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Hydrogels and Their Role in Biosensing Applications
Anna Herrmann, Rainer Haag,* and Uwe Schedler*

Hydrogels play an important role in the field of biomedical research and
diagnostic medicine. They are emerging as a powerful tool in the context of
bioanalytical assays and biosensing. In this context, this review gives an
overview of different hydrogels and the role they adopt in a range of
applications. Not only are hydrogels beneficial for the immobilization and
embedding of biomolecules, but they are also used as responsive material, as
wearable devices, or as functional material. In particular, the scientific and
technical progress during the last decade is discussed. The newest hydrogel
types, their synthesis, and many applications are presented. Advantages and
performance improvements are described, along with their limitations.

1. Introduction

The global COVID-19 (Corona Virus disease 2019) pandemic has
demonstrated the critical importance of quickly detecting conta-
gious diseases to prevent their spread. When viable treatments
or vaccines are not available, rapid detection methods are crucial
for the timely rollout of measures to prevent transmission within
societies.[1] This need exemplifies the importance of fast, effi-
cient, and reliable testing and demonstrates the value of biosen-
sors and bioanalytical tests.[2,3] Even before the COVID-19 out-
break, however, biosensors and bioanalytical detection methods
played a major role in the fields of clinical diagnostics, point-
of-care testing, personalized medicine, and pharmaceutical re-
search, with a key objective of understanding interaction pro-
cesses at the molecular level.[4,5] In this area, highly sensitive de-
tection platforms with excellent specificity are required for their
ability to provide useful insights into individual’s health.[6] In
heterogeneous assays, the contact between the surface and the
analyte determines the performance of the sensor, and so the
quest for new and improved materials is intensifying. Among
the problems encountered are insufficient loading capacity of 2D
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surfaces, poor accessibility of immobilized
bioprobes, and the incorrect orientation
of these probes. There are many tools to
improve and optimize biosensors, among
them the use of hydrogels. Hydrogels are
viscoelastic, solid-like, but deformable ma-
terials that consist of a considerably diluted
network in an aqueous medium.[7] The net-
work consists of a chemically or physically
crosslinked hydrophilic polymer that en-
tails the structural stability and prevents the
dissolution of the polymer into the aque-
ous media. See Figure 1 for a schematic of
a hydrogel at different scales. Maintaining

their shape while absorbing a large amount of water or aqueous
media makes hydrogels the ideal candidate for the encapsulation
of drugs, proteins, and other biomolecules.[8–10] Furthermore,
the 3D matrix displays a high permeability for small molecules,
metabolites, oxygen, and other water-soluble components. These
traits and their visco-elastic properties make hydrogels an excel-
lent candidate for mimicking the extracellular matrix or mucus,
and as a carrier material for biomolecules.[11–13]

The first hydrophilic gel (hydrogel) was synthesized by
Wichterle and Lim in 1960, with the ambitious goal of creat-
ing a “plastic” that is in permanent contact with human tis-
sue. They defined the demands for a polymeric network to be
placed in a human body and stated the need for a hydrophilic,
3D network.[14] Ever since, the variety, demand, and range of ap-
plications have grown immensely. Hydrogels are used in various
fields of biotechnology, such as drug delivery, tissue engineering,
wound healing, and molecular diagnostics.[15–20]

Hydrogels have been generated from a variety of syn-
thetic polymers, including polyethylene glycol (PEG),
poly(N-isopropylacrylamide) (PNIPAAm), poly(2-hydroxyethyl
methacrylate) (PHEMA), as well as natural polymers, such
as chitosan, alginate, dextran, and hyaluronic acids. Gener-
ally, these materials are resistant to protein and cell adhesion
due to their hydration properties.[21,22] Specific properties of
hydrogels originate from the molecular units of the polymer
chains, and these units allow for further chemical modifications
to provide networks with additional or adjustable functional
properties. Typical groups, which either possess a function or
are used to introduce further functionalities, are carboxylic acids,
amino, and hydroxyl moieties. Functional groups influence
the hydrogel properties, such as the stiffness, swelling ratio,
and processability. Moreover, either inherently or by means of
chemical modification, hydrogels can be thermo-responsive,
pH-responsive, degradable, charged, swell upon stimuli, be self-
healing, or magnetic. In heterogenous bioassays the interface
between solution and surface is critical. Through immobiliza-
tion of these water-swollen, 3D polymeric networks, we can
extend the limited coverage of 2D surfaces and unlock enhanced
immobilization capacity and accessibility of biomolecules. The

Adv. Healthcare Mater. 2021, 10, 2100062 2100062 (1 of 25) © 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



www.advancedsciencenews.com www.advhealthmat.de

Figure 1. Representative hydrogel scheme from macro- to atomic scale. At macroscale we see a prepared gel pad in a swollen (left) and freshly prepared
(right) state. On a micro/nanoscale we see the 3D crosslinked polymer structure with a certain pore size (micro) or mesh size 𝜉 (nano). On atomic scale
a few typical examples of either chemical or physical crosslinking are represented.

improved signal intensity leads to a lower limit of detection
and reduces the background signal for better signal-to-noise
ratios.[23] The solution-like environment created by hydrogel
matrices also stabilizes and protects the structure of delicate
biomolecules that would otherwise denature on surfaces.[24]

Hydrogels have been reviewed in regard to sensor applications
before, for example by Pinelli, Tavakoli, and Spychalska.[25–27]

Our review, however, focuses on the role that hydrogels can adopt
in bioanalytical assays and biosensors. After a short introduction
to the general concept of biosensing and immobilization meth-
ods, we categorized the functions of hydrogels into hydrogels
used as the immobilization matrix, as the responsive unit, as
a wearable device, and as functional hydrogels using recent,
notable examples in each section. A selection of the presented
studies is listed in Table 1.

1.1. Biosensing

Generally, a biosensing element (bioprobe), which is usually im-
mobilized on a solid support, is chosen to specifically interact
with and sequester a target analyte from solution. The term
“biosensor” was coined by Carl Kamman for the first time in 1977
but was only defined by IUPAC in 1997.[28] A biosensor has to be
“a self-contained integrated device, which is capable of providing
specific quantitative or semiquantitative analytical information
using a biological recognition element[…], which is retained in di-
rect spatial contact with a transduction element.” Figure 2 shows
a schematic representation of a biosensor. A sample can be ob-
tained from a variety of biological sources; either it is used directly
as the analyte, or the target is extracted and potentially purified
before it is applied to the biosensing device. The biological coun-
terpart of the target, the probe molecules (antibodies, peptides,
nucleic acids, enzymes, cells, saccharide, etc.) must be immobi-
lized on a substrate (solid surface, e.g., glass, metal, microbeads,

hydrogels, etc.).[29–33] The interaction of the target and the probe
are registered physico-chemically and then transduced into a de-
tectable signal.[34] Depending on the detection method, the sig-
nal can be amplified, but finally it is processed and displayed. The
readout is typically accomplished optically with or without label-
ing, electrochemically, or by determining the mass change.[7,35,36]

Examples of commonly used biosensors are glucose monitoring
devices for diabetic patients and pregnancy tests, which detect
human chorionic gonadotropin in urine. Besides these, biosen-
sors are not only applied in health care but play an important
role in crime detection, environmental field monitoring, and food
analysis.[1]

Compared to 2D and polymer brush functionalized planar sur-
faces, the 3D nature of hydrogels confers several advantages in
the field of biosensing and bioanalytical systems. The hydrogel
allows for the accommodation of more recognition elements and
provides a highly aqueous and biocompatible microenvironment.
This more natural setting increases the stability of biomolecules
and preserves their functionality, which are crucial properties
for feasibility, specificity, and sensitivity of a biosensor.[34,37] The
hydrogel itself can also serve a purpose like separation of the
target from other molecules in a sample.[38] Key parameters in
biosensing are sensitivity, specificity, response time, selectivity
toward a specific target, prevention of nonspecific binding, and
reproducibility, all of which are dependent on the chemical struc-
ture and overall properties of the polymers used during hydrogel
formation. This review aims to investigate, how hydrogels con-
tribute to improving these parameters.

1.2. Immobilization Methods

The probe molecule in almost all bioanalytical assays must be
immobilized onto a substrate for the purpose of easy separa-
tion, incubation, washing, and finally detection. There are several
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Table 1. Selection of the discussed hydrogel materials in the context of biosensing categorized according to the hydrogel’s role.

Hydrogel material Target Detection method Probe Immobilization method Ref.

Hydrogels as Immobilization Matrix

Dextran Oligonucleotide Fluorescence Covalent, aldehyde amine [23]

(PEG methacrylate) Dye, protein, Oligonucleotide Fluorescence Covalent, Diels-Alder cycloaddition [50,51]

Chitosan Enzymes Chromogenic (indigo) Covalent, amide bond [54]

Chitosan, dextran Glucose Electrochemical Electrostatic [76]

Responsive Hydrogels

Acrylic acid and
dimethylaminoethyl
methacrylate

Urea Piezoresistive pressure
sensor

Encapsulation [90]

Shape-memory DNA film pH, Ag+/cysteine Photonic crystal Hybridization [93]

Poly(methyl
methacrylate-co-methacrylic
acid)

pH Naked eye Dual-layered hydrogel [96]

Polyacrylamide Glucose Nanoparticle as visual
indicator

Hybridization [104]

Wearable Devices

Hydrolyzed keratin and
polyacrylamide

Human motion Electrical Adhesion [125]

Agarose L-lactate Potentiometric Encapsulation [140]

Functional Hydrogels

PEG, hPG Oligonucleotide, Fab, Ab Fluorescence Covalent, amide bond [148]

PANI/PNIPAAm BSA IR Molecular imprinting [150]

methods to immobilize the probe molecule onto various base ma-
terials, called substrates. However, not all substrates work with all
detection techniques, and not all immobilization methods work
on all substrates. Fortunately, there are many methods and tech-
niques to choose from. Substrates can come in multiple forms
and shapes. Commonly used materials are multiwell plates, glass

slides, microbeads (fluorescent, magnetic, or both), rods, chips,
fibers, and cups. The initial choice for the right substrate depen-
dents mainly on the mode of detection. Once the right platform is
determined, substrates usually come in a variety of base materials
(glass, metal, polymer, or composites). They can be used unfunc-
tionalized if the material itself interacts with the bioprobe (c.f.

