and reproducible linking of organisms to inorganic entities (potentially also
with patterning (Singh and Sitti, 2016)). For example, Kojima et al. pro-
pelled liposomes by attaching them to bacteria via antibody bonding
(Kojima et al., 2013). Akolpoglu produced biohybrid microalgae for cargo
delivery tasks by electrostatically depositing magnetite nanoparticles on a
single-cell green alga (Akolpoglu et al., 2020). Soto et al. fed rotifers with
magnetic nanoparticles to create self-propelling microcleaners (Soto et al.,
2019). The last two examples are significant as an important factor in
biohybrid devices: their control. Biological entities are highly performant
in low Re propulsion, but they are also intrinsically difficult to control:
the solution is to combine magnetic nanoparticles with the biological
entities employed (Carlsen et al., 2014). Other notable examples of micro-
organisms controlled in this way include spores (Yang et al., 2020), macro-
phages (Han etal., 2016), erythrocytes (Wu et al., 2014b) and bioengineered
bacteria (Buss et al., 2020). A class of microorganisms that is of particular
interest for the realization of magnetic microdevices is magnetotactic bacte-
ria. These biological entities are naturally sensitive to the presence of mag-
netic fields and this characteristic can be used for their guidance. In this
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context, Taherkhani et al. loaded drug releasing liposomes, linking them
via amine bonding, onto the surface of Magnetococcus marinus bacteria
(Taherkhani et al., 2014). Another methodology is to guide microorganisms
by chemical variation of the environment in which the device swims (also
known as chemotaxis): by applying chemical gradients, microorganisms can
be propelled in the desired direction (Zhuang and Sitti, 2016).

In addition to bacteria and protozoan, animal cells also can be employed
for the realization of biohybrid entities. The most obvious choice, in this case,
are muscular cells, which convert chemical energy into mechanical energy.
Chan et al. 3D printed a hydrogel in the form of cantilever structures.
They then seeded the structures with contractile cardiomyocytes to convert
the cantilevers into microwalkers able to carry a cargo (Chan et al., 2012).
Kim et al. also proposed a similar approach (Kim et al., 2010b). Nawroth
et al. built a jellyfish-like entity by combining a patterned elastomer with
engineered muscular fibers (Nawroth et al., 2012). Park et al. followed a sim-
ilar approach but added a supplementary layer to allow phototactic guidance
(Park et al., 2016). The last example worth mentioning is the use of sperma-
tozoa to create microdevices. Although these cells belong to animals, they
exhibit bacterial-like behavior in their swimming motion. The resulting
devices, colloquially called Spermbots, can be employed for artificial fertiliza-
tion as well as for drug delivery (Singh et al., 2020; Williams et al., 2014).

9. Conclusions

The current chapter summarizes many examples of functional micro-
machines built using exclusively soft matter or combinations of hard and soft
materials. It also discloses possible applications of programmable materials,
which constitute probably the most important advantage of soft materials
usage. The examples cited strongly support the potentialities of soft materials
in overcoming the limitations of rigid microrobots. They demonstrate that it
is possible to achieve complex and dexterous actuation paths by simply
introducing large deformable parts inside the device. Obviously, this
requires using specific materials and fabrication technologies, which have
been extensively treated in the present chapter. As demonstrated in the last
part of the treatise, bio inspiration and biohybridization further expanded
the possibilities for microrobots design and actuation. In front of all these
considerations, the most important idea suggested by the chapter is that
the future of microrobotics, and most importantly real applications, will
be realistically dominated by highly adaptable and smart devices. Soft
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materials have all the potentialities to fulfill these tasks, making them an
essential choice for the microrobotics of tomorrow.
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Abstract

Soft robots, made of deformable and stretchable materials, have been exploited and
investigated as promising technologies for a wide range of applications, from human
assistance to rehabilitation. In this context, the possibility to integrate conformable, flex-
ible and stretchable sensors able to detect external stimuli allows a further increase of
the potentiality of soft robotics. The realization of soft, flexible, and stretchable electronic
circuits and sensors is mainly enabled by the low-cost prototyping possibilities offered
by the printing techniques, especially screen and inkjet printing. Simplified processing
steps, reduced material wastage, low fabrication cost, high throughput, as well as the
ability to dispose of different small patterns over larger areas while being able to pattern
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a wide range of materials on diverse flexible and soft substrates, are some of the advan-
tages that have made screen and inkjet printing techniques very attractive also in
this field.

1. Introduction

In the past few years, research in the soft robotics sector has seen sub-
stantial developments with soft robots rapidly allowing the carrying out of
typical robotic tasks, as well as introducing new ways of supporting humans
(Wang et al., 2018). The increasing demand for soft robots in numerous
emerging applications including aerospace (Hu et al., 2018), human-
machine interface and interaction (Barmpakos and Kaltsas, 2021), rehabili-
tation and wearable robots (Yan et al., 2020), as well as locomotion for
therapeutics (Zhu et al., 2021) and prosthetics (Kaur et al., 2021), generated
a great interest in the development of specialized and efficient technologies
to fabricate conformable electronic components (Galloway et al., 2016;
Marchese et al., 2014; Park et al., 2014). Indeed, these soft machines need
soft and conformable bending actuators, stretchable circuits, deformable
sensors, and strain or curvature sensors that allow them to perceive both
the encumbrance of their body (proprioception) and the external environ-
ment (exteroception). Initially, commercially available sensors were
embedded into soft robots to realize sensorized soft machines (Gerboni
et al., 2017). However, this rather traditional approach is considered not
ideal due to the sensor design which cannot be adapted to the robot design
and softness. Flexible and stretchable electrical circuits and sensors fabricated
using customized manufacturing techniques instead allow overcoming such
limitation (Amjadi et al., 2016). In this context, printing techniques, such as
inkjet printing and screen printing, are especially promising low-cost
prototyping solutions to realize soft, flexible, and stretchable electronic cir-
cuits and sensors for soft robotics applications. Simplified processing steps,
reduced material wastage, low fabrication cost, high throughput, and the
ability to dispose of several small patterns over large areas while being able
to pattern a wide range of materials on flexible and soft substrates, are some
of the advantages that have made inkjet and screen printing techniques very
attractive also in this field. Indeed, in the recent literature, several examples
of inkjet and screen printed electronic components and devices employed in
soft machines can be found. Electronic skins (e-skins) which can replicate
the human somatosensory system (Guinovart et al., 2013; Zhao et al,,
2020), conformable strain sensors with large stretchability and high
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sensitivity (Goldoni et al., 2020; Tetsu et al., 2017), flexible temperature
sensors (Vuorinen et al., 2016), actuator and sensors (Ta et al., 2019; Yeo
et al., 2016), are just some of the available examples of particularly suitable
printed components for soft robots.

In this chapter, we present recent advances in screen and inkjet printing
techniques used for soft robotic applications. First, a description of the main
technical features and parameters that need to be understood to successfully
use screen and inkjet printers is given. Then the properties of the employed
materials, inks and substrates, are examined. Finally, a short comparison
between the two techniques, highlighting their advantages and disadvan-
tages and recent applications in the field of soft robotics is provided.

2. Printing technologies for soft robotics
2.1 Screen printing

Routes of screen printing are generally credited to China around AD 960.
It is a rather ancient art form that nowadays is used both as an artistic medium
and in commercial applications, recently (in the last 30 years) turning out to
be the most used technique to manufacture printed electronics (Market-
Reports, 2020; Suresh et al.,, 2021). While the theory of this technique
has not changed significantly over the years, the increasing interest in low-
cost, flexible, and smarter products as well as the exploitation of new mate-
rials, paved the way to an extensive employment of this technique with new
applications, goals, and aims. In fact, the main drivers of this increased
interest and changed scope are linked to the major advantages of this tech-
nique, namely low-cost, simplicity, high speed, as well as suitability to fab-
ricate deformable devices over large areas, which place this method among
the best additive manufacturing techniques (Chang et al., 2012). Among
the various advantages, the possibility to realize flexible, stretchable, and
comfortable devices directly on soft, bendable and stretchable polymer
substrates and/or textile has played a major role in the spread of this tech-
nique. For soft robotic applications, in particular, the ability to directly
deposit a wide range of materials (conductive, semiconductive, and insu-
lating) characterized by an intrinsic softness on deformable substrates to
realize stretchable devices is a key aspect.

In fact, screen printing has become an extremely popular technique to
realize stretchable electronic active devices (Zabihipour et al., 2020),
stretchable interconnects (Cahn et al., 2020), bendable displays (Li et al.,
2020), pressure sensors (Yang et al., 2018), stretchable batteries (Kumar
et al., 2017) (as shown in Fig. 1B), wearable sensors (Liao et al., 2018),
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Fig. 1 Schematic of a screen printing process and representation of the printer
components. A screen printer consists of a screen mask, made of a mesh coated with
a photoemulsion that reproduces the pattern that it would be printed. The squeegee
that performs the printing process (called printing stroke), the substrate that is held
to the screen printer stage, and the paste. During printing, the first printing step is
the (A) flooding, in which the squeegee, which is barely in contact with the mesh,
spreads the paste over the mesh. (B) Then the printing stroke is performed: the squee-
gee travels across the screen with a defined speed and pressure and presses the paste
through the screen mask openings onto the substrate. (C) Finally, due to the snap-off
distance, the screen lifts off from the substrate after the squeegee passed and the paste
remains on the substrate at the open areas of the screen and forms a replica of the
desired pattern.
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epidermal electronics (Zhao et al., 2020), strain sensors (Wang et al., 2020a),
deformable biosensors (Abellan-Llobregat et al., 2017), soft sensors and actu-
ators (Yeo etal., 2016). As a consequence, such variety of applications make
flexible printed electronic devices appealing to a broad range of industries
capturing an extensive part of the global market. Indeed, besides its consid-
erable use in research, screen printing is currently one of the most employed
processes in the production lines of printed electronics whereas many screen
printed commercial devices, such as force sensors (“FlexiForce”, 2021) elec-

trochemical sensors (“Metrohm”, 2021), and solar cells (“infinityPV”", 2021)

are already available on the market.

Screen printing is a contact-based printing technique that offers the abil-
ity to accurately deposit thick films of paste through a simple and fast process
over a large surface area. Like in any other contact printing approach, in
screen printing the ink is transferred to the substrate by physical contact
through the use of a so-called screen mask. The thickness of the printed track
can range from one to several hundreds of micrometers, (Merilampi et al.,
2009). In particular, an area up to 80 cm x 60 cm can easily be printed in few
minutes with a throughput of up to a thousand copies per hour (Khan et al.,
2015). Screen printing may be also performed using a flatbed or rotary (roll-
to-roll, R2R) process, with the latter being a fully continuous process
allowing high speed production (100m/min) compared to the flatbed
(35m/min) approach. While a higher throughput can be achieved with a
rotatory process, the setup is more expensive and characterized by a higher
ink waste (Huttunen et al., 2019; Sondergaard et al., 2013). This is why rota-
tory methods are preferred at the industrial scale, whereas flatbed setups are
mostly used for small laboratory systems and in general in research. Here, we
will focus on flatbed systems, referring to it generally screen printing system,
however with small modifications the given principles and discussions suit
also the R2R method.

As highlighted in Fig. 1, screen printing comprises five main core
components:

- The screen mask, which is made of a metallic or wooden frame that holds
amesh on which the desired print pattern is reproduced (the photochem-
ical emulsion).

- The mesh, which is the key element of a screen mask, it is a metallic or
polymeric net, made of interlaced weaving threads, that leaves small
openings through which the paste is pushed.

- The photochemical emulsion blocks all openings in the mesh that are not
needed for the reproduction of the pattern. Therefore, the paste pressed
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on the screen mask passes through the portions of the mesh that are not
covered by the emulsion, replicating the design on the substrate.

- The screen mask holder, a metallic or wooden structure that holds the
screen mask above the substrate at a fixed distance.

- The squeegee, which performs the primary function of transferring the
paste to the substrate. It is used to create the dynamic pressure which
forces the paste through the apertures on the screen mask onto the sub-
strate. It consists of a rubber piece (hardness ranging from 65 to 85 shore)
mounted to a wooden or metallic holder (the squeegee holder) with a
defined angle of about 45° to 75° that is usually used to press the sharp edge
of the rubber onto the screen mask (Faddoul et al., 2012; Kotodziej
et al., 2020).

- The screen printer stage (substrate holder), on which the substrate is fixed
by vacuum, glue, or by simple tape. A mechanically stable fixture of the
substrate, which holds the substrate in place and withstands high shear and
normal forces, is a fundamental aspect to guarantee high quality print.

- The substrate, which can vary from classical rigid printed circuit boards
(PCBs), silicon wafers, glass, ceramic to flexible and soft polymers, as well
as textiles.

- The paste, which is typically a viscous liquid or semi-liquid material
(500-50,000cPa) with a non-Newtonian shear-thinning thixotropic
behavior (Khan et al.,, 2015). A wide range of conductive, semi-
conductive, and dielectric functional materials screen printable pastes
exists. The formulation of the paste is simple if compared to the ink used
for other printing techniques, and usually, it is typically made of conduc-
tive functional polymers or nanomaterials dispersed in a polymeric
matrix.

Screen printing can be performed either by hand or using a semi or fully

automated system. In a fully automated machine, the substrate is loaded

by an automatic system, while in a semi-automatic system the substrate is
taken off and fed in manually using a mechanized squeegee. On the other
side, in a hand system, the printing procedure itself is completely done by

a human. In all cases, the printing process involves few and simple

steps. A schematic of the printing process is shown in Fig. 1. The screen mask

is placed on a screen mask holder while the substrate, which has to be per-
fectly flat, 1s placed over the screen printer stage. The substrate is not in con-
tact with the mesh: a small space (typically of few millimeters) between the
mesh and the underneath substrate, called snap-off distance, is set (Potts
et al., 2020b). This distance prevents the screen from being in direct contact
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with the substrate avoiding smearing or mesh marks on the deposited paste.
This value is usually set as a function of the print area and the mesh tension
(Abbott, 2008).

Usually, the printing process involves first the flooding of the paste over
the opening areas of the screen mask. During this step, the paste 1s spread
over the screen mask using a squeegee, which is barely in contact with
the screen mask to avoid the paste dripping beneath the mesh (Fig. 1A).
Then, the printing process (called printing stroke) is performed (Fig. 1B).
During this step, the squeegee applies the necessary pressure to locally force
the mesh in contact with the substrate and simultaneously push the paste
through the openings of the emulsion to form the desired pattern on the
substrate. Due to the snap-oft distance, the screen lifts off from the substrate
slowly after the squeegee passed and releases the paste from the mesh. After
the release, the paste remains on the substrate at the open areas of the screen
and forms a replica of the desired pattern (Fig. 1C). The rheological prop-
erties of the paste are tuned in order to avoid the ink flooding out of the
printed design and in the meanwhile leave a wet-track with a flat and uni-
form cross-section. Then, the solvent starts to evaporate at room tempera-
ture, and the wet-track needs a post-treatment by heat or UV or laser to
anneal or cross-link the binder of the paste.

A similar technique, which however does not use a mesh, is stencil print-
ing. In this case, a metallic or polymeric stencil, made from a thin sheet
(~100 pm) of stainless steel, with laser-cut, etched, or milled free openings
is used to shape the paste over the substrate. Contrary to screen printing, the
stencil is in contact with the substrate (without any snap-off distance).
Compared to screen printing, the stencil method is an easier and cheaper
method (the stencil is cheaper and also polymeric stencil can be used), char-
acterized by thicker wet-deposit, with the thickness ruled by the stencil
thickness itself. Since a mesh is not used, as in the screen printer, stabilization
gutters are required, which may lead to unwanted broken strokes in lines and
thus limited types of designs that can be printed (Larmagnac et al., 2014).
However, stencil printing is a widely used method because it enables the
employment of cheap polymeric stencils, thus funding application especially
as a fast-prototyping technique (Yokus et al., 2016).

As with every printing technique, the output quality of the printed pat-
tern is the result of the choice and the combination of the characteristics of
the components of the screen printer employed, such as the screen mask and
the mesh type, the squeegee, the printing settings (the printing speed, the
snap-off distance, and the squeegee pressure), and the properties of the
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Fig. 2 The screen printing key performance indicators (KPI) include the minimum spa-
tial resolution of the printed structure, its thickness, and uniformity, as well as the pos-
sible presence of voids or defects in the printed pattern. The output quality of the
printed pattern is the result of the choice and the combination of different aspects char-
acteristics of the components of the screen printer employed, such as the screen mask
and the mesh type, the squeegee, the printing settings (the printing speed, the snap-off
distance, and the squeegee pressure), and the properties of the materials used, such as
the paste viscosity and the planarity of the substrate.

materials used, such as the paste viscosity and surface tension of the substrate,
that will be detailed explained in the below paragraphs (Ney etal., 2019; Pan
et al., 1999).

The detailed variables that influence print quality are summarized in
Fig. 2. The screen printing key performance indicators (KPI) include the
minimum spatial resolution of the printed structure, its thickness and uni-
formity, as well as the possible presence of voids or defects in the printed
pattern. Not all the above-listed characteristics play the same role in pursuing
a specific printing quality and moreover, the screen printing KPI are not only
limited to the printing process itself but should include also the demands or
nature of the final printed product, such as its conductivity, the deformability,
the sensing properties. Thus, in the following paragraphs, we will critically
examine the most important aspects that should be considered in the screen
printing process for the specific realization of soft devices sensors, actuators in
soft robot applications.

In screen printing technique, the screen mask is the most important ele-
ment, which allows the selective deposition of the conductive paste on the
substrate through a stencil. The screen mask not only defines the design to be
patterned but it affects the outcome quality and resolution, as well as the final
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thickness of the printed structures. Thus, choosing the correct screen mask is
fundamental to guarantee high print quality. A screen printing mask is con-
stituted by a metallic or wooden frame that carries a tightly stretched mesh
on which a photochemical emulsion reproduces the desired pattern. The
screen printing mesh should be flexible so that the squeegee can conform
to the substrate and then recover the initial condition after the printing
stroke. The mesh is made of metallic, stainless steel, or polymeric, polyester,
weaving monofilament threads, as shown in the schematic representation of
Fig. 3.

Due to its low cost, polyester is the most used material, however, stainless
steel is recommended for high-precision printing because of its low flexibil-
ity and capability to use thinner threads, leading thereby to a finer mesh. The
screen mesh should be selected based on criteria directly related to the ink
paste and the application, indeed it is well known that the mesh has a greatest
effect on the print quality and resolution, as well as thickness of the printed
pattern, because the mesh interacts to alter the available volume of material
transfer (Abbott, 2008). The most important features of a screen printing

Open area, @y
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Thread Opening, Opening, A Thread
Diameters i T Wa
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Fig. 3 Schematic top view (top panel) and side view (bottom panel) of a screen mesh
with the most important characteristics: the thread diameters of wefts (d.) and warps
(da) direction, the mesh opening in wefts (w.) and warp (w,) directions, the open area
(ap), and the mesh thickness (MT), which can be roughly estimated as the double of the
thread diameter, the opening area, and the thickness of the emulsion over mesh (EOM).
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mask are the mesh ruling, the thread diameter, the opening area, the mesh
thickness and the mesh angle. Among all, the mesh ruling (n) and the thread
diameter (d) are the most used parameters to identify the mask type. The
mesh ruling is the number of threads per centimeter or per inch. The finer
is the mesh, the higher is the ruling. A typical value of fine mesh ruling is 120
threads/cm. Finer meshes are more suitable for printing fine structures (line
width lower than 500 um) and coarser meshes are used for thicker layers.
Indeed, using a coarse mesh ruling leads to a higher volume of printed paste
because it is characterized by a higher mesh opening, which defines the dis-
tance between the warp or weft threads. The thread diameters (d) may vary
between wefts (d,) and warps (d,) and the real values may be different from
the nominal ones due to the applied mesh tension that compresses the fibers,
especially for polymeric materials. The mesh ruling and the diameters of the
wires are used to calculate another common parameter, the open area (a),
which is the ratio of opened area to the overall area of one mesh unit and can
be calculated by the Eq. (1).

d,od,
dy +w,)e(d, +w,)

W =1 1
where w, and w, are the mesh opening width in warps and weft direction,
respectively. The greater aj 1s, the better the resolution of the screen mesh is.
Indeed, for a larger ag, a higher quantity of paste can pass through the mesh
limiting the formation of the mesh markers on the wet deposited structure
(Ney et al., 2019). In order to maximize a, it is possible to reduce the wired
diameters employing stainless steel mesh (Jewell et al., 2015). The thickness
of the wet film (t) is dictated by the mesh thickness (MT), which can be
roughly estimated as the double of the thread diameter, the opening area,
and the thickness of the emulsion over mesh (EOM), as described by the

Eq. (2).
t = (MTeay) + EOM (2)

It is worth highlighting that only a fraction (70%) of the theoretic volume is
really deposited due to the adhesive forces on the interfaces of the paste with
the threads and the emulsion (Kapur et al., 2013). Since EOM affects screen
thickness, it also influences resolution capability. Indeed, the smallest feature
size of the design must be larger than the overall thickness of the
emulsion-coated screen. The smallest feature size dictates also the selection
of the mesh type, indeed the sum of the opening width and wire diameter
(w+d) should be at least half of the smallest feature size (Ney et al., 2019).
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However, it must be considered that the opening width should be at least
three to five times larger than the size of the largest particle of the screen
paste (usually of few micrometers) to avoid clogging. Finally, the mesh angle
parameter refers to the alignment between the mesh and the stencil design.
Common angles for printing fine lines are 30° and 22° (Clement et al., 2019;
Tepner et al., 2020).

The effect of mesh type on the print quality was found to be relatively
consistent for a wide range of inks (especially silver and carbon-based): finer
meshes lead to reduced film thickness and improved definition. However,
the printing parameters, such as squeegee pressure, snap-oft distance, and
print speed have not demonstrated consistent trends and have been shown
to vary with the rheology of the paste (Phillips et al., 2017; Potts et al.,
2020a;). Thus, it is difficult to draw general conclusions on these parameters.
Although in the next paragraphs we will try to give a general overview of the
parameters, the best advice still remains to always experimentally evaluate
the quality output of the specific printing systems, screen mask, and paste
that are you using.

Concerning the printing pressure, it should be minimized to guarantee
the squeegee of the paste through the mesh openings. Indeed, high pressure
can damage the mask or cause printing defects such as streaking, increased
dot gain, as well as deformations at the squeegee tip. In general, the impact
of the printing pressure does not significantly affect the print quality. In fact,
it should be selected first regarding the tension and flexibility of the screen (it
should be enough to put in contact the mesh with the substrate) and in func-
tion of the paste rheology. This is mainly linked to the fact that a screen
printable paste is a non-Newtonian material characterized by a shear-
thinning behavior, which means that the viscosity decreases with the
increase of the shear rate, as explained in Section 3.3. Thus a greater pressure
reduces the viscosity of the paste, improving the ability to flow through the
mesh (Faddoul et al., 2013).

The snap-off distance is the space left between the mesh and the sub-
strate, which generally ranges from 0.5 to 2mm. As for the printing pressure,
the research suggests that the effect of snap-off distance depends on their
interaction with the paste rheology. Indeed, some authors found that
increasing the snap-oft non-linearly affects the printing topology, while
choosing a medium snap-off distance (around 1.5mm) will lead to the best
printing quality (Kun et al., 2007). On the other hand, other researchers
found that the snap-oft distance had no significant effects on the print quality
of fine lines (Pan et al., 1999). Overall, the discussed considerations show
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that it is quite difficult to draw a conclusion and that the snap-off distance
should be selected in function of the ink, mesh, and the screen-printed sys-
tem used. Indeed, this parameter can not be adjusted in manual screen
printers.

In the last years, the research effort was focused on printing smaller struc-
tures by increasing the process speed in order to enhance the throughput
rates. This trend suggests that the study of the effect of printing speed on
the quality of the printed fine structure is becoming important. In this con-
text, high print speeds can reduce the viscosity of the paste, which displays
the inherent elasticity of the paste. Thus, also in this case, the print speed
effect depends on the paste rheology as demonstrated by Tepner et al.
(2020) and Potts et al. (2020b), who showed that there is a correlation
between printing speed and spreading of the deposited paste.

2.2 Inkjet printing

Inkjet printing has seen fast evolving improvements since the 1970s when it
was first commercialized. It is a digital printing process allowing to print a
digital-based image directly to a variety of substrates by getting small droplets
of ink in rapid succession (Derby, 2010). The first inkjet printer was devel-
oped to print text and images, then it became common as home-office
printer and in textile industries. Difterently from screen printer, inkjet print-
ing is a mask-less non-contact deposition technique that nowadays is widely
used especially for prototyping and manufacturing components and circuits
for human-oriented technologies and soft robotics. The process is suited for
a rapid mass-production of numerous samples by providing excellent design
flexibility and precise control in materials deposition. This technology pro-
vides minimal materials usage and waste production by enabling contactless,
mask-free and digital patterning (Yan et al., 2020). Moreover, inkjet printing
can reach a resolution of 20-30 pm, turning to be the best among the other
printing techniques as concern the spatial resolution (Liu et al., 2019).
Although current micro-nano fabrication techniques (i.e., lithographical tech-
niques) can achieve resolutions in the nanometer range (Jung et al., 2020) and
can reach high levels of pattern accuracy, the simplicity, arbitrary geometries,
low cost, and flexibility of inkjet printing make it highly attractive for the fab-
rication of soft-miniaturized, multifunctional devices and components for soft
robotics. The printing process involves the storage of the ink in a cartridge and
the ejection of an exact amount of material through the nozzles. A basic
ink-jet system consists of three critical parts (Figs. 4 and 5):
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Fig. 4 Schematics showing continuous (A) and drop on demand (B) inkjet printing
modes (Lau and Shrestha, 2017).
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Fig. 5 Schematic illustration of drop-on-demand (DOD) inkjet printing process:
(A) piezoelectric DOD mode and (B) thermal DOD mode (Maleki and Bertola, 2020),
Published by The Royal Society of Chemistry.

- A nozzle to dispense controlled volumes of liquid from a reservoir where
the ink is stored,

- A system to move the print-head or the substrate,

- A computer to digitally coordinate droplet ejection and the movement of
the print-head.

Several inkjet methods exist and operate mainly in two modes: continuous

or drop-on-demand (DOD) mode (Lau and Shrestha, 2017) (Fig. 4). In con-

tinuous mode, the ink is pumped through a nozzle to form a liquid jet and a

continuous stream of ink is dispensed. The ink that is not needed for the

print job is collected and recirculated back to the reservoir (recycling gutter).
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It is mainly used for high-speed graphical applications such as textile printing
and labeling. With DOD printing mode, the ink is dispensed only when
needed. The DOD method has a smaller drop size and higher placement
accuracy compared to the continuous mode. Continuous inkjet printing
is an older technology with respect to DOD printing mode, which is the
most used nowadays.

The two most used inkjet systems are thermal and piezoelectric (Maleki
and Bertola, 2020) (Fig. 5). In the former, a thermally induced bubble is used
to create a pressure wave and to eject droplets, whereas in the latter a pie-
zoelectric crystal is used to deform the printing channel and to expel liquid
droplets. In both systems, an acoustic pulse ejects ink, in form of droplets,
from a reservoir through a nozzle in order to print a specific pattern. The
desired layouts can be printed directly from a software-generated design
drawn via a standard vector (e.g., Inkscape) or raster (e.g., GIMP) graphics
software. Thus, complex shapes with feature resolution in the micron ranges
can be printed (Ciocca et al., 2020; Costa Angeli et al., 2019).

In a thermal inkjet printer, a vapor bubble that ejects an ink droplet is
formed by local heating at a temperature around 300 °C. Water is usually
utilized as a solvent and may therefore impose restrictions on the number
of ink-materials, especially polymers, that cannot be printed using this tech-
nique (De Gans et al., 2004), even though non-aqueous thermal inks are
available in the market. Piezoelectric inkjet printing has the advantage of
control the temperature of the jetting nozzles. Piezoelectric inkjet printing
can eject a small droplet of only a few pico-liters (Li et al., 2018).

Piezoelectric DOD printing is the main inkjet printing technology used
for engineering-laboratories. The voltage-driven deformations of the piezo-
electric membrane wall of the nozzles chamber generate a waveform that can
be optimized for each ink and accordingly for the intended printing job.

To obtain stable droplet formation and good printing results, some cru-
cial parameters need to be carefully settled accordingly to the final project
needs (Bernasconi et al., 2019).

- Waveform: it is the voltage to apply to each jet nozzle to eject the drop-
lets. It determines the size and the velocity of the inkjet droplet (Sridhar
et al., 2011). The waveform consists in different segments that must be
adjusted to the specific used fluid (ink). A commonly used bipolar wave-
form is shown in Fig. 6.

- Cartridge temperature: it is useful to set the appropriate temperature of
the cartridge according to the used ink. For example, when the used
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Fig. 6 Example of the commonly used bipolar waveform with a brief description of the
significance of each segment of the waveform.

ink is too viscous to be jetted, raising the temperature will lead to a lower
viscosity and get to the desired jetting performance.

- Platen temperature, which is also important to set at the optimum value
on the platen (where the substrate is placed) to generate optimum printing
quality (Riheen etal., 2019). Indeed, by modifying the substrate temper-
ature, it is possible to change the dynamic of the solvent evaporation and
thus modifying the profile of the printed patterns.

- Print height: it sets the distance of the printhead above the substrate during
printing. Setting the right print height and taking into account the substrate
thickness, is important to avoid hitting the substrate during printing.

- Drop spacing, which is the spacing between drops to form a pattern fea-
ture. The drop spacing affects the resolution of the inkjet printed pattern.

Overall, this printing technique allows controlled-easy and fast deposition of

functional fluids on specific areas of theoretically any substrate including

plastic, glass, ceramics, and silicon, as well as flexible substrates from mem-
branes, gels, and paper. Moreover, three-dimensional structures can be fab-
ricated by combining multiple inkjet printable components and depositing
layers on top of the other. In this way, the 2D-printing technique can be
expanded as 3D printing method (Kaur et al., 2021). Nowadays the technol-
ogy has been widely extended and the ink can now also comprise living cells
for application in novel biosensors and tissue engineering. Some brands of
inkjet printers used for research and development are Dimatix from
Fujifilm USA and Omnijet from Unijet Korea.
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3. Printable materials and substrates for soft robotics

Soft robots are mainly composed of soft and light-weight materials
such as elastomers, fluids and gels, which allow obtaining lightweight, flex-
ible, and conformable devices able on one side to perform multimodal
movements and on the other side to easily conform to the human body.
Therefore, the selection of the materials, substrates, and inks, is a crucial step
in the realization of printed electrical devices suitable for soft robotics.
Moreover, these printed devices besides being mechanically compliant need
to maintain conductive pathways under severe mechanical deformations,
while surviving in a wide range of different environments. Meeting these
conditions requires good knowledge of innovations in materials science,
but also good know-how of the requirements of the employed printing
techniques. Indeed, the different printing methods require specific and dif-
ferent ink properties for precise resolution and performance—both mechan-
ical and electrical. Thus, it is crucial to have a good knowledge of the
materials (and their properties) that can be used for screen and inkjet printing
techniques to fabricate electronic devices and sensors for soft robotic appli-
cations. This is way in the following paragraphs, some important properties
of inks/pastes and substrates employed in inkjet and screen printing technol-
ogies will be discussed.

3.1 Screen printable substrates

Screen printing technology has allowed to explore new routes for materials
processing and to develop low-cost electronic systems on non-planar deform-
able surfaces, which otherwise are difficult to realize with conventional
wafer-based fabrication techniques, by establishing at the same time a close
double link between the development of this printing technique and the real-
ization of soft devices (White et al., 2017). Indeed, screen printing technology
can be used to deposit several materials on different substrates, such as PCB,
silicon wafer, glass but also on paper, textile, thermoplastic polymers, as
poly (ethylene terephthalate) (PET), polyimide (PI), and thermoplastic poly-
urethane (TPU) and elastomeric rubbers, such as Poly(dimethylsiloxane)
(PDMS) and Ecoflex. As shown in Table 1 (Vaicekauskaite et al., 2020), these
substrates have different characteristics in terms of thickness, surface rough-
ness, working temperature and particularly Young’s modulus, which allows
distinguishing between three substrate types: rigid, flexible, and stretchable
(Fig. 7).
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Table 1 Comparison of printable substrates.

Working
Thickness Elastic Modulus temperature
Classification (pm) (MPa) Stretchability (°C)

Silicon  Rigid 200-1500 150 10° - Up to 1200
wafer
Glass — - - Up to 800
PI Flexible 10-125 25 10° 2% Up to 400
PET 13-175  2-410° 4% Up to 150
Paper

25-500 0.5-3.5 10° - Up to 200
TPU Stretchable  100-500 2 60% Up to 130
PDMS 100-5000 1 100% Up to 120
Ecoflex

100-5000 0.5 300% Up to 120

Values are taken from Qi D, Zhang K, Tian G, Jiang B, & Huang Y: Stretchable electronics based on
PDMS substrates, Adv Mater 33:1-25, 2020b https:/doi.org/10.1002/adma.202003155. 2,003,155,
Suresh RR, Lakshmanakumar M, Arockia Jayalatha JBB, Rajan KS, Sethuraman S, Krishnan UM, &
Rayappan JBB: Fabrication of screen-printed electrodes: opportunities and challenges, ] Mater Sci
56:8951-9006, 2021 https:/doi.org/10.1007/510853-020-05499-1, Vaicekauskaite J, Mazurek P,
Vudayagiri S, & Skov AL: Mapping the mechanical and electrical properties of commercial silicone
elastomer formulations for stretchable transducers, ] Mater Chem C 8:1273-1279, 2020 https:/doi.
org/10.1039/¢9tc05072h.

Liquid Soft and stretchable Flexible Rigid
PDMS TPU Silicon
Ecoflex PET Glass
Liquid PI
0 |
0 I 10 1° 13 I¥ g
Young Modulus [MPa]

Fig. 7 Soft screen printable substrates characterized by a wide range Young’s modulus.
The materials substrate from stretchable elastomers, flexible polymers, and rigid
silicon wafer.

The first ones are characterized by a high elastic modulus in the range of
50-1000 GPa, whereas flexible materials have a low bending stiftness that
allows them to conform to irregularly curved surfaces, however, they possess
alow elastic range, around 4% strain, above which plastic deformation occurs.
Only stretchable polymers, such as TPU, rubber PDMS and Ecoflex are char-
acterized by a low Young’s modulus (<10MPa) and a high linear elastic
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regime (up to 300%) that allows being repetitively and reversibly stretched
without failure or plastic deformation up to 100,000 times (Qi et al,
2020b; Wagner and Bauer, 2012). It is the employment of the latter material
that is providing grounds for low-cost high-speed manufacturing of devices,
sensors and actuators for applications requiring a high degree of deformability
such as soft robotics (White et al., 2017), wearable sensors (Marra et al., 2021)
and electronic skin (Zhu et al., 2020). In this context, screen printing stands
out for the ability to easily deposit functional inks, particularly on stretchable
substrates. This capability is closely linked to two aspects of screen printing; the
first one is that contrary to other printing techniques, such as inkjet and gra-
vure printing, the surface wettability has a limited influence on the print qual-
ity of screen printing. Indeed, the above-mentioned stretchable substrates are
characterized by low surface wettability, and so they are commonly addressed
as hydrophobic substrates. The surface wettability is the measurement of the
surface energy, which influences mutual interaction between the deposited
paste and the substrate so also its adhesion. Therefore, the surface wettability
is a fundamental parameter that has to perfectly tune for non-contact printing
techniques, limiting their employment on hydrophobic and inert substrates
(Costa Angeli et al., 2019), as explained in Section 3.2. Whereas screen print-
ing, as contact technique, proved to be highly compatible with stretchable
low-energy surface substrates. The second reason is that the screen printing
technique can print intrinsic stretchable functional conductive composites
made by the same polymers used for the substrate, such as PDMS, Ecoflex
and TPUs allowing to induce a strict chemical affinity between ink and sub-
strate. Moreover, this aspect allows also to deposit intrinsic stretchable con-
ductive and functional materials that enable the realization of reliable soft
devices. Furthermore, screen printing technique is robust in terms of its ability
to print on flat surfaces with the surface texture and wettability not having any
influence on the printing quality (as profited by direct printing on textiles).
However, due to the usage of flat screens, printing activities on not planar
devices proved to be problematic (Suresh et al., 2021), contrary to other tech-
niques, as spray coating and 3D printing, in which is possible to deposit con-
ductive material directly on the device or integrating it during the device
manufacturing (Falco et al., 2016).

3.2 Inkjet printable substrates

Commonly used inkjet printable substrates for soft robotics applications are
soft printable materials. PET and polyethylene naphthalate (PEN) are two
common polymeric substrates used for inkjet printing of soft and/or flexible
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electronic devices (Riheen et al., 2019). PI substrates are also ideal for the
inkjet deposition due to the thermal stability also at high temperature,
and low surface roughness (Fang and Tentzeris, 2018). Paper substrates
are also useful for the emerging field of “paper mechatronics” which merges
printed robotics and paper electronics (Shigemune et al., 2016) with a special
focus on the “green electronics” fulfilling the environmental sustainability.
As it will be discussed in Section 3.4, surface tension is one of the crucial
parameters to take into account for good printing results. Table 2 lists the
surface tensions of some commonly used solvents and substrates in inkjet
printing technology (Hu et al., 2018).

Substrate treatments to control wettability and surface tension and con-
sequently hydrophilicity/hydrophobicity according to the final device needs
are crucial to achieve good printing results. These treatments include: chem-
ical surface functionalization, oxygen plasma, and UV/ozone exposure.

The spreading of ink over the substrate surface is defined by wetting,
which can be explained by Young’s equation (Eq. 3):

Voo = 7/5*71—’_ Vi cos @ (3)

where y,_,, ¥,_;and y;_, are the interfacial tensions between the solid surface
(s), the vapor (v) and the ink (i), and @ is the formed contact angle. A small
contact angle, 8 <90° suggests a good wetting, while a large contact angle,
0>90° indicates a poor wetting. Therefore, substrates with high surface
energies (i.e., copper) are easy to wet, while plastics substrates with low sur-
face energy (i.e., polytetrafluoroethylene—PTFE) are difficult to wet. A
poor wetting leads to a discontinuous inkjet deposition. Within the print
industry, it is generally considered that if the surface tension of the ink is

Table 2 Surface tensions (at 20°C) of common solvents and substrates.

Surface tension Surface tension
Solvent (MNm~™") Substrate (MNm™")
Water 72 Copper 1000
Glycerol 64 Kapton 50
Ethylene glycol 48 PET 48
Epoxy resin 43 Polyamide 46
Chlorobenzene 34 Polyurethane 40
IPA 23 Polyimide 40

Ethanol 22 PTFE 18
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7-10mNm~ " lower than the surface energy of the substrate, appropriate
wetting can be achieved (Hu et al., 2018). Once the desired layout is inkjet
printed on the surface, additional treatments are needed to obtain a func-
tional material. This may involve drying, curing, and sintering steps (Cano-
Raya et al., 2019). Whatever process is used, it must be compatible with all
the materials used in the device structure.

3.3 Screen printable inks

One of the major advantages of screen printing, especially if compared to other
printing techniques such as inkjet printing, is the capability to deposit a wide
range of materials, from conductive to semiconductive and dielectric, most of
which characterized by an intrinsic softness and stretchability up to 200% strain
(He et al., 2017), which a key aspect in the development of devices for soft
robotics. Indeed, the usual approach to integrate sensors and actuators into
soft robots is to fabricate devices that are themselves flexible and stretchable.
The stretchability is the main figure of merit of stretchable electronics and
refers to the maximum percentage of strain, usually uniaxial tensile strain, that
the materials/devices can sustain without compromising their integrity in terms
of conductivity and functionality (Plovie et al., 2018). In this context, an
ideal paste for the realization of screen printed devices for soft robotics should
be (i) printable, (ii) characterized by adequate electrical conductivity and
corresponding sensing properties where needed (e.g., temperature, mechani-
cal, chemical, optical) and should have (iii) a good mechanical and electrical
reliability, i.e., maintaining the performance under the needed working
condition, e.g., under strain. The co-existence of all these aspects at the same
time is at the same time extremely crucial and challenging. In the last years,
many efforts have been made to formulate ever more high-performing screen
printable inks exploiting new functional organic/inorganic materials and
nanomaterials (Qi et al., 2020a; Wu, 2019). In the effort to formulate new inks,
the first aspect that should be considered is printability. A printable ink is a
material that can be easily and homogeneously deposited to the substrate with
a fine resolution (up to 30 pm) without leaving defects and voids, thus ensuring
good print quality. Over the years, the researchers showed that there is a strict
correlation between the print quality and the specifications of the screen mesh,
as discussed in Section 2.1, as well as of ink rheology (Tepner et al., 2020).
Thus, in approaching the use of the screen printer, a deep understanding of
the composition and rheology of a screen printable paste is fundamental to
select the most adequate paste and ensure the print quality for the deposition
of homogenous ad reliable structures.
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A perfect screen printable ink should be a viscous non-Newtonian’
material, with thixotropic shear thinning property (Yuce et al., 2018).
The typical viscosity [Pas] (p) of a screen printable materials is between
0.5 and 50Pas (Kim et al., 2017).

The viscosity is the measure of the internal resistance of a liquid to flow
and it is defined by the Newton’s law (Eq. 4):

T = U*— 4)

where 7 is the sear stress [Pas] and du/, is the shear rate [s7'], i.e., the deriv-
ative of the fluid speed u, in the direction perpendicular to the plates, as
shown in Fig. 8A (Wilson, 2017). In Newtonian fluids, the viscosity is a con-
stant value that depends only on temperature and pressure, whereas for
shear-thinning non-Newtonian’ fluids the viscosity decreases with the
increase of the shear rate, as shown in Fig. 8B (leff). Screen printable pastes
are also characterized by a thixotropic behavior, which means that the vis-
cosity change is time-dependent. The decrease of viscosity, when the fluid is
submitted to shearing stress, is not immediate but it continuously decreases
and when the flow is decreased or arrested the viscosity returns slowly to its
original value (Mewis and Wagner, 2009). The major consequence of this
rheological behavior is that the paste viscosity changes during the printing
process because it is subjected to three different share rates, as shown in
Fig. 8B (right). Initially, after the flooding, the ink is at rest or characterized
by a low shear rate (0.1s™ ") consequently, it shows a relatively high viscosity
(1000 Pas); whereas in the second step, during the print stroke, the squeegee
applies a high shear rate (up to be 200s™ "), which induces a sharp viscosity
reduction causing the paste to flow through the mesh. Finally, the paste
progressively regains its initial viscosity, while the screen lifts oft from the
substrate and the shear rate comes back to the initial value (0.1s™") (Liang
et al., 2016; Tian et al., 2019). This last viscosity recovery is a fundamental
aspect of screen printable materials that allows the left behind structures to
maintain their geometry, limiting the spreading on the substrate. However,
the viscosity recovery should not occur too quickly because it is necessary
to give enough time for the film to leveling and filling the irregularities
and voids. So, the paste must have appropriate thixotropic behavior. For
instance, Fig. 8B shows the thixotropic behavior of three different silver
nano-dendrites (AgNND) conductive pastes, with the viscosityof the Ag
ND Ink-55wt% quickly recovering to its original value after the reduction
of the shear rate, which is not beneficial to ink leveling, resulting in a
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not-homogenous print (Tian et al., 2019). Only the above described rheo-
logical behavior ensures good printability because the paste flows only when
sheared by the squeegee and it does not spread out the edges or slump once
printed especially for narrow lines. The viscosity is the simplest and most
used rheological parameter for the characterization of screen printable pastes.
However, due to the complex rheological properties of screen printing inks,
which are also related to the printing parameters, such as printing speed,
squeegee pressure, mesh type, and a lack of understanding of the physical
mechanism by which the ink is transferred, it is difficult to draw a precise
correlation between the viscosity and the print quality (Alias and Mohd,
2012). As a rule of thumb, we can infer that pastes characterized by higher
viscosity usually lead to thicker and narrower tracks. With a limited spread-
ing after printing, however, they are usually characterized by a quick viscos-
ity recovery that leads to a not-completed leveling. Contrary, lower
viscosity has a better ink leveling but higher ink lumping (Faddoul et al.,
2012; Phillips et al., 2017). Independently from the viscosity, the most
important aspect is that a good screen printable paste should have a proper
shear-thinning thixotropic behavior. A more insight description of the rhe-
ology of screen printing pastes can be found in Potts et al., Tepner et al., and
Tian et al. manuscripts (Potts et al., 2020a; Tepner et al.,, 2020; Tian
et al., 2019).

The formulation of screen printable pastes is not only related to their rhe-
ological behavior, but also their functional, electrical, and mechanical prop-
erties. Indeed, as before stated an ink for the realization of sensor/actuators
for soft robotics should be printable but also stretchable, thus characterized
by adequate sensing/electrical conductive properties that can be maintained
also during mechanical loading. In order to understand this aspect, it is

Fig. 8 (A) Schematic of a planar Couette flow, in which u is the velocity of the moving
plane, and the velocity gradient (du/dy) is the shear velocity (B) The relationships
between viscosity and the shear rate for a shear-thinning thixotropic silver nano-
dendrites (AgNDs) conductive ink. Thixotropic behavior of the AgNDs conductive ink.
(C) Schematic diagram of the theory of a percolated network and the current pathways
through the matrix (Dang et al,, 2017). (D) Percolative theory: electrical conductivity,
o, of conductive composites as a function of filler fraction, ®. Panel B reproduced from
Tian B, Yao W, Zeng P, Li X, Wang H, Liu L, Feng Y, Luo C, & Wu W: All-printed, low-cost,
tunable sensing range strain sensors based on Ag nanodendrite conductive inks for wear-
able electronics, ] Mater Chem C 7:809—818, 2019 https:/doi.org/10.1039/c8tc04753g with
permission from The Royal Society of Chemistry; Panel C from Dang W, Vinciguerra V,
Lorenzelli L, & Dahiya R: Printable stretchable interconnects. Flex Print Electron 2: 2017
https://doi.org/10.1088/2058-8585/aa5ab2.
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necessary to better clarify which are the standard components of a conduc-
tive screen printable paste. The pastes are usually a mixture of three parts: the
functional fillers/material, the binder, and the solvents/additives.
e The fillers
The screen printable conductive pastes are mostly made by composites of
metal/carbon-based nanomaterials or organic conductive polymers blended
in a polymeric matrix. The fillers are the functional components of the ink
that provide the characteristics required for the specific application. Depending
to the application, the fillers can be metallic, organic, ceramic or a mixture.
Difterent types of conductive metallic nanomaterials, such as silver (Ag), cop-
per (Cu), platinum (Pt) and gold (Au), are employed. Among them, the most
common to realize highly conductive ink is Ag, particularly in the shape of
nanoflakes (AgFKs) and nanowires (AgNWs). AgFKs are 2D nanomaterials
characterized by an average dimension between 5 and 10pm. Their large
dimensions and planar structure provide a large contact area if compared to
other nanomaterials, such as silver nanoparticles (AgINPs), thus ensuring better
conductive properties. Instead, the AgN'Ws are classified as 1D nanomaterial
because characterized by a large aspect ratio (the ratio between the longest
size L and the shortest size D of the particle, L/D). Nanowires are commonly
used for stretchable conductors (Liang et al., 2016) and heaters (He et al., 2017).
Besides metallic solutions, the carbon-based inks are also broadly employed
to realize cheaper, higher resistive conductors (Quinsaat et al., 2019) or sensing
materials for strain (Giftney et al., 2017; Lugoda et al., 2021) or temperature
(Wu et al., 2019) sensors. Traditional carbon-based nanomaterials are carbon
nanotubes (CNTs), carbon blacks (CB), and graphene. The first is a 1D nano-
material characterized by an aspect ratio between 100 and 1000, high surface
area to volume ratio enabling the possible use in a plethora of applications. CB
1s a OD nanomaterial made of sub-micron particles with a roughly spherical
shape. CB are typically cheaper compare to CNTs, whereas graphene is a
2D material, characterized by high electrician (10*-10S/m) and thermal con-
ductivity (~3000Wm ™' K™') (Fang et al., 2020; Stankovich et al., 2006).
The electrical conductivity of both metallic and carbon-based
nanocomposite is ruled by the percolation theory (Eq. 5), which is represen-
ted and outstanding properties as sensing materials (Dang et al., 2017).

o~ oy (g — Q”r)a ®)

where o is the electrical conductivity of the composite, 6, is the conductivity
of the filler, ¢ is the weight percentage (concentration) of the filler, a is the
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critical exponent, and @; is the percolation threshold. As shown in Fig. 8C
the current passes through the matrix following pathways that are created by
the contact between the filler (in the Fig. 8C 1D filler is shown). Increasing
the filler concentration, ¢, the numbers of possible pathways increase with a
consequent increase of the composite conductance that follows a percolation
power law. This process stops when the percolation threshold is reached, at
which with the further addition of fillers a conductive network is generated
and the electrical conductivity of composite further increases gradually, until
leveling oft at a constant. Reaching the percolation threshold is important
for conductive material to build a continuous and stable electrical current
(Fig. 8D). Several parameters affect the value of the percolation threshold
such as the material, the morphology, and the dimensions of the fillers.
For instance, 1D nanomaterials such as AgN'Ws and CNTs, due to their high
aspect ratio can form a percolation network at lower loading density, if com-
pared to 0D materials. This is an important aspect in the realization of
stretchable conductors, indeed there is a trade-off between the mechanical
and the electrical properties of a stretchable composite. It is possible to lower
the resistance by increasing the conductive filler fraction, however, at the
same time, the material stiffness increases and its stretchability reduces.
This issue can be solved using 1D nanomaterials, or also a mixture of difter-
ent shapes of nanomaterials (Vo et al., 2020), conducting polymer blends
with nanomaterials (Yu et al., 2019) and through the selection of the proper
binder (Kim et al., 2017). Thus, such composites are simultaneously con-
ductive and stretchable when the nanofillers form percolating pathways.
The mechanism underlining the stretchability of this composite is that their
networks can accommodate a certain amount of tensile strain by the matrix
deformation, while still maintaining a good percolating pathway for electri-
cal conduction. It is worth highlight that the filler fraction composite has also
an effect on the rheological properties of the ink and particularly increasing
the filler increases its viscosity and it can change the overall rheological prop-
erties with an effect of the print quality (Q1 et al., 2020a).

Intrinsically conductive polymers are also widely employed as filler
materials to realize conductive and functional screen printable soft devices.
Some examples of common conductive polymers are polyaniline (PANI),
polypyrrole (PPy), and poly(3,4-ethylenedioxythiophene) (PEDOT:PSS)
(Bandodkar et al., 2015; Gosselin et al., 2017). They are also known as con-
jugated polymers, and they can be prepared with a broad range of conduc-
tivities from 107! to 1000S/cm (Weng et al., 2010). They are low-cost (if
compared to metal nanomaterials), show good environmental stability and
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biocompatibility, however, they have poor mechanical properties (with a
stretchability up to 10% strain) (Lipomi et al., 2012). Fortunately, the
stretchability and printability of conductive polymers can be improved by
incorporating elastomeric materials such as TPU and PDMS (Roh et al.,
2015), or surfactants such as Zonyl and Triton X-100 (Sinha et al., 2017;
Yoon and Khang, 2016). Conducting polymers are employed for many
applications including strain sensors (Cruz et al., 2017), temperature sensors
(Wang et al., 2020a,b), electrochemical sensors (Bandodkar et al., 2015),
semiconductive materials for active devices (Matsui et al., 2019), flexible
photodetectors (Falco et al., 2014), and soft electrodes (Shi et al., 2019).
An insight description can be found in the papers of Grancari¢ et al.
(2018), Weng et al. (2010).

e Polymer binders

The polymeric binder has the role to bind together the fillers and bind them
to the substrate. The polymeric binder plays an important role in both the
rheological and mechanical properties of the paste ensuring the thixotropic
shear-thinning behavior and simultaneously the flexibility or stretchability
of the ink. The most used stretchable binders are PDMS, Ecoflex, fluorine
rubber, polyurethane, isoprene block co-polymers (Kim et al., 2017). The
proper selection of the polymer is also a function of the application and
the filler types because it also functions as a dispersive agent. A good
nanomaterials dispersion and dispersion stability are fundamental to mini-
mize the possibility of stress concentrations and increase the composite
stretchability and electrical conductibility.

* Solvents/Additives

The solvent is the carrier for the filler when mixed with the polymeric
matrix. The solvent selection depends on the dispersibility of the filler
and the affinity with the polymeric binder. The most common are organic
solvents such as isopropyl alcohol, acetone, toluene, ethanol. The mixture of
the binder and solvent promotes wetting of the fillers, dispersion stability,
but also allows for adjustment of the rheological behavior of the ink more
suitable for screen printing. Apart from solvents, additives are also included
to adjust the wetting rheological adhesion and the mechanical properties of
the ink for the specific applications.

For all types of screen printed inks, after the deposition on the substrate, a
post-printing process, that is usually called annealing or curing is necessary.
This is typically made using heat or UV light to anneal or cross-link the
binder of the paste. This post-printing process is fundamental to first allow
the complete evaporation of the solvents in the ink and then to ensure a
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mechanical continuum of the deposited material. This is also necessary for
conductive inks, usually made of composite or conductive nanomaterials
and polymeric matrixes, to achieve high electrical conductivity. Indeed,
during the annealing, the evaporation of the reaming solvent and the
decomposition of the dispersing agent leads to the formation of a compact
and close nanomaterials network, with a consequent increase of the struc-
tural conductivity. The most used annealing method is the thermal one that
is achieved by heating the entire printed devices. However, the employment
of the typical soft and stretchable substrates used in soft robotics (such as
PDMS) that possess low glass-transition temperature limits the curing temper-
ature up to a maximum of 120 °C. This temperature is far below the sintering
temperature of metallic nanomaterials (e.g., 900 °C for silver) restricting the
highest electrical conductivity achievable (Barras et al., 2017). Thus, over
the last year other annealing methods were exploited, such as UV curable
smart materials (Mendes-Felipe et al., 2019) or chemical treatments (Kang
et al., 2017) and laser method (Li et al., 2019), which are able to perform a
local nanowelding.

3.4 Inkjet printable inks

Diverse inkjet printable inks for different applications are present on the
market or can be prepared in a research laboratory. The most crucial aspect
for inkjet printing technology is the ink formulation and its physical and rhe-
ological properties. Indeed, the composition of the ink defines its physical
properties (e.g., viscosity, surface tension, density and drying rate) that affect
the printing process and quality. High viscosity, nozzle clogging, agglomer-
ation, precipitation, and uncontrollable drying patterns are among the fre-
quently challenges encountered with inkjet printing. A good inkjet-printed
droplet results from a balance between ink viscosity and surface wetting.
Moreover, vapor pressure, boiling point, and surface tension of the inks
are also critical parameters for inkjet printing technology.

In general, an inkjet printable ink consists of a nanoparticle-ink derived
from a liquid metal dispersed in a non-metallic carrier-solvent (e.g., water,
ethanol). Ultrasound sonication is generally used to break the bulk liquid
metal into nanoparticles to make the ink compatible with inkjet printing.
Indeed, native liquid metal is not inkjet-able, while liquid metal nanoparticles
are small enough to pass through an inkjet nozzle. Thus, by printing the metal
nanoparticle-ink onto any substrates the solvent evaporates and the liquid
metal nanoparticles are left on the substrates surface.
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To produce a functional inkjet printable ink, some crucial features need
to be taken into account (Schlatter et al., 2017). First, the material must be
prepared as a liquid that is homogeneous and stable over time in order to
have a reproducible jetting. The ink formulation has to let the ink pass
through the nozzle. Thus, viscosity, surface tension, and particle size need
to be optimized to let the solution be expelled by the nozzle.

The dimensionless Ohnesorge number (Oh) is an index of the good fluid
jettability. It is calculated as in Eq. (6) (McKinley and Renardy, 2011)

Ul
Oh = N (6)
where 1) is the shear viscosity, p is the density, 6 is the surface tension, and d is
the jet diameter.

For a good inkjettable ink Oh number must be in the range of 0.1-1
(Antonopoulou et al., 2020). A value of Oh< 0.1 indicates the formation
of satellite droplets (i.e., unwanted secondary droplets) while Oh>1 sug-
gests elongated ligaments that may break up into satellite droplets, or even
lead to non-jetting (Torrisi et al., 2012).

Liquid metal-based inks are the most used due to their unique advantage
of combining conductivity and deformability. Conductive silver inks, in
particular silver nanoparticles (AgINPs), have been the most applied material
for printed soft and/or flexible electronics (Fernandes et al., 2020). This is
mainly due to the silver high electrical and thermal conductivity, chemical
stability, relatively low cost (Ren et al., 2015). Usually, conductive inks are
formulated with metallic particles (e.g., silver, copper, and gold) or carbon
particles (such as graphene and carbon nanotubes) in a retention matrix
(Fernandes et al., 2020). Silver nanoparticles have a low melting point,
which promotes the generation of conductive thin films using relatively
low temperatures, which is a vital working condition for flexible substrates
for applications in soft robotics.

Conducting and semiconducting polymeric inks are also widely used in
printed electronics. The inkjet printability of polymers correlates with polymer
structure and molecular weight, concentration and solvent used (Bernasconi
etal., 2019; De Gans et al., 2004). Polymers can be printed from the melt when
the complete inkjet system is heated. Another possibility for inkjet printing of
polymers is represented by the utilization of colloidal suspensions of polymer
lattices, which has the advantage of presenting a high-molecular-weight poly-
mer in a low-viscosity form. Overall, inkjet printing of conducting polymers is
challenging due to their small solubility and miscibility (Simaite et al., 2016).
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PEDOT:PSS (poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate))
is a commercially available polymer ink extensively used in flexible and
printed electronics. Nevertheless, various additives are often needed in order
to adjust the rheological properties of the ink, as well as the electrical and
mechanical properties of the printed films.

A multitude of other materials can be used as inks for inkjet printing
technology. Examples include graphene based inks are used for flexible
strain sensors (Kang et al., 2017), Gallium—Indium (Galn) nanoparticle inks
inkjet-printed directly onto elastomer glove surfaces to form arrays of strain
gages with intricate wiring and contact pads (Boley et al., 2015), biological
inks consisting of enzymes in water or other solvents, cells suspended in gel-
atin, proteins, as well as nucleic acids used as bioinks (Ratner et al., 2013).

Overall inks should have the following physical characteristics for a good
jetting:

- Viscosity = 1-2cPas, at jetting temperature.

- Surface Tension =32—-42 dynes/cm at jetting temperature.

- Low Volatility—DBoiling point >100°C.

- Density—Specific gravity >1 is optimal.

The viscosity of inkjet printable inks is much lower than that of the screen
paste. The suitably low viscosity lets the ink be pulled into and pushed out of
the nozzle chamber. When it is too high, the kinetic energy is viscously dis-
sipated and no droplets are ejected. Viscosity can be altered by heating the
ink (cartridge temperature control) or by using additives such as the humec-
tants, ethylene glycol or glycerol. For a given pressure wave at the nozzle,
the lower is the viscosity the greater is the velocity and the amount of liquid
propelled forward which leads to the formation of long tails behind the head
of the drop. A comparison between typical viscosities of inks and pastes used
for inkjet printing and screen printing respectively are summed up in Table 3
(Hu et al., 2018).

The surface tension should be high enough to hold the ink in the nozzle
without dripping. Surface tension is also responsible for the spheroidal shape of
the liquid drop emerging from the nozzle. For organic solvents, good choices

Table 3 Typical viscosity values for inks used in inkjet
printing and pastes used in screen-printing technologies.
Printing technology Ink/Paste viscosity (MPas)

Inkjet Printing 4-30

Screen Printing 1k—10k
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are chlorobenzene (33.28dyn/cm at 20°C) and ethanol (46.03dyn/cm at
25°C). If the surface tension is too high a surfactant can be added to the
ink to decrease it.

The high boiling point of the used solvent for inkjet printable inks guar-
antees that the ink not dry quickly in order to avoid the nozzles block. This
issue is often referred to as a “skinning” or “crusting” effect. In the first case a
hardened film develops over the nozzle, while the latter case is related to a
build-up of particles around the nozzle. Screen printing requires slightly less
volatile solvents with reasonably low evaporative rates (i.e., aromatic distil-
lates and butoxyethanol) to avoid clogging of the screen mesh due to the fast
ink drying.

Optimal inks are composed of solutes that are completely dissolved in the
solvent system. Then the prepared ink needs to be filtered (usually though a
0.2 pm filter) before being filled in the inkjet printer cartridges, in order to
avoid that cluster of particles will block the nozzles. A degassing process (by
applying vacuum, sonication in water bath or centrifugation) is also rec-
ommended, especially for aqueous inks, combined with 2—24h of resting
time of the ink filled inside the cartridge. In fact, air bubbles that form in
nozzles will block the jetting.

A common profile for inkjet printable inks is typically represented by the
so-called (unwanted) “coffee ring” shape, where the deposited material dries
to be concentrated on the periphery of the print, leaving a concave central
area, as shown in Fig. 9. A widely accepted explanation attributes this effect
to a non-uniform solvent evaporation across the droplet during the ink dry-
ing process (Deegan et al., 1997). Indeed, when a droplet is deposited onto a
substrate, the evaporation rate is typically highest at the edge of the droplet—
substrate interface (also known as the contact line) due to the highest surface
area to volume ratio.

Wer ink Drying ink Coffee ring

droplet droplet /

Fig.9 Ink wetting and drying effect on inkjet-printed droplet. Typical drying dynamic of
inkjet printed drop, showing that low viscosity inks tend to form a coffee ring and a
photograph of a dried coffee drop.

-
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The interactions of the ink droplets with the substrate must also be con-
sidered. When a droplet hits the substrate, the behavior of the drop is
influenced by the bulk material properties, the surface properties, and the
environment. Bulk properties are important when the solvent is absorbed
by the substrate. The surface properties are important if the droplet rests
on the surface. The affinity of the materials determines whether droplets
wet the surface or coalesce into larger droplets. The spreading and wetting
of the liquid-ink on the substrate and the drying behavior of the printed
component are controlled by the solvent formulation and the temperature
of the inkjet printing stage.

4. Examples of printed devices for soft robotics

Soft robotics usually includes three main components: the soft actua-
tor, the control module with the power, and the soft sensors. The latter is
essential for feedback-control, in terms of proprioception and exteroception
of soft robots (Wang et al., 2018). These sensors have to fulfill the require-
ments of elasticity and durability to be suitable for integration with soft
materials. In this perspective, screen printing is a good candidate to fulfill
these needs. As explained in the above sections, this printing method is best
suited to process intrinsically stretchable conductive materials on soft sub-
strates. Indeed several examples of screen printed sensor can be found in
the recent literature, as shown in Fig. 10A and B, (Koivikko et al., 2018;
Pinto et al., 2017; Yeo etal., 2016). On the other end inkjet printing is used
to simplify the manufacturing process, and at the same time to reduce the
materials waste and realize high resolution design, as shown in Fig. 10C.

4.1 Example: Stretchable screen printed nanocomposite
sensors for feedback-loop control of a soft
earthworm robot
A recent publication (Goldoni et al., 2020) demonstrated the complete inte-
gration of a wireless, screen printed strain sensor with a soft robotic earth-
worm for locomotion detection, as shown in Fig. 11. The authors realized a
serpentine screen printed sensor on Ecoflex employing a strain-sensitive
multiwalled CNTs nanocomposite, deposited using a screen process
between two layers of a silicone elastomer (Ecoflex). The authors have cho-
sen as functional fillers OH-functionalized CNTs, because the presence of
the hydroxyl groups ensures good compatibility, and thereby dispersion,
with the elastomeric matrix. The sensor was shaped using a serpentine shape,
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as displayed in Fig. 11, in order to provide multiaxial stretchability. Indeed,
the authors proved, by performing finite element analysis (FEA), the reliabil-
ity of the screen printed strain sensor undergoing uniaxial and biaxial
stretching up to 60% strain. Then the sensor was experimentally tested
through static, cyclic electromechanical uniaxial tests and it proved a good
ultimate stretchability (100%), cyclic reliability and stability (up to 500 cycles
showing a marginal resistance drift). Moreover, the authors connected the
sensor with a miniaturized circuit for wireless data acquisition using a
stretchable nanomembrane, and the system was integrated onto a pneumatic
elastomeric soft earthworm robot.

The sensorized-soft robot was tested through different motions, such as
alternating left and right bending, elongation, compression, tactile sensing,
simultaneous lateral compression, proving its ability to perceive internal and
external stimuli and therefore the ability to interact with the surrounding
environment. In conclusion, the described printed strain sensors system
shows that thanks to the high elasticity of the screen printed CNTs
nanocomposite, which can be pattern only employing screen printing tech-
nique, it is possible to guarantee excellent compliance for the whole range of
movements (bending and stretching) that the robot needs to perform
enabling the possibility to realize low cost and reliable devices in soft robotics
applications.

Fig. 10 (A) Strain sensors for wearable soft robotic applications: schematic illustration of
the sensor actuator within a hand (top); SEM image of metallic ink on silicone substrate
(center); image of the as fabricated stretchable strain sensor (bottom). (B) Screen printed
strain sensor attached to a soft robotic gripper. (C) Printed temperature sensor made of
multilayered structure: (1) Screen printed silver conductors, (2) inkjet patterned
graphene/PEDOT:PSS temperature sensor, (3) PU surface layer, (4) adhesive layer,
(5) protective paper, (6) PET film and (7) cooling/heating element and photograph of
the sample attached to the skin (Vuorinen et al., 2016). Panel A reprinted with permission
from Yeo JC, Yap HK, Xi W, Wang Z, Yeow CH, & Lim CT: Flexible and stretchable strain
sensing actuator for wearable soft robotic applications, Adv Mater Technol 1:1-9, 2016
https://doi.org/10.1002/admt.201600018, Panel B reprinted by permission from Wang YF,
Sekine T, Takeda Y, Hong J, Yoshida A, Matsui H, Kumaki D, Nishikawa T, Shiba T, Sunaga T,
& Tokito S: Printed strain sensor with high sensitivity and wide working range using a novel
brittle-stretchable conductive network, ACS Appl Mater Interfaces 12:35282—35290, 2020a
https.//doi.org/10.1021/acsami.0c09590.
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Fig. 11 Stretchable screen printed nanocomposite strain sensors, for feedback—loop control of a soft earthworm robot. Overview of a wireless
strain sensing system integrated with a segment of a soft earthworm robot. (A) The nanocomposite strain sensor can endure multimodal
stretching and bending on a soft robotic segment without mechanical fracture, (B) also when integrating onto the soft earthworm robot.
(C and D) Photos of a miniaturized wireless circuit. (E) Plastic case of the wireless system. (F) Flowchart showing the signal path from strain
sensors to the mobile device. (G) Proficiency of soft robot-embedded nanomembrane sensors in proprioception and exteroception. Reprinted
by permission from Goldoni R, Ozkan-Aydin Y, Kim YS, Kim J, Zavanelli N, Mahmood M, Liu B, Hammond FL, Goldman DI, & Yeo WH: Stretchable
nanocomposite sensors, Nanomembrane interconnectors, and wireless electronics toward feedback-loop control of a soft earthworm robot, ACS
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4.2 Example: Inkjet printed conductive gold electrodes

for e-skin for soft robotics
One of the last research trends in soft robotic application is the development
of a skin-like electronic system mimicking the thermo-sensation and
mechano-sensation functionalities of natural skin.

A research team of University of California (Berkeley) in collaboration
with Polymer Research Institute of Sichuan University (China) has devel-
oped a novel e-skin system by printing technology (Wu et al., 2021). The
e-skin had ultrahigh sensitivity (non-contact sensing capability) and showed
good capability for simultaneous monitoring/mapping of both thermal and
mechanical stimulations. The e-skin system has been coupled with a soft
robotic gripper for object manipulation. The sensing system for both
thermo-sensation and mechano-sensation, analogous to that of natural
human skin, paved the way for the future design of humanoid soft-robotics.
The solution-processing inkjet fabrication of the e-skin assured scalability
and cost efficiency. The inkjet printed skin sensory system is shown in
Fig. 12.

This e-skin consists of arrays of potentiometric thermal sensors (3 X 3)
and potentiometric mechanical sensors (4 x4). The sensors working-
principle is based on thermally or mechanically regulated variations in
potential difference measured between two active electrodes well mimick-
ing the natural skin sensory receptors so that the e-skin perceives even tem-
perature and pressure variations caused by a finger touch. The description of
the e-skin operation is outside the scope of this chapter. Interested readers
can find full information in bibliography (Wu et al., 2021).

Here a description of the inkjet printing fabrication process of the e-skin
will be provided. Kapton tape film was used as substrate, with gold nanopar-
ticle ink employed to fabricate highly conductive gold connections on the
substrate via inkjet printing. Briefly, conductive gold connections were
inkjet printed on the Kapton substrate as the bottom electrode. Thermo-
sensitive and mechano-sensitive prussian blue-modified graphite carbon
(PB/carbon) electrode patterns were stencil printed on the gold connec-
tions. Then, the silver/silver chloride (Ag/AgCl) reference electrode pattern
was printed by the side of the PB/carbon sensing electrodes with a gap of
~750pm. Thermal sensors are fabricated by casting polyvinyl alcohol/
sodium chloride/glycerol-2% (PVA/NaCl/Gly-2%) ionic composite on
the sensing regions, and mechanical sensors are constructed by placing
PVA/NaCl/Gly-32% ionic composite microstructures on the sensing
regions. Finally, the whole e-skin was fully encapsulated with a layer of
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Table 4 Values of viscosity, surface tension and density and Oh number for Gold
nanoparticles ink used in inkjet printing (Begines et al,, 2019; Cui et al., 2010; Rudolf
et al., 2020).

Viscosity (mPas) Surface tension (nNm~') Oh number References

2 41.79 0.1 Begines et al. (2019)
2 n.a. n.a. Cui et al. (2010)
1.1 n.a. n.a. Rudolf et al. (2020)

polyimide film. Dimatix DMP 2800 inkjet printer was used for the e-skin
gold connections fabrication. Cartridges of 10 pL volume and a drop spacing
of 30 pm were used for the printing. The inkjet-printed gold electrode pat-
tern was pre-dried on the printer hotplate at 60 °C for 30 min to stabilize the
electrode pattern, then it was transferred to a vacuum hotplate and annealed
at 250 °C for 1h to fuse the gold nanoparticles into continuous conductive
pattern. A commercial ~60 pm thick Kapton with a typical surface tension
of 50mN m™~ " was used as substrate. Used gold nanoparticle (AuNPs) ink
was also purchased from a company. In this case, the company does not give
details on the properties of the ink, however gold nanoparticles ink for inkjet
printing are widely used. Thus, in Table 4 are listed some parameters for
AuNPs ink.

In conclusion, through a careful material selection, component tuning,
and structural engineering of sensor systems, the described printed e-skin
presented by Wu et al., consisting in inkjet-printed gold electrodes on
Kapton substrates, exhibits several advantages respect the state of art of
e-skin, including, ultralow power consumption, simplified operation (i.c.,
only potentiometric measurement), ultra-high sensitivity, scalable fabrica-
tion, and economic efficiency. The latter two advantages are provided by
the inkjet printing technology employed in the fabrication process.

5. Conclusions and outlook

In conclusion, screen and inkjet printing techniques ofter a foundation
for applications in soft robotics because of their powerful capacities to realize
custom devices on intrinsic deformable and stretchable materials and curvi-
linear surfaces. Both the techniques stand out to be cost-effective, fast, and
easy to use methods. Moreover, the recent development of printing has
allowed exploring new avenues for materials processing, which otherwise
are difficult to realize with conventional wafer-based fabrication techniques,
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by establishing a close double link between the development of printing
technique and the deformable and soft electronics.

Nevertheless, both printing techniques face some limitations for devel-
oping all layers of soft electronic devices. Regarding screen printing, these
include the high material waste, indeed, difterently to a drop-on-demand
system, screen printing needs the employment of more ink than necessary
to ensure a good print. Moreover, the screen printer is able to deposit high
wet thickness of the film that usually is exposed to the atmosphere, which is
not always desirable (Khan et al., 2015). It employs a mask, which can be
easily deteriorated by the paste with time and which hinders the possibility
to directly print the conductive soft device on the 3D object, as it is possible
in the case of aerosol jet and spray coating techniques. On the other hand,
since inkjet printers are designed for low volume printing, one of their
main disadvantages is the relatively slow speed. Moreover, nozzle clogging
and cartridge cost are a major problems. Even if this is the less material-
consuming printing technique, printhead cleaning und flushing of the noz-
zles produces some ink waste. In addition, being a complex system, inkjet
printer requires frequent maintenance.

Despite these limitations, the fabrication of flexible circuits, sensors, and
other printed materials represents a great technological advancement compared
with other standard methods and in the past few years, research in printing
technologies has seen substantial developments. Moreover, these two tech-
niques stand out among the other printing methods (such as gravure, flexog-
raphy, aerosol, transfer printing, and spray coating) for the simplicity and the
ability to pattern a wide range of soft materials, and the capability to print com-
plex design with the best resolution. Employing these techniques, the current
research is exploiting new routes of applications, such as bioimprinting,
which has proven the possibility to provide a fast-growing breakthrough in tis-
sue engineering and advanced soft-robotics for human health support
(Li et al., 2021).
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Abstract

MOFs, (the acronym for Metal-Organic Frameworks) are a quite new family of materials
resulting from the combination of organic ligands and metal ions. The coordination
between the metal centers and the organic scaffolds give rise to complex assemblies
which can develop into coordination polymers from 1D to 3D structures. These mate-
rials are usually porous with well-defined channels or pores. For this reason, MOFs are
able to absorb a number of molecules with very high efficiency. Depending on the com-
bination of the metal and organic components, selectivity toward different classes of
gases or organic molecules (guests) can be achieved. The interaction of the MOF with
the guest often results in a modification of the MOF crystalline structure which even-
tually produce a change in the physical properties of the materials. These variations can
be exploited to detect the presence of a specific guest. In this chapter, the application of
MOFs for the sensing of chemical species will be briefly illustrated. After an introduction
on of the structures and synthesis of MOFs, the different mode of sensing will be
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described. Then a number of examples from the recent literature will be discussed. The
focus will be on two issues: the sensing of small molecules as gases, VOC and organic
compounds, and the sensing of biomolecules. The former can find many uses in the
industry, whereas the latter is a promising topic for biomedical applications.

1. Definition of MOF

1.1 Definition of MOFs (1D-3D, generation, coordination
polymers, etc.)

In the last 20 years or so, there has been a rapid upsurge in the research
efforts to develop metal-organic frameworks (MOFs) (i.e., also known a
porous coordination networks (PCNs)/coordination polymers (CPs)), and
have consolidated into an important area of research in material sciences
(Fig. 1) (Ding et al., 2019; Kitagawa et al., 2004; MacGillivray, 2010) In
part, this is because MOFs are composed of metal ions and organic ligand
molecules that are regarded as nodes and linkers respectively. The coordina-
tion nature of the chemical bonds between the organic ligands and the metal
centers has given unique intrinsic properties that other porous materials did
not show so far (Fig. 1).

(e S ) i MoFCP } |\
/ []ch,% Self ( Taf

\D \ Assembling

@/’QD
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Guest Exchange Permanent Porosity

Guest
removal

Fig. 1 Synthesis of a MOF by self-assembling of the building blocks in solution and
guest exchange and formation of a guest “free” porous structure upon guest release.
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Depending on the dimensionality of the metal-organic bonds, MOFs
can be classified as zero-dimensional (0D), one-dimensional (1D), two-
dimensional (2D) or three-dimensional (3D).

Structures that are formed by the self-assembling of metal ions and
organic ligands that are discrete (i.e., that do not expand into the 3D of
space) are regarded as OD. Fundamental work has been carried out by
Fujita and co-workers in the development of large nanospheres with volume
voids of ca. 63,500 A° able to encapsulate macromolecules such as proteins
(1.e., ubiquitin, Fujita et al., 2012). 1D metal-organic structures are better
regarded as coordination polymers since they do not form frameworks
and compared to 2D and 3D counterparts are less robust because they have
larger chances to move respectively. If the 1D chains are not parallel to each
other but interwoven their rigidity can be important but if the 1D chains
are parallel they can have a pronounced dynamic behavior in the presence
of an external stimuli (Rossetti et al., 2018). The formation of rigid/stable
channels/pores in 1D coordination polymers is challenging as it depends
on the templating effect of guest molecules and the shape of the organic
linkers. Two-dimensional metal-organic framework expand infinitely in
two dimensions of space. The dynamic behavior of the layers can give also
good properties such as pore breathing like or sliding of layers as response
upon external stimuli. Among MOFs, those with intrinsic higher connec-
tivity are the 3D MOFs as the nodes of connectivity metal-ligand are
expanding in the three dimensions. This gives the possibility to form struc-
tures with rigid frameworks, large pores stable even in the absence of guest
molecules and extremely high surface areas. Thermal stabilities from 350 °C
to 400°C can be achieved for some MOFs (MOF-5; Yaghi et al., 1995)
providing wide range of thermal applicability.

Along with the ability to tune the nature of the organic building blocks
(i.e., size, shape and chemical nature) and porosity, their dynamic behavior
in presence of external stimuli is very important for the potential applications
of MOFs in areas such as gas adsorption, proton conductivity, drug delivery,
catalysis, and chemical sensing (Evans et al., 2020). Fine ligand length tuning
has allowed the possibility to create structures that maintain the same MOFs
reticular features but with a modulated pore dimension enlargement by
applying the concept of isoreticular chemistry (Eddaoudi et al., 2002).
MOFs synthesized through such approach are called isoreticular MOFs
(IRMOFs). Large pores with diameters ranging from 1.4 to 9.9 nm and rigid
structures have been prepared that allowed the diffusion of large proteins
within the channels (Deng et al.,, 2012). The MOF framework is also
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important to protect the included biomolecules from harsh environments
such as high temperatures, adverse chemical environment, severe pH envi-
ronments, and toxic substances.

Another aspect that has contributed significantly to MOFs development,
has been their intrinsic good crystallinity which allowed the full atomic
three-dimensional (3D) structural determination by X-ray crystallography.
It is important to note that in many cases, because of their good crystallinity,
it is possible to modify the organic linkers of an already crystallized MOF and
still carry out full structure determination. This strategy is also referred as
post synthetic modification (PSM) approach which is used for loading into
MOFs biomolecules via ligand exchange (Cohen, 2017; Kim et al., 2012).
In fact, the combination of rigidity and flexibility in MOFs lead to the def-
inition of soft-porous MOFs (Horike et al., 2009; Krause et al., 2020).
Soft-porous MOFs, are materials that can modify their structure upon
external stimuli and can show breathing-like behavior, that means that
the framework structure can adapt in the presence of new guests or can
reduce its internal space when the guest molecules are removed completely.
Adaptable framework behavior in the presence of new incoming molecules,
specially large molecules such as proteins is very important as it might help
in the preservation of protein activity (i.e., proteins maintain their function
if their structure is not damaged during the inclusion process).

1.2 Synthesis and most common building blocks (organic
and inorganic)

Since single crystal X-ray diffraction is the most reliable method for deter-
mining the 3D structural arrangement of atoms in a MOF, large MOFs
single crystals are needed. The 3D atomic arrangement in a MOF is crucial
to understand structure-function properties and to fine tune the building
blocks in a MOF for improving its properties. Although several crystalliza-
tion methods are being used for the preparation of MOFs (microwave syn-
thesis, instant synthesis, solid-liquid interface synthesis..., Marti-Rujas and
Kawano, 2013) most MOFs are prepared using “one-pot” reactions by slow
crystallization methods. Layer diftusion or solvothermal synthesis are slow
crystallization methods that usually gives large single crystals suitable for
single crystal X-ray diffraction analysis. This step in the creation of MOFs
is crucial as the formation of extended networks suffers from the so-called
crystallization problem and the labile nature of metal-ligand bond formation
plays a crucial role in this process.
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From the earlier days, the most common building blocks for the synthesis
of MOFs where based on nitrogen-based ligands (Fujita et al., 1994; Hoskins
and Robson, 1989) and carboxylate organic ligands. The coordination
among the organic ligand and the transition metals in pyridine-based
MOFs takes place via a N—M whereas in the carboxylic based ligands, the
coordination occurs among the deprotonated carboxylic group and the
metals. Other ligands based on functional groups such as phosphonates,
imidazolates are also being used in the preparation of MOFs.

Pyridine-based MOFs are less rigid if compared to carboxylate derived
MOFs according to the metal-ligand bond energies. In the case of polytopic
pyridine like ligand-based MOFs (i.e., metal-to-neutral Lewis base bonds),
the bond energy is around 90-200kJ mol ™', whereas for carboxylate-based
ligands (i.e., metal-to-charged ligand bonds), the bond energy is slightly
higher about 150-350kJmol™" (Jiang et al., 2016). In the synthesis of
carboxylate-based MOFs the development of inorganic clusters, referred
usually as sub-building units (SBUs), has contributed to enhance the stability
of such MOFs (Li et al., 1999) allowing the preparation of structures with
giant unit cell volumes (ca. 702,000A% and very large pores observed in
MIL-101 (Férey et al., 2005).

Thanks to the formation of 3D framework structures with such big
pores, the introduction of huge molecules such as proteins has been possible.
MIL-101 has been one of the first MOFs to be tested for biological appli-
cations with the inclusion of antitumor and antiretroviral drugs because of'its
large pores and biocompatibility with physiological conditions (McKinlay
et al., 2010). Large-pore structures such as IRMOF-74 has allowed the
inclusion of green fluorescent protein (GFP) in the pores via diffusion pro-
cess just immersing the MOF in a solution containing the protein. Clearly,
such sponge-like behavior has open the possibility to study many different
aspects on the protein activity of on the protein loading within the MOFs.

Zinc-imidazolate frameworks (ZIFs) are another sub-class of MOFs
that exploit the angles among the metal-imidazolate-metal in order to mimic
the Si—O-Si bond angles seen in in rigid zeolites which is about 145°.
Importantly, since imidazole is found in the side chains of endogenous amino
acid histidine (His), derivates of imidazole can be used as organic linkers in
biocompatible ZIFs. ZIFs have also intrinsic porosity and good thermal
and chemical stability and show very good crystallinity. ZIFs have shown
to have a rich chemistry with a wide variety of 3D topologies. One of the
most studied ZIFs are the so-called ZIF-8 and ZIF-90 (Shich et al., 2015)
which have found applications in the de novo encapsulation of proteins
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Fig. 2 Synthesis of ZIF-90 in aqueous environment with included catalase enzyme
showing its functional activity.

(Fig. 2). ZIF-8 has been used to include hemeprotein cytochrome ¢ (i.e., the
protein is mixed with the MOF constituents and is included as guest during
the crystallization) which showed 10-fold activity enhancement for the
detection of peroxide species due to protein-ZIF interaction. Importantly,
this de novo encapsulation of proteins method needs the interaction between
protein being encapsulated and the building blocks forming the ZIF.

1.3 Mode of sensing

Self~assembling of metal ions with fluorophore organic molecules is a good
approach to prepare fluorescent MOFs that can be used as sensors. A pho-
toexcited fluorophore can transfer energy to the surrounding organic frame-
work ligands but can also transfer such energy to included guest molecules
(analytes). Thus, the interaction of included bioorganic guests and the fluo-
rophore framework can give important changes on the quenching mecha-
nisms, particularly as a function of the distance among the quencher and the
fluorophore (i.e., host—guest interactions). Fluorescence can be used to study
different protein conformations within the pores allowing a better under-
standing of protein encapsulation in a MOF (Chen et al., 2012). Using
fluorescence, MOFs are being exploited for the detection of toxic and haz-
ardous nitroaromatic compounds which have become a powerful sensing
tool (Hu et al., 2020; Sharma et al., 2019).

In a similar approach but using the metal ions as the emitting part, MOFs
can be utilized as luminescent probes taking the advantage of lanthanides.
For instance, NIR -emiting lanthanides in biological environments can be
used in applications as O, sensors with potential use in biological sensing
(Fig. 3) (An et al., 2011; Muldoon et al., 2020).

8-~
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Fig. 3 Cation exchange reactions giving lanthanide luminescent MOFs.

A different sensing approach is by using metals such as Fe and Cu ions
to construct MOFs that can oxidize chromogenic substances that with
H,0, to give as a product a colored reaction and this can be used as a signal
to create sensors based on color changes (i.e., colorimetric sensors). For
instance, Fe-MIL-88 can oxidize the chromogenic substrate 3,3’,5,5'-
tetrametylbenzidine to give a blue color product, that was used to develop
a DNA detector colorimetric sensor (Liu et al., 2015).

Considering the metal used in the synthesis of MOFs, paramagnetic
metal ions such as Ga’*, Fe’" and Mn®" can be used for applications such
as magnetic resonance imaging (MRI). Thus, such magnetic properties
make BioMOFs potential candidates to be used as contrasting agents for
bioimaging in cancer cells (Wang, 2017).

1.4 BioMOFs

One line of research of MOFs that has attracted a huge interest is that ori-
ented to biological applications, since MOFs can be prepared with organic
molecules with biological activity. The biological activity in a MOF can be
also due to the loading of guest molecules inside the channels/pores a MOF.
In fact, the ability to prepare MOFs with extra-large pores by ligand syn-
thesis applying isoreticular chemistry, has allowed the inclusion of biomol-
ecules such as vitamins, nucleic acids, lipids and proteins although the
inclusion and survival integrity of such large biomolecules has to be handled
extremely well to avoid damage on the structure-function properties (Fujita
et al., 2012). This sub-discipline of MOF chemistry has been regarded as
BioMOFs and can have important applications in areas such as sensing or
imaging.

BioMOFs are very important because of their intrinsic porous nature,
they can be used in applications in areas such as drug delivery, imaging
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and sensing depending in the nature of the building blocks used to
self-assemble the BioMOF or the included guest biomolecules. The inter-
actions among the organic molecules constituting in the framework with
the guest molecules, can induce physical changes and hence be detected
by various techniques. Also MOFs, can be coated and stabilized with lipids
to give new functional properties such as the creation of lipid bilayer for-
mation outside MOF structures with some cases good aqueous solution
stabilization (He et al., 2015; Preil3 et al., 2015; Wang et al., 2015). Cleary,
BioMOFs that are not dangerous to the living organisms can be prepared if
the metal ions and organic molecules are not toxic (i.e., biocompatible
MOFs).

The self-assembly of MOFs with biological applications can be obtained
using biologically related ligands such as peptides, aminoacids, saccharides,
cyclodextrins and other biomolecules. Importantly bioorganic molecules
have many salient features that render the MOF structure appealing for
applications in biochemistry and medicine. Structurally speaking, biomole-
cules have a great diversity including flexible and rigid molecules. Using chi-
ral biomolecules as building unit can lead to chiral MOFs with chiral pores
that are useful in sensing of other chiral molecules (i.e., chiral recognition)
(Fig. 4) (Saito et al., 2020; Sawada et al., 2014). The isolation inside of the
MOF’s chiral channels of chiral molecules that otherwise are not possible to

-Gly-Pro-Pro-
nAgBF,

O)‘\ /Y()\f(lrr C [(AgBF ) L1],

C,HsOH /H,0

Fig. 4 (A) Bio-MOF synthesized using the tripeptide L1 and AgBF,. (B) Asymmetric unit
in [(AgBF,)-L1] and the channel structure of the MOF structure. The Bio-MOF contains
two types of helical nanochannels that are able to recognize chiral molecules from polar
solutions.
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be separated reminds of particular molecular recognition events taking place
in more elaborated organic systems such as in proteins or enzyme pockets
(Petsko and Ringe, 2004). Another important aspect of using biomolecules
is that many are found in nature, they are readily available and in large
quantities.

BioMOFs can be prepared with a great variety of bioorganic molecules
such as amino acids, peptides, proteins, carbohydrates (saccharides), nucleo-
bases and other bioorganic molecules available in nature (i.e., formic acid,
lactic acid, fumaric acid, etc.).