Figure 2. Schematic representation of a biosensor. A sample is collected, from which the analyte is extracted containing the target molecule and poten-
tially impurities. The target will interact with the bioprobe immobilized on a substrate. For the final signal detection, the affinity interaction needs to be
transduced into a measurable signal, which can be optical, mass based, or electrochemical.[34]
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Figure 3. Representation of possible immobilization methods of a bioprobe onto a substrate.

Figure 3a). However, for some applications special functionali-
ties are needed, and there are several methods to introduce them.
One straightforward approach is the use of plasma treatment,
which eliminates surface contamination and inserts chemically
reactive functional groups, and can also be used to change wetta-
bility, adhesion characteristics, and biocompatibility of the base
material.[39] Alternatively, substrates can be functionalized with
a monolayer of functional groups. In this case, linkers are used
that carry a substrate binding functionality on one side and a bio-
probe reactive group on the other side (c.f. Figure 3b). If a larger
distance between substrate and linker is desired, longer linear
chains can be implemented. This is intended to make the biore-
active group more easily accessible to the biomolecule of interest.
Prominent examples are self-assembled monolayers (SAMs) on
gold and the silanization of glass surfaces, since silanes with di-
verse functional groups are readily available. However, the probe
coverage in this introduced monolayer is often not sufficient to
create a detectable signal. Often secondary interactions such as
the (strept)avidin-biotin interaction are utilized (c.f. Figure 3c).
This interaction is one of the strongest noncovalent interactions
known, which is represented in a high dissociation constant. This
results in a good stability at high temperatures and allows for
its use in nucleic acid detection under polymerase chain reac-
tion (PCR) conditions.[40] There are several methods to couple
biotin specifically to biomolecules. The biotinylated probe is then
captured onto a streptavidin coated surface at high density in
a directed orientation. To further increase the number of func-
tional groups available on a substrate, polymer brushes or multi-
valent linkers like dendrimers, hyperbranched polymers, or star-
shaped polymers are introduced as exemplified in Figure 3d.[41,42]

In this case, a polymer is either grafted to or grafted from the

surface. With every monomer a new functional group is intro-
duced for the subsequent immobilization of a biomolecule. Al-
though the introduction of multifunctional polymers greatly en-
hances the number of functional groups, not all these groups
are accessible, especially if the biomolecule of interest is rather
large.[34] This is attributed to the dense packing of the functional
groups. It is reported for poly(methyl methacrylate) beads grafted
with bottle brushes of poly(acrylic acid) that this method can cre-
ate a high density of up to 50 nmol cm−2 of accessible COOH
groups, whereas monolayers of carboxylic groups only create
around 10 nmol cm−2.[43,44] Additionally, for coupling reactions
at the 2D interface, the number of effective collisions is reduced
due to restrictions in translational and rotational degrees of free-
dom. Therefore, coupling reactions to surfaces show lower reac-
tion rate constants and have lower conversions compared to the
respective reaction in solution. It was found that surface DNA
hybridization is suppressed 20- to 40-fold in comparison with
bulk hybridization, probably owing to interactions between ana-
lyte and substrate.[45] This is sought to be prevented or mitigated
by the implementation of a hydrogel matrix for the immobiliza-
tion of the bioprobe as schemed in Figure 3e. In the solution-like
environment, the probes stay immobilized, but the affinity inter-
actions are less restricted. The distance between the surface and
the bioprobe is increased, as well as the surface area for the im-
mobilization of probes.[46] Different possibilities to immobilize
hydrogels on surfaces for bioanalytical purposes are described for
example by Prucker et al.[47] Instead of using the hydrogel simply
as an immobilizing matrix, it can be used as the substrate, where
its flexibility and low background intensity can be beneficial. Hy-
drogels can also function as substrate coating, or even function as
the sensor or transducer platform in the case of target-responsive
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hydrogels. In all these cases hydrogels are very promising, due
to their exceptional mechanical, electrical, physicochemical, and
optical properties. The hydrogel formation typically proceeds un-
der mild synthetic conditions, with a huge chemical and struc-
tural diversity to choose from. Thus, we can not only optimize
the chemical and physical properties of hydrogels but also ma-
nipulate their nanostructure (e.g., mesh size) and microstructure
(e.g., shape) to achieve an optimal sensing platform.

2. Hydrogels as Immobilization Matrix

Compared to 2D types of biointerfaces, the 3D, porous structure
of hydrogels increases the surface area of the material, allowing
the immobilization of orders of magnitude larger amounts of
recognition elements, ranging from small molecules to proteins
and even cells. The highly hydrated structure resembles biolog-
ical tissue; this makes hydrogels optimal for biological interac-
tions and provides an ideal environment for probe molecules to
be retained on the substrate. If the probes are entrapped inside
the matrix as well as on top of the matrix, they are kept comfort-
ably in the soft and flexible network, are less affected by surface
interactions, and can maintain their biological activity.[24,34] An-
other outstanding feature of hydrogels as an immobilization ma-
trix is the reduction or even prevention of nonspecific binding.
This is attributed to the antifouling properties of the polymers
and the solution-like environment created by the hydrogel. As a
result, biomolecules that are not chemically addressed will not
bind to the surface.

In the following sections, hydrogel features will be discussed
in the context of biomolecule immobilization. Here, hydrogels
can be beneficial as 1) a coating material, to 2) completely re-
place the substrate, or as 3) the encapsulation matrix, where
biomolecules will be entrapped inside the network.

2.1. Substrate Coating

The flexible nature of hydrogels can be used to increase the acces-
sibility of probes. The rough yet elastic surface leads to a higher
surface binding capacity as well as improved exposure of the
recognition site. Due to the hydrophilicity of polymers used in
hydrogels, nonspecific binding is significantly decreased.[48] As
early as 1990, it was found that a dextran coating operated well
in SPR-based techniques. A gold chip was coated with the dex-
tran hydrogel, and the more flexibly bound antibodies showed
performance superior to antibodies directly coupled to a solid
support.[49] More recently, a 3D dextran matrix was compared
to a 2D surface in the context of DNA microarrays. Both sur-
faces provided aldehydes for covalent attachment of the DNA
probe strand via imine formation. It was found that the sig-
nal intensity of the fluorescence-based hybridization assay was
higher for the hydrogel-based assay, which was attributed to the
higher surface loading paired with improved accessibility. The
studied microarray platform also worked well with samples in
serum, thus showing great potential for clinical diagnosis. Fur-
thermore, by using the signal enhancing detection method hy-
bridization chain reaction, a limit of detection as low as 10 ×
10−15 m was achieved.[23] In the context of microarray fabrication,

another hydrogel coating approach was chosen, where instead
of coating the entire substrate, the hydrogel coating was placed
only at the position of the array spots themselves. In this case, a
synthetic hydrogel was used whereby the maleimide group was
exploited in a twofold manner; for crosslinking and bioconjuga-
tion. As polymeric components a mixture of hydrophilic PEG-
based methacrylate and maleimide methacrylate were block-
copolymerized with a hydrophilic linear PEG macroinitiator by
ATRP polymerization. For hydrogel formation the precursor so-
lution was dropped onto the substrate and covered with a pho-
tomask. Crosslinking between the maleimide groups proceeded
only at the exposed positions, which led to a micropatterned
hydrogel coating in an array format. Maleimide groups, which
were not crosslinked, remained readily available for the immo-
bilization of thiol-containing probe molecules by the Michael-
type addition reaction. Alternatively, a furan-containing dye was
immobilized via the Diels–Alder cycloaddition.[50] By adding
methyl methacrylate as a fiber-forming substance into the poly-
mer mixture, the same group produced nanofibers via electro-
spinning and arranged them in a micropatterned array. They im-
mobilized dyes, proteins, and oligonucleotides. The microporous
structure of the nanofibers provided a high surface area with
good accessibility, making them an ideal coating for biosensing
applications.[51] Using hydrogels as the coating material also has
the benefit of providing additional functionality within the net-
work, such as directly immobilizing a chromogen, which only
becomes visible for readout upon presence of the target. Nam
et al. used hydrogel superimposed glass fiber membrane strips
for the colorimetric detection of nitrite ions. An NHS (N-hydroxy-
succinimid) ester was integrated into a PEG-diacrylate-based hy-
drogel, making the hydrogel susceptible to amines. The hydrogel
solution was simply dropcast onto the glass fiber strip and sub-
sequently functionalized with N-(1-naphthyl)ethylenediamine di-
hydrochloride, which formed an azo dye with sulfanilamide in
the presence of nitrite ions (Griess reaction).[52] For the detec-
tion of nitrite ions, this strip was administered to a cocktail of
sulfanilamide and analyte, containing various amounts of nitrite
ions. The intensity of the color produced was correlated to the
nitrite concentration in the sample, and the detection range was
between 10 and 500 × 10−6 m. The sensor was optimized with re-
spect to the UV time during hydrogel formation, concentration of
both the immobilized probe and visibility agent, and the pH.[53]