2. Sensing of gases, vapors and VOC

One of the most appealing characteristic of MOFs, is their exception-
ally high porosity which lead to very high specific surface area and pore vol-
ume. It has been reported that experimental Brunauer—Emmett—Teller
(BET) surface areas can span from 2750 up to 7000m>g ™', and pore volumes
can reach up to 4.4cm’g ™" (Farha et al., 2012). This feature, together with
the great compositional and structural diversity, and highly tunable func-
tionality, make MOFs a material with great potential in gas storage and
adsorption applications. In the same way, the chemical sensing of gas or
other volatile compounds based on MOF materials is promising. In this field,
the advantages of MOFs are many. For example, the large surface area make
the surface host—guest interaction more efficient and the confined pores pro-
duce a concentration of target molecules to high levels thus enhancing the
sensitivity. The tunable pore size and chemical environment of MOFs can
be exploited to produce sensing selectivity toward specific compounds.
Finally, the reversibility of the adsorption and desorption process of guest
molecules, make MOFs regenerable and recyclable. All these features make
MOFs ideal candidates in designing new sensing devices for volatile com-
pounds. In Table 1 a representative list of molecules that can be detected
by means of MOFs is reported. This list is not exhaustive and many other
targets are continually added as the research in this field goes further.

The most common mode of sensing is based on the luminescence prop-
erties of the MOF. In the same way, colorimetric sensing is also very useful
for its easy naked eye detection as other less common methods based on the
magnetic properties of the material. All these features are the result of com-
plex design of the MOFs which relies on the correct combination of metal
ions and organic ligands. The organic ligands play a crucial role in the
activation of the sensor and many different ligands has been proposed.
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Table 1 List of representative class of compounds that can be detected by MOFs.

Gases Aromatic VOC Alyphatic VOC Other
O, Benzene Methanol Organic amine
CO Toluene Acetone Aniline
NO, Xylene and isomers DMF Drugs
SO, Nitrobenzene Formaldehyde Pesticides
NH; Trinitrotoluene Acetaldehyde
H,S Dinitrotoluene Benzaldehyde
HCl Pyridine Olefins
H,O vapors Phenol
Dichlorophenol

Usually, these ligands contains coordinating atoms or groups (as the carbox-
ylate) and aromatic rings or C=C double bonds in order to exploit the pres-
ence of T electrons for interaction with the metal ion and the guest. Some of
them present a quite complex molecular structure as the result of fine tuning
of the properties. For these reasons, the molecular structures of the organic
ligands will be showed within the text. In the next sections a selection of
recent examples of this application will be discussed with particular regard
to the structure of the MOF and the way of sensing through the mode of
interaction of the target.

2.1 Sensing of oxygen

Molecular oxygen finds many applications as reactant in the chemical indus-
try and for medical treatment. Oxidation reactions play an important role in
the manufacturing of many chemicals, for example in the synthesis of eth-
ylene oxide from ethylene or in the oxy-cracking process. The metallurgic
industry consumes huge amount of oxygen in the smelting of iron ore into
steel to remove sulfur and carbon impurities through the formation of their
respective oxides. Oxygen is also the essential element for life, providing
metabolic energy to cells through respiration. In the organisms, the concen-
tration of oxygen must be maintained within a certain range. When the con-
centration of oxygen is altered, pathological conditions such as hypoxia can
causes several diseases. Therefore, the detection of oxygen is very important
in all that cases in which the required oxygen detection level ranges from the
ppm level to ambient pressure.
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Fig. 5 Viologens and their redox reactivity.

The design of chromism-based oxygen sensors composed of MOFs
have focused on viologen-functionalized MOFs. Viologens are a family
of organic compounds based on the 4—4'-bipyridyl (4,4'-bipy) group.
The alkylation of the nitrogen atoms produces a di-cation that undergoes
highly reversible redox reaction (Fig. 5).

The di-cation form is usually colorless but after the first electron transfer
a radical cation which displays a blue to green color is produced, depend-
ing on the alkyl group R. A second electron transfer yields a neutral yellow
molecule. Viologen reacts fast with oxygen hence they represent an ideal
sensor for this gas. A porous MOF based on methyl viologen cations has
been reported by Gong and Lu (2013) as a fast and selective sensor for
oxygen that is visible to the naked eye. The MOF contains cadmium ions
and has the composition (Me,INH,)3(MV), 5[Cdy(TTCA)g]-15EtOH,
(MV =methylviologen and TTCA =triphenylene-2,6,10-tricarboxylate)
(see Fig. 6).

Due to the effective photoresponse of the viologen compound, the color
of MOF changes from dark-yellow to black after activation through X-ray
irradiation. Upon exposure of the colored MOF to pure oxygen or to an
oxygen containing atmosphere, the color returns to dark-yellow within
5s and is visible with the naked eye. Notably, the color fails to change in
the presence of other gases as N, and CO,. Similar, porous and nonporous,
cadmium-viologen-based MOFs showed good photochromic properties
(L1 et al., 2018). Notably the nonporous MOF changes both under in the
presence or not of oxygen, whereas the porous MOF only changes color
under anaerobic conditions and recovers immediately. Recently, phospho-
rescent coordination complexes of transition metals such as ", Pt P,
and Ru”" have been studied as oxygen sensors. A MOF containing a Pt(II)-
porphyrin ligand (DBP-Pt; see Fig. 7) as an Os-sensitive probe and a
Rhodamine-B isothiocyanate (RhB; see Fig. 7) ligand as an O,-insensitive
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Fig. 7 Structures of the ligands DBP-PT and RhB.

reference probe, was designed by Xu et al. (2016). This phosphorescence/
fluorescence dual-emissive MOF), was demonstrated to be useful as an intra-
cellular oxygen sensor. This was the first example of an in vitro applicability of
MOFs as intracellular oxygen biosensor.

Another type of MOF with excellent luminescence are transition
metal-based MOFs, such as Zn>", Cu®, and Cd*" based MOFs. The use
of metal as zinc or copper is very attractive for their low cost if compared
with other noble metals commonly used. In this view, a highly porous
and fluorescent MOF based on zinc ([Zn4O(bpz)2(abdc)] guest (bpz=
4-(3,5-dimethylpyrazol-1-id-4-yl)-3,5-dimethyl-pyrazol-1-ide, H2abdc =
2-aminoterephthalic acid; see Fig. 8), has been reported (Lin et al., 2013).

The material exhibits a blue photoluminescence and its application in
sensing was tested with different gases. Oxygen was able to selectively
quench the fluorescence of the MOF, and photoluminescence experiments
showed a fast response. At 1bar of oxygen, the fluorescence intensity was
quenched by 96.5%, thus confirming the high oxygen-sensing efficiency.
It was also demonstrated that the oxygen sensing process is rapid, reversible,
and highly stable: these results are possible thanks to the presence of an
appropriate size of the cavity which allow oxygen to efficiently enter and
interact with the MOF. Recently, a new type of MOFs has been reported
by Huang et al. (2017) combining the silver(I) chalcogenide/chalcogenolate
clusters (SCCs) with a metal-organic framework to construct rigid SCC-based



Metal-organic frameworks (MOFs) for sensing 103

T*NH
= COOH
= /©:
\ HoOC NH,
S
N
bpz abdc

Fig. 8 Structures of the ligands bpz and abdc.

MOFs. Chalcogenide are compounds containing one chalcogen anions
(usually a sulfide or a selenide), and in this case the silver cation is combined
with the organic fert-butyl sulfide. When this cluster is combined with
4,4-bipyridine (4,4’-bipy; see Fig. 5), a stable porose MOF is obtained.
The SCCs remain stable in air for more than 1 year and functions as an ultrafast
visual fluorescence turn-off oxygen sensor. The luminescent response was
reversible and tested for 100 cycles without performance loss.

2.2 Sensing of water vapor

The quantitative detection of water vapor is of great importance in many
industrial manufacturing processes. Humidity must be controlled to main-
tain the quality, yield, or reliability of the final product. In some cases, mate-
rial development and device fabrication must take place in specially designed
ultralow-humidity dry rooms. Moreover, water is closely related to almost
all conditions required to sustain life. Water sensors are widely applied in
chemical industrial processes, environmental monitoring, food and pharma-
ceutical processes. Thus, an easy, rapid and highly sensitive water sensor is
highly desirable. Magnetic MOF-based water sensors have been widely
studied in the past few years. Microporous magnets compose a class of
multifunctional molecule-based materials where desolvation-driven struc-
tural transformation leads to the switching of magnetic properties. An exam-
ple (Xin et al., 2019) is the cyanido-bridged dysprosium-cobalt bimetal
MOF {[Dy"™(H,0),][Co"™ (CN)]}. Upon dehydration and rehydration,
an important change in the coordination geometry of Dy’* occurs in a
reversible SCSC (single crystal to single crystal) transformation. This results
in a switch in the SMM (single-molecule magnet) behavior. The hydrated
compound does not show SMM behavior whereas the dehydrated one
has the desired SMM property. Colorimetric water sensors have been inves-
tigated by some groups. A cobalt based MOF (Chen et al., 2013a,b) with the
formula of [Col.5(tipb)(SO,)(pta)0.5] (DMF)1.7 (1,3,5-tris(p-imidazol-
ylphenyl)benzene (tipb), and terephthalic acid =H2pta) was obtained in a
stable porous form displaying a blue color (Fig. 9).
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‘When this material is exposed to air, the blue crystals gradually turn to
red without losing crystallinity. It has been demonstrated that the MOF
undergoes a reversible SCSC transformation as the consequence of the
displacement of the pta ligand by water present in the air as moisture.
The color change is caused by the changing of the coordinated configuration
of the Co" ions from a four-coordinate tetrahedral coordination geometry
to a six-coordinate octahedral coordination geometry. Notably, this change
of coordination is reversible, thus making this MOF a good candidate as
a colorimetric water-sensing material. An interest application of copper
based sensor has been reported by Ullman et al. (2018) for the MOF
Cuz(BTC), BTC=1,3,5-benzenetricarboxylate). The material was made
in form of thin films using the spin coating method. The films worked as
a colorimetric sensor for water vapors. The color change is attributed to
the alterations in the d—d electrons transitions by the coordinated interaction
between water and the metal center. The copper-based 3D-MOF [Cu(HL)-
(DMSO) (MeOH)|n (HiL = triphosphaazatriangulene; see Fig. 10) was
reported by Nakatsuka et al. (2020) to have a reversible stimuli-responsive
SCSC transformation. After exposition to water molecules, the color of the
crystal slowly changes from yellow to blue-green, as a consequence of
the coordination of water molecules by the Cu®" ion. Again, notably these
transformations are reversible, even within the single crystal.

The use of luminescent MOF (LMOFs) has been also widely investigated.
An interest example (Chen et al., 2017) is the microporous Zn-MOF
(Zn(hpizet)(DMF)(H,O), Hhpisef= (5-(2-(5-fluoro-2-hydroxyphenyl)-
4,5-bis(4-fluorophenyl)-1 H-imidazol-1-yl)isophthalic acid) see Fig. 11).
Thanks to the presence of an excited state intramolecular proton transfer
(ESIPT) of the ligand, this Zn-MOF, which contains micropores (<3 A),
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Fig. 11 Structures of the ligands dhtz, tz, and H,DHBDC.

undergoes extremely facile SCSC transformation driven by reversible
removal/uptake of coordinating water molecules simply stimulated by
dry gas blowing or gentle heating at 70 °C. The reversible interconversion
between the hydrated and dehydrated phases, activate the ESIPT process on
the ligand thus resulting in sensitive two-color photoluminescence with the
emission from blue at 463 nm to a cyan color at 493 nm. The blue emission
rapidly shifts to a cyan color in a matter of seconds when blowing dry gases,
and the color is easily restored upon exposure to wet gases or air.

2.3 Sensing of hazardous gases

Toxic gases such as H,S, SO,, NH;, CO, NO, and NO, are detrimental to
the environment and human health. They can be produced from industrial
activity, but combustion exhaust is the largest source of these pollutant.
These compounds are toxic, and in the case of NO, and SO,, they con-
tribute to acid rain. Thus, the detection of these destructive gases is a sub-
stantial component of air quality monitoring. The most important results
have been obtained with the use of luminescent MOFs. For example
(Nickerl et al., 2015), a LMOF based on the stable structure UiO-66
(ZrsO4(OH)4(pta)s, for pta; see Fig. 9) was modified with the introduction
of dihydro-1,2,4,5-tetrazine-3,6-dicarboxylate (dhtz; see Fig. 11) ligand
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molecules at approximate a 5:1 pta/dhtz. This dihydro-1,2,4,5-tetrazine
unit can be easily oxidized to 1,2,4,5-tetrazine (tz; see Fig. 11), producing
a clear colorimetric shift from yellow to pink as a result of increased
blue-green light absorbance. Upon exposure to NO, NO,, and Br, gas,
the dhtz ligands were oxidized giving a clear color change from yellow to
pink. This oxidation could be fully reversed by suspending the material in
an aqueous solution with the reducing agent sodium dithionite, allowing
the material to be used again. Ammonia can be detected selectively
(Shustova et al., 2013) at high temperatures through with the Mg”" con-
taining MOF Mg(H,DHBDC) (H,DHBDC?™ =2,5-dihydroxybenzene-
1,4-dicarboxylate; see Fig. 11) that induces a significant redshift in emission
from the LMOFs. At room temperature, emission from the material redshifts
when exposed to NHj, triethylamine, and ethylene diamine, but once
heated to 100 °C, redshifted emission is only observed when the material
is exposed to NHj. Then ammonia could be removed under vacuum for
15min, allowing the sensor material to be reused.

2.4 Sensing of VOC

Volatile organic compounds (VOCs) are defined as organic pollutants with
the boiling points between 50 and 260 °C at room temperature and atmo-
spheric pressure. They are widely applied in numerous ways by various
industries and as component of many products of everyday use. VOCs
mainly contain aliphatic hydrocarbons, aromatic hydrocarbons (benzene,
toluene, xylene, etc.), ketone (acetone and butanone), alcohols (methanol,
ethanol, butanol), aldehydes (formaldehyde, acetaldehyde), and chlorinated
hydrocarbons (dichloromethane, chloroform). Large amounts of VOCs
compounds are released to the environment each year. Most of the
VOCs are toxic pollutants that substantially compromise human health
and the ecosystem. Aromatic VOCs comprise benzene an its derivatives
as nitrobenzene, anilines, and halogenated aromatic compounds. They are
significantly used in a variety of industries as solvents or as components in
coatings. Aromatics are also important precursor for the production of a
large number of chemicals as pesticides and medicinal precursors or for
the synthesis of monomers useful for the preparation of many materials.
Vehicle exhaust is another common source of aromatic VOCs. Exposure
to aromatic VOCs can be an hazard for employees working in industries
and an environmental threat. Among them, chlorinated volatile organic
compounds (Cl-VOC:s) have more severe toxicity, high chemical stability,
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Fig. 12 Structures of the ligands bpdc, bpee and TPE-dicarboxylic acid.

and low biodegradability that are regarded as hazardous gas pollutants and
listed as targeted highly harmful emissions in most countries. Nitroaromatic
compounds (NACs) were can be efficiently detected in the vapor phase by
LMOF materials. The luminescent MOF Zn,(bpdc),(bpee) (bpdc=4,4'
-biphenyldicarboxylate, bpee = 1,2-bipyridylethene; see Fig. 12), a porous
and strongly LMOF with blue emission (Lan et al., 2009). This material is able
to detect highly explosive vapors of dinitrotoluene (DNT) or nitrobenzene
(NB) low ppm concentrations after a 10s exposure. This behavior was fully
by heating the sensor LMOF at 150°C for about 1min. An interesting
LMOF-based sensor of aromatic VOC was reported constructed used a
tetraphenylethene (TPE) derivative (Zhang et al., 2014). In this work, a
responsive turn-on fluorescence was introduced into a zinc based MOF
by using the TPE-based ligand 4,4’-(2,2-diphenylethene-1,1-diyl)dibenzoic
acid (see Fig. 12). The phenyl rings were incorporated into the MOF to
detect the aromatic guest molecules through the interactions between the
host and guest. Different types of aromatic hydrocarbons, as benzene, tolu-
ene, xylene, and mesitylene, induce various emission peaks by altering the
conformation of the ligand.

An example of a moisture-stable LMOF able to detect nitroaromatic
compounds was prepared by Qin et al. (2015) using the metal ion Tb>* with
the ligand 5-(4-carboxyphenyl)pyridine-2-carboxylate (cppa, see Fig. 13).
When exposed to nitrobenzene and meta nitrobenzene vapors, the emission
from the LMOF was quenched. Due to its water stability, the LMOF
shows high selectivity and sensitivity toward nitroaromatic explosives in
both aqueous and vapor phases. Some LMOFs are also able to detect amine
and aldehyde vapors (Zhang et al., 2016). With the use of a resorcin[4]
arene-based octacarboxylate ligand HgL (see Fig. 13), two family of
MOFs have been prepared, one with cadmium and the other with zinc ions.
These materials exhibited blue-green ligand-based emission, which was
quenched following short exposure to amine and aldehyde vapors. These
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sensors were able to recognize different class of volatile organic compounds
as formaldehyde, ethanal, propanal, butanal, pentanal, hexanal, and benzal-
dehyde. Interestingly, also some amines as ammonia, ethylamine, diethyl-
amine, trimethylamine, propylamine, butylamine, and aniline were
detected.

2.5 Sensing of small organic molecules

MOFs have shown to be useful also in the detection of more complex small
organic molecules. These materials can find application in the sensing of
biological active molecules as pesticides or even drugs. The detection of
polychlorinated dibenzo-p-dioxins (PCDDs; see Fig. 14), an important class
of persistent and highly toxic organic pollutants, has been efficiently
achieved with a zirconium-based MOF embedding the CPTTA ligand
(Wang et al., 2019; see Fig. 14). The interaction of this MOF with diverse
PCCD caused the fluorescence-quenching of the system thus allowing the
detection with high sensitivity. The process is a consequence of the n-n
interaction of the host with the aromatic ligand.

Dopamine (3,4-dihydroxyphenylethylamine), an important neurotrans-
mitter that is involved in the activity of the central nervous system, can
be detected with the water stable Tb"" MOF {[Tb(Cmdcp)(H>O)3]>(NO5)s:
5H,0},, (H3CmdcpBr= N-carboxymethyl-(3,5-dicarboxyl)pyridinium bro-
mide; see Fig. 15) (Wu et al., 2021). The mechanism relies on the spon-
taneous polymerization of dopamine. Under optimized conditions, the
formed poly-dopamine interacts with MOF and quenches its green lumines-
cence with high sensitivity and selectivity. Interestingly, this process is not
interfered by other bio-related organic substances or metal ions, making
the system applicable in biological fluids as serum and urine. Another exam-
ple of sensing with potential medical application (Liu et al., 2020) is the use
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Fig. 15 Structures of the ligands Hs;CmdcpBr and of dopamine, quinine and quinidine.

of a fluorescent probe based on a cadmium MOF embedding the ligand bpdc
(see Fig. 12). This MOF is chiral, and this property can be exploited to selec-
tively recognize the different enantiomers of a molecule.

In this case, the material was used in the recognition and detection
of quinine and quinidine (see Fig. 15), a class of important antimalarial
drugs, which can be applied as antipyretics, painkillers, anti-inflammatory
agents and even certain heart diseases. The detection occurs through to
multiple quenching mechanisms, including the competitive absorption of
excitation light.

3. MOFs for sensing of biomolecules

Metal-organic frameworks (MOFs) are a novel kind of highly porous
crystalline material, constructed by the self-assembly of inorganic metal-
containing nodes and organic ligands through coordination linkage. They
can be described as a class of porous coordination polymers based on metals
and organic ligands (Furukawa et al., 2013; Zhou and Kitagawa, 2014). The
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metal-organic connections are able to produce one, two and tri-dimensional
structures thus allowing the design of new materials with difterent behaviors.

Several methodologies have been reported in the attempt to miniaturize
MOFs to the nanoscale, which is vital for their use in biomedical applica-
tions. Porous nano-MOFs must be designed to display other excellent prop-
erties, such as drug storage—release capabilities, high biocompatibility and
degradability, in order to make them appealing candidates for biomedical
utility (Anderson and Stylianou, 2017; Imaz et al., 2011; McKinlay et al.,
2010; Zhang et al., 2015b). Moreover, sensing biorelevant species, as
required by advanced biological devices, in imaging applications, and for
more basic understanding of biological functions, is of increasing interest,
as 1s monitoring temperature and pH using fluorescent probes.

Due to the progressive development of MOFs synthetic processes
and their considerable potential applications, integrating biomolecules into
MOFs has recently gain considerable attention. Biomolecules, including
lipids, oligopeptides, nucleic acids, and proteins have been readily incorpo-
rated into MOF systems exploiting different formulation methods. The
formed biomolecule-MOF hybrid structures have shown promising appli-
cability in various fields, such as antitumor treatment, gene delivery, bio-
molecular sensing, and nanomotor devices (Zhuang et al., 2017).

The ability to exchange the metal centers and insert different organic
linkers provide a potential infinite library of MOFs materials. Beside this fea-
ture, the integration of small guest molecules within the MOFs pores, from
small molecules to drugs and biomolecules, could be of particular interest for
delivery applications in the field of nanomedicine (Horcajada et al., 2010).
Indeed, several of the key inherent properties of MOFs make them great
candidates for such drug delivery systems (DDSs). Among the advantages in
their use, worth to be mentioned are the fact that multiple strategies are
available to incorporate the guest molecules within the MOFs structures
(Fujita et al., 2012) and, secondly, that the interactions between the guests
and MOF linkers or metal nodes allow a high drug loading capacity.
Additionally, the tunable sizes of MOF crystals can be optimized for a spe-
cific cellular uptake, (Zhuang et al., 2014) or for inducing a guest-MOF dis-
sociation in stimuli-responsive materials, thus triggering the guest release.

The biosensing potential of MOFs has been greatly expanded by recent
post-synthetical methods that allow the addition of pendent functional
groups on some of the pre-existing MOFs and NMOFs structures; these
strategies may be employed to tag MOFs with biomolecules (e.g., nucleic
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acids, proteins, antibodies and enzymes) (Feng et al., 2015; Kumar et al.,
2015; Zhuang et al.,, 2017). As an example, Kumar et al. (Kumar and
Deep, 2014) reported the activation of MOFs tagged with an anti-BSA anti-
body and used for specific sensing of bovine serum albumin (BSA) in an
aqueous medium.

Recently, the integration of big guest biomolecules within MOF mate-
rials has also driven great attention (Deng et al., 2012). Such biomolecules
and macromolecules include vitamins and oligopeptides, as well as nucleic
acids, lipids and proteins (Fujita et al., 2012; Zhuang et al., 2017). Due to
their vast diversity and usual large size, their loading inside MOFs structures
is more complicated. For example, integrating the guest macromolecules via
electrostatic interactions or linking them to the structure by covalent bond-
ing, which are common approaches used for small molecules, might not be
ideal due to their larger sizes and complicated structures, which could impair
a proper surface functionalization. Moreover, avoiding loss of functionality
of the guest upon formation of the bio-MOF is challenging, since the incor-
poration process can affect the biomolecules delicate secondary or tertiary
structures. Several pioneering works on integrating biomolecules with poly-
meric or inorganic materials have demonstrated the importance of these
requirements and shed light on the design of MOF-based biomolecule
delivery systems (Algar et al., 2011; Katz and Willner, 2004). A crucial factor
remains the design of proper MOF carriers to improve biocompatibility.

Another valuable approach to modify MOFs for the design of DDSs
consists in their post-synthesis surface functionalization. As an example, it
is reported in literature that different oligopeptides have been conjugated
to the external surface of MOF particles. Taylor et al. and Yang et al. both
reported methods to graft specific peptides onto MOF nanoparticles (Taylor
etal., 2009; Yang etal., 2014). These MOFs are synthesized first with encap-
sulated imaging agents or desired drugs; then, a layer of silica is coated on the
surface of the MOF nanoparticles and grafted by silyl derived cyclic
oligopeptide c(RGDfK); this fragment is able to target the avf3 integrin,
a protein that is overexpressed in many tumor cells (Janssen et al., 2002).
As a consequence, this system shows enhanced cellular uptake in cancer
regions, as observed for c(RGDfK)-integrated MOF particles exploited
for imaging and drug delivery.

Zhang et al. reported another work on grafting SGDEVDK oligopeptide
onto MOF particles’ surfaces also utilizing a silica coating (Fig. 16) (Zhang
etal., 2015a). Firstly the oligopeptide chain is grafted to the silica shell, then a



112 Alessandro Sacchetti et al.

= FA receptor

‘ = activated caspase-3

= irradiation

!5 = peplide Cy3

I%' = FA-PEG-NH,

Cancer eell

Apoplosis

&
ON ‘ﬁ;?

!Miloclmndrin. =y
=

-
td
’ N
/, \
1 \
‘ ]
@,
!
¥
s
-

\
\

Mitochondria
injury

= MOF probe

Fig. 16 MOF the for detection of cellular apoptosis activity: oligopeptide-Cy3 conju-
gated MOF and its fluorescence after caspase-3 cleavage (Zhang et al.,, 2015a).

dye, in this specific case Cy3, is coupled to the oligopeptide and the fluo-
rescence is quenched when coupled. Since the oligopeptide is cleaved by
caspase-3, which is activated during cell apoptosis, this MOF system can
be used as a tool for the detection of cellular apoptosis activity. In fact, after
its cleavage from the framework, the Cy3 fluorescence activity reappears,
and this allows the monitoring of cellular apoptosis. However, up to
now, it seems that a silica shell is necessary for the oligopeptide coating,
so only the MOFs suitable for silica coating can be selected for this method.

Rosi et al. made pioneering achievements on metal-nucleobase synthe-
ses (An et al., 2009, 2012). They synthesized a MOF including Zn2 +, ade-
nine and biphenyldicarboxylate (An et al., 2009). The anionic zeta-potential
of the synthesized bio-MOF, due to the presence of nucleobases, facilitates
the subsequent guest loading, especially of cationic molecules. In their
experiments (An et al., 2009), Rosi et al. selected a antiarrhythmic drugs,
such as procainamide in the form of HCl salt, encapsulated inside the frame-
work through electrostatic interactions and released by simple cation
exchange processes (Fig. 17). This kind of DDSs could be able to sense a
variation in the ionic concentrations in different body districts, leading to
the release of the drug in specific sites.

More complex is the case of using oligonucleotides and coupling them
with MOF linkers. Oligonucleotides can indeed diffuse from the MOF
surface to the inner core, due to their affinity toward the metal centers
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Fig. 17 Scheme depicting cation-triggered procainamide release from bio-MOF
(An et al., 2009).

and MOF inner microenvironments. When this drawback is overcome,
oligonucleotide-MOF complexes can be interestingly used as platforms
for nucleic acid detection and gene delivery.

Difterent affinities of ss- and dsDNA (single-stranded and double-
stranded) to MOF-based complexes are used in an elegant system for DNA
sensing (Muller-Buschbaum et al., 2015; Wang et al., 2014) (Fig. 18). In gen-
eral, the luminescence of a fluorescent labeled ssDNA probe is completely
quenched after incorporation in the MOF via a contact quenching mecha-
nism. However, the addition of a complementary ssDNA results in a stable
helix formation, followed by the release of the dsDNA due to the lower affin-
ity for the MOF platform. This allows a turning-on of the luminescence with
a selectivity down to a single nucleotide mismatch and nanomolar detection
limits (Muller-Buschbaum et al., 2015; Zhu et al., 2013).

With this aim, a fascinating N,N'-bis(2-hydroxyethyl)dithiooxamidato
copper(Il) (H2dtoaCu) MOF for DNA/RNA detection has been reported
in literature (Chen et al., 2013a,b; Ye et al., 2014; Zhu et al., 2013).
Carboxyfluorescein (FAM)-labeled oligonucleotide probe sequences have
been adsorbed and complexed with the MOF structure via hydrophobic
and m-stacking interactions. The fluorescence of FAM is quenched when
in proximity to MOF due to a phenomenon involving photoinduced elec-
tron transfer (PET) from FAM to the paramagnetic Cu2+ nodes present in
the MOF. Once the complex is employed, if the target DNA/RNA
sequence is present in solution, it couples with the adsorbed probe strand.
The hybridized DNA/RNA complex maintains a distance from the MOF
structure which is sufficient for FAM to recover its fluorescence (Fig. 18).
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Fig. 18 lllustration of the “turn-on” detection of ssDNA based on MOF sensors. In the
dark state, encapsulation of the FAM-labeled probe DNA results in fluorescence
quenching, whereas after double-strand formation with the target ssDNA, dsDNA is
released, and fluorescence is “switched on” (Wang et al., 2014).

This method has been used, for instance, in the detection of HIV-1
RNA, (Chen et al., 2013a,b) HIV DNA, (Zhu et al., 2013) HIV/HBV
DNA, (Ye et al., 2014) and many more (Zhuang et al., 2017). The fields
of applications of luminescent MOFs (LMOFs) has been recently extended
to various types of biosensing, especially when they display properties like
dispensability, biocompatibility and biodegradability, like in the case of
some nanocrystal-MOFs (NMOFs); this research area appears to be attrac-
tive but still remains largely unexplored (Kumar et al., 2015).

Another MOF scaffold, namely UiO-66, has been also used as a platform
for the detection of miRINA (Wu et al., 2015a). Similarly, FAM-labeled
peptide nucleic acid probe has been adsorbed and confined inside the
MOF pores. The complex was thus able to in situ monitor the dynamic
change of miRNA expression in living cancer cells based on the amount
of target miR INA present and subsequent fluorescence change. Besides using
fluorescence recovery assay as a tool to detect the target DNA/RINA
amounts, fluorescence anisotropy (FA) is also tested for the detection of
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target DNA in oligonucleotide-MOF system (Guo et al., 2014). In addition
to DNA/RNA detection, oligonucleotide adsorbed MOF platforms can
also facilitate delivery of nucleic acids.

Apart from oligonucleotides, proteins are other biological macro-
molecules with delicate conformational structures. They display a variety
of essential roles in metabolism, DNA replication, cellular signaling and
stimuli-responsiveness, and in molecular transports. Unlike oligopeptide
or oligonucleotide incorporation, it is challenging to directly adsorb or
encase proteins in a microporous MOF core, due to the bulky structures
these macromolecules usually have. Therefore, new strategies to accommo-
date proteins inside the MOFs have been developed in the last years (Zhuang
et al., 2017). De novo protein encapsulation is a new approach to this aim:
proteins are dispersed in the solution where MOF formation is taking place.
MOF particles tend to grow around proteins and eventually encapsulate
them (Fujita et al., 2012). As an example of this technique, Lyu et al.
reported the embedment of cytochrome ¢ (Cyt ¢) into MOF ZIF-8, (Lyu
et al., 2014) forming a structure where Cyt ¢ is found on the surface region
of ZIF-8 crystals, which has a greater Zn2 + abundance. This occurs due to
the strong coordination interaction between the metals and the amidic
bonds of the protein, resulting in a successful encapsulation. Interestingly,
embedded Cyt ¢ shows 10-fold activity enhancement for the detection of
peroxide species with respect to the wild-type. This feature can be therefore
exploited for a practical sensing application of this protein-MOF interaction.

The synthetic approach has been applied by the same group, by
co-entrapping two proteins inside the MOF structure (Wu et al., 2015b).
In this case, a glucose oxidase (GOx) and a horseradish peroxidase (HRP)
were encapsulated inside MOF ZIF-8; they were observed to localize in
different MOF regions, due to their chemical-physical peculiarities. What
is to be underlined, is the fact that the embedment of these two enzymes
has a synergetic effect on the detection of hydrogen peroxide by
UV—Vis assay.

Other ZIF-family MOFs, like ZIF-90 or ZIF-8, have been selected for
embedding different proteins via the de novo approach: BSA, catalase, oval-
bumin, and many more have been exploited for testing new biological
sensing platforms (Cui et al., 2017; Zhuang et al., 2017).

For proteins with rigid conformation and large size, it is unlikely to be
able to immobilize them within MOF pores. Therefore, the main approach
to synthesize these complexes is usually to adsorb the proteins outside
MOFs. These formed protein-coated MOF systems find an application as
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a tool for protein detection and delivery. In this context, Ma et al. reported
the synthesis of methylene green (MG) and glucose dehydrogenase (GDH)
co-adsorbed onto the external surface of five ZIF-type MOFs (Jiang et al.,
2013). In particular, it was observed a high GDH adsorption capacity on
ZIF-70, caused by strong interactions between the proteins and ZIF-70,
which include hydrophobic and electrostatic forces. Lastly, an electro-
chemical detecting system has been built, based on the MG/GDH-loaded
ZIF-70, and real-time glucose levels in guinea pig brains have been success-
fully monitored (Fig. 19).

In other interesting applications, nano-sized MOFs can be efficiently
used as contrast agents for magnetic resonance imaging (MRI), with a large
number of highly paramagnetic metal ions that can be added to their struc-
tures both as connectivity centers and within the pores (Muller-Buschbaum
etal., 2015). Both Gd3 + and Mn2 +-based nanoMOFs have shown impres-
sive relaxivities (Taylor et al., 2008a), with the main drawback of toxicity
due to Gd3+ leaching solved by its possible substitution with the well-
tolerated Mn2+, like in the nanoMOFs Mn(BDC)(H20)2 and Mn3
(BTC)2(H20)6 (Taylor etal., 2008b). These MOFs were coated with a thin
silica shell, and their surfaces were functionalized with a peptide for tumor-
specific targeting (cyclic arginine-glycine-aspartate R GD), enhancing their
cellular uptake. MOFs have also been investigated regarding CT-imaging
techniques; for example, different iodinated MOFs, like [Cu(I4-BDC)
(H20)2].2H20 and [Zn(14-BDC)(EtOH)2].2EtOH, contain exceptionally
high iodine contents, up to 63 wt%, and display a X-ray attenuation coeffi-
cient comparable to the reference molecular contrast agent Iodixanol
(DeKrafft et al., 2009). Different affinities of lumophores to healthy and dam-
aged tissues can be employed in optical imaging as a mild and non-invasive
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Fig. 19 Scheme of the electrochemical detecting system for in vivo glucose monitoring
(Jiang et al.,, 2013).
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method for the identification of tumors, like the nanoscale coordination poly-
mer containing [Ru(5,5'-COO-biby)(biby)2] units as luminescent ligands,
that was established as an imaging contrast agent with an enhanced uptake
of the nanostructures in H460 human non-small cell lung cancer cells,
highlighting the potential of MOF nanostructures as highly emissive optical
contrast agents for non-invasive bioimaging.

An interesting potential biosensing application involves the detection of
dipicolinic acid (DPA), a major component of the bacterial endospores,
among which Bacillus anthracis is a prominent example. In this regard, a euro-
pium containing MOF has been employed for biosensing via luminescence
detection. In details, the MOF [Eu2(FMA)2(OX)(H20)4].4H20O exhib-
ited sensitive, selective and instant “turn-on” sensing of dipicolinic acid
(Xu et al., 2012). The nanoscale nature of this MOF enables dispersion in
solvents and significantly enhanced the sensitivity level up compared to the
normal bulk material by 90 times for sensing of 2ppm of DPA. The limit
threshold seems to be around only 0.1ppm. It is worth noticing that
this sensing is almost unaffected by the other co-existing components in the
bacterial endospores such, as for instance, phthalic acid, isophthalic acid, ter-
ephthalic acid, riboflavin, b-phenylalanine, and several ions.

Luminescent MOFs have recently found new application in the intracel-
lular sensing of the biologically relevant species NO radical and Fe2 +. In the
first case, a Cu-based MOF is employed: after addition of NO radicals,
reduction of Cu2+ to Cu+ resulted in a significantly enhanced lumines-
cence, that could be utilized for the intracellular detection of NO radicals.
In fact, the triphenylamine emission in Cu-tca [Cu3(H20O)3(tca)2] is usually
quenched by the paramagnetic Cu2+ centers. Interestingly, the lumines-
cence occurs without any interference with other small molecules of bio-
logical relevance such as H202, nitrites, N-peroxides, and hypochlorite
(Wu et al.,, 2012). Intracellular ferrous sensing was instead obtained by
the selective quenching of MOF [AI(OH)(bpydc)] fluorescence in the pres-
ence of Fe2+ ions in Hela cells, monitored by confocal fluorescence
microscopy (Lu et al., 2014).

Other intracellular sensing assays developed involved, for instance, the
in vitro detection of H2S in HelLa cells; it occurred by turn-on fluorescence
observed for malonitrile and azide-functionalized MOFs (MN-ZIF-90
(Lietal, 2014) and UiO-66 @N3 (Muller-Buschbaum et al., 2015), respec-
tively). Real-time sensing of intracellular pH-values was instead achieved
with Zr-based UiO-type MOFs containing covalently attached fluorescein
moieties (He et al., 2014): the monitoring of the intracellular pH-change
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occurred through confocal laser scanning microscopy, since processes such
as the nano-MOF endocytosis and its endosomal maturation could be
followed in real-time measuring the fluorescence of the dye.

4. Conclusions

Bio-ligands are an attractive family of molecules that can be incor-
porated into MOF structures, with beneficial features such as multiple
coordination sites, preinstalled chirality, tunable hydrophobic/hydrophilic
features, specific recognition/self-assembly capabilities, and they provide
ideal characteristics for biomedical applications, sensing as well as drug deliv-
ery. Bio-ligands are commercially available in high purities, or can be easily
synthesized, providing a nearly endless variety of possible ligands, and there-
fore potential infinite MOF scaffolds. Their ability to bind through multiple
coordination sites can afford the formation of flexible or robust BioMOFs
frameworks, where both families are important in different applications
(Anderson and Stylianou, 2017). BioMOFs have two major advantages that
make them useful as novel sensors. First, they usually exhibit high surface
areas, and second, interactions between guest molecules and the MOFs pores
are able to induce changes in their physical properties. Thus far, however, few
BioMOFs sensors or biosensors based on MOFs scaffolds have been reported
in literature. The general current challenges to be overcome include: the load-
ing capability optimization inside the MOFs structures, evidences of MOF
scaffold biocompatibility and, concerning BioMOFs, the biomolecules
structure-functionality preservation of macromolecules during encapsulation
or grafting processes for BioMOF synthesis (Imaz et al., 2011).
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In recent years, a series of developments have taken place in the field of sensors. One
of the most important one is represented by the hydrogel-based sensors, constituting a
class of smart sensing devices of pivotal importance for different applications. Hydrogels
are three-dimensional structure made up from crosslinked polymers showing a hydro-
philic behavior, biocompatible and able to swell in the presence of a thermodynamic
compatible solvent. Furthermore, hydrogels are able to respond to different external
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stimuli; this peculiarity has ensured them great recognition for sensing applica-
tion and diagnostics. This chapter is focused on the advantages reached in the last
years for hydrogel-based sensors, separating them in physicochemical sensors and
biosensors.

1. Introduction

Sensors are devices that are able to detect and respond to different
inputs or signals from an external environment (Dincer et al., 2019). The
name sensor comes from the five senses present in the human body (sight,
hearing, touch, smell, taste), and their classification can be carried out
following different pathways. One of the simplest classification methods is
the one based on the types of inputs that need to be detected, which can
be chemical or physical. The IUPAC (International Union of Pure and
Applied Chemistry) proposed in 1991 a sensors’ classification based on the
different types of signal transduction; in this case, sensors can be classified as
(Hulanicki et al., 1991):

(1) Optical sensors: they are focused on optical phenomena, such as light
scattering, absorbance, reflectance, fluorescence, luminescence, opto-
thermal effects, and refractive index. They are able to report changes
in these properties.

(2) Electrochemical sensors: these sensors can detect electrochemical inter-
actions between the analyte and an electrode.

(3) Electrical sensors: differently from the previous type, they do not
involve electrochemical processes, but instead they exploit some metal
oxide or organic semiconductors.

(4) Mass-sensitive sensors: they are based on effects able to transform a
change in mass into a change of some analyte’s properties. Some exam-
ples are piezoelectric and surface acoustic wave effects.

(5) Magnetic sensors: as the name suggests, they are based on a change in
the magnetic properties of analyte gas.

(6) Thermometric sensors: they exploit the peculiarity of different reac-
tions or adsorption processes able to generate or consume heat.

(7) Radiation sensitive sensors: they are based on physical properties
(X-, B-, I'- radiations) generically used for the determination of chem-
ical composition.

As it can be observed from this classification, no clear distinction between

chemical and physical sensors exists. The problem here is related to the dif-

ficulty of such separation since often both of them are present in a single
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analyzed case. Shifting to their structure, a deductive sensor is composed of

two parts: the receptor and the transducer. The receptor is that part that

senses the stimulus and transforms it into energy, while the latter converts

the energy from one form to another in order to produce a signal representing

the information about the system. An important parameter is the sensitivity of

such material, i.e., how much the sensor output is influenced by quantity

changes in the input. In order to be classified as a good sensor, three generic

rules must be followed:

(1) The sensor must be sensitive to the measured property.

(2) The sensor must be insensitive to any other properties, i.e., selectivity
toward the desired quantity.

(3) The sensor must not influence the measured property, otherwise the
output will be disturbed.

Sensors exist both as active and passive sensors. As far as active sensors are

concerned, they require an external excitation or power signal for operating.

Differently, passive sensors do not require any external power signals and

are able to directly generate an output response.

2. Physical, chemical and biosensors

As reported in the previous paragraph, one of the first classifications
of sensors was reported by the IUPAC in 1991 as physical and chemical sen-
sors. According to their definition, the formers are “a device that provides
information about a physical property of the system” while for the latter,
they are “devices that transforms chemical information, ranging from the
concentration of a specific sample component to total composition analysis,
into an analytically useful signal” (Hulanicki et al., 1991). A few years later,
in 1999, another definition was introduced by the IUPAC, that of
biosensors.

Biosensors are devices that place themselves between physical and chem-
ical sensors, possessing the peculiarity of possessing a physicochemical detec-
tor combined with a biological element, such as cell receptors, enzymes,
antigen or nucleic acids. According to the IUPAC definition, they are
“an integrated receptor-transducer device, which is capable of providing
selective quantitative or semi-quantitative analytical information using a
biological recognition element”. In recent years biosensors are gaining
more and more importance, thanks to their specific characteristics, i.e.,
the coupling of stability, reproducibility, sensitivity and a fast response
(Bhalla et al., 2016). Different conditions and parameters should be taken



126 Fabio Pizzetti and Giuseppe Perale

into consideration when designing these novel sensors; for instance, it is
of pivotal importance the immobilization of the bio-element and the
accessibility of receptors to the target should be guaranteed. Generically,
a biosensor is constituted of a bio-receptor, a bio-transducer and an elec-
tronic system, able to allow the amplification of the signal and its display
(Vigneshvar et al., 2016). The bio-receptor is the part that interacts with
the analyte, producing an eftfect measured by the bio-transducer that can
be of different typologies (electrochemical, electronic, optical, etc.). The
selection of the biological recognition element is of pivotal importance,
since they are responsible for the selectivity and should be selective toward
the analyte while insensitive to other molecules. Biosensors can work both
directly and indirectly: in the formers the signal coming from the production
of the physicochemical agent has an intensity that is directly proportional to
the analyte concentration, while for the latter the chemical compound
whose concentration is sensed has its production influenced from the analyte
(the analyte is not directly sensed, from this the name indirect). It should be
pointed out that, as always, the biological recognition element has detection
limits that are connected to the signal variation produced. In general, such
limits are detected with the linear dependence range between signal recog-
nition and signal intensity, usually derived from a calibration curve of its
response to different analyte concentrations. Biosensors can have a variety
of applications, and some of them will be discussed in this chapter; their main
requirement is the identification of the target molecule and the availability of
a suitable recognition element (Justino et al., 2015; Mehrotra, 2016).

3. Hydrogels

Hydrogels are materials that are gaining more and more importance
in recent years in biomedical and tissue engineering applications, they
are defined as colloidal structure of polymeric chains characterized by a
three-dimensional crosslinked network (Fu and In Het Panhuis, 2019;
Shetye etal., 2015). They show different peculiar properties, one of the most
important being the so called “swelling behavior”: the ability to absorb
and retain large quantities of water (or a thermodynamically favorable
solvent) and the subsequent volume increase. Hydrogels can be classified
following different approaches, one of the most used is that following the
typology of crosslinking, that can be either chemical or physical (Maitra
and Shukla, 2014). Chemical crosslinked hydrogels show a network com-
posed by covalent bonds and they are stable in water since they do not
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dissolve, while physical crosslinked hydrogels are held together by dynamic
interactions based on non-covalent interactions, such as electrostatic or
hydrogen bonding. Furthermore, they can also be classified based on the
typology of the material used for their production (natural, synthetic
and semi-synthetic), or on the basis of their stability in physiological envi-
ronment (durable/biostable or biodegradable), or according to the typology
of ionic charges on the networks (Mahinroosta et al., 2018). Another impor-
tant aspect that can be tuned in hydrogels’ preparation is their shape: differ-
ent applications may require different shapes and dimensions (Shibata, 2010;
Tsuchiya et al., 2019). As an example, in recent years microbead hydrogels
are gaining relevant importance in body implantation applications, thanks
to their low angle dependent structures. Shifting to other applications,
sheet-shaped gels are useful for surface applications in order to obtain a good
adhesion with the surface (Sun et al., 2021), while fiber-based gels or hydro-
gel microfibers constitutes a good solution for soft actuators and soft robots
thanks to their high framework’s tunability and the great control that can be
realized during synthesis (Hines et al., 2016). One of the characteristics
that make hydrogels so interesting for a series of applications is their ability
to respond to external stimuli thanks to their permeability and swelling
behavior. Furthermore, this ability can also be tuned, for instance by
inserting particular moieties inside the polymeric framework, thus making
the structure more responsive to particular environmental stimuli, such as
temperature or pH.

Also other parameters are able to influence the hydrogel sensitivity to
such variables, such as the mesh size, the crosslinking density or the ionic
charge. Thanks to all the characteristic listed, it can be noticed how hydro-
gels can be effectively useful in sensing applications. Different applications
methods exist, varying on the hydrogel utility. The hydrogels can be used
as host-network thanks to their inert and semiwet structure, alternatively
they can be used as amplification devices analyzing properties such as a chang-
ing in the swelling degree. Finally, hydrogels can also be used as helper, able
to control the diffusion of molecules throughout the polymeric matrix. Before
moving to applications involving hydrogels in sensing, it is important to have
a brief overview on hydrogels swelling. As expressed before, swelling is a
phenomenon that occurs as soon as the hydrogel enters in contact with water
or a thermodynamically compatible solvent, and the solvent molecules start
entering inside the polymeric network (Ganji et al., 2010). This phenomenon
can be referred to as hydration, and thanks to this the polymeric chains relax
and the structure starts to enlarge. Two different forces are present during
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this process: osmotic forces and elasticity forces of the network. The former
favor the process, while the latter play a negative role and prevent excessive
deformation. As soon as these two forces balance themselves, the system
will be in equilibrium conditions and the quantity of water contained in
the polymeric network takes the name of equilibrium water content.
Different parameters play a relevant role in the swelling dynamic and equi-
librium, such as polymer nature, crosslinking density and moieties inside the
polymer. One of the most used models able to describe swelling behavior of
neutral hydrogels is the Flory-Rehner theory (Flory and R ehner, 1943), that
consider forces from three main contributions: the entropy change deter-
mined by the mixing between polymer and solvent, the heat determined
by the same process, and the entropy change due to the reduction of num-
bers of the possible chain conformations through swelling.
The Flory-Rehner governing equation has the following expression:

|4 2M 1
—[In(1 = 22) + 1 +17] :v]\/}c (1— MC) (1/2/3—%) (1)

where v; is the polymer volume fraction in the swollen hydrogel, v, is the
polymer specific volume, I is the solvent molar volume, M is the average
molecular mass and M is the primary molecular mass. This equation is able to
completely describe the swelling behavior of the hydrogel in terms of
crosslinking density and the solvent typology. As anticipated, one of the
greatest characteristics of hydrogels is their ability to respond to external
stimuli (Echeverria et al., 2018). Different responses, that can be present,
are a volume phase transition of the network, a change in shape and size
(such as for instance during swelling), or a change in some optical, electrical
or mechanical properties. Furthermore, hydrogels are sensitive to a variety of
external stimuli (temperature, pH, light, presence of molecules etc.). One of
the most used stimuli is the temperature variation: usually, the temperature
at which a response is observed is called critical temperature (7T¢), and in
general at that temperature is possible to observe a phase change between
polymer and solvent. Two different critical temperatures can be detected:
the polymer exhibits an upper critical solution temperature (UCST) if
the phase separation occurs below the critical temperature, while if the tran-
sition happens above the critical temperature a lower critical solution tem-
perature is present (LCST). Other than temperature, also pH-responsive
hydrogels are of great interest, in which a pH variation induces a volume
phase transition. Here there will be a different behavior based on the type
of hydrogel present: anionic or cationic. In the case of anionic hydrogels,
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if the environmental pH is higher than structure’s pK, ionization occurs,
and the hydrogel response corresponds to a higher hydrophilicity of the net-
work, an increase in the number of fixed charges and in the electrostatic
repulsion between chains. If instead the pH of the external solution is
lower, protonation occurs, and the network gains a hydrophobic behavior
and the structure will be more compact. Shifting to the cationic hydrogel, it
is possible to observe the same response, but with a different trend.

Recently, light-responsive hydrogels are gaining importance in this field
(Lietal., 2019). In general, they are formed by a polymeric network with a
photoreactive moiety. Such molecule is able to capture the optical signal
and converts it to a chemical signal through a photoreaction. The advantage
of using this hydrogel for sensing applications is that the stimuli are
non-invasive and do not require any contact with the material. Finally, also
other types of responsive hydrogels can be described: the analyte-responsive
(Culver et al., 2017) and the redox-responsive hydrogels (Cheng and Liu,
2017). The formers are able to recognize target molecules thanks to partic-
ular biomolecules incorporated in the hydrogel network, while the latters
respond to reduction or oxidation of their constituent molecular compo-
nents through an electrochemical or chemical activation determining an
ion mobility between two electrodes and so the generation of a signal.
From this brief introduction, it is clear how stimuli responsive hydrogels
can be successfully applied as active sensing materials, thanks to their ability
to respond to small variation of external conditions and give the response to
external stimuli that can be of different typologies (physical, chemical, bio-
logical). All the hydrogels’ properties can be tuned during the production
according to the final utilization or applications. All these peculiarities, along
with the possibility to employ hydrogels as support structures for sensing
devices or as immobilization matrixes for biosensor elements, enabled the
growing utilization of hydrogels for sensing applications.

4. Physicochemical sensing mechanism

The principal physicochemical mechanisms for sensing has been pro-
posed by (Buenger et al. (2012); in recent years, new methods and technol-
ogies have been developed for hydrogels in sensing applications using this
employing this kind of mechanism. Few examples will be analyzed in the
following paragraphs, in particular attention will be shifted to temperature,
pH, pressure, gas, and humidity sensors.
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4.1 Temperature sensors

They are probably one of the most important and used type of sensors,
having applications in different fields, such as industrial production pro-
cesses, biotechnologies, medicine and everyday life. It should be highlighted
that these types of sensors need to be extremely precise, highly responsive
and able to work under different conditions. Among all the typologies of
temperature sensors, hydrogel-based ones are of outstanding interest thanks
to their peculiar features: first of all biocompatibility and the possibility to
tune the hydrogel properties, in particular their structure. Furthermore,
even the output signal can be tuned according to the desired behavior.
For this application, two families of hydrogels seem to be promising: hydro-
gel photonic crystals (PCs) and intelligent polymerized crystalline colloidal
arrays (IPCCAs). PCs are structures in which the dielectric constant varies
periodically, determining the generation of a photonic band structure that
the electromagnetic waves can or cannot proceed depending on their char-
acteristic wavelength. Generally, the applications of PCs involve a change in
their structure, determined by an external stimulus; in this case the introduc-
tion of a thermo-responsive material inside the photonic crystal makes the
whole framework sensible to changes in temperature. Similarly, [IPCCA:s,
that are crystal colloidal arrays of polymer spheres of difterent nature poly-
merized in a hydrogel matrix, can be used for temperature change detection.
IPCCAs work in a similar way to PCs: they diffract the light determining
different colors. As before, also here the introduction of a thermo-responsive
material inside the network makes the whole framework sensitive to tem-
perature variation. The reason behind this is that a temperature variation will
determine a volume transition inside the polymer matrix, and this will
induce a color change due to diffraction properties of the IPCCAs disper-
sion. The hydrogel technologies here reported rely on optical properties of
the material. In the recent years, different hydrogel temperature sensors
have been developed, and few examples will be discussed in the following
part of the paragraph.

As an example, in 2018 Choe et al. (Choe et al., 2018) developed a
thermo-responsive plasmonic microgel embedded in a stretchable hydrogel
film. The microgel was produced using poly(N-isopropylacrylamide)
(PNIPAM) decorated by gold nanoparticles (NPs). In literature this appli-
cation is used in a variety of applications, since PNIPAM in combination
with plasmonic nanoparticles as thermo-responsive sensors, thanks to the
NPs low critical solution temperature close to that of human body and to
a significant and reversible volume change. In the experiments from
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Fig. 1 (A) Schematic illustration of the plasmonic microgels in the PAAm hydrogel
under swollen and shrunk states. (B) SEM images of the plasmonic microgels with
51nm AuNPs under the swollen state at 24°C (left) and under the shrunken state at
50°C (right); the inset images show pictures of the plasmonic microgel dispersions
under each condition. (C) Schemes of the sensor array patches attached to human skin
at different positions (neck and hand). Reprinted from Choe A, Yeom J, Shanker R, Kim MP,
Kang S, Ko H: Stretchable and wearable colorimetric patches based on thermoresponsive
plasmonic microgels embedded in a hydrogel film, NPG Asia Mater 10:912—922, 2018.
doi:10.1038/541427-018-0086-6.

Choe the microgels shown a large extinction peak shift, 176 nm, in a short
time. Furthermore, the detection range was extremely large (from 29 °C to
40°C) and with a good resolution of 0.2°C. Color changing sensors are
not the only technologies that can be found in literature (Fig. 1). Li et al.
(2020) published in 2020 a work on polyvinyl alcohol (PVA) hydrogel
with silver nanofibers (AgN'Ws) as temperature sensor. This is due to the
ability of this structure to modify its electric conductivity varying the tem-
perature of the external environment, in particular it increases linearly with
T. They tried to explain this phenomenon with a variation of the electrons
motion: it becomes more intense with increasing temperature, so the elec-
trons energy is higher allowing some electrons to pass through some uncon-
tacted AgN'Ws. In order to demonstrate this process, the authors realized
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and tested a sensor based on this gel, connecting a copper wire to both ends
of a rectangular hydrogel and then they connected the two ends of the wire
to the two electrodes of a digital source meter recording the current change
through the gel when stimulated by an external temperature variation. The
conductivity of the gel was recorded, and they were able to convert it to
temperature thanks to a conductivity-temperature relationship that was
obtained by previous experiments. For these applications, the hydrogel
has always been used as sensing network. Unfortunately, even if hydrogels
possess good qualities such as biocompatibility, good flexibility and light
weight, this type of network has poor mechanical strength and it can hardly
resist to external forces. Due to these peculiarities, attention has also been
shifted to dual-network (DN) hydrogels, thanks to their higher mechanical
strength, toughness and modulus.

As an example, in 2020 An et al. (2020) developed a T-sensor based on
multi-wall carbon nanotubes (MWCNTs) composite polyacrylamide/Fe ™
-polyacrylic acid double network hydrogels combining flexibility, thermal
sensitivity and self-healing ability. Here the polyacrylamide was used
as first network, while Fe’* and polyacrylic acid complexation was used as
second one in order to prepare DN hydrogels. The addition of MWCNT's
allowed an increase in the toughness of the structure and was able to make
the whole system highly resistive to tensile stresses and it improves also its
conductivity. A calibration curve can be produced measuring the electrical
conductivity as a function of different external temperature values. Once
obtained such relation, it is possible to use these DN hydrogels as temper-
ature sensors.

Other applications of hydrogels in T-sensors involve the utilization of
hydrogels not as primary sensing elements, but for instance as 3D environ-
ment able to extend the lifetime of other sensing elements, generally in case
of luminescence and fluorescent-based temperature sensors.

4.2 pH, ions and ionic strength sensors

pH sensing is probably one of the most important applications for stimuli
responsive hydrogels, this is due to the hydrogel property of quickly react
to a pH variation modifying different parameters of its structure. In literature
a very exhaustive work on this topic is present, published in 2008 by Richter
et al. (2008). In this work, Richter completely describes the physical and
theoretical aspects of pH-sensitive hydrogels sensors, together with trans-
ducer, design rules and general conditions for the applications of these
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structures. In 2010 Shin et al. (Shin et al., 2010) were able to produce a
fast-responding photonic crystal pH sensor using inverse opal hydrogel struc-
tures. The measurements were possible coupling a fiber optic UV—vis
spectrometer with a reflected light microscope. After few years, they proposed
an improvement in the synthesis of these sensors, using different vinyl
monomers containing acidic or basic substituents (Shin et al., 2012).

As an example, they used acrylic acid, vinylphosphonic acid, vinylimi-
dazole, dimethylaminoethylmethacrylic acid copolymerized with hydroxy-
ethylmethacrylate through photopolymerization. Then, the opal templating
and subsequent opal template removal, allowed the fabrication of four
different types of inverse opal hydrogels (I0). The colorimetric response
was based on a pH-dependent swelling behavior that determine a different
colorimetric response based on the substituents inside the structure. Another
example that can be reported is that of Pathak and Singh (2017), that devel-
oped no-core fiber sensors (NCES) using smart hydrogel coating. The hydro-
gel was prepared using aqueous solutions of acrylamide and bisacrylamide,
using ammonium persulfate as initiator and tetramethylethylenediamine as
catalyst. The polymerization was started using light and then the NCF was
stubbed between two single-mode fibers with connector before the immobi-
lization the smart hydrogel. This sensor showed a good sensitivity for a very
large range of pH values with a linear response, showing also a good stability
and reproducibility. Zhao et al. (2018) synthetized a hydrogel-coated optical
fiber surface plasmon resonance (SPR) sensor. In their work, the system was
produced with a multimode-singlemode-multimode (MMF-SMF-MMF)
structure, where the singlemode one was prepared with a coating of silver
film and the hydrogel prepared with acrylamide and bisacrylamide. In
this case, the hydrogel’s refractive index decreased with an increase in the
environmental pH, causing the resonance wavelength to show a blue shift.
Unfortunately, hydrogel smart sensors not only bring advantages, but
they carry on also some drawbacks. In the work of Deng et al. (2018) they
highlighted how in open-loop hydrogel-based pH sensors the performance
is usually limited by the slow cooperative diffusion process of hydrogels.
They tried to overcome this problem inserting a force compensation: an
external actuator will exert a compensating pressure, able to suppress the
hydrogel swelling, thus accelerating the diffusion process and improving
the sensor’s dynamic behavior. The typologies of hydrogel-based sensors
described so far can also be applied in other sensing applications just mod-
ifying the hydrogel formulation. For instance, ions recognition hydrogel-
based sensors work in a similar way to pH sensors.
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Just to analyze some examples, Sannino et al. (2007) used quartz crystal
microbalance (QCM) in order to recognize small changes in the pH values.
Then, they spin-coated onto the QCM some cellulose-based hydrogels
for obtaining a smart hydrogel sensor. Later on, in 2020 after observing
the versatility of these devices, Tokuyama et al. (2020) proposed the appli-
cation of a QCM hydrogel-coated sensor as arsenic ions sensor. This was
possible preparing the hydrogel with N,N-dimethylacrylamide, using
N, N -methylenebisacrylamide as crosslinking monomer and loading some
zirconia NPs inside this system. This solution was then deposited onto
the QCM sensor and rinsed with water. The investigation of the ions
adsorption was based on the resonance frequency of the hydrogel-coated
QCM, since the zirconia NPs were demonstrated to be able to adsorb
As(III) and As(V). Other types of sensors that can be useful in these appli-
cations are naked-eye sensors, and as an example Ozay and Ozay (2013)
developed a reusable hydrogel-based naked-eye sensor for ions sensing. In
their work, the hydrogel was synthetized using 2-hydroxyethylmethacrylate
and acrylamide as primary monomer and N-(Rhodamine-6G)lactam-
N'-acryloylethylenediamine as comonomer, and then they demonstrate that
the system was sensitive to Fe’™ ions through UV light. Furthermore, these
sensors showed chemo-sensor for Fe’™ in the visible light. In their study, the
sensor was demonstrated to be very responsive, showing a color change in
less than 25 and able to detect also small concentrations of Fe’™ in the solu-
tion (in the order of 0.1 ppm). Other technologies used in the field of sensors
involved the applications of quantum dots (QDs). QDs are nanomaterials
that emerged in the recent years thanks to their photostability, high quantum
yields and very broads absorption bands. Unfortunately, QDs shows also
some limitations, in particular they have to be mixed in aqueous samples
in order to perform fluorescence measurements. In order to overcome this
problem, one solution that has been proposed is that of immobilize the QDs
in a matrix that will not affects their properties and that allows the penetra-
tion of the analyte. In these applications, hydrogels are a very useful class of
materials.

As an example, Zhou et al. (2018) developed a ratiometric fluorescence
sensor based on QD-doped hydrogel optical fiber for Fe*™ ions detection.
They synthetized two different classes of water soluble QDs, showing
two different photoluminescence wavelengths: the first was capped with
thioglycolic acid showing green emissions (gQDs), while the other was
capped with N-acetyl-L-cysteine and possessed a red emission (rQDs).
Then, they were inserted in a hydrogel matrix prepared using 30% w/v poly-
ethyleneglycol diacrylate and 1% w/v 2-hydroxyl-2-methyl-propiophenone
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in deionized water. Fe’™ ions are able to diffuse into the hydrogel matrix,
and they can selectively quench the rQDs, while leaving unaffected the
gQDs, thus exhibiting a stable fluorescence emission. Concluding this
paragraph, the importance of pH sensors is not only related to the sample
measurements of some pH values, but to the possibility of investigating
also specific biological processes responsible of a pH variation in aqueous
environments.

4.3 Pressure and strain sensors

Hydrogels are a class of materials that can be applied also for pressure-based
sensors, thanks to their ability of modifying some properties after the appli-
cation of external stresses; furthermore, it possible to detect the magnitude of
such external stresses evaluating the systems’ variation. Generally, hydrogels
used in this type of applications present a good flexibility, high sensitivity
and a good repeatability, able to guarantee their enforceability both in single
pressure measurements and in strain cyclic evaluations. A first example for
these applications can be the work of Xia et al. (2019)) that in 2019 devel-
oped a high performance wearable sensor based on an ionic conductive
hydrogel. They synthetized the hydrogel through micellar copolymerization
method, dissolving LiCl and sodium-dodecyl-sulfate (SDS) in deionized
water; then, lauryl methacrylate was added together with hybrid latex
NPs. The system presented skin-like mechanical properties and character-
istics, such as low modulus and robust elasticity. This system can be used
as pressure sensor thanks to its sensitivity to external stimuli, durability
and reproducibility.

Zhu et al. (2020)) in 2020 were able to develop an ionic conductor
hydrogel synthetized with interpenetrating sodium carboxymethylcellulose
micro-sheets in a polyacrylamide network. The hydrogel is here the core
part of the sensor, fixed onto an elastic surface that encapsulate the system
preventing water evaporation. A copper foil was attached to the hydrogel,
ensuring electrical connections. This hybrid hydrogels can be worn as strain
sensor to monitor distinguish the normal motion of human body from large
strain to subtle pressure change caused by human breath. As a last example,
the work of Zhang et al. (2019a) can be analyzed. They were able to produce
a MXene-containing hydrogel as smart compressor sensor. MXenes are
a class of 2D inorganic structures that are gaining much relevance in elec-
trochemical and sensing applications. In their work, they used MXene
nanosheets entrapped in a hydrogel matrix, prepared using PNIPAM
and physical crosslinking Fig. 2.
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Fig. 2 (A) Assembly schematic diagram and (B) photograph of the compression sensor.
Reprinted with the permission of ACS Publications Zhang Y, Chen K. Li Y, Lan J, Yan B, Shi L,
Ran R: High-strength, self-healable, temperature-sensitive, MXene-containing composite
hydrogel as a smart compression sensor, ACS Appl Mater Interfaces 11:47350—47357,
2019a. doi:10.1021/acsami.9b16078.

4.4 Gas sensors

A gas sensor is defined as a device able to detect the presence of certain gases
in a controlled volume. These types of sensor are of pivotal importance in a
series of industrial applications, and a large number of sensors are available on
the market. The challenge that is dealt with in recent years is the combina-
tion of different features for gas sensors, such as responsivity, selectivity
and biocompatibility. Generally, the hydrogel-based sensor for gas detec-
tion can be divided into three different classes: hydrogels used as passive
protecting elements for a primary sensor, hydrogels modified with sensitive
molecule able to make the system sensitive to certain gases and eventually
hydrogels which exploit their stimuli responsive swelling ability for sensing.
The first of the list is probably the less interesting one, since the hydrogel
do not participate actively in the sensing process, the hydrogel is merely
present as a support element, able to improve the device’s performance.
As an example for this kind of application, Puttasakul et al. (2019)
applicated a polyacrylamide hydrogel as sensitive layer for vapor sensing.
Such gel was characterized with a high degree of porosity, able to absorb
explosive vapors. The hydrogel was deposited onto a screen-printed gold
electrode connected to a potentiostat in order to carry out electrochemical
measures. The second typology of hydrogel application in gas sensors is rep-
resented by the synthesis of novel hydrogel systems with peculiar sensitive



Hydrogels for sensing applications 137

molecules, enabling them to be sensitive to particular gases. One of the clas-
sical solutions usually used is the incorporation of a fluorescent tracer inside
the hydrogel matrix that is able to react with a target gas. One example of this
type of application can be found in the work of Wu et al. (2018),
that developed a novel fluorescent dual pH and oxygen sensor loaded in
multi-well plates for in sifu monitoring of oxygen respiration and extra-
cellular acidification during microbial cell growth. The hydrogel was
synthetized using poly(2-hydroxyethyl methacrylate)-co-polyacrylamide
(PHEMA-c0-PA), and then it was conjugated with a polymerizable oxygen
probe, produced from Pt(Il)meso-tetra(pentafluorophenyl)porphine and a
polymerizable pH probe derived from fluorescein. As another example,
Hong et al. (2013) developed an 1O hydrogel applicable in CO, gas sensing
using amines. The mechanism is based on the reactivity of carbon dioxides
with amines forming carbamates, bicarbonates or other ionic liquids; thus, it
is possible to sense the presence of CO, through a photonic hydrogel with
amino groups monitoring the changes in light diffraction. Eventually, the
last class of hydrogel sensors in gas sensing applications is based on hydrogels
that exploit their stimuli responsive characteristics directly for gas sensing.
In this class, a lot of innovative systems are available in literature. As an exam-
ple, Zhi et al. (2020) developed a self-responding sensing system in
NO, and NHj sensing. These hydrogels, in this work, were hydrogen-
bond-based supramolecular conductive hydrogels, that shown good self-
responding ability to those target gases. In particular, three different supra-
molecular interactions are present in these hydrogel-based sensors: hydrogen
bonding, molecule crystallization and electrostatic interactions.

Among these, hydrogen bonding and molecule crystallization are
self-responsive to NO, and NH;, while the electrostatic interactions are
present just to provide conductivity and increase the system stability. In
their work, the hydrogel was produced dissolving poly(vinyl alcohol)
and carrageenan in distilled water together with 3-butylimidazolium and
p-styrenesulfonate hydrate, later also N,N'-methaylenbis-(acrylamide) was
added. Another example that can be reported is the work of Wu et al.
(2019a), which developed a different method for sensing the same gases,
based on DN hydrogels. They produced an ionic conductive polyacryl-
amide and carrageenan DN hydrogel, that was characterized through
UV-—vis spectra. They carried out gas sensing in gas chambers with electrical
feedthroughs. The sensor exhibited high sensitivity, selectivity and linearity.
Furthermore, the nitrogen oxide detection had very low detection limits,
in the order of ppb.
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4.5 Hygrometers

Hygrometers are sensors that are able to measure the humidity present in the
air, in recent years most of them evaluate it through electrical measurements.
Hydrogels can potentially improve these sensing devices thanks to their
ability to absorb water in their meshes. The hydrogels’ properties are strictly
related to their humidity of the environmental air; thus, they can be useful
for humidity detection. An example of this technology can be found in
the work of Buchberger et al. (2019), were they proposed hydrogel
thin films as fast optical humidity sensors. Their hydrogels were pro-
duced through chemical vapor deposition technique, fabricated using
2-hydroxyethylmethacrylate and tert-butyl peroxide. A variation in the
relative humidity of the surrounding air will lead to a variation in the film
thickness, thus just an optical evaluation allowed such variation. Later, two
implementations of the optical setup were introduced. The first one was
based on a laser and a photo detector able to precisely measure the thickness
change, while the latter was based on a broadband light source together
with a spectrometer, able to allow the spectral recording yield to absolute
thickness values.

An innovative solution in humidity measurements can be found in the
work of Zhang and Zhang (2015) were they developed a new intensity-
based fiber optic humidity sensor, formed by solidification of mini hydrogel
spheres on bare fiber cores. Their hydrogel was produced using drops of
poly(ethylene glycol) dimethacrylate mixed with a 0.5%wt curing agent,
and crosslinked through the usage of UV lamp. A variation in the external
relative humidity will translate in a variation of the refractive index of the
hydrogel spheres, and it can be detected through the intensity change of
the transmitted light through the fiber. Jang and Jeong (2020) synthetized
a humidity sensor with chitosan based plasmonic metal-hydrogel-metal fil-
ters. Chitosan was chosen because it gives the hydrogel the ability to swell
upon a change in the environmental humidity. This system was used in the
implementation of a tunable resonator that, combined with a photovoltaic
cell, allows the estimation of a precise humidity value through the evaluation
of a change in current.

5. Biochemical sensing mechanism

As far as now, sensing mechanisms based on physicochemical param-
eters have been analyzed. They are not the only one present, since also some
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complex biochemical mechanisms are available for hydrogel-based sensors.
Initially, the basic concepts behind molecular and biological interactions
will be introduced, then some techniques available or recently developed
in literature will be discussed.

5.1 Sensors based on molecular interactions

The interaction between an enzyme and the substrate is a very important
topic in this field. A large number of references is available in literature,
but here just the basic concept will be reported and will be schematized,
in order to give the reader principal information so that it will be easier
to understand some applications.

Enzymes are defined as highly specific molecules that act as biological
catalysts, accelerating chemical reactions and lowering the activation ener-
gies. The molecules upon which they are able to act are the so-called sub-
strates; usually, the first step in a chemical reaction that involves enzymes is
the formation of an enzyme-substrate complex: this represents the reactive
transition state of the process. Then the chemical products are formed,
and the enzyme can be restored. One of the most important tasks to study
is the enzyme kinetics, i.e., how they are able to bind substrate and generate
the product. To recent days, one of the theory that is largely used is the one
developed by Michaelis and Menten (Johnson and Goody, 2011): it was
originally derived into 1913, considering the reactions divided into the
two stages mentioned before. They were able to notice that the enzyme rates
depend on the enzyme and substrate concentration: as a matter of fact, if
the substrate concentration is very high, the enzyme becomes saturated
and the reaction rate depends only on the velocity of the conversion from
substrate to the products. The governing equation giving the reaction rate in
an enzyme catalyzed chemical reaction in the Michaelis-Menten model is
the following:

_ ka|Eo][S]
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where k., is the kinetic constant, K,, is the Michaelis-Menten constant (i.e.,
the substrate concentration required for an enzyme to reach one half its
maximum reaction rate) and [Ey| and [S] are the initial concentration of
the enzyme and the substrate concentration respectively. The kinetic con-
stant in this model represents the reaction’s turnover number, that is the
number of substrate molecules converted by one active site per unit time.
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Of course, in some real cases, more complex kinetic schemes describe the
interaction between substrate and enzyme, involving for instance some
rearrangements. Here this model has been reported since it describes the
idea behind a generic enzyme catalyzed reaction and allow the reader to
understand how the enzyme and substrate interactions can allow the deter-
mination of an analyte concentration.

Now, some examples of hydrogel-based sensors based on enzyme-
substrate interactions will be reported, separated between the different types
of analyte detected:

(1) Alcohol detection. In recent years, enzymatic biosensors are largely used
for this application. In this case, a hydrogel matrix can be applied. A
series of different sensors are available in literature; as an example, in
the work of Buenger et al., they reported a hydrogel-based enzyme
alcohol sensor based on the alcohol oxidase (AOX) and the horseradish
peroxidase (HRP) blocked in an ionotropic polymeric hydrogel and
in a polyethyleneglycol hydrogel obtain from microparticles (Jang
and Koh, 2010; Wu et al., 2007). A different example can be found
in the work of Burrs et al. (2015), were they studied and compare
four different hydrogel matrixes for alcohol sensing: the AOX was
encapsulated in chitosan hydrogel, cellulose nanocrystals, PNIPAM
and silk fibroins hydrogels. They demonstrated that chitosan and
PNIPAM hydrogels were the one showing greater sensitivity and faster
response time.

(2) Glucose detection. High value of glucose concentration in the blood-
stream is the reason behind the diabetes mellitus disease. It affects more
than 400 million people worldwide, and it can be noticed how the
glucose concentration monitoring is an important task (Vashist,
2013). The majority of self-monitoring devices present in the market
provides generically point measurements, without provide essential
information such as glucose trends and possible peaks. Due to this prob-
lem, the demand of smart continuous glucose monitoring system has
increased and hydrogel-based biosensors have been proposed as inter-
esting solution (Liang et al., 2020). Recently, the most used and effec-
tive hydrogel-based biosensors are the one exploiting glucose oxidase
(GOX), an oxido-reductase able to catalyze the oxidation of glucose.
Generally, it is immobilized in pH-sensitive hydrogel matrix, able to
swell upon contact with glucose molecules. It can be noticed how the
most important parameter in this process is the hydrogel ability to swell.
An example can be found in the work of Mugweru et al. (2007), that
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3)

were able to entrap GOX in a polyethyleneglycol diacrylate hydrogel,
and then fabricated glucose sensor arrays on gold electrodes on flexible
polyimide sheets.

The mechanism of this sensor is based on the reaction between
GOX and glucose, analyzing the catalytic current produced that is pro-
portional to the analyte concentration. Of course, this is not the only
method available; differently, Kim et al. (2011) developed an optical
biosensor, encapsulating GOX in a peptide hydrogel, together with
fluorescent molecules. Their fluorescent tracers were functionalized
QDs and the photoluminescence quenching of the hybridized QDs
allowed the evaluation of glucose concentration. In recent years,
also other fluorescence based biosensors are available, for instance in
the work of Kim et al. (2016) they developed a hydrogel biosensor
based on a copolymer between acrylamide and fluorescent monomers
of fluorescein and rhodamine B. They immobilized GOX in the
pH-responsive hydrogel matrix and it was able to change color chang-
ing pH, enabling also a possible naked-eye application. Unfortunately,
one of the biggest limitations in this type of sensors is the low respon-
sibility, generally related to the hydrogel volume. In order to overcome
this limitation, Wang et al. (2016) proposed in 2016 a glucose-sensitive
hydrogel film. Such film was produced through layer-by-layer assem-
bly, using partially oxidized dextran, chitosan and GOX. The mecha-
nism in this sensor is the following: the GOX reacts with glucose
converting it to gluconic acid, lowering the pH and thus making the
hydrogel film swelling. An interesting innovation in this field was pro-
posed by Zhao et al. (2019a): they developed a device able to monitor
and decrease the glucose concentration while controlling the bacterial
infection in diabetic wound. This is a good innovation, being that usu-
ally diabetic patients suffer from bacterial infections that can force them
to go limb amputation. They developed a GOX-loaded antimicrobial
peptide hydrogel, formed from self-assembly of a heptapeptide. In
this case, the GOX is able to convert glucose into hydrogen peroxide,
thus decreasing the glucose concentration, and the produced hydrogen
peroxide can act against the microbial activity thanks to its antimicrobial
properties.

Urea and ammonia detection. These applications can be useful, since they
can replace single-point blood urea nitrogen or urea clearance tests in
order to check renal and hepatic functions. As an example, Quinn et al.
(2019) developed a hydrogel made of polyelectrolyte multilayer
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Fig. 3 Microcapsules containing surface-enhanced Raman spectroscopy (SERS) pH
reporter, immobilized in an alginate hydrogel. Reprinted from Quinn A, You Y-H, McShane
MJ: Hydrogel microdomain encapsulation of stable functionalized silver nanoparticles
for SERS pH and urea sensing, Sensors 19:3521, 2019. doi:10.3390/519163521.

microcapsules containing a SER S-sensitive pH reporter. The mecha-
nism behind this sensor is the incorporation of the urease inside the
hydrogel matrix, thus enabling the recognition of urea in different
concentrations. A schematic representation of this structure can be
observed in Fig. 3. As another example, Erfkamp et al. (2019) devel-
oped an enzyme-based piezoresistive ammonia sensor based on alkaline
pH change sensitive hydrogel. The gel was produced using acrylic
acid and 2-(dimethylamino)ethyl methacrylate, fixed in the center of
a circuit board and a pressure sensor chip was put on top of the syn-
thetized hydrogel. For all these types of sensors, it is of pivotal impor-
tance the immobilization of the urease enzyme, since thanks to its
presence the hydrogel is able to swell in presence of urea. Then, the
swelling can generate an output signal that can be correlated to the urea
concentration.
Not only the interactions between an enzyme and its substrate are of impor-
tance in these kinds of applications, since also other molecular interactions
can be present, in particular antibody-antigen interactions and nucleotide
and DNA interactions. As far as the formers are concerned, their working
principle is based on the recognition of antigens or antibodies immobilized
on a transducer to antibodies or antigen respectively; the signal is propor-
tional to the concentration of the analyte. The preparation of these types
of sensors are several: the antibodies or the antigens can be immobilized
in a hydrogel matrix, or they can be chemically linked inside the network,
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or a copolymerization between antibody antigen-binding fragments and the
hydrogel can occur. Furthermore, several detection solutions can be applied
in this type of sensing application, as an example, the quartz crystal micro-
gravimetry with dissipation and the surface plasmon resonance can be cited
(QCM-D and SPR respectively).

QCD-M is a technique that quantifies the decrease of the resonance
frequency of the quartz crystal when the mass increases, while SPR is based
on evanescent waves to examine surfaces through the change in the refrac-
tive index due to analyte binding. In general, hydrogels were mainly used as
immobilizers of antigens or antibodies thanks to their peculiarities (Scarano
et al., 2010). However, these techniques have recently become less impor-
tance since they are time consuming and require skilled operators; as a matter
of facts, site-direct immobilization techniques are the ones that are recently
gaining more importance. They are based on specific adsorption of the
antigen or the antibody-binding protein modified surface, even if it is still
possible to find some antibody-antigen based hydrogel sensing devices. As
an example, Randriantsilefisoa et al. (2019) developed an hydrogel matrix
based on polyethylene glycol (PEG) and dendritic polyglycerol (dPG).
Their sensor was used for sensitive detection of antibodies, since the hydro-
gel matrix was customizable for antibody and peptide diffusion and it was
able to covalently link any peptide for specifically recognizing its target anti-
body. As another example, one of the most recent work is that of Lim et al.
(2020) that developed a bio-conjugated polyacrylamide-based hydrogel
(HBPAAm) able to respond to the presence of hepatitis B core antigen
(HBcAg) by a change of hydrogel weight. In this hydrogel, the affinity cross-
links produced by the bio-specific coupling between the bound HBcAg
and its antibody are immobilized; in the presence of the analyte, they are
disrupted and this induce the hydrogel’s swelling, proportional to the con-
centration of free HBcAg. Nucleotide and DNA interactions have also been
introduced previously. The devices exploiting these interactions offer sev-
eral opportunities in different fields, such as biosensing, drug delivery
and tissue engineering applications. Due to the scope of this chapter, here
only the biosensing application will be dealt with. DNA biosensors hydro-
gels are generally formed by a synthetic polymer as a scaffold and analyte
binding, functional DNA crosslinker as the sensing element. The dissocia-
tion of the crosslink (it takes place in the presence of the analyte) determine
a change in the hydrogel swelling, mass or a release of some incapsulated
substances, that represent the output signal of this system.
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An example of this sensors can be found in the work of Mao et al. (2017)
that developed a portable visual detector for difterent targets based on DNA
crosslinked hydrogel. In their system, the hydrogel was the target-responsive
unit, while gold nanorods have been used as multicolor signal readout
circuit. The hydrogel was based on aptamers and the encapsulation of
glucoamylase determined the molecular recognition and amplification.
This system was based on a colorimetric method (since the gold nanorods
were able to change color changing the analyte concentration), but this
technique has some drawbacks, being the most important ones the low
sensitivity and the semi-quantitative nature of this process. In order to over-
come these limitations, in literature the use of a molecular imprinting
approach to form hydrogel has been reported (Li et al., 2017). These hydro-
gels can be produced using polymerizable methacrylate groups carried
by aptamers with bifunctional aptamer-protein complexes as crosslinker.
Other than this possibility, also DNA-based electrochemical biosensors
can be of great importance. As an example, Liu et al. (2018) developed
an electrochemical biosensor based on hybrid DNA hydrogel entrapped
on indium tin oxide/polyethylene terephthalate electrode.

5.2 Sensors based on living cells and bacteria

Using microorganisms for biosensing can bring useful benefits: they are
able to detect a wide range of substances in diftferent environmental condi-
tions, such as pH, temperature or various oxygen concentrations. The
exploitation of hydrogels in this kind of devices is evident, since hydrogels
can guarantee a high gas exchange rate and transport of nutrients to cells
or bacteria immobilized inside the matrix. Two different applications
will be analyzed in this chapter: cells and bacteria. As far as the formers
are concerned, different applications are present in literature. As an example,
Qiao etal. (2015) developed a novel taste biosensor based on ligand-receptor
interactions. In their work, they fixed a SD rat’s taste bud tissue on a glassy
carbon electrode using sodium alginate-starch gel. Here the tissue was
blocked between two nuclear microporous membranes, thus creating a
sandwich-type sensing membrane.

They were able to measure the current induced by the presence of
capsaicin and gingerol that stimulate the receptors. Other works using cells
can be found, such as that of Jiang et al. (2017) that produced a mast
cell-based electrochemical sensor for detection of N-acylhomoserine lac-
tones (AHLs): AHLs are bacterial quorum signaling molecules, and their
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detection can be used for a primary evaluation of food-borne pathogenic
bacteria. A novel challenge for this type of sensors is their application in
the development of an assay method for the reflection of the real feelings
of gustatory tissue; that is the development of an artificial tasting device
for sensing and taste information standardization. Novel biosensors are pro-
duced using specific taste bud tissues as sensing elements and a hydrogel
matrix can be used to encapsulate them and increase the stability of the
device. As an example, Wei etal. (2017) developed a biosensor for the inves-
tigation of the kinetic characteristics of the receptor in taste using porcine
taste bud tissue. Moreover, here a sandwich-type membrane was used,
realized with aldehyde starch, and fixed on a glassy carbon electrode. This
system was able to detect the response current induced by some specific
molecules and then characterize the kinetic between the cells and their
ligands. Shifting to bacteria-based biosensors, also they can be of great
importance in hydrogel-based sensors. An example can be found in the work
of Zhang et al. (2019b) that developed a toxicity test sensor for heavy ions
through the bacterial enzymatic activity and viability induced from toxic
heavy metal ions. The bacteria Escherichia coli was encapsulated inside a
hydrogel matrix made from polyvinyl alcohol; such encapsulation allowed
the enhancement of the viability and activity of the biological sensing agent
and they improve the portability of the system itself. As another example,
Alehosseini et al. (2019) developed a sensor for probiotic protection, made
from an agarose-based hydrogel. In their work, they used the oil-induced
biphasic hydrogel particle formation for encapsulate the sensitive strain
Bifidobacterium pseudocatenulatum CECT 7765, thus guaranteeing the produc-
tion of a protection for the bacterium.

This type of protection brings several advantages, such as the generation
of a continuous layer around the bacteria and the optimal combination of
materials make this system ideal for its application. Another application of
bacteria-based biosensor has been reported by Gao et al. (2020), that applied
it for concrete self-healing. Their hydrogel was produced from gelation of
alginate and chitosan with calcium ions, and Bacillus pseudofirmus was used as
bacterium, thanks to its ability to combine high alkalinity and the long-time
survivability.

6. Hydrogel-based sensors for biomedical applications

In all the previous paragraphs of this chapter, the different sensing
mechanisms have been proposed and introduced, separating them between
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physicochemical and biochemical mechanisms. Now, hydrogel-based
sensors for biomedical applications will be analyzed, dividing them between
the applications they are used for and the mechanism they exploit. In
general, it can be identified five main fields where hydrogel-based sensors
can be applied: cancer monitoring, cardiac thythm monitoring, cell metab-
olite detection, tissue engineering and wound healing monitoring.

6.1 Cancer monitoring

Cancer monitoring is probably one of the biggest tasks for sensing in
biomedical fields. For an early cancer detection, it is important to notice
the presence of some altered expression of biomolecules, such as proteins
and glycans. It can be thus noticed how it is important to develop some bio-
sensors able to couple selectivity and a good sensitivity. As an example, (Gao
etal., 2020; Ngoepe et al., 2013) focused on H,O, and TNF-a (a cytokine),
two inflammatory molecules that can be used for the detection of different
cancer pathologies. They decided to focus on enzyme-based biosensors
for water peroxide detection, while on antibody-based biosensors for
cytokines.

Another example has been reported by Crulhas et al. (2017), who devel-
oped hydrogel microstructures for the detection of superoxide anions
released by cancer cells. In their work, they used an electrochemical biosen-
sor based on ferrocene, coupled with superoxide dismutase in a poly(ethylene
glycol) diacrylate hydrogel matrix. In order to characterize their biosensor,
they opted for electrochemical impedance spectroscopy and cyclic
voltammetry. A good application of hydrogel-based biosensors can also
be found in the work of Wu et al. (2019b), that developed a visual sensor
for glutathione detection, a molecule whose imbalance is the cause of var-
ious diseases such as cancers, Alzheimer’s or Parkinson. Such sensor exploited
a stimulus-responsive fluorescent hydrogel, using 5,6-bicarboxylic fluorescein
crosslinked partly ammoniated polyacrylamide. Zhao et al. (2019b) show
the applicability of these devices in cancer imaging. They worked on a
ruthenium-albumin hydrogel that shows strong luminescence, applying it
for imaging purposes. Furthermore, it showed good selectivity to cancer
cells with respect to non-cancer ones.

6.2 Cardiac rhythm monitoring

The cardiac rhythm can be measured from the artery pulse, that is an indi-
cator of different cardiovascular pathologies. In this case, the material should
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fulfill different requirements: it should be smart, flexible and soft. Hydrogels
seem to be one of the best solutions to this problem: they can fit the curva-
ture of human skin and are sensitive to the detection of the three different
pulse waves associated to wrist pulse, blood pressure and cardiac rhythm
that are percussion wave (P1 wave), tidal wave (P2 wave) and diastolic wave
(P3 wave) respectively. As a first example, Chen et al. (2019) developed a
conductive polymer hydrogel suitable for different applications. They were
able to incorporate multiple hydrogen bonding 2-ureido-4[1H]-pyrimidone
groups as crosslinking points into a polyaniline/poly(4-styrenesulfonate)
network, offering great conductivity, excellent stretchability and inject-
ability. This can be observed in Fig. 4.

This hydrogel was then used as strain sensor able to monitor both
large motions and subtle movements. Another example that can be reported
is that of Wang et al. (2018), who developed a novel conductive hydrogel pro-
duced from interpenetrating polyaniline and poly(acrylamide-co-hydroxyethyl
methyl acrylate), that showed a good strength and toughness to cyclic loading.
For this application also DN hydrogels have been proposed, as it can be
observed in the work of Hou et al. (2019). In their work, they proposed
a DN hydrogel-based ionic strain sensor based on agar/NaCl/polyacryl-
amide double network that combined good sensitivity and mechanical
properties. This device was useful for monitoring human motions, such
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Fig. 4 Schematic illustration of synthesis process of the supramolecular conductive
PANI/PSS—UPy hydrogels and the formation mechanism. Reprinted with the permission
of ACS Publications Chen J, Peng Q, Thundat T, Zeng H: Stretchable, injectable,
and self-healing conductive hydrogel enabled by multiple hydrogen bonding toward wear-
able electronics, Chem Mater 31:4553—4563, 2019. doi:10.1021/acs.chemmater.9b01239.
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as joint motions, slight wrist pulse and throat muscle movement. The prob-
lem related to these hydrogel-based sensors is that it was not always possible
to distinguish between P1, P2 and P3 waves; furthermore, the frequency
and precision of these devices can be rough. To overcome these limitations,
new formulations of hydrogel-based sensor incorporating nanoparticles
have been proposed. As an example, Han et al. (2017) developed a
two-stage process for the production of an adhesive polydopamine-clay-
polyacrylamide hydrogel. This system showed good properties, such as
repeatable and durable adhesiveness thanks to which it can adhere to human
skin without causing an inflammatory response, and can be used in wrist
pulse measurements. A different solution for improving the sensitivity of
these sensors has been proposed by Zhang et al. (2018), who developed
an hydrogel matrix containing MXene (T13C,Ty). During the characteriza-
tion of this system, they were able to notice that the strain sensitivity was
higher compared to other hydrogel-based sensors.