The use of a hydrogel in this sensor setup combined several ben-
efits. It ensured the immobilization of a large amount of the col-
orimetric molecule, in contrast to only a monolayer of reactive
groups available in a 2D format. Additionally, the solution-like
environment facilitated subsequent modification steps and at the
same time guaranteed a good distribution of the analyte solution,
which can be especially tricky for charged targets. The concept
of integrating the color-producing compound into the hydrogel
to make a sensor suitable for naked-eye detection was also used
for the discrimination between a pathogenic (EHEC) and a non-
pathogenic (E. coli. K12) strain. Here, Jia et al. produced shape-
encoded, chitosan-based substrates, which contained enzyme-
specific probes. The probes simultaneously functioned as trans-
ducer, since the initially pale-yellow hydrogel turned blue upon
target detection (c.f. Figure 4, top). More specifically, one chro-
mogenic substrate based on 5-bromo-4-chloro-3-indoyl sugar
was covalently immobilized in one of two shapes, which were
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Figure 4. (Top) Pathogenic (EHEC) and nonpathogenic E. coli K12 were detected by shape encoded color change of a chitosan hydrogel substrate. The
blue color appears only upon the presence of the respective enzyme secreted from the bacteria. (Bottom) Chemical details of the chitosan modification
with the chromogen 5-bromo-4-chloro-3-indonyl and its reaction to visible indigo dye after presence of the bacteria specific enzymes. Reproduced with
permission.[54] Copyright 2018, American Chemical Society.
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Figure 5. Schematic illustration of hydrogel-based mRNA detection by
a shape-encoding intraplex hydrogel microparticle. The particle in stripe
shape contained a reference fluorophore as positive control (yellow, chan-
nel 1) and blanks as negative controls (gray, channel 2 and 6). Chan-
nel 3–5 were used for the simultaneous detection of three different tar-
gets. Inert PEG600 was added as a porogen to enhance mass transport,
whereas PEG diacrylate was used for the hydrogel formation. Reproduced
with permission.[56] Copyright 2012, American Chemical Society

manufactured with a polydimethylsiloxane (PDMS) mask. The
visible indigo dye is only produced upon the presence of the en-
zyme, which is generated by the respective E. coli. strain. See Fig-
ure 4, bottom, for the chemical details. Therefore, the appearance
of a blue color corresponded to the existence of a specific E. coli.
strain, which could either be pathogenic or nonpathogenic.[54] In
a similar approach, the same group immobilized three different
colorimetric substances inside a chitosan hydrogel to detect 𝛽-
glucuronidase. The three independent color codes reduced false
positive test results by introducing redundancy.[55] This nicely
demonstrates the versatility of hydrogel functionalization and its
potential application in multiplex detection approaches. These
systems nicely exemplify the utilization of hydrogel assets. The
high amount of colorimetric substance in combination with the
test strip format make the hydrogels ideal candidates for point-
of-care testing since no additional instrumentation is needed. Ad-
ditionally, preparing the hydrogel film by dropcasting simplified
the manufacturing process. The flexible nature of the prepared
hydrogel films would also allow application of such substrates to
fabric or on soft thermoplastics for food packaging.

2.2. Substrate Replacement

Hydrogels can also completely replace the substrate instead of be-
ing used merely as a substrate coating. For example, mRNA was
entrapped in a hydrogel microparticle based on PEG diacrylate.
This approach spatially separated different mRNA strands inside
one single microparticle (shape-encoded “intraplex”), as can be
seen in Figure 5. By using PEG600 as a porogen, Choi et al. could
tune the porosity to enhance mass transport and achieve a univer-
sal platform to detect large mRNA next to small miRNA in a sin-
gle approach. This method outperformed the indirect method of
reverse transcription PCR, which is highly sensitive but includes
several steps and requires amplification of complementary DNA
strands.[56]

Using a natural hydrogel, King et al. detected DNA sequences
with a hydrogel based on a self-assembling peptide. The pep-
tide sequence (Val-Lys-Val-Lys-Val-Glu-Val-Lys) is known to form
antiparallel 𝛽-sheets, which stack along their long axis to form
flexible fibers. The hydrogel-based fibers were used as 3D sub-
strate onto which oligonucleotides could be immobilized. The
biological origin of the peptide-based hydrogel helped with bio-
probe immobilization. The material could be dried, which made
the probe oligonucleotides less prone to degradation by nucle-
ases. The rationale behind using a self-assembling base pep-
tide was that probe oligonucleotides could be introduced on
a molecular level by mixing base peptides with modified pep-
tides. Consequently, the probe sequences were exposed on the
surface of the 𝛽-sheets. Upon addition of a beacon contain-
ing the target sequence, a fluorescence dye, and a quencher as
Förster resonance energy transfer (FRET) system, fluorescence
intensity was implemented as the chosen detection method.[57]

A hydrogel film based on acrylamide was prepared via re-
dox initiated radical polymerization initiated by potassium per-
sulfate, whereby a rhodamine derivative is copolymerized via
its secondary amines. The amine–persulfate system effectively
polymerizes vinyl monomers in aqueous conditions. The re-
sulting free-standing, clear, and stretchable hydrogel film con-
tained the rhodamine dye in its spirolactam form, which was
colorless and nonfluorescent. The addition of aluminum ions
altered the structure of the dye and transferred it into its
ring-opened form, which showed color and fluorescence as mea-
surable parameters. Consequently, the added rhodamine derivate
acted as redox promoter for successful hydrogel formation and
as the detection probe for Al3+. Interestingly, the fluorescence
could be switched off, thereby enabling reversible on-off fluo-
rescence switching. This was done by adding ethylenediaminete-
traacetic acid, which pulled out the Al3+.[58] Aluminum ions are
known to inhibit the ingestion of other essential metal ions and
could be related to diseases, such as Parkinson’s disease, anemia,
and Alzheimer’s disease.[59] In a study by Shibata et al. hydro-
gel microbeads were fabricated in a microfluidic setup, whereby
a glucose-responsive fluorescent dye monomer was included.
This dye contained a diboronic acid moiety which quenched the
fluorescence of anthracene. Upon the presence of glucose, the
boronic acid would preferably bind to the hydroxyl groups of
glucose and thereby switch on the fluorescence intensity. They
injected the microbeads into mice and correlated the fluores-
cence intensity to the relevant range of glucose concentration in
blood and hence, the hydrogel microbeads showed potential to be
used as an in vivo continuous glucose monitor.[60] In vivo biosen-
sors have many advantages since they are designed for continu-
ous monitoring of target analytes in actual biological systems.
However, the readout, clearance after measurement, response
time, and biocompatibility remain a challenge. More examples
on in vivo biosensing targeting a variety of analytes are reviewed
elsewhere.[61]

2.3. Encapsulation Matrix

Preservation of the native structure of biomolecules is a crucial
requirement for feasibility, specificity, and sensitivity in biosens-
ing applications. One of the first systems that used biomolecule
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Figure 6. In situ immobilization of probe molecules onto a substrate in a bioorthogonal hydrogel matrix. Immobilization was done either covalently for
small molecules, such as a 20mer oligonucleotide sequence or by size for larger proteins such as an antibody and streptavidin. After hybridization or
affinity interaction with the respective fluorescence labeled targets, the detection was achieved by measuring the fluorescence intensity. Higher loading
compared to reference substrates was found in all cases. Values are presented as mean value (n = 3) and error bars reflect the standard deviation.
Adapted with permission.[71] Copyright 2018, American Chemical Society

entrapment was devised in 1967 by Updike and Hicks.[62] They
entrapped the enzyme glucose-oxidase in a gel of polyacrylamide,
thus increasing the operational stability of the enzyme and
simplifying the sensor preparation.[63] There are different ap-
proaches for the encapsulation of biomolecules, ranging from
size-selective encapsulation to covalent linkage to entrapment
of an object which carries the bioprobe. The typical advantages
of this approach over direct immobilization onto substrates are
higher loading, better accessibility, and a more biological environ-
ment provided by the flexible nature of hydrogels. There are sev-
eral reports about the encapsulation of biomolecules, particularly
enzymes, into hydrogels. It was found to preserve the native pro-
tein conformation and thereby improve enzyme activity.[64,65] For
example, super-porous agarose gel was used in a flow-through
electrochemical sensor to immobilize the signal-producing en-
zymes in larger amounts. This increased the signal intensity by a
factor of more than five while retaining good flow properties.[66]

As an example for a synthetic hydrogel, polyacrylamide-based gel
pads were used in immunoassays for their high-capacity support,
low nonspecific binding, and low background fluorescence. The
amount of immobilized antibody was thereby increased by a fac-
tor of 20.[67,68]

Our group worked on the covalent and noncovalent entrap-
ment of biomolecules into a biocompatible hydrogel based on
PEG and hyperbranched polyglycerol. This setup was used to im-
mobilize the enzyme periplasmatic aldehyde oxidoreductase for
electrochemical detection of benzaldehyde. The use of a hydro-
gel kept the enzyme stable up to 4 days.[69] Based on the same

two macromonomers, a hydrogel was synthesized from linear
PEG functionalized with a strained alkyne and crosslinked by the
hyperbranched polyglycerol functionalized with azide groups.
Gelation proceeded via the strain-promoted azide-alkyne cycload-
dition (SPAAC) between the two macromolecules. Due to the
bioorthogonal nature of the crosslinking reaction, nonspecific
binding was minimized, and size-selective immobilization of
large biomolecules (streptavidin and antibody) could be achieved
in situ and without additional modification steps of the bioprobe.
Several methods of substrate preparation were shown, such as
spotting, spin-coating, and dropcasting of the probe-hydrogel
mixture. It was shown that the streptavidin was immobilized in-
side the network without leaching, while remaining accessible
for ≈3.7 biotin per streptavidin molecule (compared to 4 bind-
ing sites in solution). Additional functional groups of the hyper-
branched polyglycerol could selectively be used for the covalent
immobilization of small molecules. This made the matrix a ver-
satile tool for the immobilization of a range of biomolecules and
provided an inert, biocompatible environment in all cases (c.f.
Figure 6). All the fluorescence-based assays showed higher load-
ing capacity, better sensitivity, and a lower limit of detection com-
pared to 2D substrates.[70,71]

Another antifouling hydrogel for the covalent and noncova-
lent immobilization of proteins and oligonucleotides was used by
Díaz-Betancor et al. The gel was based on 2-Methacryloyloxyethyl
phosphorylcholine and polymerized by UV irradiation. The zwit-
terionic phosphocholine is the polar, hydrophilic head group of
some phospholipids and has good antifouling properties while
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Figure 7. Reaction scheme of the acrylic acid (AA) and gum tragacanth
composite hydrogel, crosslinked by N,N′-methylenebisacrylamide (MBA)
and fluorescein diacrylate (Fl-DA). Adapted with permission.[74] Copyright
2020, The Royal Society of Chemistry.

acting as specific recognition element for C-reactive protein.
Other probe molecules, such as oligonucleotides and an anti-
body, could also be immobilized via thiol-acrylate click chem-
istry. The group demonstrated the in situ hydrogel and probe
immobilization onto two different surfaces and studied the sig-
nal transduction using labeled and label-free detection formats.
Since the hydrogel formation was initiated by UV radiation, this
method has proven excellent for microarray printing by a robotic
dispensing system. Additionally, the phosphorylcholine contain-
ing hydrogel structure was biocompatible, antifouling, and easy
to manufacture.[72] In the context of automatic dispensing, hy-
drogels can also be used for 3D printing. Those properties were
studied by Schmieg et al., who worked on PEG-diacrylate-based
hydrogels for the entrapment of an enzyme. For 3D-printing the
viscosity and hardening properties of the hydrogel ink are de-
termining the eligibility of the material. They studied the rhe-
ological properties, the printability, and the enzyme activity in-
side the printed structure. They used viscosity enhancing addi-
tives to tune flow properties and to enable degradation.[73] The
hydrogels has proven to be beneficial since both, the biologi-
cal relevant species and the viscosity enhancing material could
be mixed into the ink and the final material had the desired
properties regarding biocompatibility and printability. Another
instance of probe molecule encapsulation was performed with a
composite hydrogel based on gum tragacanth nanoparticles and
acrylic acid (AA). It was reacted into a superabsorbent hydrogel
by crosslinking with by N,N′-methylenebisacrylamide (MBA). As
a second crosslinker, fluorescein diacrylate (Fl-DA) was added,
which yielded a polymeric network with the fluorescent dye
incorporated within the structure. See Figure 7 for a scheme
of the chemical structure and crosslinking strategy. By encapsu-
lating quantum dots (CdTe) the fluorescence intensity was en-
hanced due to the synergistic effect between fluorescein and
CdTe quantum dots. As the biorecognition element, the enzyme
glucose oxidase was immobilized within the gel, which catalyzed
the oxidation of 𝛽-D-glucopyranose. Thereby hydrogen perox-
ide was produced and sensed on the surface of the quantum

dots, where it quenched their fluorescence intensity. The super-
absorbent feature of the hydrogel was intended to enhance mass
transport of substrates and products in the highly swollen struc-
ture, and the enzyme affinity for glucose was found to be superior
inside the hydrogel compared to other gel-like matrices. The en-
zyme was stably immobilized inside the gel for 120 h.[74] This
is an excellent example of the multiple purposes a hydrogel can
adopt. It combines the biorecognition element, the transducing
feature, and the fluorescence-enhancing component. Through
the combination of a natural hydrogel with synthetic moieties,
the platform enabled many options for optimization.

To overcome limitations of glucose sensors based on 2D
substrates, Liang et al. used a setup based on a natural hy-
drogel mixture of quaternized chitosan and oxidized dextran.
By the formation of reversible Schiff base bonds, the re-
sulting hydrogel had self-healing properties. Since covalent
attachment of the enzyme within the hydrogel can impede
with the enzyme’s bioactivity,[75] the researchers encapsulated
CeO2/MnO2 hollow nanospheres and modified them with
carboxylic groups. Thus, the nanospheres could be covalently
immobilized into the hydrogel by EDC/NHS coupling (1-Ethyl-3-
(3-dimethylaminopropyl)carbodiimide/N-Hydroxysuccinimide).
The covalent attachment prevented leaching of the spheres
from the hydrogel, which was important for sustaining the
sensing performance. See Figure 8 for a schematic overview.
The negative charge of the carboxylic groups simultaneously
allowed for electrostatic interaction with the enzyme for probe
immobilization. The nanospheres used are biocompatible,
rather inexpensive, and beneficial for glucose oxidase immo-
bilization. In this setup, the hydrogel should enrich glucose
which enhanced the glucose oxidase contact to glucose, thereby
broadening the range of detection and improving sensitivity and
the response rate. Finally, a flexible polyethylene terephthalate
film coated with an indium tin oxide (ITO) conductive coating
as well as a gold-based three-electrode screen-printing chip were
coated with the nanosphere-encapsulated hydrogel, and glucose
was tested successfully in the physiologically relevant range.
The excellent performance found in this study is attributed to
the large specific surface area of the hollow nanospheres, which
is further increased by embedding them in large numbers in
the hydrogel. Furthermore, the hydrophilic environment of the
polymeric network facilitated the diffusion and concentration of
glucose. The flexible nature with additional self-healing prop-
erties yielded an excellent system for potential application as a
continuous glucose monitoring system.[76]

The embedding of larger objects in a hydrogel was also per-
formed with silver nanoclusters and a DNA hydrogel for the de-
tection of hydroxyl radicals. Silver nanoclusters were synthesized
in situ and stabilized inside a DNA hydrogel, whereby cysteine-
rich sequences interacted with silver ions which were then re-
duced to fluorescent nanoclusters. Silver nanoclusters show ex-
cellent performance in bioimaging and biosensing; however, they
are rather unstable. Embedded in the hydrogel, the silver nan-
oclusters performed with improved photo- and thermostability
next to showing lower toxicity compared with conditions in am-
bient environment. Generally, composite materials of hydrogels
and nanoparticles have attracted much research interest due
to the lower toxicity displayed when the nanoparticles are in-
corporated into a hydrogel. At the same time, the combination
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Figure 8. Overview of the glucose sensor based on CeO2/MnO2 hollow nanospheres, which were encapsulated in a natural hydrogel produced from
quaternized chitosan and oxidized dextran. The concentration dependent, electrical readout was shown in a repetitive manner. Reproduced with
permission.[76] Copyright 2020, Elsevier B.V.

increases structural diversity and property enhancement.[77] In
the case of embedded silver nanoclusters, the detection of re-
active oxygen species such as hydroxyl radicals in viable cells
was done with improved performance. As a consequence of
the superior photostability only strong oxidation agents were
able to quench the fluorescence and that yielded high selectiv-
ity. Furthermore, the silver nanoclusters were protected by the
long DNA strands in the hydrogel.[78] Reactive oxygen species
were also detected in the form of hydrogen peroxide (H2O2)
by a hydrogel-based sensor, which was developed based on a
peroxidase-mimicking hemin (DNAzyme) complex. This com-
plex exhibited high peroxidase activity, showed high stability,
and its side chain could be tailored for further functionaliza-
tion. Hydrogen peroxide is typically detected in a colorimetric
format by the enzyme-catalyzed (e.g., horseradish peroxidase)
oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) or toluidine
blue, respectively. This reaction yields a blue product, which
can be analyzed and quantified.[79,80] In diluted solution, how-
ever, this is not feasible for naked-eye detection. By incorporat-
ing the peroxidase-mimicking enzyme (DNAzyme) into a hy-
drogel, the hydrogen peroxide was accumulated locally and pro-
duced the visible oxidized TMB in high local concentration.
Therefore, a quadruplex with hemin was formed from a DNA
strand that contained a hemin-aptamer sequence in the mid-
dle and a poly(thymine) sequence on both ends, whereby the
poly(thymine) sequences protruded on all sides (c.f. Figure 9,
top line). To encapsulate the DNAzyme into the hydrogel, an

acrydite-DNA strand is copolymerized with acrylamide, whereby
acrydite was used to introduce a methacryl group at the 5’
end. This led to a linear polymeric chain with poly(adenine)
sequences protruding (c.f. Figure 9, second line). The hydro-
gel was formed by hybridization between the poly(thymine) and
poly(adenine) chain and thereby encapsulated the DNAzyme
complex as schemed in Figure 9. The signal accumulation in-
side the hydrogel, detected by naked eye, reached a limit of de-
tection comparable to electrochemical H2O2 sensors.[81] This is
an excellent example of a case where the hydrogel enabled a
device-free detection method due to its higher amount of im-
mobilized probe, and where its accumulation capability is uti-
lized. In a different study, a peroxidase-mimicking hemin-based
quadruplex was stacked by a cationic template to form a nanofi-
brous hydrogel. The researchers integrated the nanowires into
a conductive matrix by in situ deposition of polyaniline. The
printing capability of this system provided great potential for de-
signing hierarchical architectures or for manufacturing flexible
electronics.[20]