6.3 Cell metabolite detection

Classical methods for cell metabolite detection are cell’s cultivation and
intermittent cells and media culture collection, but they present several
disadvantages (Shi et al., 2019). They require a large number of cells, reac-
tants and costly operations; furthermore, the information provided on the
dynamics and time evolution of the system are not complete.

Due to these problems, efforts have been accomplished in the develop-
ment of smart and innovative biological mechanism approaches for moni-
toring biosystem changes. In this application, hydrogel-based systems play
an important role: this is due to the fact that cell metabolite detection can
be performed monitoring the trend of various properties such as pH or
molecules concentration. As an example, Yan et al. (2009) developed an
optical enzyme-based biosensor for local detection of hydrogen peroxide
secreted by stimulated macrophages. Their system presented an enzyme-
carrying hydrogel structure, made from PEG. They added horseradish per-
oxidase (HRP) and amplex red in order to create the sensing system: amplex
red has the ability to becoming fluorescent in the presence of HRP
and H,O,. Another example is provided by Li et al. (2015), who developed
a biosensor platform based on a Pt nanoparticle-modified conductive poly-
mer hydrogel (CPH) electrode and using a polyaniline/PtNP-modified
glassy carbon electrode as the working electrode. They used the amperomet-
ric response for the detection of metabolites, showing good performances
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in a wide linear range, together with high sensitivity and rapid response
time for a variety of molecules. Up to now, the only disadvantages of these
type of biosensors is their stability over a long period of time, making them
not very reliable over a large time span.

6.4 Tissue engineering

Tissue engineering is a novel biomedical practice that combine cells usage,
engineering and innovative materials for the formation of new tissues. In this
field, hydrogels are a class of useful materials, thanks to their ability as
immobilizing scaffolds for bioreceptors so that they can detect, measure
and monitor the concentration of specific molecules, their interactions
and kinetics. An example of hydrogels in this field has been reported in
the work of Wang et al. (2013), that developed an optical ATP sensor for
in situ monitoring of extracellular ATP in biological tissue. ATP (adenosine
triphosphate) is a key molecule in cellular metabolism thanks to its extracel-
lular signaling activity. As a matter of fact, important in tissue engineering
applications is the possibility to identify and monitor cellular activity: cells
proliferation, migration, cytokine release and specific molecules production
are some of the useful indicator that can be monitored for tracking the
scaftold’s efficiency (Shen et al., 2015). One of the most important aspects
in tissue engineering application is the quantification of the activity of
particular functional protein molecules.

6.5 Wound healing monitoring

Wound healing is probably one of the most important physiological process,
that allow the reconstruction of destroyed tissue by living ones in a living
being. Hydrogels have gained much importance also in this application
thanks to their properties and can be used for activating immune cells to
speed up wound healing (Xiang et al., 2020). Furthermore, in recent years
different researchers have also proposed the possibility to use hydrogels also
as wound healing monitoring device and not only as promoters (Sridhar
and Takahata, 2009). Examples of negative phenomena that can take place
during the treatment of the wounds are infections and bacteria proliferation:
thus, their recognition is of pivotal importance for avoiding pain and com-
plications. Generally, hydrogel-based sensors for wound healing monitor
pH, temperature or humidity for controlling the wound. As far as the bac-
teria proliferations are concerned, they can be detected from the presence of
particular molecules or compounds. Some examples for these applications
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are already available in literature. For instance, Rahimi et al. (2016) devel-
oped a pH sensing array for wound assessment, working with sensors made
from two-screen-printed electrodes with a conductive-selective polymeric
membrane made from polyaniline. As another example, Jankowska et al.
(2017) synthetized a fluorescent sensing system for the control of the wound
status and to continuously monitor it.

7. Conclusions

This chapter has dealt with hydrogel applications in physicochemical
sensors and biosensors. It can be noticed how hydrogel-based sensors have
gained more importance in the recent years. This was possible thanks to the
properties of hydrogels, that can be of pivotal importance in sensor applica-
tions: as an example, the high water content guarantees biocompatibility
and allow the diffusion of different molecules through their network.
Furthermore, important is also their tunability and their ability to respond
to external stimuli that give hydrogels great versatility. Such versatility
can be verified by the wide range of applications of hydrogel-based sensors:
pH, temperature or pressure responsive sensors, but also enzyme or cell-
based biosensors. Great importance has been given to the development of
novel hydrogels’ formulations and their synthesis, since the development
of new hydrogels matrixes can be the “winning factor” for the preparation
of new sensors in this field.

References

Alehosseini A, Gomez del Pulgar EM, Fabra MJ, et al.: Agarose-based freeze-dried capsules
prepared by the oil-induced biphasic hydrogel particle formation approach for the pro-
tection of sensitive probiotic bacteria, Food Hydrocoll 87:487—496, 2019. https:/doi.org/
10.1016/j.toodhyd.2018.08.032.

An R, Zhang X, Han L, et al.: Healing, flexible, high thermal sensitive dual-network ionic
conductive hydrogels for 3D linear temperature sensor, Mater Sci Eng C 107:110310,
2020. https://doi.org/10.1016/j.msec.2019.110310.

Bhalla N, Jolly P, Formisano N, Estrela P: Introduction to biosensors, Essays Biochem 60:1-8,
2016. https://doi.org/10.1042/EBC20150001.

Buchberger A, Maierhofer P, Bergmann A, et al.: Single particle detector using the evanes-
cent field of a silicon nitride waveguide, In Proc. IEEE sensors. 2019, pp 2019-2022.
https://doi.org/10.1109/SENSORS43011.2019.8956493. 2019-Octob.

Buenger D, Topuz F, Groll J: Hydrogels in sensing applications, Prog Polym Sci 37:
1678-1719, 2012. https://doi.org/10.1016/j.progpolymsci.2012.09.001.

Burrs SL, Vanegas DC, Bhargava M, et al.: A comparative study of graphene-hydrogel hybrid
bionanocomposites for biosensing, Analyst 140:1466-1476, 2015. https:/doi.org/10.
1039/c4an01788a.


https://doi.org/10.1016/j.foodhyd.2018.08.032
https://doi.org/10.1016/j.foodhyd.2018.08.032
https://doi.org/10.1016/j.foodhyd.2018.08.032
https://doi.org/10.1016/j.msec.2019.110310
https://doi.org/10.1016/j.msec.2019.110310
https://doi.org/10.1042/EBC20150001
https://doi.org/10.1042/EBC20150001
https://doi.org/10.1109/SENSORS43011.2019.8956493
https://doi.org/10.1109/SENSORS43011.2019.8956493
https://doi.org/10.1016/j.progpolymsci.2012.09.001
https://doi.org/10.1016/j.progpolymsci.2012.09.001
https://doi.org/10.1039/c4an01788a
https://doi.org/10.1039/c4an01788a
https://doi.org/10.1039/c4an01788a

Hydrogels for sensing applications 151

Chen J, Peng Q, Thundat T, Zeng H: Stretchable, injectable, and self-healing conductive
hydrogel enabled by multiple hydrogen bonding toward wearable electronics, Chem
Mater 31:4553-4563, 2019. https:/doi.org/10.1021/acs.chemmater.9b01239.

Cheng W, Liu Y: 2—Redox-responsive hydrogels, In Jana S, Maiti S, Jana S, editors:
Biopolymer-based composites, 2017, Woodhead Publishing, pp 31-60. ISBN 978-0-08-
101914-6.

Choe A, YeomJ, Shanker R, Kim MP, Kang S, Ko H: Stretchable and wearable colorimetric
patches based on thermoresponsive plasmonic microgels embedded in a hydrogel film,
NPG Asia Mater 10:912-922, 2018. https://doi.org/10.1038/541427-018-0086-6.

Crulhas BP, Recco LC, Delella FK, Pedrosa VA: A novel superoxide anion biosensor for
monitoring reactive species of oxygen released by cancer cells, Electroanalysis 29:
1252-1257, 2017. https://doi.org/10.1002/elan.201600767.

Culver HR, Clegg JR, Peppas NA: Analyte-responsive hydrogels: intelligent materials for
biosensing and drug delivery, Ac Chem Res 50:170-178, 2017. https:/doi.org/10.
1021/acs.accounts.6b00533.

Deng K, Bellmann C, Fu Y, Rohn M, Guenther M, Gerlach G: Miniaturized
force-compensated hydrogel-based pH sensors, Sens Actuators B 255:3495-3504,
2018. https:/doi.org/10.1016/j.snb.2017.09.183.

Dincer C, Bruch R, Costa-Rama E, et al.: Disposable sensors in diagnostics, food,
and environmental monitoring, Adv Mater 31:1-28, 2019. https:/doi.org/10.1002/
adma.201806739.

Echeverria C, Fernandes S, Godinho M, Borges J, Soares P: Functional stimuli-responsive
gels: hydrogels and microgels, Gels 4:54, 2018. https:/doi.org/10.3390/gels4020054.

Ertkamp J, Guenther M, Gerlach G: Enzyme-functionalized piezoresistive hydrogel biosen-
sors for the detection of urea, Sensors 19:1-15, 2019. https:/doi.org/10.3390/
$19132858.

Flory PJ, Rehner J: Statistical mechanics of cross-linked polymer networks I. Rubberlike
elasticity, J Chem Phys 11:512-520, 1943. https:/doi.org/10.1063/1.1723791.

FuJ, In Het Panhuis M: Hydrogel properties and applications, | Mater Chem B 7:1523—-1525,
2019. https://doi.org/10.1039/c9tb90023c.

Ganji F, Vasheghani-Farahani S, Vasheghani-Farahani E: Theoretical description of hydrogel
swelling: a review, Iran Polym J 19:375-398, 2010.

Gao M, Guo J, Cao H, et al.: Immobilized bacteria with pH-response hydrogel for
self-healing of concrete, J Environ Manage 261:110225, 2020. https:/doi.org/10.1016/
jjenvman.2020.110225.

Han L, Lu X, Liu K, et al.: Mussel-inspired adhesive and tough hydrogel based on nanoclay
confined dopamine polymerization, ACS Nano 11:2561-2574, 2017. https:/doi.org/
10.1021/acsnano.6b05318.

Hines L, Petersen K, Lum G, Sitti M: Soft actuators for small-scale robotics, Adv Mater
29:1603483, 2016. https:/doi.org/10.1002/adma.201603483.

Hong W, Chen Y, Feng X, et al.: Full-color CO2 gas sensing by an inverse opal photonic
hydrogel, Chem Commun 49:8229-8231, 2013. https:/doi.org/10.1039/c3cc44825h.

Hou W, Sheng N, Zhang X, et al.: Design of injectable agar/NaCl/polyacrylamide ionic
hydrogels for high performance strain sensors, Carbohydr Polym 211:322-328, 2019.
https:/doi.org/10.1016/j.carbpol.2019.01.094.

Hulanicki A, Glab S, Ingman F: Chemical sensors definitions and classification, Pure Appl
Chem 63:1247-1250, 1991. https:/doi.org/10.1351/pac199163091247.

Jang]I, Jeong H-C: Shear induced TiO2 nano structure using brush-coating for liquid crystal
alignment, Crystals 10:1=7, 2020. https://doi.org/10.3390/cryst10100860.

Jang E, Koh WG: Multiplexed enzyme-based bioassay within microfluidic devices using
shape-coded hydrogel microparticles, Sens Actuators B 143:681-688, 2010. https:/doi.
org/10.1016/j.snb.2009.10.028.


https://doi.org/10.1021/acs.chemmater.9b01239
https://doi.org/10.1021/acs.chemmater.9b01239
http://refhub.elsevier.com/S0065-2377(21)00003-X/rf0045
http://refhub.elsevier.com/S0065-2377(21)00003-X/rf0045
http://refhub.elsevier.com/S0065-2377(21)00003-X/rf0045
https://doi.org/10.1038/s41427-018-0086-6
https://doi.org/10.1038/s41427-018-0086-6
https://doi.org/10.1002/elan.201600767
https://doi.org/10.1002/elan.201600767
https://doi.org/10.1021/acs.accounts.6b00533
https://doi.org/10.1021/acs.accounts.6b00533
https://doi.org/10.1021/acs.accounts.6b00533
https://doi.org/10.1016/j.snb.2017.09.183
https://doi.org/10.1016/j.snb.2017.09.183
https://doi.org/10.1002/adma.201806739
https://doi.org/10.1002/adma.201806739
https://doi.org/10.1002/adma.201806739
https://doi.org/10.3390/gels4020054
https://doi.org/10.3390/gels4020054
https://doi.org/10.3390/s19132858
https://doi.org/10.3390/s19132858
https://doi.org/10.3390/s19132858
https://doi.org/10.1063/1.1723791
https://doi.org/10.1063/1.1723791
https://doi.org/10.1039/c9tb90023c
https://doi.org/10.1039/c9tb90023c
http://refhub.elsevier.com/S0065-2377(21)00003-X/rf0095
http://refhub.elsevier.com/S0065-2377(21)00003-X/rf0095
https://doi.org/10.1016/j.jenvman.2020.110225
https://doi.org/10.1016/j.jenvman.2020.110225
https://doi.org/10.1016/j.jenvman.2020.110225
https://doi.org/10.1021/acsnano.6b05318
https://doi.org/10.1021/acsnano.6b05318
https://doi.org/10.1021/acsnano.6b05318
https://doi.org/10.1002/adma.201603483
https://doi.org/10.1002/adma.201603483
https://doi.org/10.1039/c3cc44825h
https://doi.org/10.1039/c3cc44825h
https://doi.org/10.1016/j.carbpol.2019.01.094
https://doi.org/10.1016/j.carbpol.2019.01.094
https://doi.org/10.1351/pac199163091247
https://doi.org/10.1351/pac199163091247
https://doi.org/10.3390/cryst10100860
https://doi.org/10.3390/cryst10100860
https://doi.org/10.1016/j.snb.2009.10.028
https://doi.org/10.1016/j.snb.2009.10.028
https://doi.org/10.1016/j.snb.2009.10.028

152 Fabio Pizzetti and Giuseppe Perale

Jankowska DA, Bannwarth MB, Schulenburg C, et al.: Simultaneous detection of pH value
and glucose concentrations for wound monitoring applications, Biosens Bioelectron
87:312-319, 2017. https:/doi.org/10.1016/j.bi0s.2016.08.072.

Jiang D, Feng D, Jiang H, et al.: Preliminary study on an innovative, simple mast cell-based
electrochemical method for detecting foodborne pathogenic bacterial quorum signaling
molecules (N-acyl-homoserine-lactones), Biosens Bioelectron 90:436—442, 2017. https:/
doi.org/10.1016/j.b105.2016.09.096.

Johnson KA, Goody RS: The original Michaelis constant: translation of the 1913 Michaelis-
Menten paper, Biochemistry 50:8264—8269, 2011. https:/doi.org/10.1021/bi201284u.

Justino CIL, Freitas AC, Pereira R, Duarte AC, Rocha Santos TAP: Recent developments in
recognition elements for chemical sensors and biosensors, TrAC Trends Anal Chem
68:2—17, 2015. https:/doi.org/10.1016/j.trac.2015.03.006.

Kim JH, Lim SY, Nam DH, Ryu J, Ku SH, Park CB: Self-assembled, photoluminescent
peptide hydrogel as a versatile platform for enzyme-based optical biosensors, Biosens
Bioelectron 26:1860-1865, 2011. https:/doi.org/10.1016/j.bios.2010.01.026.

Kim Y, Namgung H, Lee TS: Synthesis of a glucose oxidase-conjugated, polyacrylamide-
based, fluorescent hydrogel for a reusable, ratiometric glucose sensor, Polym Chem
7:6655-6661, 2016. https://doi.org/10.1039/c6py01120a.

LiL, Wang Y, Pan L, etal.: A nanostructured conductive hydrogels-based biosensor platform
for human metabolite detection, Nano Lett 15:1146—-1151, 2015. https:/doi.org/10.
1021/n1504217p.

Li XF, Wang TJ, Qian Y, Jiang GZ, Zhang DD, Liu WB: Dietary niacin requirement of
juvenile blunt snout bream Megalobrama amblycephala based on a dose—response study,
Agquacult Nutr 23:1410-1417, 2017. https://doi.org/10.1111/anu.12516.

Li L, Scheiger JM, Levkin PA: Design and applications of photoresponsive hydrogels, Adv
Mater 31:1-17, 2019. https:/doi.org/10.1002/adma.201807333.

LiY, Hu C, Lan]J, et al.: Hydrogel-based temperature sensor with water retention, frost resis-
tance and remoldability, Polymer 186:122027, 2020. https://doi.org/10.1016/j.polymer.
2019.122027.

Liang Z, Zhang J, Wu C, et al.: Flexible and self-healing electrochemical hydrogel sensor
with high efficiency toward glucose monitoring, Biosens Bioelectron 155:112105,
2020. https:/doi.org/10.1016/j.bios.2020.112105.

Lim SL, Ooi CW, Low LE, et al.: Synthesis of poly(acrylamide)-based hydrogel for
bio-sensing of hepatitis B core antigen, Mater Chem Phys 243:122578, 2020. https://
doi.org/10.1016/j.matchemphys.2019.122578.

Liu S, Su W, LiY, Zhang L, Ding X: Manufacturing of an electrochemical biosensing plat-
form based on hybrid DNA hydrogel: taking lung cancer-specific miR-21 as an example,
Biosens Bioelectron 103:1-5, 2018. https:/doi.org/10.1016/j.bios.2017.12.021.

Mahinroosta M, Jomeh Farsangi Z, Allahverdi A, Shakoori Z: Hydrogels as intelligent mate-
rials: a brief review of synthesis, properties and applications, Mater Today Chem 8:42-55,
2018. https:/doi.org/10.1016/j.mtchem.2018.02.004.

Maitra J, Shukla V: Cross-linking in hydrogels—a review, Am J Polym Sci 4:25-31, 2014.

Mao Y, Li]J, Yan J, et al.: A portable visual detection method based on a target-responsive
DNA hydrogel and color change of gold nanorods, Chem Commun 53:6375-6378,
2017. https:/doi.org/10.1039/¢7cc01360d.

Mehrotra P: Biosensors and their applications—a review, J Oral Biol Craniofac Res 6:153—159,
2016. https:/doi.org/10.1016/j.jobcr.2015.12.002.

Mugweru A, Clark BL, Pishko MV: Electrochemical sensor array for glucose monitoring
fabricated by rapid immobilization of active glucose oxidase within photochemically
polymerized hydrogels, J Diabetes Sci Technol 1:366-371, 2007. https:/doi.org/10.
1177/193229680700100308.


https://doi.org/10.1016/j.bios.2016.08.072
https://doi.org/10.1016/j.bios.2016.08.072
https://doi.org/10.1016/j.bios.2016.09.096
https://doi.org/10.1016/j.bios.2016.09.096
https://doi.org/10.1016/j.bios.2016.09.096
https://doi.org/10.1021/bi201284u
https://doi.org/10.1021/bi201284u
https://doi.org/10.1016/j.trac.2015.03.006
https://doi.org/10.1016/j.trac.2015.03.006
https://doi.org/10.1016/j.bios.2010.01.026
https://doi.org/10.1016/j.bios.2010.01.026
https://doi.org/10.1039/c6py01120a
https://doi.org/10.1039/c6py01120a
https://doi.org/10.1021/nl504217p
https://doi.org/10.1021/nl504217p
https://doi.org/10.1021/nl504217p
https://doi.org/10.1111/anu.12516
https://doi.org/10.1111/anu.12516
https://doi.org/10.1002/adma.201807333
https://doi.org/10.1002/adma.201807333
https://doi.org/10.1016/j.polymer.2019.122027
https://doi.org/10.1016/j.polymer.2019.122027
https://doi.org/10.1016/j.polymer.2019.122027
https://doi.org/10.1016/j.bios.2020.112105
https://doi.org/10.1016/j.bios.2020.112105
https://doi.org/10.1016/j.matchemphys.2019.122578
https://doi.org/10.1016/j.matchemphys.2019.122578
https://doi.org/10.1016/j.matchemphys.2019.122578
https://doi.org/10.1016/j.bios.2017.12.021
https://doi.org/10.1016/j.bios.2017.12.021
https://doi.org/10.1016/j.mtchem.2018.02.004
https://doi.org/10.1016/j.mtchem.2018.02.004
http://refhub.elsevier.com/S0065-2377(21)00003-X/rf0210
https://doi.org/10.1039/c7cc01360d
https://doi.org/10.1039/c7cc01360d
https://doi.org/10.1016/j.jobcr.2015.12.002
https://doi.org/10.1016/j.jobcr.2015.12.002
https://doi.org/10.1177/193229680700100308
https://doi.org/10.1177/193229680700100308
https://doi.org/10.1177/193229680700100308

Hydrogels for sensing applications 153

Ngoepe M, Choonara YE, Tyagi C, et al.: Integration of biosensors and drug delivery tech-
nologies for early detection and chronic management of illness, Sensors (Switzerland)
13:7680-7713, 2013. https://doi.org/10.3390/5130607680.

Ozay H, Ozay O: Rhodamine based reusable and colorimetric naked-eye hydrogel sensors for
Fe3+ ion, Chem Eng J 232:364-371, 2013. https:/doi.org/10.1016/j.cej.2013.07.111.

Pathak AK, Singh VK: A wide range and highly sensitive optical fiber pH sensor using poly-
acrylamide hydrogel, Opt Fiber Technol 39:43—48, 2017. https://doi.org/10.1016/].yofte.
2017.09.022.

Puttasakul T, Pintavirooj C, Sangma C, Sukjee W: Hydrogel based-electrochemical gas sen-
sor for explosive material detection, IEEE Sensors J 19:8556-8562, 2019.

Qiao L, Jiao L, Pang G, Xie J: A novel pungency biosensor prepared with fixing taste-bud
tissue of rats, Biosens Bioelectron 68:454—461, 2015. https://doi.org/10.1016/j.bios.2015.
01.032.

Quinn A, You Y-H, McShane MJ: Hydrogel microdomain encapsulation of stable
functionalized silver nanoparticles for SERS pH and urea sensing, Sensors 19:3521,
2019. https://doi.org/10.3390/519163521.

Rahimi R, Ochoa M, Parupudi T, et al.: A low-cost flexible pH sensor array for wound
assessment, Sens Actuators B 229:609-617, 2016. https:/doi.org/10.1016/5.snb.2015.
12.082.

Randriantsilefisoa R, Cuellar-Camacho JL, Chowdhury MS, Dey P, Schedler U, Haag R:
Highly sensitive detection of antibodies in a soft bioactive three-dimensional bio-
orthogonal hydrogel, | Mater Chem B 7:3220-3231, 2019. https://doi.org/10.1039/
c9tb00234k.

Richter A, Paschew G, Klatt S, Lienig J, Arndt KF, Adler HJP: Review on hydrogel-based
pH sensors and microsensors, Sensors 8:561-581, 2008. https:/doi.org/10.3390/
s8010561.

Sannino A, Pappada S, Giotta L, Valli L, Maftezzoli A: Spin coating cellulose derivatives on
quartz crystal microbalance plates to obtain hydrogel-based fast sensors and actuators,
J Appl Polym Sci 106:3040-3050, 2007. https://doi.org/10.1002/app.25899.

Scarano S, Mascini M, Turner APF, Minunni M: Surface plasmon resonance imaging for
affinity-based biosensors, Biosens Bioelectron 25:957-966, 2010. https:/doi.org/10.1016/
3.b10s.2009.08.039.

Shen X, Shamshina JL, Berton P, Gurau G, Rogers RD: Hydrogels based on cellulose
and chitin: fabrication, properties, and applications, Green Chem 18:53-75, 2015.
https:/doi.org/10.1039/c5gc02396¢.

Shetye SP, Ajeet G, Shilpa B, Pankaj G: Hydrogels: introduction, preparation, characteriza-
tion and applications, Int | Res Methodol 1:47-71, 2015.

ShiJ, Tong L, Tong W, et al.: Current progress in long-term and continuous cell metabolite
detection using microfluidics, TrAC Trends Anal Chem 117:263-279, 2019. https://doi.
org/10.1016/j.trac.2019.05.028.

Shibata D: Colorectal cancer: perspectives on treatment, survivorship, and outcomes, Cancer
Control 17:4-5, 2010. https:/doi.org/10.1177/107327481001700101.

Shin J, Braun PV, Lee W: Fast response photonic crystal pH sensor based on templated
photo-polymerized hydrogel inverse opal, Sens Actuators B 150:183-190, 2010.
https:/doi.org/10.1016/7.snb.2010.07.018.

Shin J, Han SG, Lee W: Inverse opal pH sensors with various protic monomers cop-
olymerized with polyhydroxyethylmethacrylate hydrogel, Anal Chim Acta 752:87-93,
2012. https://doi.org/10.1016/j.aca.2012.09.026.

Sridhar V, Takahata K: A hydrogel-based passive wireless sensor using a flex-circuit inductive
transducer, Sensors Actuators A Phys 155:58—65, 2009. https:/doi.org/10.1016/j.sna.
2009.08.010.


https://doi.org/10.3390/s130607680
https://doi.org/10.3390/s130607680
https://doi.org/10.1016/j.cej.2013.07.111
https://doi.org/10.1016/j.cej.2013.07.111
https://doi.org/10.1016/j.yofte.2017.09.022
https://doi.org/10.1016/j.yofte.2017.09.022
https://doi.org/10.1016/j.yofte.2017.09.022
http://refhub.elsevier.com/S0065-2377(21)00003-X/rf0240
http://refhub.elsevier.com/S0065-2377(21)00003-X/rf0240
https://doi.org/10.1016/j.bios.2015.01.032
https://doi.org/10.1016/j.bios.2015.01.032
https://doi.org/10.1016/j.bios.2015.01.032
https://doi.org/10.3390/s19163521
https://doi.org/10.3390/s19163521
https://doi.org/10.1016/j.snb.2015.12.082
https://doi.org/10.1016/j.snb.2015.12.082
https://doi.org/10.1016/j.snb.2015.12.082
https://doi.org/10.1039/c9tb00234k
https://doi.org/10.1039/c9tb00234k
https://doi.org/10.1039/c9tb00234k
https://doi.org/10.3390/s8010561
https://doi.org/10.3390/s8010561
https://doi.org/10.3390/s8010561
https://doi.org/10.1002/app.25899
https://doi.org/10.1002/app.25899
https://doi.org/10.1016/j.bios.2009.08.039
https://doi.org/10.1016/j.bios.2009.08.039
https://doi.org/10.1016/j.bios.2009.08.039
https://doi.org/10.1039/c5gc02396c
https://doi.org/10.1039/c5gc02396c
http://refhub.elsevier.com/S0065-2377(21)00003-X/rf0285
http://refhub.elsevier.com/S0065-2377(21)00003-X/rf0285
https://doi.org/10.1016/j.trac.2019.05.028
https://doi.org/10.1016/j.trac.2019.05.028
https://doi.org/10.1016/j.trac.2019.05.028
https://doi.org/10.1177/107327481001700101
https://doi.org/10.1177/107327481001700101
https://doi.org/10.1016/j.snb.2010.07.018
https://doi.org/10.1016/j.snb.2010.07.018
https://doi.org/10.1016/j.aca.2012.09.026
https://doi.org/10.1016/j.aca.2012.09.026
https://doi.org/10.1016/j.sna.2009.08.010
https://doi.org/10.1016/j.sna.2009.08.010
https://doi.org/10.1016/j.sna.2009.08.010

154 Fabio Pizzetti and Giuseppe Perale

Sun Z, Li Z, Qu K, et al.: A review on recent advances in gel adhesion and their potential
applications, J Mol Lig 325:115254, 2021. https:/doi.org/10.1016/j.molliq.2020.
115254.

Tokuyama H, Kitamura E, Seida Y: Development of zirconia nanoparticle-loaded hydrogel
for arsenic adsorption and sensing, React Funct Polym 146:104427, 2020. https://doi.org/
10.1016/j.reactfunctpolym.2019.104427.

Tsuchiya M, Kurashina Y, Onoe H: Eye-recognizable and repeatable biochemical flexible
sensors using low angle-dependent photonic colloidal crystal hydrogel microbeads, Sci
Rep 9:1-10, 2019. https:/doi.org/10.1038/s41598-019-53499-2.

Vashist S: Continuous glucose monitoring systems: a review, Diagnostics 3:385—-412, 2013.
https://doi.org/10.3390/diagnostics3040385.

Vigneshvar S, Sudhakumari CC, Senthilkumaran B, Prakash H: Recent advances in biosen-
sor technology for potential applications—an overview, Front Bioeng Biotechnol 4:1-9,
2016. https:/doi.org/10.3389/tbioe.2016.00011.

Wang C, Huang CYC, Lin WC: Optical ATP biosensor for extracellular ATP measurement,
Biosens Bioelectron 43:355-361, 2013. https:/doi.org/10.1016/j.bi0s.2012.12.027.

Wang X, Li Q, Guan Y, Zhang Y: Glucose oxidase-incorporated hydrogel thin film for fast
optical glucose detecting under physiological conditions, Mater Today Chem 1-2:7—14,
2016. https:/doi.org/10.1016/j.mtchem.2016.10.005.

Wang Z, Chen J, Cong Y, et al.: Ultrastretchable strain sensors and arrays with high sensi-
tivity and linearity based on super tough conductive hydrogels, Chem Mater 30:
80628069, 2018. https:/doi.org/10.1021/acs.chemmater.8b03999.

Wei L, Qiao L, Pang G, Xie J: A kinetic study of bitter taste receptor sensing using
immobilized porcine taste bud tissues, Biosens Bioelectron 92:74-80, 2017. https://doi.
org/10.1016/§.bi0s.2017.01.064.

Wu X]J, Choi MMF, Chen CS, Wu XM: On-line monitoring of methanol in n-hexane by an
organic-phase alcohol biosensor, Biosens Bioelectron 22:1337—-1344, 2007. https:/doi.
org/10.1016/5.b105.2006.06.002.

WuS, WuS, YiZ, etal.: Hydrogel-based fluorescent dual pH and oxygen sensors loaded in
96-well plates for high-throughput cell metabolism studies, Sensors 18:564, 2018. https:/
doi.org/10.3390/518020564.

Wu J, Wu Z, Han S, et al.: Extremely deformable, transparent, and high-performance gas
sensor based on ionic conductive hydrogel, ACS Appl Mater Interfaces 11:2364-2373,
2019a. https://doi.org/10.1021/acsami.8b17437.

WuR, Ge H, Liu C, et al.: A novel thermometer-type hydrogel senor for glutathione detec-
tion, Talanta 196:191-196, 2019b. https:/doi.org/10.1016/j.talanta.2018.12.020.

Xia S, Zhang Q, Song S, Duan L, Gao G: Bioinspired dynamic cross-linking hydrogel sensors
with skin-like strain and pressure sensing behaviors, Chem Mater 31:9522-9531,
2019. https:/doi.org/10.1021/acs.chemmater.9b03919.

Xiang ], Shen L, Hong Y: Status and future scope of hydrogels in wound healing: synthesis,
materials and evaluation, Eur Polym J 130:109609, 2020. https://doi.org/10.1016/].
eurpolymj.2020.109609.

Yan J, Sun Y, Zhu H, Marcu L, Revzin A: Enzyme-containing hydrogel micropat-
terns serving a dual purpose of cell sequestration and metabolite detection, Biosens
Bioelectron 24:2604-2610, 2009. https:/doi.org/10.1016/j.bi0s.2009.01.029.

Zhang ZF, Zhang Y: Humidity sensor based on optical fiber attached with hydrogel spheres,
Opt Laser Technol 74:16-19, 2015. https://doi.org/10.1016/j.optlastec.2015.05.006.
Zhang Y, Wang X, Xu C, et al.: Fabrication of chitosan gel droplets via crosslinking of
inverse Pickering emulsifications, Carbohydr Polym 186:1-8, 2018. https://doi.org/10.

1016/j.carbpol.2017.12.062.


https://doi.org/10.1016/j.molliq.2020.115254
https://doi.org/10.1016/j.molliq.2020.115254
https://doi.org/10.1016/j.molliq.2020.115254
https://doi.org/10.1016/j.reactfunctpolym.2019.104427
https://doi.org/10.1016/j.reactfunctpolym.2019.104427
https://doi.org/10.1016/j.reactfunctpolym.2019.104427
https://doi.org/10.1038/s41598-019-53499-2
https://doi.org/10.1038/s41598-019-53499-2
https://doi.org/10.3390/diagnostics3040385
https://doi.org/10.3390/diagnostics3040385
https://doi.org/10.3389/fbioe.2016.00011
https://doi.org/10.3389/fbioe.2016.00011
https://doi.org/10.1016/j.bios.2012.12.027
https://doi.org/10.1016/j.bios.2012.12.027
https://doi.org/10.1016/j.mtchem.2016.10.005
https://doi.org/10.1016/j.mtchem.2016.10.005
https://doi.org/10.1021/acs.chemmater.8b03999
https://doi.org/10.1021/acs.chemmater.8b03999
https://doi.org/10.1016/j.bios.2017.01.064
https://doi.org/10.1016/j.bios.2017.01.064
https://doi.org/10.1016/j.bios.2017.01.064
https://doi.org/10.1016/j.bios.2006.06.002
https://doi.org/10.1016/j.bios.2006.06.002
https://doi.org/10.1016/j.bios.2006.06.002
https://doi.org/10.3390/s18020564
https://doi.org/10.3390/s18020564
https://doi.org/10.3390/s18020564
https://doi.org/10.1021/acsami.8b17437
https://doi.org/10.1021/acsami.8b17437
https://doi.org/10.1016/j.talanta.2018.12.020
https://doi.org/10.1016/j.talanta.2018.12.020
https://doi.org/10.1021/acs.chemmater.9b03919
https://doi.org/10.1021/acs.chemmater.9b03919
https://doi.org/10.1016/j.eurpolymj.2020.109609
https://doi.org/10.1016/j.eurpolymj.2020.109609
https://doi.org/10.1016/j.eurpolymj.2020.109609
https://doi.org/10.1016/j.bios.2009.01.029
https://doi.org/10.1016/j.bios.2009.01.029
https://doi.org/10.1016/j.optlastec.2015.05.006
https://doi.org/10.1016/j.optlastec.2015.05.006
https://doi.org/10.1016/j.carbpol.2017.12.062
https://doi.org/10.1016/j.carbpol.2017.12.062
https://doi.org/10.1016/j.carbpol.2017.12.062

Hydrogels for sensing applications 155

Zhang Y, Chen K, Li Y, et al.: High-strength, self-healable, temperature-sensitive,
MXene-containing composite hydrogel as a smart compression sensor, ACS Appl
Mater Interfaces 11:47350—47357, 2019a. https:/doi.org/10.1021/acsami.9b16078.

Zhang Y, Ren T, He J, Tian H, Jin B: Acute heavy metal toxicity test based on
bacteria-hydrogel, Colloids Surf A Physicochem Eng Asp 563:318-323, 2019b. https:/
doi.org/10.1016/j.colsurfa.2018.12.016.

Zhao Y, Lei M, Liu SX, Zhao Q: Smart hydrogel-based optical fiber SPR sensor for pH
measurements, Sens Actuators B 261:226-232, 2018. https:/doi.org/10.1016/j.snb.
2018.01.120.

Zhao Y, Du X, Jiang L, et al.: Glucose oxidase-loaded antimicrobial peptide hydrogels:
potential dressings for diabetic wound, J Nanosci Nanotechnol 20:2087-2094, 2019a.
https://doi.org/10.1166/jnn.2020.17189.

Zhao Z, Hu R, Shi H, et al.: Design of ruthenium-albumin hydrogel for cancer therapeutics
and luminescent imaging, J Inorg Biochem 194:19-25, 2019b. https:/doi.org/10.1016/j.
jinorgbio.2019.02.002.

Zhi H, Gao J, Feng L: Hydrogel-based gas sensors for NO2 and NH3, ACS Sens 5:772-780,
2020. https:/doi.org/10.1021/acssensors.9b02383.

Zhou M, Guo J, Yang C: Ratiometric fluorescence sensor for Fe3 + ions detection based on
quantum dot-doped hydrogel optical fiber, Sens Actuators B 264:52-58, 2018. https:/
doi.org/10.1016/j.snb.2018.02.119.

Zhu T, Cheng Y, Cao C, et al.: A semi-interpenetrating network ionic hydrogel for strain
sensing with high sensitivity, large strain range, and stable cycle performance, Chem Eng J
385:123912, 2020. https://doi.org/10.1016/j.cej.2019.123912.


https://doi.org/10.1021/acsami.9b16078
https://doi.org/10.1021/acsami.9b16078
https://doi.org/10.1016/j.colsurfa.2018.12.016
https://doi.org/10.1016/j.colsurfa.2018.12.016
https://doi.org/10.1016/j.colsurfa.2018.12.016
https://doi.org/10.1016/j.snb.2018.01.120
https://doi.org/10.1016/j.snb.2018.01.120
https://doi.org/10.1016/j.snb.2018.01.120
https://doi.org/10.1166/jnn.2020.17189
https://doi.org/10.1166/jnn.2020.17189
https://doi.org/10.1016/j.jinorgbio.2019.02.002
https://doi.org/10.1016/j.jinorgbio.2019.02.002
https://doi.org/10.1016/j.jinorgbio.2019.02.002
https://doi.org/10.1021/acssensors.9b02383
https://doi.org/10.1021/acssensors.9b02383
https://doi.org/10.1016/j.snb.2018.02.119
https://doi.org/10.1016/j.snb.2018.02.119
https://doi.org/10.1016/j.snb.2018.02.119
https://doi.org/10.1016/j.cej.2019.123912
https://doi.org/10.1016/j.cej.2019.123912

This page intentionally left blank



CHAPTER FIVE

Integrated microsystems for
bridging multiscale elements

Koki Yoshida and Hiroaki Onoe*

Keio University, Kanagawa, Japan
*Corresponding author: e-mail address: onoe @mech keio.ac.jp

Contents
1. Introduction
2. Nano-scale function of hydrogels
2.1 Stimuli responsiveness
2.2 Imparting functions to polymer chains
3. Fabrication of hydrogel
3.1 Physically cross-linked hydrogel: Calcium alginate hydrogel
3.2 Chemically cross-linked hydrogel: Poly(N-isopropylacrylamide)
4. Multi-scale function of hydrogels with functional materials
4.1 Magnetic nanoparticles
4.2 Pt catalyst
4.3 Graphene, carbon nanotube
4.4 Photonic colloidal crystal
4.5 Living cells
5. Integrated soft robots by bridging multiscale elements
5.1 Integrated with rigid body
5.2 Hydrogel patterning integrated systems
6. Discussion
6.1 Problems of stimuli-responsive hydrogel
6.2 Other functional hydrogels
7. Conclusion
References
Abstract

Advances in Chemical Engineering, Volume 57
ISSN 0065-2377

158
158
158
160
161
162
168
173
174
175
176
177
180
181
182
184
186
186
189
190
191

Hydrogels are emerging as enabling materials for a wide range of new applications for
soft robots because of their flexibility. Some of the polymer chains that make up the
hydrogel have a nano-scale function of swelling and contracting in response to external
stimuli. In addition, because the network of polymer chains is on the nanometer order, it
is possible to encapsulate various functional materials. Therefore, stimulus-responsive
hydrogels and functional materials encapsulating hydrogels are also being actively
studied for use as soft robot components. From a fundamentals point of view, the
nano-scale functions of hydrogels, fabrication method, and integration with functional
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materials must be considered for each specific application. This section provides a basic
understanding of hydrogels and the recent development of novel fabrication and inte-
gration of hydrogel with functional materials such as magnetic nanoparticles, Pt catalyst,
graphene, photonic colloidal crystal, and living cells.

1. Introduction

Conventional robots are usually composed of sensors, driving sources,
and controlling systems. Furthermore, in order to achieve specific motion,
such as bending, twisting, or rotation, the soft robot needs to be constructed
with structures and mechanisms adjusted to the purpose. For fabricating soft
robots, actuators and sensors must be constructed from flexible materials, and
these elements must be integrated.

Recently, hydrogels are widely used for soft chemical sensors and soft
actuators (Liu et al., 2020). They have nanoscale functions due to their
own polymer chains, and functional materials can be encapsulated in the
network of polymer chains. Therefore, the hydrogels are expected to a
candidate for an integrated component of multi-scale elements (Lee et al.,
2020). In this section, we introduce the nanoscale functions of hydrogels,
the fabrication method of hydrogels, the multi-scale function of hydrogels
with functional materials, and finally integrated soft robots by bridging

multiscale elements.

2. Nano-scale function of hydrogels

A hydrogel is a polymer network containing aqueous solution, and
most hydrogel has flexibility and biocompatibility. Some of the polymer
chains that make up the hydrogel have a nano-scale function of swelling
and contracting in response to external stimuli (Mano, 2008). In addition,
because the network of polymer chains is on the nanometer order (ex. net-
work of calcium alginate gel: ~10nm (Turco et al., 2011)), it is possible to
encapsulate various functional materials. Therefore, stimulus-responsive
hydrogels and functional materials encapsulating gels are also being actively
studied for use as soft robot components.

2.1 Stimuli responsiveness

Among the properties of the hydrogel, stimuli-responsiveness has been
widely applied to sensors (Buenger et al., 2012; Richter et al., 2008) and
actuators (Cui et al.,, 2019; Tonov, 2013). Hydrogel’s polymeric chains
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produce volume changes in response to external stimuli such as temperature
(Morales et al., 2016; Schild, 1992), pH (Bassik et al., 2010), light
(Takashima et al., 2012), and chemical compounds (ex. glucose (Ye and
Wang, 2010), acetone (Zhao et al., 2014), alcohol (Tsuchiya et al.,
2019)). Here, we introduce in detail the volumetric change mechanism
of temperature-responsive gels, which is one of the most widely used.
The temperature-responsiveness of the thermal-responsive hydrogel is
due to the changing the interaction between the polymer chains and the sol-
vent in response to temperature changes. The swelling and contraction
mechanisms of poly(N-isopropyl acrylamide) (pNIPAm) gels, which is
the most widely studied of the temperature-responsive gels, are described
(Schild, 1992). The pNIPAm gel has a lower critical solution temperature
(LCST) around 33°C. The pNIPAm gel absorbs a large amount of water
and swells greatly at low temperatures (<33 °C). On the other hand, the
pNIPAm gel shrinks discontinuously around the LCST at high temperature
(>33°C). The pNIPAm gel has a hydrophilic amide group and a hydropho-
bic isopropyl group, and the methylene and methane groups in the main
chain of the polymer chain are also hydrophobic. At low temperature,
the hydrophilic amide groups interact strongly with water by hydrogen
bonding, and each chain is surrounding by water. The pNIPAm gel take
up a large amount of water and largely swells due to the strong interaction
between water and the polymer chains (Fig. 1A). This phenomenon is called
hydration. On the other hand, the hydrogel bonds that drive hydration are
thermally week, and the hydrogen bonds between the amide group and
the water weaken as the temperature increases. Then, the water leaves

(a) Under LCST (< 33°C) (b) Above LCST (> 33°C)
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Fig. 1 (A) The pNIPAm gel swell by hydration. (B) The pNIPAm gel shrink by hydropho-
bic interaction.
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the polymer chain as the temperature increases. The hydrophobic isopropyl
group tend to gather with each other in water due to their low affinity for
water. When the eftect of aggregation due to the interaction of hydrophobic
isopropyl groups exceeds the effect of reduced hydration by temperature
increasing, the entire polymer chain aggregates. As a results, the pNIPAm
gels shrinks with releasing the water (Fig. 1B). In other words, the tem-
perature responsiveness is the balance between hydration and hydrophobic
interaction. The various types of stimuli-responsiveness such as pH (Bassik
et al.,, 2010), light (Takashima et al., 2012) and chemical compounds
(Tsuchiya etal., 2019; Ye and Wang, 2010; Zhao et al., 2014) could be real-
ized by modifying the functional groups of the polymer chains since the
stimuli-responsive hydrogels swell and shrink by the interaction of the
polymer chain.

2.2 Imparting functions to polymer chains

New functions could be realized by adding functional materials such as
DNA to the polymer chains in addition to modifying the functional groups.
Chemical-responsive hydrogels are also responsive to a molecule with the
same functional group or similar chemical structure because of the
chemical-responsive hydrogel swells or shrink due to the binding and inter-
action between the polymer chain and the target molecules. Thus, one of the
challenges of the chemical-responsive hydrogel is the selectivity of detecting
the specific molecules. In order to solve this problem, hydrogels with molec-
ular recognition substances such as DNA (Gacanin et al., 2020; Shao et al.,
2017), proteins (Banta et al., 2010), and peptides (Webber et al., 2015) have
been reported. For example, DNA could detect target proteins, metal ions,
organic compounds by adjusting the base sequence (Liu, 2011). In addition,
DNA has the advantages of easy artificial synthesis and amplification and
high thermodynamic stability. One of the methods for copolymerizing
DNA into hydrogels is to use vinyl group modification and radical polymer-
ization (Fig. 2A) (Jiang et al., 2019; Kahn et al., 2017). Both ends of DNA
modified with vinyl groups play the role of cross-linking points in the poly-
mer network and can be copolymerized with the radical-reactive functional
groups of the polymer chain (Hayashi et al., 2019; Ono et al., 2008). There is
a large distance between the ends of the DNA since the DNA cop-
olymerized to the hydrogel has a linear structure when not bound to the tar-
get material (Fig. 2B top). When the target substance binds to the DNA, the
structure changes into a hairpin shape and the distance between the ends
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Fig. 2 (A) Copolymerization of vinyl modified DNA. (B) Structure change of DNA
aptamer. (C) Volume change of DNA hydrogel.

largely decreases (Fig.2B bottom). In this process, the entire hydrogel shrinks
because the copolymerized polymer chains are pulled by the structural
change of the DNA (Fig.2C).

3. Fabrication of hydrogel

In order to apply hydrogel to soft robotics, it is necessary to fabricate
the hydrogel into the desired shape and structure. Hydrogels are obtained by
cross-linking polymer networks. There are two main types of cross-linking
methods: physical cross-linking by intermolecular interactions such as
hydrogen bonding and hydrophobic interactions, and chemical cross-
linking by covalent bonding (Hennink and van Nostrum, 2012). When fab-
ricating 3D structures using hydrogels, common processing methods such as
machining and rolling cannot be used because hydrogels are brittle materials.
Therefore, there has been a lot of research on forming hydrogels into various
three-dimensional structures (Shafranek et al., 2019). In this section, we first
explain the cross-linking methods of typical hydrogels commonly used in
the construction of soft robots, and then we also explain the forming
methods using each hydrogel.
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3.1 Physically cross-linked hydrogel: Calcium alginate
hydrogel

First, calcium alginate hydrogel, which is one of the typical physically
cross-linked hydrogels, is described. Sodium alginate is a polymer of
B-1,4-pD-mannuronic acid (Man.) and o-1,4-1-glucuronic acid (Glu.)
(Fig. 3A) (Lee and Mooney, 2012; Pawar and Edgar, 2012). Man. and
Glu. have different steric structures and they are randomly bonded together
to form linear polymers. The molecular chains of Glu. Glu. blocks are bent
due to repulsion of carboxy groups, and ionic bonding occurs when divalent
cations such as calcium ions enter between the chains. This ionic cross-
linking occurs instantaneously between multiple sodium alginate chains
and this polymerization results in gelation of calcium alginate hydrogels
(Fig. 3B). Various methods to form various shapes of calcium alginate hydro-
gels with microfluidic devices have been reported by taking advantage of
their instantaneous polymerization.

(@) B-1, 4-D-Mannuronic acid -1, 4-L-Guluronic acid

/ O COONa \ a

OH o

)
oH / A \
o

COONa

® Sodium alginate solution Calcium alginate hydrogel

Ca®

—>

Cross linked

Fig. 3 (A) Molecular structures of p-1,4-b-mannuronic acid and a-1,4-L-glucuronic acid.
(B) Physically cross-linked alginate hydrogel by calcium ions.
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For example, hydrogel beads can be fabricated by instantaneous
cross-linking of droplets. Microfluidic devices using centrifugal force have
been proposed for the production of micro-scale droplets (Fig. 4A)
(Maeda et al., 2012). The pre-gel solution filled in the glass tube is ejected
by applying centrifugal force. Then, the ejected pre-gel solution forms
micro-scale droplets by the surface tension. As soon as the droplets contact
with calcium chloride solution, the droplets are gelled with maintaining
their geometry by rapid gelation. The size of the hydrogel beads can be
adjusted by the diameter of the glass tube and the applied centrifugal force
since the droplet size is determined by Tate’s law (Fig. 4B). The advantage of
this method is that the uniform hydrogel beads can be fabricated. In addition,
hydrogel beads made of stimuli-responsive gels can quickly swell and shrink
in response to external stimuli because the heat transfer and mass diffusion
are rapid in microscale. Thus, the stimuli-responsive hydrogel beads are
expected to use rapid chemical sensing. Compartmentalized hydrogel beads
can be fabricated by compartmentalizing the cross-section of the tube
(Fig. 4C). Other types of patterns such as marble or spiral can be applied
to the hydrogel beads by rotating the injection tube (Yasuda et al., 2017)
or droplet (Zhao et al., 2018). These compartmentalized and patterned
hydrogel beads are also expected to be applied to building blocks for forming
complex shapes (Glotzer and Solomon, 2007). Biochemical sensors
(Tsuchiya et al., 2019), self-assembly of microgel beads(Yoshida et al.,
2016), and autonomous driving robots(Hayakawa et al., 2016) have been
reported by encapsulating functional materials such as colloidal crystals,
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magnetic nanoparticles, and Pt catalysts in these calcium alginate beads
respectively. Furthermore, this fabrication method is expected to be used
for fabricating a scaftold for cell culture since the particles can be made with-
out using oil, which harms cells (Yoshida et al., 2017; Zhao et al., 2018).

Next, we explain the fabrication method of the fiber-shaped hydrogel
(Cheng et al., 2017). Hydrogel fibers have extensive applications in various
fields including soft robotics, biomimetics, and biomedical application due
to their capability to mimic many aspects of the physiological microenviron-
ment. The hydrogel fibers are mainly fabricated by electrospinning or
microfluidic devices. In this section, the forming method of the fiber-
shaped calcium alginate hydrogels by microfluidic devices is described.
The hydrogel fiber can be fabricated by continuously injecting and instant
gelling the pre-gel solution (Fig. 5A) (Cheng etal., 2014). At the microscale,
laminar flow is formed due to the small Reynolds number (Re<k1).
Therefore, multiple liquids can flow in a microfluidic device without
mixing. Using this property, hydrogel fibers with various cross-sectional
patterns have been developed by forming bi-layered flow or double coaxial
laminar flow inside the microfluidic device (Fig. 5B) (Cheng et al., 2014;
Nakajima et al.,, 2017). The cross-sectional patterning of the stimuli-
responsive hydrogel can be used to realize bimorph actuators with double-
layered shapes and pumping with tubular structures (Fig. 5C).

Hydrogel fibers with axial patterning also have been developed by dig-
itally controlled flow systems (Fig. 5D) (Kang et al., 2011; Takeuchi et al.,
2020). The flow of the pre-gel solution is controlled by a computerized
pneumatic valve system. The coding of diverse functional hydrogels on
the microscale may offer new opportunities to generate a range of useful
functions for soft robotics. In addition to controlling the flow, grooved fibers
can be fabricated by varying the injection port of the pre-gel solution
(Fig. 5E) (Kang et al., 2011; Shi et al., 2015). Since the grooved fiber is uti-
lized for the alignment of neurons and other cells, it is expected to be applied
to bio-hybrid robots in the future.

In addition, two fabrication methods of spiral-shaped hydrogels for soft
robot applications have been reported: a rope-coil effect (Nie and Takeuchi,
2017; Tottori and Takeuchi, 2015) and an anisotropic gelation method
(Yoshida et al., 2018; Yoshida and Onoe, 2017). A highly viscous liquid
drips in a spiral due to the rope-coil eftect and a spiral-shaped gel can be con-
structed by gelation at the same time (Fig. 6A). The materials that can be
used for fabricating spiral-shaped hydrogel are limited due to the high vis-
cosity required to cause the rope-coil effect. Next, we will introduce the
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fabrication of hydrogel microspring by the asymmetric gelation method. A
microfluidic device with a bevel-tip capillary is used for the asymmetric gela-
tion (Fig. 6B). Sodium alginate solution is injected into calcium chloride
solution through the bevel-tip capillary. Asymmetric gelation occurs near
the bevel-tip capillary and the hydrogel microspring can be constructed
continuously. The wounding direction and pitch of the hydrogel micro-
spring can be controlled by applying an external force such as buoyancy
when ejecting pre-gel solution through the bevel-tip capillary (Fig. 6C).
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hydrogel microspring by anisotropic gelation. (C) Pitch of hydrogel microspring can
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Hydrogel microsprings can also be patterned by forming bilayer or double
coaxial laminar flows in the bevel-tip capillary. By patterning the
stimuli-responsive hydrogel to the inner spring, the hydrogel microspring
is largely contracted by applied stimuli (Fig. 6D). On the other hand, the
hydrogel microspring is expanded by patterning the stimuli-responsive
hydrogel to the outer spring (Fig. 6E). Since the spiral shape is widely used
in engineering, the fabrication method of this hydrogel microspring is
expected to be developed into various applications such as soft actuators.
Furthermore, polymer chains of calcium alginate hydrogel can be
decomposed by the alginate lyase. Calcium alginate hydrogel can be utilized
as a template for forming other hydrogels by using this enzyme. Other
hydrogels can be formed into fiber or spring shapes by encapsulating inside
the calcium alginate fiber (Onoe et al., 2013) or spring (Yoshida and
Onoe, 2017) and then removing the outer calcium alginate hydrogel. For
example, H. Onoe et al. showed that by using a microfluidic device with
double-coaxial laminar flow, meter-long core-shell hydrogel microfibres
encapsulating ECM proteins and differentiated cells or somatic stem cells
can be fabricated and that the microfibres reconstitute intrinsic morphologies
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and functions of living tissues. The method for fabricating cell fibers has three
steps: formation of a core-shell hydrogel fiber using the double-coaxial
laminar flow microfluidic device, culturing the cells in this core to form
a fiber-shaped cellular construct, and removal of calcium alginate shell
(Fig. 7A). In addition, fabrication of agarose hydrogel spring by using calcium
alginate shell template has been proposed. The method is also three steps: for-
mation of a core-shell hydrogel microspring by using double-coaxial laminar
flow microfluidic device and the bevel-tip capillary, the gelation of agarose
hydrogel by temperature change, and removal of calcium alginate shell
(Fig. 7B). In summary, the use of alginate as a template enables the molding
of materials that require time for gelation, such as collagen and agarose.
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Fig. 7 (A) Fabrication process of cell fiber. (B) Fabrication process of agarose hydrogel
microspring.
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3.2 Chemically cross-linked hydrogel:
Poly(N-isopropylacrylamide)

Next, we describe a typical chemically cross-linked hydrogel poly(IN-
isopropylacrylamide) (pNIPAm). pNIPAm gels are fabricated by cross-
linking an acrylic monomer N-isopropylacrylamide. Acrylic monomers
are low-molecular compounds with vinyl groups involved in polymeriza-
tion. Acrylic monomers are mainly polymerized by radical reactions.
Radical polymerization proceeds by initiation, propagation, and termina-
tion (Fig. 8A). Because the radicals generated by UV irradiation are highly
reactive, radicals are quickly transferred to monomers and produce the
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Fig. 8 (A) Reaction of radical polymerization. (B) Cross-linking of polymer network.
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radical initiator for radical polymerization (Initiation). The generated radical
initiator causes a rapid and continuous radical addition reaction to the
double-bonded part of the vinyl group of another monomer (Propagation).
This propagation reaction proceeds repeatedly until the termination reaction
occurs, and a polymer with high molecular weight is obtained at once. The
polymer chain can be cross-linked to create a polymer network structure by
copolymerizing a divinyl compound with two vinyl groups during polymer-
1zation (Fig. 8B).

These UV cross-linked hydrogels are suitable for fabricating two-
dimensional patterns by photolithography techniques. Specific pattern
hydrogels can be fabricated by irradiating UV light to the pre-gel solution
through a photomask (Fig. 9A) (Jeon et al., 2017). Various motions such
as bending (Yoon et al., 2014) and twisting (Jeon and Hayward, 2017) cau-
sed by spatially nonuniform stresses have been reported by patterning the
stimulus-responsive hydrogels and non-responsive hydrogels (Fig. 9B, C).
Such bulking-driven morphogenetic processes are common in biology
and have gained increasing attention for self~shaping materials for applica-
tions in soft robots (Ionov, 2015). In particular, the technique of
constructing a complex three-dimensional structure by folding a planar
structure 1s called “origami” (Fig. 9D) (Na et al., 2015; Silverberg et al.,
2015). The essential characteristics of a piece of origami, that is a continuous
sheet folded without cutting or gluing, are a pattern of creases that intersect
in vertices, along with the “mountain”/“valley” assignment (the direction
of bending) and folding angle for each crease. For realizing origami, photo-
crosslinkable polymer trilayers (poly(p-methylstyrene) (PpMS) — pNIPAm —
PpMs) have been developed, and the placement of open stripes of defined
width in either of the rigid layers drives bending to an angle that can be con-
trolled with excellent fidelity, and with control of mountain and valley
assignments. It is expected that the combination of photolithography and
origami strategy is powerful approach to realize the shape-morphing soft
robots and soft actuators.

In addition to the photolithography technique, many types of research
have been conducted to fabricate 3D structures by ejecting pre-gel solution
from a nozzle and UV cross-linking, just like additive manufacturing com-
monly known as 3D printing (Fig. 10A) (Li et al., 2018; Shafranek et al.,
2019). 3D printing is a form of digital products that can transfer objects
created by computer-aided design (CAD) from the virtual world into the
physical world. 3D printing using stimuli-responsive hydrogels is called
4D printing, which adds a time axis to the 3D coordinate axis, and is
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expected to have various applications as a new processing method for soft
materials (Momeni et al., 2017). The printing technologies are mainly
divided into two categories: a direct ink writing (DIW) (Kirillova et al.,
2017; Naficy et al.,, 2017) and a printing in a support bath (Uchida,
2019). During DIW, pressurized viscoelastic pre-gel inks are extruded
out of the 3D printer’s nozzles in form of printed fibers, which are deposited
into patterns based on the prescribed motion of nozzles (Fig. 10A) (Yuk and
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Zhao, 2018). Then deposited pre-gel ink can be cross-linked remaining its
shape by UV irradiation because of its viscoelasticity. On the other hand, the
pre-gel ink extruded into the support bath remains in place within the sup-
port bath because of the viscoelasticity of the support materials (Fig. 10B).
The printed pre-gel-ink in the support bath can also be cross-linked. The
advantage of printing in the support bath is that 4D structures with internal
gap such as spiral shape could be fabricated. Furthermore, multi-layered
hydrogel could be printed by utilizing the multi-flow micro-fluidic device
because the pre-gel ink is extruded through the nozzle. So, these features
enhance the variety of manufacturable structure. For further advancing of
3D printing technique, A. Sydney Gladman et al. have proposed hydrogel
composite ink composed of stift cellulose fibrils embedded in a soft acrylam-
ide matrix for enabling shape change using a single material patterned in
a one-step process (Fig. 10C) (Sydney Gladman et al., 2016). The composite
architectures are printed using a viscoelastic ink that contains an aque-
ous solution of N,N-dimethylacrylamide (or N-isopropylacrylamide), a
photoinitiator, a nanoclay, a glucose oxidase, a glucose, and a nanofibrillated
cellulose (NFC). During printing, these fibrils undergo shear-induced align-
ment as the ink flows through the deposition nozzle, which leads to printed
filaments with anisotropic stiftness, and swelling behavior in the longitudinal
direction compared to the transverse direction. Harnessing anisotropic
swelling allows precise control over the curvature in bilayer structures. In
addition to printing technology, the development of multifunctional soft
robots is expected through more study of materials.

The other types of 3D printing technology which is called stereo-
lithography have been studied since the first commercialized 3D printing
technique that was developed by Chuck Hull in 1986 (Li et al.,
2020b). A stereolithography setup is made of a container that holds the
photocurable pre-gel solution, a laser source (usually UV light) that induces
the polymerization and cross-linking of the pre-gel solution, a system that
permits the horizontal plane (X- and Y- directions) movement of the laser
beam, and a system that controls the vertical plane (Z-direction) movement
of fabrication platform (Fig. 11A). The surface of the photocurable pre-gel
solution is irradiated laser source in a 2D pattern and gelled through absorb-
ing a single photon. The fabrication platform moves layer by layer in the
Z-direction after curing each layer of pre-gel solution to create the 3D con-
struct hydrogel (Mondschein et al., 2017). In particular, two-photon poly-
merization (TPP) is utilized for fabricating micro- or nano-scale soft robots
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(Huang et al., 2020; Lv et al., 2018; Peters et al., 2016; Wang et al., 2018).
TPP uses near-infrared femtosecond laser (nIR laser) pulses in the focal vol-
ume particularly titanium: sapphire laser at 800 nm wavelength to initiate the
polymerization of photosensitive hydrogels (Fig. 11B) (Xingetal., 2015). In
the focal point of the nIR laser beam, a suitable photoinitiator can simulta-
neously absorb two photons within a small volume in the photosensitive
pre-gel solution and let them serve as one photon to trigger the cross-linking
reactions between photoinitiator molecules and monomers with a resolu-
tion of 30 pm (Liska et al., 2007). For example, Xiaopu Wang and coworkers
have been developed a spiral-shaped micro-swimmer by TPP for biomed-
ical applications (Wang et al., 2018). Huang and coworkers have proposed a
programmable modular design that directly constructs 3D reconfigurable
microstructures capable of sophisticated 3D-to-3D shape transformations
by assembling 4D micro-building blocks which are fabricated by using
two-photon polymerizable and stimuli-responsive hydrogels (Huang
et al., 2020).

4. Multi-scale function of hydrogels with functional
materials

In addition to the functions of its own polymer chains, hydrogels can
obtain various functions by encapsulating functional materials in the poly-
mer network. Thus, hydrogels encapsulating various functional materials
on the nano- to micro-scale have been proposed. Functional materials
include magnetic nanoparticles, Pt catalysts, graphene, CNTs, photonic col-
loidal crystals, and living cells.
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4.1 Magnetic nanoparticles

Typical stimuli-responsive hydrogel actuator relies on the swelling/shrink-
ing behavior caused by osmotic-pressure changes and one of the challenges is
that the response speed is slow. To solve this problem, the development of
hydrogel actuators that rapidly respond to external stimuli has been actively
developed. A magnetic field is one of the external stimuli to achieve a rapid
response. It is possible to fabricate hydrogels that respond to magnetic fields
by encapsulating magnetic nanoparticles or grafting several functional
groups onto the surface of the magnetic nanoparticles as cross-linkers
(Fig. 12A) (Li et al., 2013). For example, hydrogel actuators that expand/
contract (Fuhrer et al., 2009), or bend (Haider et al., 2015; Ramanujan
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Fig. 12 (A) Magnetic response hydrogels. (B) Bending motion. (C) Propulsion of spiral-
shaped micro-swimmer. (D) Remote actuation by AC magnetic fields. (E) Jumping
motion by nIR irradiation.
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and Lao, 2006; Yoshida and Onoe, 2017) in response to magnetic fields have
been reported (Fig. 12B). Magnetic fields are also ideal candidates for driving
soft robots in various environment including in vivo environment as i)
untethered magnetic soft robots can be operated in any magnetically trans-
parent environment (vacuum, gaseous environments, as well as conductive
and non-conductive, Newtonian and non-Newtonian liquids) and ii) inter-
action with biological tissue is not problematic (Kim et al., 2011; Peters
et al., 2016; Schenck, 2005). There has also been much research on micro-
robots that can be propelled like flagella by applying a rotating magnetic field
(Fig. 12C) (Ceylan et al., 2019; Huang et al., 2016; Yoshida and Onoe,
2020). In the low Reynolds number, propulsion by flagellar rotation is
highly efficient (Lighthill, 1976; Peyer et al., 2013). Thus, the spiral-
shaped micro-swimmer propelled by rotating magnetic fields has the poten-
tial to use the untethered soft robots in the various micro-scale environment
such as in vivo. In addition, magnetic fields are harmless to live organisms, and
the use of biocompatible and biodegradable hydrogels is expected to be
applied to in vivo therapies and drug deliveries (Bergeles et al., 2010; Soto
et al., 2020).

In addition, the Brownian motion of magnetic nanoparticles such
Fe;O4 in the gel can be induced by applied an AC magnetic field, which
results in a heat generation (Fig. 12D) (Kuo et al., 2014). Therefore, it is
possible to remotely swell and shrink the thermal-responsive hydrogel using
magnetic fields. Furthermore, sphere-shaped micro-robots that can rapidly
jump by the bubble caused by the photothermal effect of the embedded
magnetic iron oxide nanoparticles have been proposed (Fig. 12E) (Li
et al., 2020a). Therefore, magnetic nanoparticles encapsulating hydrogel
could be widely used for components of soft robotics remotely driven by
the various external sources.

4.2 Pt catalyst

Hydrogels contain a large amount of water, which allows the solution to
diffuse into the polymer network. Therefore, the function of the catalyst
encapsulated inside the hydrogel can be utilized (Lin et al., 2020). In this
section, we will particularly discuss the Pt catalyst used to supply the driving
source of the soft robot (Katuri et al., 2017). The Pt catalyst is nanoparticles
of Pt that can accelerate the decomposition of aqueous hydrogen peroxide.
The hydrogen peroxide water is instantly decomposed to produce oxygen
when contact with the Pt catalyst encapsulated hydrogel such as
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2H202 — 2H20 + OZ (1)

This decomposition reaction is extreme and produces a large amount of
oxygen. It has been proposed to use the generated oxygen as a driving source
to propel tubular-shaped (Magdanz et al., 2014), Janus particle-shaped (Seo
et al., 2015), and propeller-shaped (Hayakawa et al., 2016) hydrogel robots
(Fig. 13). As the advantages of this catalytic reaction, untethered autono-
mous soft robotics and micro-scale motor could be realized. In addition, this
catalyst reaction is also utilized not only for hydrogel-based soft robots but
also for silicone-based pneumatic untethered soft robots (Wehner et al.,
2016) since this catalytic reaction can rapidly generate oxygen.

4.3 Graphene, carbon nanotube

In general, the stimuli-responsive hydrogel actuators are driven by heat
transfer and diffusion of the solution. Therefore, it is difficult to selectively
swell/shrink only a part of the stimuli-responsive hydrogel because the
external stimuli are uniformly transferred to the entire stimuli-responsive
hydrogel. In order to solve this problem, the use of graphene, which gen-
erates heat by absorbing near-infrared light (nIR), has been reported
(Robinson et al., 2011). For example, nIR -driven hydrogel actuators have
been synthesized by interfacing genetically engineered elastin-like polypep-
tides with reduced-graphene oxide sheets (Fig. 14A) (Wang et al., 2013).
The resulting nanocomposites exhibited rapid and tunable motions
controlled by light position, intensity, and path, including finger-like flexing
and crawling (Fig. 14B).

The CNTs, an allotropic form of carbon, are cylindrical nanostructures
with a hexagonal arrangement of sp> hybridized carbon atoms. Basically, it is
a rolled-up graphene sheet having one single-walled (Vashist et al., 2018).
SWCNTs can also enhance the water molecule transport, dual-responsive
actuators (thermal and optical) using poly(N-isopropylacrylamide)
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(pNIPAM) have fabricated (Zhang et al., 2011), and the fast response speed
was achieved. As graphene and CNTs constitute only carbon, hence have
superior biocompatibility, low toxicity, and immunogenicity, which make
them an ideal candidate to be used for biomedical applications. Near-
infrared light has also biopermeability since water, which makes up 60-70%
of the human body, is the most difficult to absorb nIR (~0.8-1.2um).
Therefore, a driving method using graphene or CNTs and nIR is very
promising as a remote control and energy source for micro-robots operating
in living organisms.

4.4 Photonic colloidal crystal

For applying these stimuli-responsive hydrogels for biochemical sensors, it is
necessary to convert the external stimulus to another type of information. A
photonic colloidal crystal hydrogel, in which monodispersed colloidal par-
ticles (diameter: 1 nm—1 pm) are regularly arranged, is expected to be a pow-
erful tool for sensors based on a stimuli-responsive hydrogel (Fig. 15A)
(Ge and Yin, 2011). The photonic colloidal crystal hydrogel reflects
visible-light wavelength through Bragg’s diffraction as.
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where d is the distance of the colloid particles, # is their effective refractive
index, @ is the angle of the incident light. In this hydrogel, the intensity of
the stimulus can be converted to visible color information by the change in
the distance between the colloidal particles (Fig. 15B). Thus, it is possible to
obtain the sensing information with the naked eye. In previous research, var-
ious types of photonic colloidal crystal hydrogel sensors have been proposed
such as flexible skin temperature and alcohol sensor (Tsuchiya et al., 2019),
humidity sensor (Tian et al., 2008), and certain analyzes (Ye et al., 2012).

As a method to align the colloidal particles, vaporization of solvent
(Nakayama et al., 2003; Saito et al., 2003) and desalting by using ion
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exchange resin (Tsuchiya et al., 2019) are proposed. In the vaporization
method, photonic colloidal crystals are constructed by gradually evaporating
a solution in which colloidal particles are dispersed (Fig. 15C). Then a
pre-gel solution 1s added to the constructed colloidal crystals. After gelation,
the inner colloidal crystal is dissolved by hydrofluoric acid. The porous
structure which is called inverse opal created by the dissolution of the col-
loidal crystals can be used to reflect visible color. In the desalting method, the
colloidal particles are arranged in the pre-gel solution by an electric double
layer (Fig. 15D). The arraying method using an electric double layer of'silica
colloidal particles was described. The surface of silica colloidal particles is
covered with silanol groups. Normally, the silanol groups are electronega-
tive in solution such as.

Si—O-H—Si—O0 +H" 3)

The ionized H" is attracted to the colloidal particles by electrostatic
interaction, while it tends to distribute uniformly by thermal motion.
Therefore, H" is distributed in the vicinity of the colloidal particles while
diffusing, which is called the electric double layer. The ions present in
the solution are exchanged to H" and OH™ when the colloidal solution
is mixed with the ion exchange resin and desalted. The concentration of ions
in the colloidal solution decreases since the exchanged H™ and OH™
become water (H,O) molecules in the solution. As a result, the ions in
the vicinity of the colloidal particles have a stronger force to diffuse uni-
formly in the solution, thus increasing the thickness of the electric double
layer. The increasing thickness of the electric double layer causes strong
repulsion to act between the particles, and the colloidal particles arrange
themselves in a regular pattern.

One of the challenges of colloidal crystal structure color is that the
observed color was changed depending on the observation angle because
the wavelength of the reflected light is determined by the distance of the
particles. To overcome this problem, a sensor with less angular dependence
has been proposed by fabricating the spherical photonic colloidal crystal
(Suzuki et al., 2017; Tsuchiya et al., 2019). Moreover, photonic colloidal
crystals have the advantage of not color degradation because they are colored
by their structure. Thus, photonic colloidal crystal hydrogels are expected to
be used as a simple, wearable, and long term sensor because conventional
analyzers are large, and small colorimetric sensors also have problems such
as color degradation.
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4.5 Living cells

At the end of this section, a hybrid system that integrates living cells and
hydrogels are described (Ricotti et al., 2017). In previous research, biomi-
metic soft robots have been achieved by integrating cardiac muscle and soft
materials through fibronectin (Fig. 16A) (Nawroth et al., 2012; Park et al.,
2016). Cardiac muscles are an attractive driving source for soft robots since
cardiac muscle beats spontaneously. However, integrating living cells
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Fig. 16 (A) Biomimetic soft robots integrated cardiac muscle and soft materials trough
fibronectin. (B) Bio-hybrid actuator that cultivates skeletal muscle on a device with
pillars driven by electrical stimulation.
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through fibronectin can only construct a two-dimensional actuator.
Therefore, in order to realize more complex actuation, it is necessary to con-
struct the three-dimensional tissue. Some hydrogels can be used as a support
substrate for living cells. In particular, collagen gel is the most widespread
protein in living organisms and constitutes connective tissues such as skin,
tendons, and bones in the body. Living organisms are composed of many
cells, and collagen gel plays an important role as a matrix between these cells.
Therefore, research on constructing three-dimensional collagen gels has
been actively conducted not only for soft robot applications but also for
applications in regenerative medicine. For example, type I collagen is a pro-
tein consisting of three polypeptides with about 1000 amino acid residues,
and these three polypeptides are twisted together to form a three-stranded
helix structure. The outer part of the helix is composed of proline, a hydro-
phobic amino acid, and collagen is gelled by hydrophobic bonds formed by
hydrophobic amino acids. The hydrophobic bond shows a higher binding
force at a higher temperature, so collagen becomes a sol at low temperature
and a gel at high temperature (<~37°C). Therefore, three-dimensional
structures of collagen gel can be constructed by placing the chilled cell
suspended pre-gel solution in a mold and heating it (Raman et al., 2016;
Raman et al., 2017). Collagen gels with living cells also can be formed into
three-dimensional tissues such as beads (Matsunaga et al.,, 2011), fibers
(Onoe et al., 2013), and springs (Yoshida and Onoe, 2017) by using micro-
fluidic devices. In fact, a bio-hybrid actuator that cultivates skeletal muscle
on a device with pillars driven by electrical stimulation has been reported
(Fig. 16B) (Morimoto et al., 2020). Muscle tissue is one of the potential can-
didates used as the driving element of bio-hybrid soft robots owing to its
high contraction efficiency and superior power-to-weight ratio of contrac-
tions (Ricotti et al., 2017; Ricotti and Menciassi, 2012). The development
of biochemical sensors using cells with odor receptors is also underway
(Hirata et al., 2019), and the use of cells with various functions will open
up new avenues for bio-hybrid soft robots.

5. Integrated soft robots by bridging multiscale
elements

Finally, we present soft robots that integrate micro-scale elements
constructed with hydrogels. By integrating the multiscale elements, it is
possible to realize systems that cannot be realized by using only functional
hydrogel elements. It has been reported that the volume changes of
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stimuli-responsive gels by swelling and shrinking can be converted into
motion control for soft robots. There are two main ways to integrate hydro-
gels. The first is to combine a functional hydrogel with a mechanism made of
a rigid material such as elastomer or resin. The rigid mechanism can be
driven by the volume change of the stimuli-responsive gel. The other
method is to construct an integrated system by patterning multiple func-
tional hydrogels. Taking advantage of the flexibility of hydrogels, the shape
of the gel robot can be changed by the volume change of the stimuli-
responsive gel to create new functions.

5.1 Integrated with rigid body

B. Xu et al. have proposed a system that integrates a propulsion mechanism
using cardiac muscle and a propulsion control using stimuli-responsive
hydrogel (Fig. 17A) (Xu et al., 2019). The system was composed of three
elements: An airplane-shaped elastic body constructed with a 3D printer,
cardiac muscle sheets arranged in a line as a propulsion source, and a
temperature-responsive hydrogel (pNIPAM) with gold nanorods for pro-
pulsion control. The soft robot is actuated by a muscular tail fin that emulates
the swimming of whales and works as a cellular engine powered by the syn-
chronized contraction of striated cardiac microtissue constructs. For a tran-
sition of propulsion behavior, the soft robot can be optically triggered to
transform from a spread to a retracted form, which effectively changes the
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Fig. 17 (A) Integrated soft robots composed of elastic body, cardiac tissue, and
stimuli-responsive hydrogel. (B) Transition of propulsion behavior by stimuli-responsive
hydrogel.
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bending stiffness of the tail fins, thus minimizing the propulsion force from
the tail fin and effectively switching oft the engine (Fig. 17B). There are sev-
eral problems with conventional untethered microrobots: the robots can
only propel at a specific condition such as the presence of hydrogen peroxide
water, and it is difficult to control their propulsion behavior remotely. So,
their work has taken a major step in solving the control problems by pro-
viding alternative programmable motion control strategies by integrating
functional hydrogel, elastic body, and living cells. In addition, a targeted
drug delivery strategy by using the floating-plane transformable robot as a
cargo carrier was implemented by using the deformation of the soft robot.

Y. Morimoto et al. have developed a bio-hybrid robot actuated by an
antagonistic pair of skeletal muscle tissues based on the concept of biological
systems (Fig. 18) (Morimoto et al., 2018). Skeletal muscle tissues are attrac-
tive driving elements owing to the precise controllability of their contrac-
tions, in contrast to cardiac muscle tissues. However, the contractions of
the skeletal muscle tissues on flexible substrates do not last for a long time
due to spontaneous shrinkage of the tissues caused by their intrinsic traction
force that increases through the course of culture (Cvetkovic et al., 2014).
To overcome these issues, biological systems use antagonistic pairs of skeletal
muscles. The bio-hybrid robot has a joint connected to the skeletal muscle
tissues via flexible ribbons for taking the advantage of the antagonistic pair of

Antagonistic pair of
sleltal muscle tissues

Flexible ribbon

\/l o
Pair of electrodes . . . N
Selective contractions of

skeltal muscle tissues

Contraction Extension
Extension Contraction

Fig. 18 Bio-hybrid robot actuated by an antagonistic pair of skeletal muscle tissues.
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skeletal muscle tissues. When skeletal muscle tissues are selectively con-
tracted by applying electrical stimulations with gold electrodes, linear con-
traction and extension of the skeletal muscle tissues can induce a smooth
bidirectional rotation of the joint, leading to large actuation of the
bio-hybrid robot. These achievements indicate that the proposed bio-
hybrid robots would exceed the limitations of design in conventional
bio-hybrid robots that have been restricted to actuate like a mollusk.

By combining soft and hard materials, integrated systems could be real-
ized by taking advantage of each material, just like the structure of a living
body. However, the hydrogel is a wet material, whereas most hard materials
are dry. Therefore, it is desirable to develop a technology to bond hydrogels
and hard materials.

5.2 Hydrogel patterning integrated systems

X. Du et al. have presented a new untethered soft millirobot with magnetic
actuation in the head and function in the tail by implementing control, actu-
ation, and sensing directly in the materials, thereby endowing robots with
multimodal locomotion and environment-adaptive functions (Fig. 19A)
(Du et al., 2020). The hydrogel-based millirobots were fabricated by two-
step photopolymerization. Due to the soft and asymmetric structure, the
millirobot achieved robust multimodal locomotion, including controllable
and transformable crawling, swinging and rolling, and helical propulsion in

()

Ist UV 2nd UVpNTP T

functional materials

Cut into
desirable sizes

pNIPAmM with NdFeB Polymer spacer

(b)

Crawling Swinging Rolling Hellical propulsion

Motion images ( /’%) C::\\% :} (:) (@_ﬁ:

Direction of T' T‘P’ &?‘ %7
ity 2 2 S%
Fig. 19 (A) Fabrication of untethered soft millirobot with magnetic actuation in the

head and function in the tail. (B) Multi-motion of soft millirobot: crawling, swinging,
rolling, and helical propulsion.
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water (Fig. 19B). The soft robot also possesses extraordinary functions, for
example, optical camoutflage in water, controllable delivery, and interaction
with the changing environment via visible color—shifting. This seamless
integration of bioinspired design and smart materials with hydrogels pro-
vides a powerful strategy for the development of the next-generation
smart robot.

Finally, we will introduce soft spiral-shaped microswimmers that can
autonomously control swimming behavior by detecting surrounding envi-
ronments (Fig. 20) (Yoshida and Onoe, 2020). One of the most important
characteristics of evolution has been motility, which became essential for
survival or targeting activities like reproduction for many organisms. To this
end, many microorganisms developed soft spiral-shaped flagella and their
flagella can change the morphology of their spiral-shaped flagella to control
swimming motility. The morphological change of the flagella achieves
robust and adaptive chemotaxis responding to both attractants and repel-
lents, such as nutrients, temperature, and pH. By mimicking these flagella
systems, spiral-shaped rigid microswimmers have been developed for vari-
ous applications, such as target drug delivery, micro-object transport, and
micro-fluid manipulation. However, these microswimmers largely consist
of metals and propel themselves by applied external rotational magnetic
fields. So the swimming direction and velocity can be solely controlled
by external systems because the morphology of their spiral bodies cannot
be deformed. Features of the stimuli-responsive hydrogel, which are

Non-responsive hydrogel
Stimuli-responsive hydrogel

(1)Propultion by rotational
magnetid fields

(ii) Geometry change by
the environmental stimuli

(iii) Propulsion force change

Fig. 20 Soft spiral-shaped microswimmers that can autonomously control swimming
behavior by detecting surrounding environments.
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flexibility and stimuli-responsiveness, are attractive functions for realizing
the autonomous swimming motility control by the geometry of micro-
swimmer change. By patterning the stimuli and magnetic responsive hydro-
gel through a bevel-tip based microfluidic device, the spiral shape changes in
response to the environmental stimuli and, therefore, the swimming motility
of the microswimmer as well. This multi-scale function integration strategy,
which uses the morphology of soft robots, stimuli-responsiveness of the
hydrogel, and functional materials, can open new avenues for various micro-
scale biochemical applications, such as autonomous soft-robots and soft
micro-probes for the intricate, minuscule environment.

Researches on the integration of multiple hydrogels to create new
functions were explained. As described in this chapter, hydrogel could be
characterized using the ability to encapsulate various functional materials,
including other stimuli-responsive hydrogels. Moreover, complex compart-
mentalization characterized by a microfluidic device and photolithography
technique can also contribute to the optimization of their internal structure
and functionality enhancement.

6. Discussion
6.1 Problems of stimuli-responsive hydrogel

There are three important obstacles to stimuli-responsive hydrogel: the driv-
ing environment, the brittleness of hydrogel, and the slow responsiveness.
Most stimuli-responsive hydrogels swell/shrink by osmotic-pressure change
with aqueous solution transfer. Thus, most stimuli-responsive hydrogel-
based soft robots can only drive in the presence of a solvent. To prevent
the hydrogels from dehydrating, H. Yuk and coworkers have devised a
method to robustly bind hydrogels to elastomers such as rubber and silicone
that are stretchy like hydrogels yet impervious to water (Yuk et al., 2016).
The first physically crosslink the dissipative network to form a hydrogel
infiltrated with monomer/macromonomer solution of the stretchy net-
work, which can be crosslinked in future steps (Fig. 21A). Then, an elasto-
mer is also cured before bonding with hydrogels. Benzophenone in ethanol
solution was treated to elastomer via swelling-driven surface absorption
of benzophenone solution to address elastomers’ oxygen inhibition effect
(Fig. 21B). The benzophenone also acts as an ultraviolet-assisted grafting
agent for covalently crosslinking hydrogel polymers on elastomer surfaces.
Thereafter, the pre-shaped hydrogel and elastomer are assembled into a
hybrid, and then the stretchy polymer network in the hydrogel is then
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Fig. 21 (A) Hydrogel is first physically cross-linked. (B) The surface of a cured elastomer
is treated with benzophenone. (C) The pre-shaped hydrogel and elastomer are assem-
bled together followed by UV irradiation to chemically crosslink the other polymer net-
work in the hydrogel.

cross-linked by UV irradiation and grafted on the surface of elastomer
(Fig. 21C). Since the proposed method does not rely on specific types of
polymers, it is expected that the integrated soft robots composed of elasto-
mer and hydrogel can potentially transform their existing applications and
enable new functions.

Another challenge for soft robot applications is that hydrogels are usually
brittle. There are two main reasons: (i) Since hydrogels are swollen with sol-
vent, the density of the polymer chain is low and the friction of the polymer
chain is weak, (ii) Because of the non-uniformity of the mesh structure of the
polymer network, the applied stress is concentrated in the weakest part. To
overcome these problems, various types of polymer network design such as
topological hydrogels (Okumura and Ito, 2001), nanocomposite hydrogels
(Haraguchi and Takehisa, 2002), and double-network hydrogels(Zhao,
2014) have been developed. The topological hydrogel can adjust the
inter-branch distance of the polymer chains by itself. Topological gels are
polymer networks of polyrotaxane that are formed polyethylene oxide
chains through cyclodextrin, a cyclic molecule. When the polymer chain
is deformed under stress, the cyclodextrin moves in response to the defor-
mation. As a result, the concentration of local stress can be prevented.

The strength of nanocomposite hydrogels is increased by minimizing the
heterogeneity of the polymer network through the use of clay nanoparticles.



188 Koki Yoshida and Hiroaki Onoe

Nanocomposite hydrogels can be prepared by polymerization of polymers
such as NIPAm with crosslinking agents in the presence of hectorite, which
1s clay particles of several tens of nanometers in size. 10-100 polymer chains
are adsorbed on the surface of the clay particles by hydrogen bonding, which
acts as a bridge and increases the strength of hydrogel.

The double-network hydrogel consists of a double polymer network
with symmetrical properties, which are a brittle polymer network and a flex-
ible polymer network, and achieves high strength by dissipating the applied
stress. At the crack tip of a double-network hydrogel, the brittle network is
first broken by stretching, and then the flexible network is broken by
stretching. In order to fully stretch the flexible polymer chains at the crack
tip, the brittle polymer network around the crack must be extensively bro-
ken before the flexible polymer chains can be fully stretched. This means
that the brittle polymer network can efficiently absorb the elastic energy near
the crack by viscous dissipation or large deformation for preventing crack
growth. Various combinations of double-network hydrogel (Chen et al.,
2015) including sodium alginate (Sun et al., 2012) and have been proposed
and the double-network hydrogel actuator has also been proposed (Zheng
et al., 2015).

Responsive speed to applied stimuli is an important factor in the appli-
cation of stimuli-responsive hydrogels for soft robots. The typical response
of stimuli-responsive hydrogel occurs in two steps: heat transfer or solvent
diffusion into the hydrogel and the volume change by osmotic-pressure
changes. Thus, the swelling/shrinking speed is also dependent on inversely
proportional to the square volume of the hydrogel. The more response time
of stimuli-responsive hydrogel is taken as the hydrogel larger. To improve
the swelling/shrinking speed of the stimuli-responsive hydrogel, it is neces-
sary to make the hydrogel smaller such as a thin fiber shape or sphere shape.
In other words, it is effective to increase the surface-to-volume ratio to
achieve fast response, and fast responsive hydrogel with porous structure
has been reported (Jiang et al., 2015). In recent years, it is revealed that
the response speed can be improved by devising the three-dimensional poly-
mer networks through molecular design (Zhang et al., 2008). A typical
example is the grafted hydrogel synthesized by Okano et al. (Kaneko
et al., 1995). This grafted hydrogel has a graft structure in which multiple
linear pNIPAm chains hang from the mesh polymer chains of the
temperature-responsive pINIPAm hydrogel. The grafted linear pNIPAm
chains have freely movable ends and they are therefore more mobile
than cross-linked polymer chains. As the temperature is increased, the
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hydrophobized graft chains quickly shrink due to dehydration. The contrac-
tion of the entire hydrogel is accelerated by the aggregation force of the
formed hydrophobic liner chains. For another example, since the
stimuli-responsive hydrogel expels the dehydrated solution when the vol-
ume is changed, to increase in the efficiency of solvent drainage during
hydration by using amphiphilic polymers for rapid swelling/shrinking have
also been reported(Yan et al., 2005).