3. Responsive Hydrogels

Hydrogels that respond to physical or chemical changes in their
environment can be used for the detection thereof. A typical sens-
ing approach is to use the network’s swelling or its degradation.
When the hydrophilic polymers of a hydrogel are immersed in
aqueous solution, the osmotic pressure causes the water to dif-
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Figure 9. (Top) Illustration of the DNA strand containing a hemin-
aptamer sequence with poly(thymine) sequences on both ends which
formed a quadruplex with hemin (DNAzyme). The DNAzyme was
crosslinked into an acrylamide-based hydrogel via its protruding thymine
strands utilizing hybridization with a poly(adenine) sequence. (Bottom)
The encapsulated quadruplex was used for naked eye detection of perox-
ide via visible TMB oxidation. Reproduced with permission.[81] Copyright
2016, The Royal Society of Chemistry.

fuse into the material’s body. This proceeds until the polymer is
completely dissolved, as far as the physical or chemical crosslinks
allow it.[82] This leads to the expansion of the whole network.
Opposed to the stretching of the polymer chains stands the re-
tractive force imposed by entropy. The swelling continues un-
til those two forces are balanced; this dynamic is described ex-
tensively by the Flory–Rehner theory.[83,84] The swelling behavior
and degree of swelling can thus be influenced by modifying the
hydrogel’s properties. The introduction of reversible bonds can
further increase swelling or even lead to complete dissolution
of the network. This is because noncovalent or reversible link-
ages will break in response to certain stimuli, such as mechani-
cal stress or physical changes. Those stimuli include alteration in
pH, ionic strength, temperature, or biochemical indications.[85]

Alternatively, a ligand may be present whose affinity toward the
crosslinker is stronger than the hydrogel component itself. Con-
sequently, the binding between polymer and crosslinker inside
the network will break up, resulting in property changes. In this
way hydrogels are beneficial to detect the linear increase (or de-
crease) of a targeted property over a wide range. This allows for
concentration-dependent detection. Hydrogels as a material are
often stable over a broad range of external stimuli but undergo a
conformational change once a critical point is reached. The trans-
formation happens due to highly cooperative interactions from
the repeating units in the polymeric material.[86] This can be used
for transducing a certain critical target concentration into a visi-
ble signal.

3.1. Stimuli-Responsive

In this chapter, external physical stimuli that have an impact
on certain hydrogel structures will be discussed. pH-responsive
hydrogels are a prominent example. One way to obtain pH-
responsive hydrogels is to introduce carboxylic groups or use
polymers that intrinsically contain many carboxylic groups (e.g.,
poly(methacrylic acid)).[87,88] By increasing the pH, the carboxylic
groups become charged and the charge repulsion leads to higher
swelling.[89] This increase in swelling can be detected in a sensing
setup or it can be used for the release of a previously loaded cargo.
For the detection of urea, which is used in fertilizer and is also an
important biomedical indicator for diseases, the enzyme urease
was encapsulated into a pH-responsive hydrogel based on acrylic
acid and dimethylaminoethyl methacrylate (c.f. Figure 10, top).
Upon the presence of urea, basic by-products were produced that
increased the pH and resulted in swelling of the hydrogel. The
swelling was transduced into a measurable signal by a piezore-
sistive pressure sensor, which is schemed in Figure 10, bottom.
The selectivity for urea over similar species was investigated and
found to be extremely high. The swelling process was also re-
versible, allowing for repeated urea detections with the same sen-
sor. The enzyme was physically entrapped by size; however, it
did not leach out of the network. It also remained active over the
course of at least 8 weeks, yielding a reusable and stable biosensor
for the concentration-dependent detection of urea.[90] The study
was performed at neutral pH, which is where the maximum rate
of enzyme activity is known to be reached (pH 7.4).[91] For the ap-
plication of such a sensor with real samples with a different pH,
further studies should investigate the performance at a broader
pH range. The authors discuss other hydrogel-based urea sen-
sors and find their size-based entrapment was superior to sys-
tems where the urease is covalently immobilized or other hydro-
gels were used.

Another approach for urea detection was developed by Li et al.,
who used a hydrogel based on acrylamide and acrylic acid and
covalently immobilized urease by EDC/NHS coupling into the
hydrogel. The hydrogel was decorated with polystyrene colloidal
particles in a 2D crystalline colloidal array. The volumetric change
of the hydrogel, which was induced by the reaction products of
urea degradation, altered the lattice spacing of the colloidal crys-
tal. This led to a shift in the diffraction wavelength and thus, re-
alized a simple and label-free detection of urea that was present
in the analyte through observing the color change of the mate-
rial, whereby detection was even possible by naked-eye. In this
case, the shrinkage of the hydrogel relied on the release of the
charged ions NH4

+ and HCO3
−. These ions shielded the present

charges, thus reducing repulsion and decreasing osmotic pres-
sure which finally led to the shrinkage of the gel. This resulted in
a decrease of spacing between the polystyrene spheres which was
visible as a change in color.[92] Wang et al. also used polystyrene
nanoparticles as a 2D photonic crystal for visualization transduc-
tion, but they embedded them in a shape-memory DNA hydrogel
film. The DNA-based crosslinker served as recognition element
for external stimuli (pH and Ag+/cysteine) and as actuating unit,
which regulated the spacing between the polystyrene nanopar-
ticles by swelling and shrinking.[93] Another photonic visualiza-
tion was studied by Noh et al.; they used an interpenetrating net-
work of polyacrylic acid with a cholesteric liquid crystal for urea
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Figure 10. (Top) A pH-responsive hydrogel was produced from acrylic acid (AA), dimethylaminoethyl methacrylate (DMAEMA), and crosslinked with
bisacrylamide (Bis). The enzyme urease was encapsulated noncovalently. The enzymatic hydrolysis of urea at neutral pH led to an increase in pH
which deprotonated the acrylic acid groups. As a result to the charge repulsion, the hydrogel swelled and deswelled once the pH dropped. (Bottom)
Depicted is the measuring principle, whereby the swelling pressure is transformed into an output voltage via a piezoresistive transducer. Reproduced
with permission.[90] Copyright 2019, MDPI.

detection, whereby the pH-dependent swelling of the gel altered
the photonic structure of the liquid crystal. This change in color
could be detected by naked eye.[94] Urease containing hydrogel
sensors were the focus of a theoretical model (MECurea model)
that investigated the responsive behavior toward urea stimulus,
including the distribution patterns of the pH and of the electrical
potential. The model coupled biochemical, electrochemical, and
mechanical effects together, and validation with a PNIPAAm hy-
drogel showed good agreement. The researchers proposed to use
urea-sensitive hydrogels as material for biofuel cells as it exhibits
an electrical potential and pH gradient upon the addition of a
urea rich solution. This would allow the generation of electric-
ity from urine. This theoretical model provides insight into the
fundamental mechanism of the hydrogel in response to the urea
cue.[95] A novel and application for a pH-sensitive hydrogel was
reported for the point-of-care diagnosis of a bacterial urine infec-
tion, whereby the readout relied on the release of a fluorescent
dye (5(6)-carboxyfluorescein) into the urine bag. For this appli-
cation, the urine catheter was coated with a dual-layered hydro-
gel. The bottom layer, based on poly(vinyl alcohol), functioned
as a hydrogel reservoir for the fluorescent dye. It was covered
by a pH-responsive “trigger layer” (poly(methyl methacrylate-co-
methacrylic acid)) that dissolved upon pH values above 7 and

consequently exposed the bottom layer, which released the dye
to provide a clear visual detection (c.f. Figure 11). The rise in pH
correlated with an early indication of urinary catheter blockage as
a result of bacterial infection, which could thus be treated early
on.[96]

If a hydrogel is built up by a mixture of hydrophilic and
hydrophobic units, the resulting hydrogel becomes thermo-
responsive, whereby the ratio of the hydrophobic/-philic units
determines the transition temperature.[97] In solution, thermo-
responsive polymers precipitate above the lower critical so-
lution temperature. As a crosslinked structure, the hydro-
gel shrinks upon heating and reswells upon cooling be-
low the polymer’s volume phase transition temperature. The
most commonly known thermo-responsive hydrogel is poly(N-
isopropylacrylamide) (PNIPAAm) with a volume phase transi-
tion temperature of ≈33–35 °C, where the temperature can be
adjusted by tuning the composition of the materials.[98] Fei et al.
used a PNIPAAm-based thermo-responsive hydrogel as a self-
cleaning coating of a subcutaneously implanted glucose sensor.
The problem with implanted devices is that biofilm formation
inhibits the glucose diffusion and therefore, limits the lifetime
and sensitivity of such transdermal and subcutaneous biosen-
sors. In this study, the introduction of the thermo-responsive gel
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Figure 11. (Top) Schematic illustration of the dual-layered polymeric architecture for the pH-triggered release of a visual indicator. Depicted is a silicone
foley catheter, which was composed of a hydrogel covered by a polymeric, pH-responsive “trigger” layer (EUDRAGIT). The hydrogel contained 5(6)-
carboxyfluorescein as visual indicator. (Bottom) The presence of infectious bacteria (P. mirabilis) led to a pH elevation through the production of basic
ammonia which dissolved the “trigger” layer and thereby exposed the hydrogel reservoir which enabled the release of fluorescence dye. Reproduced with
permission.[96] Copyright 2016, Elsevier.