6.2 Other functional hydrogels

Various hydrogels with novel functions such as self~growing (Matsuda et al.,
2019), improving bio-adhesion (Nonoyama, 2020; Yuk et al., 2019) and
conductivity (Chakraborty et al., 2019), and energy source (Schroeder
et al., 2017) have also been reported in fields other than soft robot applica-
tions. Some of these functional hydrogels are briefly introduced. For
self-growing hydrogels, force-induced polymer strand scission is the
destructive trigger that initiates reconstruction. Rupture of a polymer chain
by mechanical force typically generates mechanoradicals that can trigger
chemical reactions and then polymerization was induced by the caused
mechanoradicals for the reconstruction. Therefore, the hydrogels are sub-
stantially strengthened under repetitive loading through a structural destruc-
tion reconstruction process. In addition, conductive hydrogels were
attractive materials for flexible electronics, which is also expected to use for
components of soft robots. The conductive hydrogels divided into three cat-
egories: ion conducting gels, conducting polymer gels, and Supramolecular
conducing gels. Ton conducting gels contain large amounts of metal ions,
hydrogen ions, or ionic liquids, thus the hydrogels have conductivity.
Conducting polymer gels usually possess highly m-conjugated polymeric
chains. Some typical conducting polymers are polyacetylene (PA), polyaniline
(PANI), polypyrrole (PPy), polythiophene (PTh), poly(phenylenevinylene)
(PPV). Supramolecular conducing gels produced from supramolecular inter-
actions that exhibit electrical conductivity. Supramolecular gels are bestowed
with the magnificent property of responding to external stimuli like heat,
light, ultrasound, mechanical shear owing to the non-covalent interactions
that manufacture them.

By using such functional hydrogels, it is expected to construct systems
that are integrated with biological and electronic devices. In the future, inte-
grated multifunctional soft robots are expected through more development
of other functional hydrogels.
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7. Conclusion

In summary, we have introduced various hydrogels as materials that
integrate multiscale functions. First, the nanoscale functions of hydrogels,
especially their stimuli-responsive properties were explained. Since the
stimuli-responsive hydrogel changes its volume in response to the external
environment, it can simultaneously realize the sensing and actuator func-
tions. These functions are very attractive for the realization of soft robots,
and it is expected that stimuli-responsive hydrogels can be used to construct
autonomous systems that respond to the external environment.

Next, the methods for fabricating various shapes of hydrogel were
explained. Since hydrogels are obtained by cross-linking polymer networks,
various shapes of hydrogels can be fabricated utilizing microfluidic devices,
photolithography, and 3D printing. In addition, new systems could be
constructed by devising stimuli-responsive hydrogel patterns and hydrogel
shapes, as in the actuator application of spiral-shaped hydrogels. Therefore, it
is desirable to develop a technology to realize more complex shapes in the
future.

And then, we described the multi-scale function of hydrogels with func-
tional materials. By encapsulating or grafting functional particles such as mag-
netic nanoparticles and platinum nanoparticles inside the hydrogel, hydrogels
with magnetic responsiveness or catalytic functions can be realized. In addi-
tion to utilizing functions of materials, the integrated systems such as the rapid
and remotely driving soft actuator composed of stimuli-responsive hydrogel
and graphene by nIR irradiation were also achieved. For realizing soft chem-
ical sensors, the combination of stimuli-responsive hydrogel and photonic
colloidal crystal, which reflects visible-light wavelength through Bragg’s dif-
fraction, has been proposed. By using these systems, the intensity of the stim-
ulus can be converted to visible color information. Living cells are also
attractive materials for the driving force of soft robots or sensing elements, thus
constructing and integrating the 3D tissue through hydrogels are a powerful
tool to accomplish the bio-mimetic or bio-hybrid soft robots.

Finally, we presented two types of strategies for integrating micro-scale
elements constructed with hydrogels: integrated with rigid body and hydro-
gel patterning integrated systems. By utilizing stimuli-responsive hydrogel as
a driving source for rigid mechanisms, integrated systems that utilize the
advantages of flexibility and rigidity, such as the skeletal muscle system of



Integrated microsystems for bridging multiscale elements 191

a living body, can be realized. Moreover, by patterning various functional
hydrogels, the advanced system such as motility control responding to the
surrounding stimuli by integrating the shape transition function, the sensing
function, and magnetic responsiveness.

In summary, we believe that the integration strategies of multi-scale ele-
ments based on hydrogel could open a new avenue for realizing advanced
systems including soft robots, flexible devices, and biomimetics that take
advantage of flexibility and biocompatibility, which cannot be achieved
with conventional mechanical systems.
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Abstract

In the last decade many different developments have taken place in the field of sensors
driven by many new needs of the today world. In this context, gas sensors and volatile
organic compounds sensors are for sure very interesting devices, thanks to the wide
range of applications in which they can be employed. Smart, soft, highly sensitive sys-
tems are all examples of innovative typologies of instruments that can be fabricated
working with proper formulated materials. In this work we are going to give an overview
of the latest developed sensing materials that can be employed for volatile organic
compound detection, focusing first of all on their synthesis and features and then going
deeper in their engineering applications. All of the presented devices are analyzed
from the perspective of their possible employment as end of service life indicator for
respirator cartridges. This application, which represent a novelty in the field, would
determine the possibility to monitor the service life of different personal protective
equipment and would be a turning point for the workplace safety in various contexts.

Advances in Chemical Engineering, Volume 57 Copyright © 2021 Elsevier Inc. 197
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1. Introduction

Volatile organic compounds (VOCs) are organic chemicals character-
ized by a low-molecular-weight and by a high vapor pressure at room tem-
perature (Li et al., 2020b). These peculiarities cause their so-called volatility:
the evaporation, or sublimation, of a larger number of molecules that pass
in gas phase in the surrounding air. VOCs are various and include many
different chemicals with different features: because of this, in order to be con-
sistent from case to case, the European Union has given a precise definition of
VOC as “any organic compound having an initial boiling point less than or
equal to 250 °C measured at a standard atmospheric pressure of 101.3 kP,”
(European Union, 1999).

VOC:s are present in everyday life and play an important role in many
natural and industrial processes: clear examples are ethanol, formaldehyde,
isopropanol or acetone. Unfortunately, many of these compounds are dan-
gerous to human health and associated with respiratory, allergic or immune
responses and because of this great attention is given to them (Soni et al.,
2018). As many other pollutants their effects are directly correlated with
the extent and the intensity of the individual exposure and so the key point
to prevent any harmful consequence is to be able to limit the exposure
and protect users (Soni et al., 2018). A challenge of this kind is not trivial
and, in any case and for any adopted solution, it is necessary to ensure that
workers are exposed to chemical substances concentrations lower than the
threshold limit value (TLV), the level to which an operator can be exposed
day by day for a working life without harmful effects (Mills, 2016). In this
context it is possible to point out two main strategies: on one side, in specific
situations, it is possible to reduce VOCs emissions and be able to reach safe
ambient conditions. By the other side, when this action cannot be realized,
it is necessary to reduce the exposure of the single person to the harmful
compound. This task is usually accomplish exploiting the PPE (personal
protective equipment) that, if properly worn by the users, guarantees appro-
priate and complete protection (Decaens and Vermeersch, 2016). This
second working strategy is clearly the one that requires greater attention:
PPE technologies are widespread, find application in many industrial fields
and they are applied in the protection from the most dangerous chemicals.
It is clear how the ability to guarantee a complete and constant protection to
the operators is the pivotal point of any PPE suppliers. Because of this in the
last decades many advances have been obtained in the field, exploiting new
materials, configuration and combination of technologies (Reddy et al., 2019).
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In this context when masks or respirator cartridges are employed a key
point, that is still an outstanding question, is to be able to know when it is
time to replace them (Barro-Torres et al., 2012). Up to now every day in the
majority of the working contexts, the replacement decision of the operators
is based on some main factors like the general guidelines from cartridge
suppliers on the PPE durability, the experience of the operator that work
with that specific PPE or the smell of the user that is wearing the PPE
(Mulvey et al., 2019). These factors are, unfortunately, weak guidance: they
are strictly case and operator dependent, they do not take into account
possible changes in the working environment and, for example, in the case
the decision is based on the smell of the operator, they directly expose the
workers to harmful compounds. It is therefore clear that in this way it is
not possible to guarantee an appropriate protection to the operators. All
these considerations, together with the need to constantly improve the safety
of workers in the workplace, encouraged the ideas and thoughts on a way
through which workers and operators can be able to monitor the service life
of their PPE and be able to change them in time in order to be sure to be
always well protected. A device with this functionality is usually called “End
of service life indicator” (ESLI) (Favas, 2005) and it can be defined as follows:

An ESLI is a sensor device that warns the operator about the approaching
expiration term of the service life of his PPE, so that a timely replacement of the
equipment can take place.

Commonly ESLI devices are intended to be designed in order to be
integrated in their corresponding PPE in such a way that they can follow
the adsorption profiles and the progression of gases on the filtering material
and detect when the system is saturated. This is a pivotal point because it is
the simpler way through which the ESLI device can track and monitor the
life of the PPE exploiting its function (Checky et al., 2016). Unfortunately,
although some of these devices are already available on the market, their
diffusion is very limited and very few industries and companies use them.
The reasons behind this can be many such as high costs, awkward technol-
ogies, lack of sensitivity or selectivity. Because of all these reasons, the devel-
opment of proper ESLI technologies still remains an open challenge.

[t is probably already clear to the reader that the core element in any ESLI
device is the integrated sensor. In fact, the sensing ability of the device in
detecting VOC:s is pivotal in order to be able to understand the remaining
service life of the equipment. In this context smart sensors represent for sure
one of the most important technologies thanks to their versatility, tunability
and easy integration in other primary equipment (Das and Roy, 2021).
Obviously “smart sensor” is a broad topic, with multiple variables: in
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Section 2 we broach the subject of smart sensing techniques focusing on
main literature-reported technologies and their application as end of service
life indicator.

2. Smart sensors
2.1 Smart materials

The technologies and the applied materials that support engineering appli-
cations have faced an important evolution in the last 20 years (Hruska, 2015).
New smart materials have been developed and thoroughly studied, focusing
on specific features that can be exploited in a wide range of applications.
In the context of interest for this present work many materials such as
metal-organic-frameworks, nanostructures or polymer of intrinsic micropo-
rosity can be employed and integrated as sensors devices for volatile organic
compounds detection (Beluomini et al., 2019; Tung et al., 2020; Wang
et al., 2020a). One of the most important properties for all of these systems
is for sure the large specific surface area that guarantees high level of absorp-
tion and tunable behavior. Moreover, the presence of surface chemical func-
tional groups can promote the adsorption of VOCs and enhance important
sensing properties (Li et al., 2020Db).

Every sensor obviously presents different working principle, anyway
they commonly show a variation in their structural, electrical or optical
properties subsequent to the interaction of the sensor with VOCs that
permits to determine the presence of the gas (Favas, 2005). The integration
of these sensors in respirator cartridges, their calibration and setting taking into
account the working conditions of the whole system, allows to obtain an end
of service life indicator for the cartridge that can improve the safety of users.

In Section 2.2 we are going to analyze different sensors solutions,
focusing first of all on theoretical aspects of their structures and then going
deeper in some of their possible specific applications for gas sensing and their
potential employment as end of service life indicator.

2.2 Sensors applications

2.2.1 Polymer of intrinsic microporosity

One of the most recognized and useful material in the field of gas sensing is
represented by polymers of intrinsic microporosity (PIM) (Carta et al., 2009).
This unique class of structures is commonly classified as a porous organic poly-
mer, containing a continuous network of interconnected intermolecular
voids. The porosity of the structure is obtained by the inner macromolecular
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chains that do not efficiently pack in the solid state and present a rigid
non-linear feature. In order to guarantee permanent microporosity it is
pivotal to avoid the rotation along the polymer chain (McKeown, 2020).
This is realized through the use of fused ring structure; moreover, steric
inhibition can be exploited to avoid changes of the conformation. Various
synthesis methods are available, anyway because of the previous consider-
ations, a conformationally locked monomer is needed and a polymerization
reaction that determines a linkage with prohibited rotation have to be per-
formed. Three main polymerization reactions can be realized. Briefly, the first
typology of polymerization is represented by a double aromatic nucleophilic
substitution mechanism that enable to obtain a dibenzodioxin linkage. The
second possibility exploits the Troger’s base formation, and finally it is pos-
sible to obtain this kind of polymer through the formation of amide linkages
starting from monomeric units (Stanovsky et al., 2021).

These structures present important properties. First of all, a high
solubility in common organic solvents can be noticed, this is probably deter-
mined by the rigid macromolecular structures that help to reduce the inter-
molecular cohesive interactions limiting the close contact between polymer
chains. Moreover, these systems demonstrated to be thermally stable up to
450°C and with also important strain resistance (Wang et al., 2020b). The
microporosity is for sure the most important features of these polymers
determining a high-free volume, high internal surface area and high affinity
with gases.

All these properties made this material an ideal candidate for sensor
fabrication to trace organic compound. A clear example of that is represen-
ted by the integration of this microporous material in a thin film transducer
that produces changes in color upon exposure to a wide range of volatile
organic compounds (Budd et al., 2004). This sensor was fabricated using a
metalized (N1 metal) polyethylene terephthalate substrate, while the polymer
microporous network was obtained by a bis catechol 5,5,6,6'-tetrahydroxy-
3,3,3',3'-tetramethyl-1,1"-spirobisindane assembled using dibenzodioxane
formation. The PIM formation occurred due to the number of spirocyclic
linkages attached to each planar functional unit (Budd et al., 2004). A 4% wt
solution of this polymer in chlorobenzene was prepared and cast onto the
Ni-coated PET by spin-coating, to a dry thickness of 600 nm. Then a silver
nanoparticle stack layer was spin coated onto the PIM layer using a solution
1:1 (w/w) of nanosilver metal suspension in methanol (40% wt). Finally,
after this deposition, the system was heated at 150°C for 1h to sinter the
silver nanoparticles (Christopher Thomas et al., 2011).
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The working principle of the sensor is based on a reflective interference
filter, realized by positioning the microporous material (500-600 nm thick-
ness) between two reflective metallic layers (Checky et al., 2016; Rakow
et al.,, 2010). Partial light reflection was provided by metallic mirror
(10nm thickness), while another portion of incident light was allowed to
travel through the microporous layer. The light is reflected back through
the stack by the permeable metallic mirror (200-300 nm thickness) and inter-
feres optically with the light reflected oft of the partial mirror. Adsorption of
gases in microporous network, if the vapor concentration is up the minimum
indication level (MIP), aftects the light reflection properties of the system,
determining a shift in the wavelength of reflected light. This mechanism,
schematized in Fig. 1A, determines an optical output signal that can advise
of gas presence and, if properly integrated, monitor the progressive gas adsorp-
tion in a respirator cartridge.

As it is shown in the Fig. 1B the system is highly responsive and respond
at concentrations down to 50 ppb.

This technology is the first one that has been industrially implemented.
As reported in literature (Checky et al., 2016), this optical sensor can be
attached to the inside wall of an organic vapor resistor cartridge, next to
the activated carbon of the filter, and be used as end of service life indicator
tor this specific device. When organic vapors move through the cartridge,
they also pass through the permeable reflective layer and the PIM adsorb
them. This is the cause of the color shift and it is possible to see the progres-
sion of organic vapors through the cartridge via the growth of the ESLI
indicator bar. This mechanism is schematized in Fig. 2.

In this system the color change of the indicator does not represent an
“end-state” reference color, but it monitors the progression of the gases
adsorption on the filter and when any part of the indicator bar touches
the marked end line it is time to change it. It is clear how the positioning
of the sensor is not trivial, the sensing element (PIM) has to touch the active
carbon so that it can follow its progressive saturation and be contacted by
gases changing its reflectivity.

This kind of system has been tested with various organic vapors and in
different conditions of humidity, temperatures and flow. Its performances,
in each test realized, respected the NIOSH (National Institute of Safety
and Health, USA) requirements, so that the end of cartridge life is indicated
at or before 90% of the actual service life.

This device is one of the few systems of this kind already available on
the market, and its efficacy have been widely demonstrated. Anyway, many
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Fig. 2 Progression of the ESLI indicator bar in filter cartridge due to gases adsorption.
Reproduced by permission of Taylor and Francis: Checky M, et al: Evaluation of a passive
optical based end of service life indicator (ESLI) for organic vapor respirator cartridges,
J Occup Environ Hyg 13(2):112—120, 2016.

other technologies are available and can be developed to obtain a final system
easily integrable in respirator cartridges. In Sections 2.2.2-2.2.4 we are going
to analyze these upcoming strategies.

2.2.2 Metal organic frameworks (MOFs)
One of the most important family of upcoming materials in the field of gas
absorption and sensing are the metal-organic frameworks (MOFs). They are
a class of porous systems consisting of metal ions linked together by organic
linkers with high internal surface areas up to 6000m>/g (Saced et al., 2020).
They are commonly identified as coordination networks containing poten-
tial voids. During its formation, the system starts extending, through repeat-
ing structures, in one dimension, but thanks to the cross-link between the
chains the whole network can grow in two or three dimensions (Safaei et al.,
2019). In literature various strategies for their synthesis are reported and
they can be very different depending on the typology of MOFs realized
(Cai et al., 2020). Here, for the sake of brevity, we are going to only give
an overview of main employed fabrication technique. First of all, since
the study of MOFs developed from the study of zeolite, they were initially
produced in a similar way using hydrothermal or solvothermal techniques,
with crystals slowly grown from a hot solution (Deng et al., 2021). In the
years new techniques have been developed, employing microwave synthe-
sis, ultrasound or electrochemistry. Moreover, great interest is today given to
the solvent-free preparation of MOF films and composites, for example,
employing the chemical vapor deposition (Wang and Astruc, 2020).
MOFs are very versatile materials, and they can be integrated with
various engineering systems to exploit their properties, such as high absorp-
tion ability, employing them in gas sensing applications (Li et al., 2020a).
A clearable example of that is represented by the use of metal organic



Smart sensors for VOCs 205

framework in the detection of volatile organic compounds (Khoshaman
and Bahreyni, 2012). A sensitive nanoporous metal organic framework
layer, obtained working with HKUST-1 MOFs (structural formula
Cu3(BTC),(H,0)), was deposited, through a custom electro-spraying
system, onto the surface of quartz resonator in order to realize a gravimetric
SENnsor.

Quartz resonator is an electrical oscillator circuit based on mechanical
resonance of a vibrating crystal to create an electrical output with a precise
frequency (Alassi et al., 2017). In this specific case, the adsorption of the
analyte gas on MOF induces a mass change that is detected by the system
by a change in its output frequency. This kind of sensing guarantees high
sensitivity, operability at room temperature, simple integration and low
energy requirement. The deposited film demonstrated uniformity of mech-
anical and morphological properties, moreover the sensor performance
evaluation at room temperature to different concentrations of acetone,
THF and IPA confirmed the efficacy of this device, with a fall in its output
frequency due to the adsorption of the organic vapor on the film. Fig. 3 rep-
resented the response of the electro-sprayed film to the aforementioned
solvents, showing a pulse behavior of the system at varying gases concentra-
tion in the external environment.

Metal organic framework can be also integrated with other different
structures. An example of that is represented by interdigitated electrodes
(IDE) and the development of capacitive sensor based on them. Andrés
and co-workers developed a sensor of this kind working with aluminum
trimesate MOF (MIL-96(Al) MOF) thin film deposited via the Langmuir-
Blodgett (LB) method onto Si/SiO, substrates incorporating interdigitated
electrodes (Andrés et al., 2020). This device, schematized in Fig. 4, is able
to adsorb on its surface gases of the external environment and produce a
capacitive output signal through the electrodes, due to the variations of elec-
tric properties determined by the absorption of gases in the metal organic
framework.

The best results have been obtained working for water vapor and
methanol detection. The system showed high selectivity and fast response/
recovery time. Furthermore, these sensors have been demonstrated to work
at room temperature, be regenerable to several sensing cycles and stable for a
considerable time span (at least 1 week). In Fig. 5 we have reported the output
signals of these devices with capacitive response curve for MIL-96(Al)
LB IDEs.
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Fig.4 Schematization showing MOF LB film characterization by SEM and its integration
on interdigitated electrodes (IDE). Reproduced by permission of American Chemical
Society: Andrés MA, et al: Methanol and humidity capacitive sensors based on thin films
of MOF nanoparticles, ACS Appl Mater Interfaces 12(3):4155—4162, 2020.

MOFs are a very important material thanks also to their versatility. In
fact, one possible solution for many sensing applications consists in their
conjugation with other constituents in order to obtain a final device with
enhanced properties. This peculiarity is well evident working with MOFs/
graphite or MOFs/graphene composites that have been widely explored in
various fields, such as gas adsorption, but also catalysis, electrochemical
energy conversion and energy storage (Sapsanis et al., 2015).

The synergistic effect of the constituents of the framework strongly
improve the sensing ability of the system: for example, by one side graphene
can act as a highly conductive sensing element, by the other side MOFs,
thanks to their enormous surface area and subsequent adsorption ability,
provide great sensitivity to the whole composite network. In literature var-
ious combination of this kind are reported: for example, a Cu-based MOF
conjugated with either graphite oxide or aminated graphite oxide has been
developed to detect low concentration of ammonia (Travlou et al., 2015).
Similarly, another device employable in ammonia detection, has been
designed exploiting the combination between polypyrrole-nanofiber-
coated reduced graphene oxide composite and nanoscale benzene-1,
3,5-tricarboxylate (Cu BTC) MOFs (Yin et al., 2018). Another important
strategy 1s represented by fabrication of graphene hybrid nanocomposite
with selected MOFs for the detection of VOCs investigating the
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American Chemical Society: Andrés MA, et al: Methanol and humidity capacitive sensors
based on thin films of MOF nanoparticles, ACS Appl Mater Interfaces 12(3):4155—4162, 2020.

chemo-electrical responses of the framework after adsorption (Tung et al.,
2020). The investigations on this device showed how the system working
with copper-benzene-1,3,5-tricarboxylate (pG-Cu BTC) has very good
sensing performance and present high sensitivity and selectivity especially
respect to chloroform and methanol at 2.82—22.6 ppm level. Possible expla-
nation for the specific selectivity to chloroform can be the affinity of chlo-
roform molecules for hydrogen bonding to the Cu-BTC. Alongside, the
high selectivity to methanol can be explained considering that the high
polarity of methanol vapor can determine great interaction with the open
metal sites in the apolar cages of the Cu-BTC MOF resulting in higher level
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chemoresistive sensors for detection of volatile organic compounds (VOCs) biomarkers,
Carbon 159:333—344, 2020. https://doi.org/10.1016/j.carbon.2019.12.010.

of adsorption. In Fig. 6 the sensing response of the system to VOCs is
reported (Fig. 6A), together with a representation of the sensing mechanism
of the pG-Cu BTC hybrid sensor toward chloroform (Fig. 6B).

As the reader may have already understood metal organic frameworks are
a very broad and under development topic, with many interesting charac-
teristics for gas sensing applications. Various literature references are avail-
able and different fabrication strategies for versatile devices can be found
especially for VOCs detection.

Up to now, no MOFs based sensor has been reported in literature as
end of service life indicator for respirator cartridge. Anyway, we think that,
thanks to the intrinsic high sensitivity of these devices their versatility and the
possibility to obtain final systems of small dimensions, they can represent a
future turning point for this application.

2.2.3 Optical fiber

Optical fibers are flexible, transparent fiber characterized by a diameter
thicker than that of a human hair with the great ability to transmit lights.
These devices are commonly made of silica or plastic and they find applica-
tions in various fields, like communications, electronics and sensors (Elosua
et al., 2012; Joe et al., 2018). For the purpose of this work, we are going
to focus on fiber-optic sensor and how proper formulated sensing materials
can be integrated with optical fiber, exploiting the variation of the optical
properties of the system as output signal. In fact, many advantages can be
obtained working with this kind of devices, thanks to various properties such
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as small size, no electrical power request or their immunity to external elec-
trical field interference. Moreover, their formulation can be properly tuned
for the intended application. Because of this, optical fiber-based sensors have
been employed in the detection of volatile organic compounds and their
applications as end of service life indicator have been discussed in literature
(Joe et al.,, 2018).

An important work on the topic has been presented by Greenwald et al.,
that reported the development of an end of service life sensor based on opti-
cal measurement of a colored compound dispersed in a proper medium
(Greenawald et al., 2015). In fact, a diffuse reflectance configuration can
satisty the size, applicability and cost requirement thanks to the great avail-
ability of required instrumentations such as small photodetectors, optical
fibers and LED light sources. Various media can be employed for diffuse
reflectance, including soil, paint, crystals and paper. Precisely, paper is an
important substrate for real-time, low-cost sensors thanks to its lightweight,
adaptability, porosity, large surface area and wicking ability. In this afore-
mentioned paper, the authors worked with paper as substrate and pre-spotted
its surface with a dilute monocyanocobinamide (CN(H,O)Cbi) solution.
Cobinamide (Cbi) is a cobalt-centered hydroxocobalamin analog that is used
here as indicating system. This piece of functionalized paper was placed on the
end of a bifurcated optical fiber and the reflectance spectrum of CN(H,O)Cbi
was exploited in order to evaluate the presence of hydrogen cyanide gas.
The chemical transformation from monocyanocobinamide (CN(H,O)
Cbi) to dicyanocobinamide ((CN),Cbi) yields a color change from orange
(peak absorbance at ~510 nm) to violet (583 nm) that can be easily observed.
This system has been demonstrated to be very sensitive and able to detect
CN™ at concentrations as low as 0.25nM cyanide in solution.

In Fig. 7 we have reported the response of the system to 1.0 and
5.0ppm HCN.

The authors proposed a possible integration of this kind of sensor in order
to develop an end of service life indicator to be used inside respirator car-
tridge. Their idea was to embed the sensor with direct contact to the carbon
bed of the canister. Once HCN reaches a fixed point prior to breakthrough,
the sensor provides a response due to the induced change in the cobinamide
spectrum. The reaching of a defined value would determine the activation of
an alarm in order to replace the cartridge. The small dimensions of the whole
system make it feasible to integrate other sensing elements in the device.

The cobinamide has important features in the field of gas sensing even
with other compounds such as ammonia and hydrogen sulfide. In fact the
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Fig. 7 (A) Profiles of the response of CN(H,0)Cbi on glass fiber paper to 1.0 and 5.0 ppm
HCN response at 583 nm (black line), 1.0ppm HCN response at 583 nm (dotted line).
(B) Expanded version of the same profiles in Fig. 7A. Reproduced by permission of
Elsevier: Greenawald LA, et al: Development of a cobinamide-based end-of-service-life indi-
cator for detection of hydrogen cyanide gas, Sens Actuators B 221:379—385, 2015. https://
doi.org/10.1016/j.snb.2015.06.085.

same authors proposed the development of a similar device based on
functionalized paper placed over an optical fiber for the detection of hydro-
gen sulfide (Greenawald et al., 2016). The paper contains aquohydroxo-
cobinamide (OH(H,O)Cbi) and its reflectance spectrum was monitored
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during exposure to hydrogen sulfide gas. H,S is a reducing agent and it reacts
with (H,O),Cbi(II) to form a complex of Cbi(Il) with SSH*™ determining
a color change from red orange to a pale yellow and an increase in reflectance
from 400 to 450 nm.

Thanks to small size, low cost and sensitivity this system can be used
as an end of service life indicator in respirators with an integration similar
to the one performed for the sensor used for the detection of hydrogen
cyanide gas.

2.2.4 Micro- and nano-structures and composites systems
The field of micro- and nano-systems is a very broad and wide topic that
is facing a great expansion in the last years (Nazemi et al., 2019). We have
just talked about metal organic framework and how their large surface area
guarantees important adsorption properties. Similarly, many micro- and
nano-structures present this kind of peculiarity in term of available surface
area and because of this they can be exploited for gas sensing applications.
In this section we are going to see various possible solutions working
with this kind of devices: we focus first of all on their general features
and then we go deeper in the analysis of their applications.

2.2.4.1 Nanorods

Nanorods are a very important nanoscale systems usually obtained by metals
or semiconducting materials. Their aspect ratios (length divided by width)
are commonly 3-5 and the characteristic dimension ranges from 1 to 100 nm
(Meng et al., 2019).

Nanorods are produced by direct chemical synthesis: ligands are com-
bined to act as shape control agents and they bond to different facets of
the nanorod with variable strengths. This allow different faces of the system
to grow with different rates and a final elongated object is obtained.

Various applications can be performed working with nanorods, exploi-
ting optical properties, reflectivity of the systems and the influence of an
applied electric field (Rao et al., 2019). Among them great attention is
nowadays given to gas sensors based on nanorods and their application in
volatile organic compounds detection.

In this context pristine and palladium (Pd) doped ZnO nanorods have
been synthesized on a quartz crystal microbalance (QCM) in order to realize
a volatile organic compound sensor working at room temperature (Oztiirk
et al., 2016). Briefly, quartz crystal microbalance is a device able to measure
the mass variation per unit area by measuring the change in frequency of a
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quart crystal resonator. This system, just presented in the section of metal
organic framework, allows to determine the adsorbed quantity of gas on
the material.

Pd doped and undoped ZnO nanorods were grown on ZnO thin film
coated QCM transducers using electrochemical deposition working with
a three-electrode system under constant potential at —0.9V and at 80 °C.
Then the obtained ZnO nanorods with different Pd dopant ions were
annealed at 200°C. This device is schematically reported in Fig. 8.

Various gas test has been realized on these systems and the obtained
response curves have been compared. 0.5mol% and 2.5mol% Pd doped
ZnO nanorods were exposed to multiple pulses of ethanol vapors with
decreasing concentration in the range between 120 and 12 ppm at room
temperature. The responses of the different sensors, due to the adsorbing
mechanism of the analyte onto solid surfaces of the sensitive materials, were
very close to each other and the frequency of each samples show a very rapid
decrease due to the loading of mass. The sensors were recovered exploiting
dry air. In Fig. 9 it is reported the behavior of this device when exposed to
ethanol (Fig. 9A) and toluene (Fig. 9B) at room temperature.

Zn0O Nanorods
Seed Layer
Au Contact

Py 3 Quartz Crystal

s

Fig. 8 Schematic representation of the integration of ZnO Nanorods on the QCM
based mass sensitive sensor. Reproduced by permission of Elsevier: Oztiirk S, et al:
Electrochemically growth of Pd doped ZnO nanorods on QCM for room temperature
VOC sensors, Sens Actuators B 222:280-289, 2016.
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are reported. Reproduced by permission of Elsevier: Oztiirk S, et al: Electrochemically
growth of Pd doped ZnO nanorods on QCM for room temperature VOC sensors, Sens
Actuators B 222:280-289, 2016.
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Previous results make clear how these devices based on QCM and ZnO
nanorods as transducers and sensitive materials respectively, can be success-
fully employed as sensors for volatile organic compounds. The small dimen-
sions of the whole system, its sensibility and fast recovery give many
possibilities for the integration of this device inside a respirator cartridge,
for example, in the junction between the canister and the mask, in order
to monitor its service life. One possible obstacle to this application is repre-
sented by costs or difficulties in the engineering of the device inside the
cartridge.

Similarly, ZnO nanorods can be also applied in the sensing of NO, and
NHj;. Ultrathin ZnO nanorods (~15nm) are reported in literature, synthe-
sized by a nanoseed-assisted wet chemical approach and then functionalized
by Au nanoparticles by a photoreduction method (Wang et al., 2020a). This
hybrid system showed visible-light-activity owing to the surface plasmon
resonance (SPR) eftects of Au nanoparticles. The sensor was selective in dark
to NHj3 and to NO, under visible light (A=532nm), moreover it showed
high responsivity, short recovery time and excellent reversibility at room
temperature. The schematization of this sensing process is represented in
Fig. 10.

2.2.4.2 Tin oxide hollowspheres

Thanks to its properties of n-type semiconductor, SnO, has been widely
studied for various applications such as catalyst support, electrodes develop-
ment, electrochemical applications and even gas sensors. Many evidences
have shown how the structural features of the materials strongly influences
the performance of the SnO, based device (Das and Jayaraman, 2014). It is
therefore clear that great attention is given to the proper formulation
and shape of the material. Among the various nanostructures, hollow spheres
have been reported as a very promising systems, thanks to their large surface
area and less agglomeration (Zhang et al., 2009). In particular, SnO,
hollowspheres can be employed as chemiresistive gas sensor for the detection
of multiple VOC:s selectively. Acharyya et al. synthetized this material
through one step facile hydrothermal procedure, followed by high temper-
ature heat treatment starting from chloride dihydrate (4mmol), sodium
citrate (2mmol) and sodium hydroxide (10mmol) in a 1:1 M solution of
deionized water and ethanol, with the subsequent addition of polyethylene
glycol (PEG-600) (Acharyya et al., 2020). Finally, the system was transferred
to teflon-lined stainless-steel autoclave and kept at 180 °C for 12h. The final
product was recovered through filtration, washed with deionized water
and dried. In order to investigate the electrical properties of the system,
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Fig. 11 (A) Schematic representation of the integration of the SnO, hollowspheres over
the interdigitated electrodes. (B) FESEM image of the SnO, hollowspheres obtained
with sodium citrate. Reproduced with modifications by permission of Elsevier: Acharyya
S, et al: Single resistive sensor for selective detection of multiple VOCs employing SnO,
hollowspheres and machine learning algorithm: a proof of concept, Sens Actuators B
321(June):128484, 2020. https://doi.org/10.1016/j.snb.2020.128484.

the SnO, hollowspheres were drop-casted over interdigitated gold elec-
trodes with a ceramic substrate. The schematic representation of the system
together with a FESEM image of the structure is reported in Fig. 11.

Gas sensing measurement were carried out for this device using a cylin-
drical chamber inside which the desired concentration of VOCs in an air
current was supplied. Analyses were realized with four different VOCs
(formaldehyde, 2-propanol, toluene and methanol) at four different concen-
trations (25, 50, 100 and 200 ppm) in the temperature range 200-350°C.
‘When gases adsorb over the layer of hollowspheres a change in the resistance
of the whole system can be detected and the results are reported in Fig. 12.

The system showed an excellent response with fast dynamics and recov-
ery ability. Moreover, thanks to machine learning algorithms, it is possible
to classify and identify different VOCs, obtaining good quantification
and solving the issue of selectivity for the identification of different gases.
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Fig. 12 Transient resistance plot for formaldehyde (A), 2-propanol (B), toluene (C) and
methanol (D) with different input concentrations. Arrows pointing up: gas off, arrows
pointing down gas on. Reproduced with the permission of Elsevier: Acharyya S, et al:
Single resistive sensor for selective detection of multiple VOCs employing SnO, hollow-
spheres and machine learning algorithm: a proof of concept, Sens Actuators B 3271
(June):128484, 2020. https://doi.org/10.1016/j.snb.2020.128484.

This system is for sure a great novelty in the field because, together with
the possibility to monitor the quantity of adsorbed gases, it gives also the
possibility to investigate, through the response of the system, which is the
adsorbed gas guarantying the employability of this device in multiple fields
even different from the application as end of service life indicators.

2.2.4.3 Nanocarbon composite sensor
One of the main chances related to the engineering is the possibility to study
and combine different materials to exploit their properties, obtaining final
devices with enhanced characteristics. This principle can be a very valuable
strategy in the field of sensors, where there is the need to combine multiple
features such as adsorption properties, sensitivity and responsivity.

In this context, an innovative device with these characteristics has
been developed for the selective monitoring of nitrogen dioxide in air.
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This system was realized combining the features of sensitivity and partial
selectivity toward oxidizing agents of a molecular organic semiconductor,
copper phthalocyanine, with the Oj filtering capability of carbonaceous
materials, located upstream the sensitive layer in the gas flux (Brunet
etal., 2012). The possibility to detect NO, is achieved associating a mixture
of carbon nanodiscs and nanocones, acting as ozone chemical filter, with the
copper phthalocyanine as sensing element.

The resistive transduction of the material was investigated to analyze
its response to the nitrogen oxide adsorption, examining if the ozone adsorp-
tion can influence this behavior. Moreover, the filtering ability of the system
was studied observing the reduction of NO, compounds in the stream. In
Fig. 13 these behaviors are reported.

These results confirm the efficacy of these devices. The possibility to
combine a sensing system with a filter can be a valuable strategy for the
monitoring of the service life. Moreover, this sensor guarantees the possibil-
ity to achieve a selective NO, detection inside an environment where
Os is present: this can be useful in various industrial contexts.

2.2.4.4 Carbon based systems

Activated carbon is a very valid and largely employed material in the field
of filtration. Its features such as the presence of small, low-volume pores
able to increase the surface area give important adsorption ability to this
material that find large industrial application in the production of respirator
cartridges. Alongside, active carbon-based systems can be employed in gas
sensing devices as, for example, the carbon nanotubes (CNTs)-based sensors
(Zaporotskova et al., 2016).

Carbon nanotubes belong to the family of fullerene structures and com-
monly two different types can be identified: single-walled carbon nanotubes
(SWCNT?’s) and multiwalled carbon nanotubes (MWCNTSs). A SWCNT is
defined as a one-atom-thick layer of graphite rolled up into a seamless cyl-
inder with a diameter in the range of nanometers and length on the order of
1-100 pm. By the other side, MW CNTs consist of nested single-wall carbon
nanotubes bound together by van der Waals interactions in a tree ring-like
structure. This kind of framework guarantees to these materials great mechan-
ical resistance and thermal stability, moreover the electrical behavior of the
system can be either metallic or semiconducting according to the formulation
and affected by external conditions (Eatemadi et al., 2014).

When carbon nanotubes are exposed to certain gases, the change in
the properties of their structures can be detected by various methods
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Fig. 13 (A) Filtering results obtained with carbon nanodiscs toward nitrogen dioxide.
NO and NO, were given upstream and downstream the filter. During the experiments
the gas concentrations remained constant. (B) Response curve of the sensor system
toward ozone and nitrogen dioxide. Reproduced with modification by permission of
Elsevier: Brunet J, et al: An innovative gas sensor system designed from a sensitive organic
semiconductor downstream a nanocarbonaceous chemical filter for the selective detection
of NO, in an environmental context part I: development of a nanocarbon filter for the
removal of ozone, Sens Actuators B 173:659—667, 2012. https://doi.org/10.1016/j.snb.
2012.07.082.

investigating specific parameters: this can be a very important tool for gas
sensing instruments. In particular for SWCNT there are four distinct sites
for gas molecules to be absorbed onto: the external surface, the groove
between two adjacent tubes, inside the pore of one single tube and in the
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— Surface

Fig. 14 Schematic representation of CNTs system and possible sites for gas adsorption
in their structure. Reproduced with modifications by permission of Hindawi: Wang Y, Yeow
JTW: A review of carbon nanotubes-based gas sensors, J Sens 2009:493904, 2009.

interstitial channel between adjacent tubes (Wang and Yeow, 2009). This
structure is schematically reported in Fig. 14: the gas adsorption in the sites
is decided by the site availability and the binding energy of the gas molecules.
Commonly CNTs can be synthetized with different techniques such as
arc-discharge technique, laser ablation technique or chemical vapor depo-
sition. The fabricated CNTs have to be integrated to different gas sensor
structures. One of the most common and functional devices through which
CNTs properties can be investigated are the interdigitated electrodes. The
material can be disposed over the substrate through various technique:
CNTs can be simply casted over the electrodes, they can be printed through
screen printing techniques or their fabrication can be achieved through
dielectrophoresis (DEP) method. In particular DEP fabrication could estab-
lish a good electrical connection between the nanotubes and the electrodes
and because of this it is many times preferred. Another important technique
that determines enhanced sensing properties to the whole system, thanks to a
better adhesion, is the direct growth of the CNT’s mats on the substrate.
As aforementioned these systems present important gas adsorption prop-
erties, and the electronic properties of CNT’s can be extremely sensitive to
the exposed environment due to gas molecule adsorption: thermopower,
resistance, density of state of the CNTs show significant changes after gas
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exposure (Mao et al.,, 2014). Depending on CNTs formulation and its
functionalization different behavior can be obtained in response to VOCs
or different gases. An example of that is represented by the possibility to
develop a composite thin film of polymethylmethacrylate (PMMA) with
MWCNTSs (Wang and Yeow, 2009). The exposure to different gases of this
device at room temperature determines important changes in the resistance
of the system that can be explained on the basis of volume expansion
and polar interaction of the CNT surface with vapor molecules. These
results are reported in Fig. 15.

The case just reported is an example of the possible synthesis and
application of this kind of systems. The development of nano-devices
and in particular the study on CNTs has created in the last decade huge
potential in the development of smart sensors with enhanced properties
in term of sensitivity, portability and low power requirement. Their versa-
tility can lead to future applications of these kind of gas sensors in the field
of service life monitoring for industrial devices.

16
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Fig. 15 Response of the CNT/PMMA composite to dichloromethane, chloroform

and acetone vapors. Reproduced by permission of Hindawi: Wang Y, Yeow JTW: A review
of carbon nanotubes-based gas sensors, J Sens 2009:493904, 2009.
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2.3 Hydrogels

Another upcoming technology in the field of sensing is represented by
the hydrogels, which represent a wide family of innovative smart devices
relevant for many different applications (Buenger et al., 2012; Pinelli
et al., 2020). Hydrogels are colloidal structures of polymer chains with a
three-dimensional network. Their main peculiarities are related to their
hydrophilic and biocompatible nature thanks to their high-water content.
Moreover, hydrogels matrix presents high porosity and flexibility and, most
important, the ability to respond to external stimuli. Temperature variations,
pH solution changes, light stimuli or the presence of specific molecules
in the system can be sensed by the hydrogels and these stimuli induce in
the framework an output signal such as a change of volume, size, shape,
or a modification of the optical, electrical or mechanical properties of the
gel (Ahmed, 2015).

In front of this wide variety of input and output signals that can be
correlated with hydrogels sensing feature, it is clear how the tuning of the
formulation of the system is pivotal in order to obtain a proper responsive
device. The employment of certain polymers chains, specific system func-
tionalization or the encapsulation in the matrix of enzymes, cells or bacteria
are all examples of the tuning of the formulation to obtain specific behavior.
Many possibilities can be exploited and because of this, many different
sensing devices can be obtained, employable in many fields.

Hydrogels based sensor for gas detection can be usually divided in two
big classes (Pinelli et al., 2020). First of all, they can be employed as passive
protective element for a primary sensor or an electrode which is the real
sensing element. In this application, which is for sure the less interesting,
hydrogels are just a support element that can be employed to tune the
sensitivity of the system and improve the performance. By the other side
hydrogels can be modified through sensitive molecules or functionalized
through the encapsulation of proper systems in order to obtain a final device
with enhanced properties in term of gas sensing.

A clear example of that is represented by the work of Bai et al. (2011), in
which they synthetize graphene oxide (GO)/conducting polymer compos-
ite hydrogels for ammonia gas detection. The system was realized through
in situ polymerization of the precursor aromatic monomer in aqueous
dispersions of graphene oxide sheets that were encapsulated inside the matrix
thanks to the cross-linking formation of the polymeric network.
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GO/polypyrrole, GO/poly(3,4-ethylenedioxythiophene) and GO/
polyaniline were synthetized, and, in each case, the whole system was dem-
onstrated to be able to conduct electricity thanks to its inner structure.
By the other hand, thanks to its high surface area and the adsorption ability
of the system, when the lyophilized hydrogel is exposed to an environment
with ammonia gas, because of a dedoping process, the device faces an
increase in its electric resistance that was detected through interdigitated
electrodes. This behavior is guaranteed by the inner structure of the system,
analyzed with SEM and TEM analyses as presented in Fig. 16.

The mechanism just presented is a very common strategy for the gas
detection employing hydrogels: the exposure of the system to gases determine
a doping or dedoping process and some of the characteristics of the system,
such as the conductivity, are affected by this and investigated for sensors.

A similar strategy was employed for the development of a supramolecular
hydrogel-based sensor (Zhi et al., 2020). Briefly, this system was syntheti-
zed from poly(vinyl alcohol) and carrageenan working with 1-vinyl-3-
butylimidazolium and N,N'-methylenbis(acrylamide) and the gas sensing
performance were evaluated in a sealed gas chamber at room temperature
through the monitoring of the relative electric resistance variation via a
multimeter. The system presented important sensing abilities, and it was
demonstrated to be able to respond to target gases (e.g., NO,, NHj3) in very
low concentrations. This behavior can be explained considering the syner-
getic effect of three different supramolecular interactions: hydrogen bond-
ing, molecular crystallization and electrostatic interactions. The first two
contribute to the self-responsive ability of the system, instead the electro-
static interaction guarantees excellent conductivity and higher stability to
the network. The profiles of the sensing ability of the system are reported
in Fig. 17.

The systems just presented can be very useful devices in the field of
sensors. Hydrogels can be formulated and functionalized with many differ-
ent strategies obtaining different selective behaviors respect to different
gases. The possibility to employ them as end of service life indicator is
for sure related to the possibility to realize a hydrogel-based sensor with
enhanced sensitivity and small dimensions, for example, working with a thin
hydrogel film over interdigitated electrodes. None of this kind of devices
is reported in literature for this specific application, but this research field
of soft sensing is today facing an important expansion and it is going over
more and more employments.