still allowed for glucose diffusion during glucose monitoring. In
the presence of accumulated biofilm, the thermo-responsive gel
was heated, leading to a deswollen state of the hydrogel coating.
The accumulated cells would detach, thereby enabling the self-
cleaning of the glucose monitor. After cooling down to the initial
temperature, the hydrogel would reswell and the device would be
reset to its initial state. See Figure 12 for a scheme of one self-
cleaning process. The authors could perform the self-cleaning
process for up to 6 cycles.[99]

Droplets created by microfluidic devices already serve as in-
dividual microreactors, where cell signals are accumulated in a
rather small volume and therefore become detectable.[100] This
concept was combined with the thermo-responsive behavior of a
hydrogel in the transduction segment of the biosensor to further
increase signal intensity. Therefore, in a microfluidic setup cells
were co-incubated with thermo-responsive micrometer-sized hy-
drogels (microgels) serving as immunosensor. In the resulting
droplets, the cells secreted proteins which diffused into the hy-
drogels and interacted with the respective, immobilized anti-
body. After demulsification, the microgels were incubated with
the fluorescence-labeled secondary antibody and finally, heat-

ing of the microgel particles led to a shrinkage that induced
a fivefold signal enhancement. The thermo-responsive hydro-
gel was based on PNIPAAm, copolymerized with acrylic acid.
This yielded hydrogels that contained carboxylic groups for an-
tibody immobilization via amide coupling. The addition of in-
ert polyethylene glycol as a porogen during the fabrication pro-
cess generated an increased mesh size for facilitated diffusion
of the antibodies. Using hydrogel microparticles within the mi-
crofluidic droplets fulfilled two important functions. First, it cre-
ated a heterogeneous immunoassay, which allowed for subse-
quent washing and incubation steps. These are important mea-
sures for low background signals and increased specificity. Sec-
ond, the temperature-induced shrinkage of the hydrogel yielded
an increased signal intensity to reduce the limit of detection. Ad-
ditionally, differently labeled antibodies were used to enable mul-
tiplex detection of three different antibodies in a single run.[101]

Sun et al. made use of the electrical stimulus that DNA-
doped graphene releases for the label-free, impedimetric de-
tection of mitochondrial DNA. A bionic hydrogel was devel-
oped based on graphene oxide crosslinked by fish sperm DNA.
The gelation proceeded by mixing graphene oxide sheets with
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Figure 12. Scheme of a self-cleaning, thermo-responsive hydrogel that pe-
riodically rids itself of attached cells to maintain glucose diffusion. The
thermo-responsive hydrogel was implemented as self-cleaning membrane
on a glucose biosensor. Over time, cells would attach in vivo which inhib-
ited the glucose diffusion. Heating above 35 °C led to shrinkage of the
thermo-responsive membrane and the cells were cleansed from the sen-
sor. Cooling back to 35 °C reinstated the system, allowing for a new cy-
cle to begin. Reproduced with permission.[99] Copyright 2016, Wiley-VCH
GmbH.

fish sperm DNA and heating it. Upon noncovalent interaction
of the single-stranded DNA strands with the graphene oxide
sheets a stable, self-healing hydrogel was formed with high wa-
ter content.[102] The gel was prepared in a cone bottom-centrifuge
tube, and a copper wire was inserted as the working electrode.
Since the hydrogel was negatively charged due to the fish sperm
DNA, the immobilization of probe DNA was hampered be-
cause of charge repulsion. To circumvent this issue, positively
charged polyethyleneimine was added to enable electrostatic
immobilization of the probe strand with good efficiency, which
proved to yield high sensitivity and selectivity. The detection re-
lied on the change in impedance, which significantly decreased
after hybridization between probe and target because the conduc-
tivity of graphene oxide improves when it is doped with double-
stranded DNA instead of single strands. Using biological struc-
tures, such as the fish sperm DNA as hydrogel material outper-
formed the use of hydrogel electrodes crosslinked with synthetic
polymers. The researchers ascribed the excellent performance to
the high-water content in a natural environment, which drove the
target DNA toward hybridization with the probe strand.[103]

3.2. Target-Responsive

If the receptors or sensing units are incorporated into the gel-
forming structure, biochemical cues or the presence of the tar-
get moiety can be detected by physical changes of the poly-
meric network, either by forming from solution or dissolving
into solution.[33] To make simpler detection techniques viable, a
cargo can be released upon target presence. This makes the use
of hydrogels advantageous over lab-based technologies, such as
gas chromatography, immunoassays, or PCR-based techniques,
since it often works by naked-eye detection.

For the in vitro detection of glucose, a hydrogel was used to
entrap gold nanoparticles as visual indicators. In a classical assay
where only the target molecules are labeled, the concentration is
usually not high enough for naked-eye detection. By entrapping
a visual indicator, such as colored nanoparticles, the presence of
low concentrations in the analyte solution can be transduced into
a clearly visible signal. Therefore, a hydrogel was crosslinked with
an aptamer that was designated to bind a complex between glu-
cose and Shinkai’s receptor (c.f. Figure 13A). In the presence of
this complex the aptamer was released from the network and led
to the dissolution of the gel. The hydrogel backbone was based on
linear polyacrylamide, and two short DNA strands were grafted
to the chain (PS-A and PS-B, c.f. Figure 13B). They were de-
signed to partially hybridize with the glucose-Shinkai’s receptor-
aptamer linker, and thus, crosslinking proceeded via hybridiza-
tion between the single DNA strands of the polymeric chain and
the aptamer. The hydrogel formed featured encapsulated gold
nanoparticles, which produced a clearly visible, red-colored net-
work. The nanoparticles stayed encapsulated as long as the hy-
drogel network was intact, and the supernatant remained color-
less. Upon the introduction of glucose with Shinkai’s receptor
the aptamer linker preferred to bind with the complex. There-
fore, the network was disrupted the previously encapsulated gold
nanoparticles were released into solution. The resulting red color
in the supernatant could be detected by the naked eye and would
become more intense with higher amounts of glucose.[104]

An aptamer-linked hydrogel setup was also used for the detec-
tion of microRNA, which is important for early cancer diagnosis.
Here, a hybrid DNA-polyacrylamide gel was immobilized on a 3-
(trimethoxysilyl)propyl methacrylate-treated ITO/PET electrode
(indium tin oxide/polyethylene terephthalate). In this work, two
different DNA strands were incorporated into the bottle brush
polymer chains by copolymerizing acrylamide with acrydite-DNA
strands. Subsequently, the polymers were crosslinked into a net-
work by a partially complementary DNA strand. The crosslinker
sequence was doped with ferrocene, which allowed for electro-
chemical detection. In the presence of the target microRNA
strand, the crosslinker strand fully hybridized with the target
and thereby the hydrogel crosslinks were broken up. Conse-
quently, the network dissolved, producing a loss of ferrocene
labeled strands which resulted in reduction of current. This
was measured very sensitively by CV and differential pulse
voltammetry.[105]

Another method for visual detection of low concentrations of
target was used for the hydrogel-based detection of sulfide (S2−).
The hydrogel was crosslinked and thereby shrunk by copper ions
(Cu2+) through an abundance of carboxyl and amine groups,
which bind to the copper. It reswelled because the sulfide has a
strong affinity toward copper and pulled it out of the hydrogel.
This resulted in a less physically crosslinked network, which was
visible as swelling. H2S is an important endogenous signaling
molecule that is important for homeostasis. The change in vol-
ume could be detected by reading the gradations on a measuring
container by the naked eye.[106] Swelling as a result of changes
in crosslinking was also used for the detection of lead ions,
which are an important indicator of water pollution. For this,
short DNA strands were grafted to a polyacrylamide backbone. A
crosslinking sequence contained the complementary sequence
and also had in its middle part a sequence for interacting with the
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Figure 13. A) Scheme of the glucose complex formation between glucose and Shinkai’s receptor. B) Working principle of the DNA hydrogel containing
gold nanoparticles (AuNPs) as visual indicators encapsulated inside the hydrogel. The hydrogel, based on acrylamide, contained polymer sidechain A
and B (PS-A and PS-B). They were partially hybridized with the aptamer linker. Upon the presence of the glucose complex the aptamer would bind more
strongly with the complex and thereby led to the dissolution of the hydrogel network. The released AuNPs produced a red-colored solution which could
be detected by naked eye. Reproduced with permission.[104] Copyright 2018, The Royal Society of Chemistry.