In Table 1 we have reported the main materials for gas detection we have
described in this work with a focus on their possible applications.



Fig. 16 (A) SEM image of (a) PPy particles prepared without GO, (b) of lyophilized GO solution, (c) of lyophilized GO/PPy composite hydrogel.
(d) TEM image of GO/PPy composite sheets. (B) SEM images of lyophilized GO/poly(3,4-ethylenedioxythiophene) (a), GO/polyaniline (b) and
GO/polypyrrole (c) composite hydrogels with also a TEM image of a GO/polypyrrole/Pt composite sheets. Scale bar (a—c) 10pum (d) 50 nm.

Reproduced by permission of The Royal Society of Chemistry: Bai H, et al: Graphene oxide/conducting polymer composite hydrogels, ) Mater Chem
21(46):18653—18658, 2011.
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Table 1 Summary list of the main materials that can be employed in volatile organic
compounds detection with a focus on their features and possible sensing applications.

Materials Features Sensing application
Polymer of Porous organic polymer with a  This material can be properly
intrinsic network of intermolecular integrated with reflective
microporosity  voids. It is characterized by metallic layers and the whole
high free volume, high surface system exploits the reflective
area and high affinity with interference variations to
gases investigate the progressive
adsorption of gases on the
material
Metal- Porous materials made of metal ~ Thanks to their surface area they
organic- ions linked together by organic  can be integrated with other
framework linkers. They possess high materials (e.g., graphene) or

surface area (up to 6000m?/g)
and exceptional adsorbent
properties

used as adsorbent medium in
order to detect the presence of
gases

Optical fiber

Flexible, transparent and thin
fiber made of silica or plastic
with the great ability to
transmit light

They do not require electrical
power and they are immune to
external electrical field

Optical fibers can be integrated
with proper substrate

and functionalized medium.
The interactions with specific
molecules guarantee changes in
its optical properties
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Table 1 Summary list of the main materials that can be employed in volatile organic
compounds detection with a focus on their features and possible sensing
applications.—cont'd

Materials Features Sensing application
Nanorods Nanoscale systems obtained by Nanorods can be integrated
metals or semiconducting with quartz crystal
materials with characteristic microbalance (QCM) and be
ratio of 3-5 and dimensions in  exploited as sensitive material
the range of 1-100nm Similarly, they can be
They present important optical ~ functionalized with Au NPs
properties and reflectivity and then used as sensitive system
exploiting the surface plasmon
resonance of the Au NPs
Tin oxide Nanostructures with SnO, hollowspheres can be
hollowspheres  characteristic shape employed as chemiresistive gas
characterized by large surface  sensor. They can be disposed
area and commonly made over interdigitated electrodes to
of semiconductive material investigate gas presence through
(e.g., SnO,) electrical properties variations
Nanocarbon ~ Material obtained by the This formulation combines
composites combination between important adsorbent properties
carbonaceous systems with sensing abilities that can be
and molecular organic investigated especially through
semiconductor electrical properties variation
Carbon Tubes made of carbon, with Carbon nanotubes can adsorb
nanotubes diameters typically measured  gases in four different sites,
(CNT) in nanometers and this ability is exploited to
They can be single or multi investigate gas presence
walled with a length on the depending on CNT properties
order of 1-100 pm variations (e.g., electrical
They present great mechanical —properties)
and thermal stability
and electrical behavior tunable
depending on formulation
and external conditions
Hydrogels Colloidal structures made of Hydrogels formulation can be
(HG) polymer chains characterized  easily tuned in order to obtain

by a three-dimensional
network

They present high porosity,
flexibility and tunability

responsive final system

The adsorption of gases over the
HG surface determines doping
or dedoping processes that result
in variations of the properties of
the system and its sensing ability
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3. Conclusions

The development of gas sensing devices and sensitive systems has faced,
in the last decade, an important expansion with a wide variety of different
materials investigated and tested. The possibility of conjugating innovative
technologies with highly sensitive structures gives many chances to various
applications for the development of innovative smart highly sensitive sensors.

The applications of this kind of systems as end of service life indicator for
respirator cartridge is for sure a field of great interest, especially due to the
great importance that nowadays the security issues require in industry. The
development of such a device would be a turning point for the production of
respirator cartridge. In fact, by one side it would guarantee higher level
of security for users wearing this kind of PPE and by other side it would
enable, after proper certifications and evaluations, the possibility to use
masks with respirator cartridges even in those applications in which today
they can’t be employed, for example, against odorless gases for which,
because of the impossibility to detect the expiration of the PPE, it is today
necessary the employment of breathing support devices (e.g., oxygen tank).

As the reader may understand, it is difficult, in face of the variety of avail-
able devices employable in the field, to give specific guidelines for the sensor
developments for this intended application. For sure we can point out the
need of a very responsive device, able to detect ppm or even ppb of gas
in the environment. Moreover, small dimensions of the systems are required
in order to enable their integration inside the PPE (e.g., respirator cartridge)
and together with this, reasonable costs are mandatory in order to obtain a
final device that could be economically competitive.

In this work we have given great attention to the sensing elements
and their features in term of engineering fabrication. It is clear how, in real
industrial applications, great consideration has to be given to proper integra-
tion of the sensor for the intended application, evaluating all the require-
ments and the specific needs of the considered case, together with the
implementation of the instrumentation for the elaboration and transduction
of the output signals.
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Additive Manufacturing (AM) encompasses a wide set of technologies characterized
by freeform design, low production times and waste minimization. The possibility to
manufacture personalized devices offered by AM is a promising feature in the clinical
scenario, where the donor shortage for organ transplantation and the lack of fully effec-
tive systems for drug administration still represent a major issue.

The present work focuses on the processability of different biomaterials, from metals
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ical applications of these technologies, especially in the field of Tissue Engineering and
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1. Introduction

According to ASTM standards (ASTM F2792), Additive Manufacturing
(AM) can be defined as “the process of joining materials to make objects from
3D model data, usually layer upon layer, as opposed to subtractive manufactur-
ing methodologies”. Subtractive processes, in fact, aim to remove material
from a three-dimensional solid block leaving the desired shape, whereas addi-
tive processes build the final piece by the addition of material layers starting
from a 3D computer model. The 3D model is then sliced into bidimensional
(2D) layers which are transferred to the AM apparatus for the fabrication of the
final object with an automated process (Giannitelli et al., 2015). Remarkable
advances introduced by AM are represented by the design and development
of complex-shaped products with a considerable reduction in manufacturing
time and cost. This crucial aspect contributed to an optimization of the product
development cycle in several settings (Srivatsan and Sudarshan, 2015).

Latest advancements in material synthesis and printing technologies
brought to the development of multi-dimensional printing processes, enabling
the fabrication of 3D objects with more sophisticated designs.

In the field of biomedicine, all of these advances introduced by AM
have significantly improved the ability to produce three-dimensional objects
with controlled structural and architectural properties in two major areas of
applications, i.e., Tissue Engineering and Drug Delivery. The benefits imparted
from a layer-by-layer fabrication, including the possibility to create multi-
material and customizable devices, are extremely attractive in these fields.

The purpose of this work is to highlight the processability of biomaterials
by means of Additive Manufacturing techniques for the fabrication of tissue
engineering scaffolds and drug delivery systems.

2, Tissue engineering

Tissue Engineering (TE) i1s an interdisciplinary field that aims to
develop biological substitutes able to restore, maintain or improve functions
of healthy and unhealthy tissues by the application of principles and methods
of both engineering and biological sciences (Langer and Vacanti, 1993).

TE approach is based on the fabrication of three-dimensional matrices,
called scaffolds, used to host cells, providing mechanical support and bio-
chemical cues for tissue formation (Mozetic et al., 2017). To enhance tissue
growth, cells are supplied with growth factors, drugs, and nutrients and are
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often cultured with the aid of dynamic systems such as bioreactors. The
scaffold architecture is engineered to closely mimic the physiological tissue
microenvironment, enabling the natural secretion of extracellular matrix
components, as an evidence of a positive cellular grafting and response.
Over the years, a multitude of biomaterials and designs have been investi-
gated to find the optimal combination for a successtul repair or regeneration
of the target tissue. To achieve this goal, scaftolds must meet specific require-
ments, which include biocompatibility, suitable porosity, and biodegrad-
ability. Other important features concern specific mechanical properties
for optimal short-term response of the scaffold without affecting the phys-
iological functioning of tissues in the long-term. Generally, conventional
fabrication techniques such as emulsion freeze-drying, electrospinning,
solvent casting and particulate leaching, do not achieve a strict control on
the internal scaffold microarchitecture or the obtainment of complex struc-
tures. In this regard, AM represents one of the most promising techniques,
allowing the fabrication of 3D structures with customizable shape and
tight control over the internal architecture. Free-shape design and con-
trolled positioning of different biomaterials and multiple cell types are just
an example of the attractive features of AM for scaffold fabrication. As an
AM technique, 3D bioprinting represents an alternative to the classical tissue
engineering strategies involving biodegradable scaftolds, onto which cells
are seeded in a post-fabrication step. Bioprinting is based on the encapsula-
tion of cells within a solution of hydrogel precursor (bioink) to be processed
by means of an AM apparatus, resulting in a one-step process strategy to
fabricate cell-laden constructs.

3. Drug delivery

Drug delivery encompasses any strategy intended to transport a
pharmaceutical compound into the body. It is well known that the route
and method of drug administration dramatically aftect the kinetics of bio-
distribution and elimination and, consequently, the effectiveness of the
therapy (Mauri et al., 2017; Webster, 2001). The concept of drug delivery
has significantly evolved over the years from traditional immediate-release
methods like oral ingestion or intravenous injection to targeted-release drug
delivery strategies (Goole and Amighi, 2016). Since conventional methods
can result in concentration peaks, the necessity to maintain the drug release
at physiologically relevant concentrations for extended periods of time has
emerged as a crucial aspect in the field, both to improve product efficacy and
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to guarantee safety aspects for the patients. To avoid overdosing and to
provide a controlled and sustained release of drugs by the modulation of
their absorption and metabolization, many engineered drug delivery systems
(DDSs) have been developed.

DDSs are based on the entrapment of a certain amount of therapeutic agent
in carriers, e.g., polymeric matrices, nanoparticles, liposomes and micelles, to
target a specific area within the body. The advantages introduced by these
strategies, including the reduction of side eftects and the maintenance of
concentration values within the therapeutic ranges, have been extensively
demonstrated (Kopecek, 2013; Sheikhpour et al., 2017).

Albeit conventional fabrication methods for DDSs (e.g., tableting, spray-
drying, granulation and coating) are still the most widely adopted (Sastry
etal., 2000), a growing interest in AM processes for pharmaceuticals has been
witnessed, due to a compelling need for customized DDSs. So far, AM tech-
nologies have not yet found wide application, but they can enable the design
of multiple-release dosage forms and the production of DDSs that are highly
complex in microarchitecture and shape. Other benefits of AM are the ability
to control the spatial distribution of the active pharmaceutical compound,
the reduction of waste, and the possibility to prepare individualized forms
by varying the dose strength (Prasad and Smyth, 2016).

4. 3D printing

According to ASTM standard terminology, 3D printing is a term often
used synonymously with Additive Manufacturing; in particular associated
with machines that are low end in price and/or overall capability (ASTM
F2792). Nowadays, although many efforts have been made to clarify the
terminology, the meaning of this term remains often ambiguous. In many
papers (Chia and Wu, 2015; Moroni et al., 2018; Van Kampen et al., 2019),
3D printing is referred to a specific AM technology that makes use of powder
particles and a binding material to produce the final piece (otherwise called
powder bed printing); conversely, many others still identify this term with
an assorted class of rapid prototyping techniques (Do et al., 2015;
Donderwinkel et al., 2017).

It has been evidenced that the term 3D printing encompasses most of
the total use in the recent literature when referring to a rapid prototyping
technology (Chepelev et al., 2017).

In this work, the term will be related to any layer-by-layer fabrication
process for the fabrication of three-dimensional objects from 3D model data.
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Since the emphasis will be placed on biomedical applications of the latest
AM technologies, a thorough evaluation of the specific AM variants goes
beyond the final scope of the present paper.

4.1 3D printable materials for TE scaffolds and DDSs

In this section, an overview of the most important materials processed by
means of AM technologies in the biomedical field will be provided
(Table 1).

In the field of TE, research points at investigating the most suitable mate-
rials, both natural and synthetic, which could guarantee biocompatibi-
lity and optimal mechanical properties for the scaffold. The advantages of
natural materials are due to their similarity to human extracellular matrix
and their inherent biocompatibility. Conversely, the main advantage of
synthetic materials is that they can be tailored with specific physical proper-
ties and that they are often endowed with controllable chemistry and defined
mechanical properties. Despite that, synthetic materials often show poor
biocompatibility, toxic degradation products and loss of mechanical proper-
ties during degradation (Gunatillake et al., 2003).

In the field of DDSs, the majority of 3D-printed systems to date is com-
posed of polymeric materials designed to maximize the stabilization of drugs
within the matrices and to control the degradation kinetics within the
human body (Trenfield et al., 2019).

Materials for AM processes can be firstly classified into inorganic materials
(metals, ceramics) and organic ones (thermoplastic polymers, hydrogels).

4.1.1 Inorganic materials
Metals commonly used to design AM scaffolds include stainless steel and
titanium alloys such as nitinol or Ti6Al4V (Pei et al., 2017; Singh et al.,
2020). Although these materials present desirable features such as high
mechanical properties and stability and their use has been extensively vali-
dated for in vivo applications, they also present some limitations. Toxicity
of metal ions and corrosion aspects are some of the drawbacks concerning
the use of these metals in tissue engineering. Indeed, implantation of metal
scaffolds can often result in the formation of a fibrotic capsule around the
construct itself, thus inducing rejection responses from the organism.
Biodegradability issues have been overcome for those materials defined
as “biodegradable metals” (BMs), i.e., metals expected to corrode gradually
in vivo, with an appropriate host response elicited by the released corrosion
products, and then dissolve completely (Zheng et al., 2014). Examples of



Table 1 Processability of biomaterials by means of additive manufacturing technologies.

Technologies

Laser-dependent

Extrusion-based

Biomaterials SLS/SLM SLA DLP 2PP LIFT FDM DIW FRESH
Organic  PLA
PCL
Gelatin Riester et al. Kolesky et al. Hinton
(2016) (2016), Sears et al.
et al. (2015), (2015)
Skardal et al.
(2017)
Collagen Koch et al. Sears etal. (2015) Hinton
(2012, et al.
2018), (2015),
Michael et al. Lee
(2013) et al.
(2019)
Hyaluronic acid Koch et al. Sears et al.
(2018), (2015), Skardal
Sorkio et al. et al. (2017)

(2018)




Agarose

Cellulose derivatives Dumpa Contessi Negrini
et al. et al. (2018),
(2020), Hodder et al.
Giri et al.  (2019), Li et al.
(2020) (2017a), Rastin
et al. (2020)
Pluronic Gioffredi et al.
(2016), Gori
et al. (2020)
P(PF-co-EG) Dean Dean
et al. et al.

2012)  (2012)

PLGA-PEG-PLGA

Polyvinylpyrrolidone
Chitosan
Alginate Mezel et al. Gori et al. Hinton
(2010) (2020), Hodder et al.
et al. (2019) (2015)
GelMA Cui et al. Ovsianikov Bertassoni et al.
(2020) et al. (2010, (2014), Rastin
2011) et al. (2020)

Continued
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Technologies

Laser-dependent

Extrusion-based

Biomaterials SLS/SLM SLA DLP 2PP LIFT FDM DIw FRESH
PEGDA
Fibrin/Fibrinogen Gruene et al. Kolesky et al. Hinton
(2011), Koch (2016), Skardal et al.
et al. (2018) et al. (2017) (2015)
Inorganic Titanium Hsu and
Ellington (2015),
Singh et al.
(2020), Pei et al.
(2017)
Stainless steel Singh et al.
(2020)
BMs
Bioinert ceramics
Hydroxyapatite Wiria et al. Cui et al. Zhang Shor et al.
(2008) (2020) et al. (2017)
(2019)
Bioactive glasses Xu et al. Murphy
(2020) et al.

(2017)
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BMs are magnesium-based, iron-based, zinc-based and calcium-based alloys.
Several studies have exploited BMs for 3D printed scaffolds (Chou et al.,
2013; Zhuang et al., 2008); however, their potential use for implantable con-
structs is currently uncertain due to a limited set of data on their impact on
cell viability and their biocompatibility in vivo (Tan and Tan, 2018).

Ceramic materials are often employed in orthopedic applications, because
of their similarity to the mineral phase of natural bone. Porosity and high
compressive strength of ceramics represent ideal features for substrates for
bone tissue ingrowth. Bioinert ceramic scaffolds composed of alumina and/or
zirconia displayed improved mechanical properties (tensile and compressive
strength), interconnected microarchitectures, but no bioactivity. On the
other hand, bioactive ceramic constructs composed of hydroxyapatite/
tricalcium phosphate or calcium silicate showed superior biocompatibility
(since the bone matrix itself is mainly composed of hydroxyapatite),
improved cell adhesion, but low compressive strength (Du et al., 2018).

Bioactive glasses and glass-ceramics represent an intriguing class of mate-
rials featuring improved osteoconduction and osteostimulation, matched
to adequate compressive strength and a high degree of biocompatibility
(Hench, 2013; Wen et al., 2017).

4.1.2 Organic materials

Polymers, either synthetic or naturally derived, represent the predominant
class of organic materials used for TE and DDS applications. Thermoplastic
polymers can easily be processed via several AM technologies to produce
3D constructs with high porosity and surface area. Bioresorbable aliphatic
polyesters such as polyglycolic acid (PGA), poly-lactic acid (PLA) and poly-
caprolactone (PCL) are typical examples of such polymers (Lam et al., 2009).
Their use for biomedical purposes has been extensively validated, thanks to
their inherent biodegradability and biocompatibility, along with minimum
inflammatory response by biological tissues. Additionally, their mechanical
properties are fully suitable for load-bearing applications, such as 3D con-
structs for orthopedic implants.

Hydrogels are appealing materials to be processed by means of 3D bio-
printing technologies, since they retain large amounts of water within their
structure, and this makes them a compelling environment for living cells.
This feature arises from hydrophilic functional groups attached to the poly-
meric backbone. Besides, the presence of crosslinks among the network
chains confers a strong resistance to dissolution. A major drawback of hydro-
gels is represented by their low mechanical strength which reduces their
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application for load-bearing applications. According to the nature of the
crosslinks, hydrogels are termed ‘physical’ when the connection is weak
and reversible, or ‘chemical’ when the connection is established via strong
covalent bonds and therefore irreversible. Physical strategies to induce retic-
ulation of hydrogel chains include changes in temperature, pH, and ionic
environment, whereas chemical induction is based on photopolymerization,
enzymatic reactions, or the use of crosslinking agents.

The gelation process of many natural thermosensitive polymers generally
occurs when the temperature is lowered: gelatin, collagen and agarose form
gels at low temperatures whereas at high temperatures they adopt a random
coil conformation in solution. Conversely, some other naturally derived
hydrogels show inverse thermosensitive behavior: they are liquid below room
temperature and gel at the so-called lower critical solution temperature (LCST)
which is commonly higher. Methylcellulose and hydroxypropyl methyl-
cellulose (HPMC) are classical examples of such polymers. Synthetic
hydrogels able to thermally change their structure include, for example,
poly(N-isopropylacrylamide) (pNIPAM), Pluronic, poly(propylene fumarate-
co-ethylene glycol) and PLGA-PEG-PLGA copolymers (Leroux and Ruel-
garie, 2004).

Chitosan, derived from the partial deacetylation of chitin, is one of the
most investigated pH-dependent cationic polymers. Chitosan can dissolve
in aqueous solvents at low pH (below 6.2) because of the protonation of
its amino groups: basification of chitosan solutions above that pH level
results in an immediate gelification of the polymeric chains.

A typical example of a hydrogel which crosslinks via ionic bonds is
alginate, one of the most investigated materials in tissue engineering.
Alginate gels are formed when divalent cations such as Ca>", Ba®" or Sr**
cooperatively interact with blocks of G monomers (®-L-guluronic acid) to
form ionic bridges between difterent polymer chains. Mechanical properties
and pore size of the ionically crosslinked gels can be easily handled by tuning
the M (B-p-mannuronic acid) to G ratio of the polymer chain (Drury and
Mooney, 2003).

Gelatin methacrylate (GelMA) is denatured collagen functionalized with
photopolymerizable methacrylate (MA) groups, which enable the material
to be covalently crosslinked by UV light. GelMA is widely investigated in
the field of bioprinting, due to its abundancy, biocompatibility and easy-to-
tune features, e.g., degree of methacrylation, rheological properties, mech-
anical behavior (Pepelanova et al., 2018).
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Acrylation and methacrylation reactions are also applied to the function-
alization of other hydrogel materials such as hyaluronic acid, carboxymethyl
cellulose, poly(ethylene glycol) (PEG) in order to achieve a stable chemical
crosslinking.

Finally, fibrin is an interesting case of enzyme-catalyzed crosslinked
hydrogel, inspired by the natural polymerization process following vascular
injury (Schneider-Barthold et al., 2016). In the coagulation cascade, throm-
bin cleaves two small amino acid sequences in the chain of the fibrin pre-
cursor, fibrinogen. As a consequence, polymerization sites within the
molecule are exposed, leading to the formation of a 3D fibrin network.
Further stabilization of this network is achieved by covalent crosslinking
catalyzed by factor XIIla (a transglutaminase). Fibrin-based hydrogels are
widely applied in the clinics, nonetheless they often display mechanical
instability and rapid degradation.

4.2 3D printing technologies

In this section, an overview of the most common AM technologies in the
fields of interest is provided. Examples of these technologies are Selective
Laser Sintering (SLS) or Melting (SLM), Stereolithography (SLA), and
extrusion-based printing techniques such as Fused Deposition Modeling
(FDM) and Direct Ink Writing (DIW), including the newest technologies
of multi-material printing and Embedded 3D Printing (Fig. 1). All of these
techniques have been extensively used for the manufacture of drug-eluting
systems and tissue engineering scaffolds with geometrically intricate designs
and a high level of structural complexity.

4.2.1 Laser-dependent technologies

Selective Laser Sintering (SLS) and Stereolithography (SLA) are techniques
that use a light source as the manufacturing method to produce the final
object (Lee et al., 2017).

SLS uses an infrared laser radiation to generate local heat onto a powder
bed just beyond its melting point (to minimize the request of energy). The
laser beam traces the shape of the first layer of the model to be built, fusing
powder particles together by sintering. Once each layer is solidified, the
z-axis of the AM apparatus moves and a new layer of powder is supplied
using a mechanical roller. The powder that remains unaffected by the laser
acts as a passive physical support for the model and remains in place until the
model is complete (Almeida and Correia, 2016). Materials processed by SLS
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can be either metals or polymers with 10—100 pm particle size (Kruth et al.,
2003). The resolution achievable with this technique is slightly larger than
the average particle size, meaning that the minimum pattern dimension is
about 100 pm.

In the SLA process, the powder bed is replaced by a photosensitive resin
bath. The liquid resin is hit by the light source, solidifying in the desired
pattern. Once one layer is crosslinked by the local illumination, a new layer
of resin is introduced, until the final construct is manufactured (Melchels
et al., 2010). SLA machines can be distinguished depending on the solution
adopted to transfer the desired pattern onto the resin. Projection-based sys-
tems use a digital micro-mirror device (DMD) to project the pattern, while
vector-based systems perform a raster-scan of a micro-focused laser beam.

Two-photon polymerization (2PP) has the same working principle of
SLA, but the light source is a micro-focused pulsed laser. In a 2-photon
absorption transition, an atom or molecule is taken to an excited state by
simultaneously absorbing two photons in a single quantum event. Due to
the high non-linearity of the phenomenon, polymerization reaction takes
place in a tiny focal volume.

Another attractive laser-assisted technique is Laser-Induced Forward
Transfer (LIFT), which allows the formation of micropatterns of both solid
and liquid materials.

In the case of solid materials, a donor substrate, consisting of a glass slide
(transparent to the laser beam) precoated with the target material, is placed
parallel to the acceptor substrate, where the pattern is going to be deposited,
at a close distance to it. When the fast-pulse laser beam is focused on the
target material, a small amount of it is transterred from the donor to the
acceptor substrate. More in detail, the laser pulse is absorbed at the film-
donor substrate interface, resulting in a local heating and in the generation
of a melt front that propagates though the film until it reaches the free
surface. When the material in the interface attains its boiling point, a vapor
bubble is formed and the molten material is propelled toward the acceptor
substrate (Serra and Piqué, 2019).

For the deposition of liquid inks (including, e.g., cell suspensions) needs
to be deposited, the slide must be pre-coated with a laser-absorbing layer. In
this case, the effect of the laser pulse results in the direct vaporization of a
small fraction of the ink and, therefore, in the formation of a high-pressure
vapor bubble that expands, transferring the ink to the acceptor substrate in a
submicron droplet (Mota et al., 2020).
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4.2.2 Extrusion-based technologies

Laser-based 3D printing technologies are very advantageous from a resolu-
tion point of view. However, the set of processable polymeric materials is
mainly limited to rigid thermoplastics or photocurable resins.

Conversely, extrusion-based AM are compatible with several soft mate-
rials, including thermoplastic elastomers, silicones, hydrogels and so forth.
Furthermore, most of these techniques are compatible with the simulta-
neous deposition of multiple materials, thus enabling the fabrication of
functional graded materials that facilitate the transition from soft to rigid
components avoiding stress enhancement at the interface of materials
compliance mismatch.

In the FDM process, thermoplastic filaments are melted by heating and
guided by an extruder to form the final 3D object. The material leaves the
extruder in a liquid form and hardens immediately. The previously formed
layer, which acts as a substrate for the next layer, must be maintained at a
temperature just below the solidification point of the thermoplastic material
to assure good interlayer adhesion. FDM is cost eftective, user-friendly and it
usually does not require post-processing steps (Zein et al., 2002).

Direct Ink Writing (DIW) technique relies on the tuning of the rheo-
logical properties of the extruded material to impart the optimal shear thin-
ning behavior, oftering the widest spectrum of printable materials that range
from hydrogels to thermoset polymers to colloidal suspensions and fugitive
organic inks (Lewis, 2006). On the other hand, a post-processing step is
often required, since most of the printed inks demand for an additional cross-
linking process like thermal curing, photopolymerization, or ionotropic
crosslinking.

Multi-material DIW is an evolution of the traditional technique, that
can be achieved by means of microfluidic printheads, core-shell devices or
multiple switching syringes (Costantini et al., 2017, 2019). Microfluidics-
assisted 3D printing enables the deposition of heterogeneous materials in a
layer-by-layer fashion by swapping between two or more different inks when
desired or by using mixing nozzles which produce a unique filament with
combined properties from different materials. A single fiber of a construct fab-
ricated by means of a core-shell device is made up of concentrically layered
materials, imparting the whole structure a complexity which is not otherwise
achievable.

Multiple syringes apparatus can enable both the simultaneous patterning
of different inks or the patterning of different materials layer-by-layer,
resulting in a multi-layered construct with vertical or horizontal rigid-to-soft
gradients.
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Embedded 3D printing (E3DP) is one of the most recent DIW technol-
ogies. This manufacturing approach pursues the direct patterning of inks
within a soft polymeric matrix, which serves as a support, along predefined
omnidirectional paths (Grosskopf et al., 2018). Both the ink and the matrix
materials must have specific rheological features. As in every DIW tech-
nique, the ink must have a shear-thinning behavior with high yield stress.
The same characteristics must be met by the matrix material, but the storage
modulus and the yield stress values shall be an order of magnitude lower than
those of the ink, to allow the needle to move freely throughout the bath, yet
holding the printed structure in place. Thixotropic materials or solid-liquid
suspensions (slurries) are suitable materials for the supporting bath.

A variant of the same technique, named FRE (Freeform Reversible
Embedding) has been developed to demonstrate the possibility to print
hydrophobic polymers with low viscosity and long cure times within a
hydrophilic support bath (Hinton et al., 2016).

E3DP has been implemented in Tissue Engineering applications by
Feinberg’s group (Hinton et al., 2015; Lee et al., 2019), resulting in a newly
emerged technique named FRESH (Freeform Reversible Embedding of
Suspended Hydrogels), which is an improvement of the traditional printing
in coagulation baths. In the printing process, the biocompatible polymeric
matrix behaves as a Bingham fluid, opposing low mechanical resistance to
the needle movements which impart high shear stresses to the matrix itself.
Once the bioink is deposited within the bath, it is held in place thanks to the
rigid-body behavior of the matrix at low shear stresses. At the end of
the process, the matrix is allowed to melt (e.g., with higher cell-friendly
temperatures) in a non-destructive manner and the final 3D structure is
released.

5. Biomedical applications

Additive manufacturing represents an enabling technology for the
fabrication of patient-specific implants (Haleem et al., 2020), the controlled
delivery of therapeutics and the development in vitro models for drug
screening and precision medicine (Mandrycky et al., 2016; Prendergast
and Burdick, 2020). Printed constructs may be utilized directly following
fabrication, or may undergo post-processing under static or dynamic culture
conditions. While static culture methods involve standard culture proce-
dures, dynamic culture systems imply external stimulation such as flow of
media/nutrients through constructs, application of mechanical or electrical
stimuli.
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Advancements in microengineering and microfluidic technologies have
contributed to the evolution of 3D printing with significant improvements
in terms of heterogeneity of printed constructs, resolution, printing time,
and automation of the printing process. For example, the application of
microfluidics in the engineering of advanced extruders has enabled greater
object heterogeneity, enhancing the speed of multi-material deposition via
improved switching among different inks (Hardin et al., 2015; Zhang and
Khademhosseini, 2017). These advancements may not only improve per-
sonalized 3D scaffolds for tissue engineering and regenerative medicine,
but also offer better in vitro models of physiological systems, potentially
helping to get new insights into tissue morphogenesis, pathogenesis, and
drug-induced structural and functional remodeling.

5.1 3D-printed scaffolds

In the recent years, several healthy and diseased 3D tissue models have
been developed by 3D printing, such as hepatic (Gori et al., 2020), kidney
(Homan et al., 2016) and cardiac tissue 3D models (Zhang et al., 2016).
Tumor models have been also engineered to investigate the efficacy of
anti-cancer drugs targeting the progression of cancer cell proliferation and
metastasis (King et al., 2014; Zhu et al., 2016). Although spheroids have
tor long represented the gold standard in this field, they do not fully reca-
pitulate the heterogeneity of tumor microenvironments overlooking the
effect of associated vasculature and neural network. In this sense, the use
of bioprinting has introduced the possibility to print multiple cell types
and growth factors/signaling molecules and to include vascularization into
tumor models (Huang et al., 2014). As an example, cell bioprinting was suc-
cessfully used to obtain an ovarian tumor model featuring a multicellular acini
structure, through the dispensing of human ovarian cancer cells and human
fibroblasts on a Matrigel substrate (Xu et al., 2011). Microextrusion of mul-
tiple cell types has also been performed to obtain multilayered pancreatic
tumor (Sears et al., 2015) and breast cancer microenvironment (King
et al., 2014). In addition to such studies, a tri-culture metastatic model has
been recently developed using a stereolithography 3D printing technique
for investigating the invasion of breast cancer cells into vascularized bone
tissue (Cui et al., 2020). This simplified version of the “tumor-vessel-bone”
metastatic niche was reproduced by incorporating various biocomponents
and photocurable inks into a multifunctional 3D tissue matrix and resulted
in a2 model of breast cancer cell metastasis (Fig. 2A).
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The integration of multiple tissue and organ types in multiorgan systems
recapitulating human physiology is gaining far more attention for the
achievement of truly predictive in vitro models with pathophysiological
relevance. Bioprinting strategies can positively contribute to the advance-
ments in this field by providing miniature 3D bioengineered components
to be integrated within a single microfluidic device as a simplified model
of an organism-on-a-chip for drug screening and toxicity studies. So far,
the only available bioprinted body-on-a-chip multisystem integrated liver
and cardiac tissue organoids bioprinted with customized tissue-specific bio-
inks into modular perfusable devices that were connected to a lung organoid
at the air-liquid interface. The system was used to assess inter-organ res-
ponses to the administration of drugs and toxic agents (Skardal et al., 2017).

Additive manufacturing technologies can be also applied to create clin-
ically viable tissue constructs mimicking the structural and functional integ-
rity of native tissue to be replaced: from simpler architectures such as bone,
skin, and cornea, through more organized tissues such as skeletal muscle,
heart, and neural tissues to tissue interfaces such as the osteochondral seg-
ment and finally, to complete organs with vessels and functional internal
structures. For example, conventional AM techniques have been used to
produce patient-specific titanium truss cages for the repair of distal tibial
disunion (Hsu and Ellington, 2015). PCL or PCL/tricalcium phosphate
composites have been assembled via FDM and SLS and used in the clinics
for bone restoration in dental and craniofacial applications (Youssef et al.,
2017). In addition, patient-specific bioresorbable airway splints have been
fabricated using SLS of PCL and clinically implanted for airway restoration
(Fig. 2B) (Bracci et al., 2013).

Some of these 3D printed constructs have already been tested in
clinical trials for functional tissue reconstruction and cosmetic augmentation
(Mehrotra et al., 2019). Moreover, as bioprinting systems become more
advanced, the potential for in situ biofabrication directly in the body is push-
ing in vivo applications closer to translation (Prendergast and Burdick,
2020). Some initial strategies focused on compact, handheld direct-write
devices such as the bio-pen, have been successfully used for the treatment
of chondral injuries (Di Bella et al., 2018; Duchi et al., 2017) and skin
wounds (Hakimi et al., 2018). Other works have focused on modifying
bioprinting systems commonly used in laboratory practices for clinical use
such as the mobile skin bioprinting system developed for direct in situ treat-
ment of extensive skin wounds (Albanna et al., 2019). Alternatively, other
methods of in vivo biofabrication have incorporated versatile robotic arms as



Additive manufacturing of biomaterials 251

the dispensing head of an inkjet bioprinter for in situ repair of skin defects
with PEG diacrylate (PEGDA) hydrogel (Li et al., 2017b).

While much progress has been made with traditional printing systems,
there are still many challenges to be solved for the fabrication of functional
tissue constructs and in vitro models. The development of functional vascu-
lature is one of the most critical challenges since the majority of bioprinting
methods rely on a layer-by-layer approach, which faces great difficulties in
the printing of complex hollow structures. A possible solution to address this
problem is to incorporate sacrificial biomaterials within the bioink which
give mechanical support during the 3D printing process and can be easily
removed from the constructs in the post-processing steps, leaving channels
or void spaces within the construct. To this aim, carbohydrate glass (Miller
etal., 2012) and Pluronic F127 (Kolesky et al., 2014) have been successfully
used as sacrificial materials to include perfused vascular network within 3D
constructs. By this approach, thick vascularized tissues have been 3D printed
using multiple bioinks loaded with mesenchymal stem cells, dermal fibro-
blasts for extracellular matrices, and vein endothelial cells for vasculature
(Kolesky et al., 2016). However, the introduction of extra sacrificial mate-
rials resulted in increased complexity of the printing process, which either
required rapid material exchanges at the bioprinting platform or the use
of multiple nozzles laden with different inks. Furthermore, an ideal sacrificial
material must be printable along with the non-sacrificial biomaterials and
cellular components under the same conditions, and their dissolution mech-
anism must be cytocompatible. These conditions severely limit the range of
applicable materials.

Another great challenge is the translation of these advances in regener-
ative medicine to the clinical arena (Jammalamadaka and Tappa, 2018). For
this translation to occur, validation protocols and regulatory frameworks
for 3D printed products must be standardized. For instance, successful reg-
ulatory pathways for 3D printed constructs have been developed by the
Food and Drug Administration (FDA) with more than 100 3D printed med-
ical devices cleared through the FDA 510(k) pathway and currently on the
market, including patient-matched devices tailored to fit patient’s anatomy
(“Statement by FDA Commissioner Scott Gottlieb, M.D., on FDA ushering
in new era of 3D printing of medical products; provides guidance to man-
ufacturers of medical devices”) (FDA, 2017). However, there are currently
no FDA-approved or cleared biologic products made by additive manufactur-
ing techniques in the United States (Ricles et al., 2018). Moreover, although
some standards on quality control and standardization have been defined by
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the International Organization for Standardization (ISO) and by the National
Institute for Standards and Technology (INIST), a single set of parameters
has yet to be uniformly adopted before AM technologies can effectively
change the medical product landscape (Prendergast and Burdick, 2020).

5.2 3D-printed DDS

The design of drug delivery systems via 3D printing technologies relies on
the flexibility to combine different components, such as polymers, additives
and active molecules, and control their spatial distribution to create ad hoc
products for the desired final application, which could range from oral drug
delivery, to parenteral administration of the DDS or personalized medicine.
Over the last years, researchers have highlighted the benefits of these formu-
lates in terms of dosage form, production of complex geometries, reproduc-
ibility of scientific results, use of small amounts of therapeutic molecules
compared to the standard administration routes, and reduction of waste
(Prasad and Smyth, 2016). Furthermore, the printed structures can be char-
acterized by tunable physico-chemical properties, such as permeability to
specific solvents, porosity, hydrophilicity/lipophilicity balance, and grafting
of chemical or biological functionalities, to address the controlled drug
delivery criteria. One of the first examples of an industrial product obtained
through the modulation of these parameters is Spritam®™, a FDA-approved
tablet of levetiracetam characterized by a high degree of degradation suitable
to design a treatment of the epilepsy in children (Jamroz et al., 2017; Pravin
and Sudhir, 2018).

Among the main configurations of great interest in the pharmaceutic
field, 3D printed tablets have a prominent role. For example, in the last years,
the group of Clive Roberts (Khaled et al., 2018) has manufactured tablets
encapsulating paracetamol for oral delivery: they formulated a paste com-
posed by the drug, excipients (polyvinylpyrrolidone and croscarmellose
sodium) and water, and used a 3D extrusion-printing process to produce
the DDS. In detail, they filled a syringe with the paste, and, at fixed printing
parameters, the latter was extruded layer by layer until reaching the desired
tablet dimension. This strategy ensured the optimization of the tablet den-
sity, geometry and porosity, and resulted in a high drug loading (80% w/w)
reducing the loss of active principle detected in commercial formulates.
In vitro studies demonstrated that about 90% of the paracetamol was released
within the first 10 min promoting a rapid therapeutic effect in the biological
compartments, and this trend was achieved thanks to the degradation kinetic
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of the croscarmellose excipient, which absorbed water and swelled leading
to the disintegration of the tablet. This 3D printing approach has defined
new opportunities for the pharmaceutical industry due to the simple proto-
col used in the DDS design and the opportunity to avoid critical process
conditions, such as high temperatures during the fabrication and the UV
irradiation, commonly used in FDM and UV-curing based ink-jet methods
(Okwuosa et al., 2016).

Moreover, Serris et al. (2020) have applied the same extrusion strategy to
develop a PLGA-based hydrogel film for controlled drug delivery in brain
cancer, with the challenge of delivering drugs using a smart release formu-
lation to overcome the short half-life of the drug. They investigated three
different configurations: single-layered, tri-layered, and core-in-shell films
and tested their suitability using three drugs (paclitaxel, rapamycin, and lido-
caine). In particular, the polymer film carrying paclitaxel and rapamycin
were obtained using high-molecular-weight PLGA (H-PLGA), whereas
the system delivering lidocaine was prepared using low-molecular-weight
PLGA (L-PLGA). The multi-layered and the core-shell configurations were
prepared by interchanging the two polymer mixtures. Exploiting the phys-
ical interactions between the drug and the polymer chains, and the different
degradation rates of H-PLGA and L-PLGA via ester hydrolysis in aqueous
environment, it was possible to tune the mechanism of drug release, ensur-
ing a sustained profile over several days. The resulting 3D-printed films
appeared as leading candidates for the local delivery of drugs in the brain
to alleviate pain after peritoneal surgery.

FDM technology represents another alternative to customize the com-
position and properties of drug-eluting devices. As discussed in the literature
(Goole and Amighi, 2016; Goyanes et al., 2016), this method is character-
ized by low cost, absence of organic solvents, feasibility of blending drugs
with polymeric materials in a prior hot-melt extrusion step, design of
multidrug systems and the opportunity to tune the release profiles of the
active molecules through the shape and density of the printed system.
Moreover, FDM can be integrated with other processes to produce innova-
tive solid dosage forms: for example, Beck et al. (2017) have proposed the
combination of the 3D printing with nanotechnologies (Fig. 2C). They
soaked PCL filaments in drug-loaded nanocapsules to produce 3D printed
tablets as a DDS; in particular, the FDM approach ensured the design of dif-
ferent tablet configurations, characterized by variation in porosity, density
and specific surface area, resulting in the optimization of drug loading and
drug release profiles. The originality of this work resides in the possibility
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to convert nanomaterial suspensions into solid dosage forms to produce a
novel device aimed at the personalized nanomedicine. Other polymers, such
as PLA, cellulose derivatives, chitosan and cyclodextrins, are commonly
used to create drug-loaded filaments to fabricate 3D tablets for gastrointes-
tinal, wound and antimicrobial applications (Andriotis et al., 2020; Arany
et al., 2019; Dumpa et al., 2020; Girt et al., 2020).

Instead, SLA was used by Goyanes et al. (2016) to obtain an anti-acne
patch encapsulating salicylic acid. The fabrication process involved the use
of a solution containing PEG and PEGDA photopolymerized by a photo-
initiator after the addition of the anti-acne agent. The DDS showed higher
resolution than specimens obtained through FDM technology.

Finally, DIW method can be used to produce aerogel structures with
controlled 3D structures and inner pore architecture: Chi-Fung Li and
co-workers produced cellulose nanocrystal aerogels and characterized
their physico-chemical properties, highlighting the biocompatibility and
biodegradability of the final system for different potential applications
(Li et al., 2017a).

Thanks to the versatility, replicability and accuracy of the above-
mentioned configurations, 3D-printed DDSs can be combined with math-
ematical modeling to predict both the drug release profiles and the effects
on release kinetics due to changes in printing parameters. As a result, 3D
printing techniques support the definition of an interdisciplinary approach
in drug delivery scenario thanks to the opportunity to rationally combine
the advantages of different strategies in a unique system, suitable to be inno-
vative and pioneering in healthcare applications which still ask a successtul
therapy.

6. Conclusions

As extensively discussed, Additive Manufacturing offers several advan-
tages in the field of biomedicine. A wide range of biomaterials with distinct
features can be processed for the fabrication of 3D structures, including bio-
resorbable polymers, hydrogels, metal alloys and bioceramics. With the use
of these materials and coupling complex designs with modern and highly
developed techniques, a huge number of advanced in vitro models and drug
delivery systems have been proposed over the last few years. Nonetheless,
almost none of these systems has reached the clinical scenario, and still
many issues remain unsolved and need to be overcome, especially for what
concerns safety, efficacy and regulatory hurdles. The risk of rejection for



Additive manufacturing of biomaterials 255

implantable devices, the speed of fabrication are typical examples, and eco-
nomic aspects must also be considered. Despite that, AM technologies and
related research in materials science are in continuous evolution, aspiring
to the development of fully functional and vascularized organs and to estab-
lishment of regulatory-approved drug delivery systems.
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Conclusions

This book summarizes many different examples of functional machines and
devices that can be designed using exclusively soft matter or combinations of
hard and soft materials. It disclosed possible applications of these program-
mable materials, probably the most important advantage of soft materials
usage. The examples discussed strongly support the potentialities of soft
materials in overcoming the limitations of rigid microrobots in many differ-
ent fields. They demonstrate that it is possible to achieve complex and
dexterous actuation paths by simply introducing large deformable parts
inside the device. Obviously, this requires using specific materials and
fabrication technologies, which have been extensively treated in this book.
In front of all these considerations, the most important idea suggested by this
book is that the future of robotics will be realistically dominated by highly
adaptable and smart soft devices. Soft materials have all the potentialities to
fulfill these tasks, making them an essential choice for the robotic tools of
tomorrow. The research field is still in a nascent stage, but it promises a large
variety of applications as described in this book. We expect the next decade
to see a further transfer of the scientific knowledge on soft robotics to many
different fields of our everyday life.
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