Pb2+-dependent GR-5 DNAzyme. In the presence of Pb2+, the
DNAzyme was activated and cleaved the crosslinking sequence,
leading to disintegration of the network. This shows that the
lead-ion-dependent DNAzyme played the roles of response unit
and crosslinker in the hydrogel. Once the hydrogel was dissolv-
ing, a solution was allowed to flow into a capillary to indicate the
Pb2+ ions. The distance and velocity with which the solution rose
in the capillary was related to the number of lead ions present.
Since the marks on the capillary can be read out in the field by
the naked eye, this system is an ideal point-of-care device.[107]

The same hydrogel setup for the detection of lead was also imple-
mented by Mao et al.; however, a different visualization strategy
was pursued. Instead of using a capillary for indicating the
disintegrating hydrogel, they encapsulated compounds which
led to etching of gold nanorods in a cascade of reactions. Upon
cleavage of the crosslinking sequence in the presence of Pb2+, the
encapsulated enzyme glucoamylase was released and catalyzed
the reaction from amylose to glucose in the supernatant. Glucose
was oxidized by glucose oxidase to generate H2O2, which created
hydroxy radicals in the presence of iron ions. The radicals caused
etching of the nanorods, which led to different aspect ratios
of gold nanorods displaying as different colors.[108] This nicely
shows how versatile and multifunctional the application of hydro-
gels is in the context of biosensing. Additional biosensing appli-
cations of DNA-based hydrogels are reviewed elsewhere.[109,110]

Instead of classical oligonucleotides, Langford et al. integrated
morpholino oligonucleotides into a covalently crosslinked
polyacrylamide hydrogel for a swelling based detection tech-

nique. Morpholino oligonucleotides are synthetic DNA ana-
logues with an uncharged backbone. This increases rigidity
and reduces salt dependencies whereby the water solubility
remains high. The researchers prepared hydrogel spots in which
the probe sequence was partially hybridized with a crosslinker
strand for additional crosslinking leading to a shrunken network.
Both strands were covalently copolymerized into the hydrogel.
Upon full hybridization with the target sequence, the additional
crosslinks broke, and the hydrogel swoll (c.f. Figure 14, left).
Analysis was done with a camera and an appropriate image
analysis software. Interestingly, a proof-of-concept experiment
was performed with a clip-on cell phone magnifying lens at-
tachment. Such a setup could be advantageous for point-of-care
diagnostic when there is no access to lab equipment.[111] Similar
to the prioritized hybridization of fully compatible oligonu-
cleotide sequences over partial hybridization, a commonly
used feature in immunoassays is the weaker binding affinity
of immobilized or functionalized biomolecules as compared
to their free derivatives.[112] This competitive binding was used
in an immunoassay for the detection of hepatitis B virus core
antigen. Usually, the detection of hepatitis B is done with lab
based diagnostic tools, such as ELISAs. However, these are
laborious, expensive, and time-consuming, providing a strong
motivation to facilitate diagnosis with a hydrogel-based point-
of-care system. Therefore, Lim et al. used an activated acrylate
(N-succinimidyl acrylate) to couple the antibody and the antigen
via their respective amine group. The resulting biofunction-
alized acrylamides were then copolymerized with acrylamide

Adv. Healthcare Mater. 2021, 10, 2100062 2100062 (15 of 25) © 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



www.advancedsciencenews.com www.advhealthmat.de

Figure 14. (Left, a) Morpholino oligonucleotide crosslinked hydrogel system showing displacement of the crosslinker strand (yellow) from the probe
strand (blue) by the target sequence (red). b) Chemical structure of morpholino oligo with acrylamide, where R is any of the nucleobases. c) UV initiated
radical polymerization for hydrogel formation. Adapted with permission.[111] Copyright 2018, American Chemical Society. (Right) The affinity interaction
between immobilized antigen (HBcAg) and antibody (anti-HBc) provide additional crosslinks and yielded a shrunken hydrogel network. The presence of
free antigen led to partial disintegration of the network which was detected as swelling. This process is reversible, and swelling is related to the amount
of free antigen present. Adapted with permission.[113] Copyright 2019, Elsevier B.V.

into a polyacrylamide hydrogel. The affinity interaction between
antibody and antigen formed additional crosslinks which led
to a shrunken hydrogel network. The free antigen exhibited a
higher affinity towards the antibody and therefore, its presence
inside the network disrupted the interaction between the im-
mobilized biomolecules. This led to swelling of the hydrogel,
which was detectable by an increase in volume and weight. See
Figure 14, right, for a schematic representation of the hydrogel
formation and the detection procedure.[113] Another swelling
based detection was done by Tan et al., who used hydrogel
microparticle droplets based on polyacrylic acid and detected
Ca2+ and Mg2+ ions in saliva. Here, the carboxylic groups from
the hydrogel backbone coordinated with the ions, which made
the hydrogel droplets shrink. Measured was not the absolute
size but the speed of size reduction, which could be related to
the ion concentration.[114] In another hydrogel droplet-based
study the blood glucose concentration was detected in a dual-
mode approach. The enzyme glucose oxidase was encapsulated
together with fluorescent carbon dots. The produced gluconic
acid and the hydroxyl radicals led to a size reduction of the
hydrogel droplet and quenched the fluorescence intensity of the
carbon dots. The hydrogel was based on polyacrylic acid would

get protonated at decreasing pH, leading to a decreased charge
repulsion.[115]

4. Wearable Devices

Health monitoring is of particular importance for many diseases.
If the monitoring can be done continuously and at home, this is
a huge relief on the health care system and increases the con-
venience for the patient. Personalized continuous health mon-
itoring not only has clinical advantages, but has also become
more popular and accepted by the public. This holds true for sim-
ple diagnostic devices that measure temperature, blood pressure,
or pH, but is of even greater importance for glucose monitor-
ing, hormones, lactate, and alcohol measurements.[116] Contrary
to in vivo sensing, where substrate and probe are internalized
into the system of interest, wearable devices are usually attached
at a specified position from where accurate, real-time measure-
ments of a specific target are delivered. The target can either be a
biomarker or a physiological parameter. The wearable devices can
be attached externally (e.g., on skin) as well as internally (e.g., on
soft tissue). The applications of wearable devices range from the
detection of human movements to force sensing to detection of
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small molecules.[117–120] For example, a wearable device on skin,
a flexible silk fibroin patch with encapsulated enzyme served as
substrate for a conducting polymer, which was photocrosslinked
on top. This flexible and biodegradable skin like patch served
as a free-standing electronic device. If implanted, it could even
serve as a platform for an “implant and forget” sensor, due to
its biodegradability.[34,121,122] The goal of such devices is to satisfy
the demands of end users for self- or ambulatory testing in rel-
atively simple diagnostic scenarios.[123] Hydrogels have emerged
as excellent candidates for such applications due to their mechan-
ical flexibility, biocompatibility, similarity to biological tissue, and
powerful sensory capacity.[124] While hydrogels have a wide array
of applications in wearable devices, the Sections 4.1 and 4.2 will
focus on their use in the area of human motion detection and in
sweat analysis.

4.1. Human Motion Detection

The combination of suitable skin adhesion and long-term sta-
bility is still a challenge with human-sensor interfaces. Conduc-
tive hydrogels in wearable devices fulfill basic requirements for
mechanical flexibility in order to produce hydrogel-based trans-
ducers and to support intelligent sensor technology. If the me-
chanical stability of a hydrogel alone is not sufficient for appli-
cation on skin, composite materials can be produced. For ex-
ample, Gao et al. presented a hydrogel with high sensitivity
for use as a transducer to monitor human movements. This
hydrogel was produced from a combination of lithium chlo-
ride, hydrolyzed keratin, and crosslinked polyacrylamide. The
hydrolyzed keratin endowed the material with good mechani-
cal strength and robust adhesion for dynamic and curved sur-
faces (like skin). The lithium chloride helped the hydrogel to
resist against extreme temperatures (−20 to 50 °C) and pre-
vented the loss of moisture. This material showed excellent ad-
hesion to the skin as well as excellent stretchability. In addition,
the conductive and transparent hydrogel was extremely sensi-
tive to pressure and stretching over a wide range. Consequently,
the obtained transducer was not only able to detect breathing
modes, vocal cord vibration, and human movements but also
pinpointed handwriting and facial expressions.[125] In addition
to these physiological parameters even slight pulse changes were
monitored by another composite hydrogel developed by Liu et al.
They fabricated a soft hydrogel network via covalent crosslink-
ing between poly(vinyl alcohol) (PVA) and poly(vinylpyrrolidone)
(PVP), which was interconnected with a hard and dynamically
crosslinked network of Fe3+ and cellulose nanocrystals. The re-
sulting network was self-healing, elastic, conductive, and strain-
sensitive.[124] Another interesting composite material was stud-
ied by Sun et al.; the hydrogel patches consisted of hydroxypropyl
guar gum, doped with dopamine-coated reduced graphene oxide.
The produced hydrogel patches were highly flexible and due to
the graphene oxide also conductive. They tolerated a wide temper-
ature range owing to the addition of glycerol and the reversible
bonds were responsible for the self-healing property. Crosslink-
ing was achieved by adding borax and metal ions (Fe3+), which
formed reversible boron-oxygen as well as metal–ligand interac-
tions. A wide range of human motions detection with fast re-
sponse time was achieved, ranging from sound vibrations to a full

knee flex.[126] However, there are challenges with conductive hy-
drogels used as motion detectors on skin. Drawbacks which limit
their application at the biointerfaces include mechanical mis-
match with skin and a lack of antibacterial properties. This can
potentially impede skin adhesion and lead to infections or biofilm
formation. This problem was addressed by Zhao et al., who pre-
sented an animal-skin-inspired, conductive hydrogel consisting
of a supramolecular structure of silver nanoparticles (Ag NPs)
decorated with polydopamine (PDA), polyaniline (polyAN), 3-
aminophenylboronic acid (ABA), and polyvinyl alcohol (PVA)
(c.f. Figure 15). Aniline and 3-aminophenylboronic acid were
polymerized to become a conductive aromatic system whereby
the boron coordinated both with the dopamine and PVA and
thereby functioned as the crosslinker. In addition to the epider-
mal sensing properties of the conductive hydrogel, this setup also
exhibited broad antibacterial activity against Gram-negative and
Gram-positive bacteria caused by the silver nanoparticles. The
antibacterial properties had a therapeutic effect during diabetic
wound healing.[127]

To create conductivity different basic approaches are available:
adsorption, percolation, and blending conductive filler materials
into the hydrogel, such as graphene, carbon nanotubes, carbon
black, metallic nanowires, and nanoparticles.[128–131] Problems,
which come with the use of hydrogels as a conductive strain sen-
sor, are low conductivity at freezing temperatures and insuffi-
cient toughness. This was addressed by Chen et al., who man-
ufactured an ultrastretchable, tough, antifreezing, and conduc-
tive cellulose-based hydrogel. Therefore, a composite hydrogel
was produced from hydroxypropyl methylcellulose dissolved in
a solution of zinc chloride, onto which acrylonitrile/acrylamide
copolymers were grafted. The excellent properties arose from
the dipol–dipol interactions, hydrogen bonds, and covalent link-
ages of the network paired with the metal coordination of cel-
lulose to zinc. Additionally, the zinc provided the material with
conductivity and antifreezing properties.[132] Aiming for similar
properties Shao et al. used a combination of poly(vinyl alcohol)
as hydrogel matrix and crosslinked it with both phytic acid and
amino-polyhedral oligomeric silsesquioxane, whereby the phytic
acid was also responsible for good conductivity. Preparation of
the hydrogel was done by three freeze-thaw cycles which led to
crystallization of the poly(vinyl alcohol). A comprehensive char-
acterization of the hydrogel and its application in human motion
detection was shown.[133]

A study which included additional features into their strain-
sensing patches was done by Yi et al., who integrated a super-
capacitor for electrochemical energy storage into a strain sen-
sor. It was produced from a composite material consisting of
lithium chloride added to a polyacrylamide network with carbon
nanotube fibers embedded into the material. The carbon nan-
otubes functioned as electrodes and the hydrogel material served
as electrolyte and as separator simultaneously. The use of a hy-
drogel as semisolid material as opposed to a liquid electrolyte
prevented the risk of leakage and its flexibility and stretchabil-
ity was advantageous over classical solid electrode materials.[134]

Also aiming for multiple properties in a single wearable de-
vice, Chen et al. reported on multifunctional hydrogels which
were able to detect human motion next to measuring ambi-
ent and skin temperature. Instead of a skin-adhesive patch they
produced fibers for potential use to be woven into fabrics by
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Figure 15. The synthetic procedures of polydopamine decorated silver nanoparticles (PDA@Ag NPs) is shown and their applications in the epidermal
sensor and diabetic foot wound dressing. AN is aniline, ABA is 3-aminophenylboronic acid, and PVA is polyvinyl alcohol. Together they yielded conductive
polymeric hydrogels (CPHs). Reproduced with permission.[127] Copyright 2019, Wiley-VCH GmbH.

coaxial wet-spinning. These core–shell segmental fibers had seg-
ments for strain sensing (shell) and a segment for tempera-
ture measurement (core). The fiber production method should
be up scalable and thus, be suitable for industry and mass
production.

They studied a series of four hydrogel materials and char-
acterized their conductivity and stretchability, whereby poly(2-
acrylamido-2-methyl-1-propanesulfonic acid-co-acrylamide)
doped with reduced-graphene-oxide was identified as the best
candidate for the strain sensor material. The temperature sens-
ing segment was based on silicon rubber which was infused with
microcapsules altering their color upon temperature changes.
Immediate curing after preparation prevented water loss and
maintained the shape of the fiber, while it also inhibited short
circuit of the conductive hydrogel.[135]

4.2. Sweat Analysis

Various diseases and other health conditions leave relevant
biomarkers in human sweat, including psychological stress, fa-

tigue, and dehydration. The presence of these biomarkers, along
with its ease of collection, makes sweat an especially attractive
diagnostic tool.[136–138] On the one hand, the secreted amount
of sweat can be analyzed and on the other hand, the compo-
sition of the sweat can be determined.[139] Wearable sensors
involving hydrogels, e.g., in the form of tattoos or patches to
monitor electrolytes or biomarkers in sweat can provide infor-
mation about clinically relevant health conditions. Key targets
are metabolites such as lactate,[140] electrolytes,[141] e.g., chloride,
sodium, potassium, pH,[118] glucose,[142,143] drugs,[144] and other
small molecules. Often the sensors are used together with gel-
like materials that are called gel patches. In many cases, the hy-
drogels serve as the skin contact material and are used for sam-
ple extraction from sweat, as a reservoir, or as an electrolyte for
the transducing system. An important step in sweat analysis is
sampling, which affects the accuracy of the results. In a publica-
tion from Liu et al. commonly used methods for sweat sampling
were presented. The focus was on sweat sampling in wearable
sensors, including absorbent materials, such as hydrogels or su-
perhydrophobic/superhydrophilic surfaces. The basic procedure,
advantages and disadvantages of each sampling method were
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Figure 16. a) Schematic of the thin hydrogel micropatch (THMP) and the naturally perspired analyte sampling and analysis. b) Natural perspiration
sampling at the open-air interface and at the hydrogel interface. c,d) Amount of caffeine and lactate sampled by a dry pad and by the hydrogel, sampled
from four different fingers of the same subject; error bars indicate standard error. Reproduced with permission.[144] Copyright 2019, American Chemical
Society.

introduced in detail.[145] Emaminejad et al. used electrochemi-
cally enhanced iontophoresis to periodically generate and to in
situ analyze defined amounts of sweat. The electrodes that stim-
ulated sweat secretion were connected to the skin with a thin
layer of agonist hydrogel between the electrodes and the skin.
The hydrogels were loaded with substances that stimulate cholin-
ergic sweat gland secretion (e.g., pilocarpine). As a proof of func-
tion and medical relevance, levels of chloride ions, sodium ions,
and glucose were determined, with the first mentioned ions be-
ing an important marker for cystic fibrosis.[146] Nagamine et al.
published a study in which both working and reference electrode
were covered by an agarose hydrogel immersed with Dulbecco’s
phosphate buffered saline. Upon contact of the hydrogel with
skin, sweat was extracted into the buffer and sweat components
could be analyzed. In this proof-of-concept study lactate was cho-
sen as analyte due to its prevalence in sweat. Unfortunately, the
potentiometrically detected signal was not only dependent on
the L-lactate concentration in sweat but also on the amount of
sweat extracted into the agarose gel. The extracted amount of L-
lactate was influenced by the L-lactate concentration in sweat as
well as by the transpiration rate. In addition, skin surface tem-
perature had an effect on the response to the electrochemical
sensor. The bioanalytical properties such as lifetime, detection
range, and detection limit, have not yet been quantitatively eval-
uated. This will certainly be the subject of further research.[140]

A similar approach was followed by Lin et al., who presented a
thin hydrogel micropatch (THMP) which combined sweat extrac-
tion and the electrochemical sensing of sweat analytes. Here, not
only lactate but also caffeine was tested as model targets (c.f. Fig-

ure 16). They demonstrated that the sampling method was suit-
able to track metabolic patterns and to provide biomarker data
for personal monitoring. Also, in this study it was recognized
that it is necessary to correlate the biomarker readings with the
sweat rate to account for the interfering effects of varying levels
of sweat production. For this, concentrations would need to be
measured directly in sweat and possibly in blood. In addition,
standardized procedures for skin cleaning need to be developed
and investigated to minimize skin contamination and to achieve
autonomous operation.[144] Sempionatto and colleagues reported
on an enzyme biosensor for noninvasive electrochemical detec-
tion of vitamin C in sweat. For this experiment, the enzyme ascor-
bate oxidase (AAOx) was immobilized on printable tattoo elec-
trodes. The analytical evaluated signal was generated by changing
the reduction current of the oxygen cosubstrate. The correspond-
ing substances and enzymes were embedded in a hydrogel-like
matrix consisting of agarose. The flexible patch was fabricated
on a polyurethane substrate. Additionally, an iontophoretic sweat
stimulation was realized.[147]

5. Functional Hydrogels

Hydrogel properties such as swelling, degradation or the release
of a cargo can be used as part of the biosensing part itself. How-
ever, in this last section we want to focus on examples where the
hydrogel served a secondary function, which either facilitates the
detection, enables it, or is used to recover valuable parts of the
sensor.
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Figure 17. Spatial separation of fluorescent microbeads into two detection
levels by a hydrogel. The mesh size of the used hydrogel selected which
molecules could penetrate by size exclusion. If a mixture of labeled anti-
body (Ab), fragment antigen binding (Fab), and oligonucleotide (19mer)
was added, each molecule was detected in a different level and the an-
tibody was excluded completely. The graph depicts the detection of the
quencher labeled oligonucleotide, which proceeded in the bottom layer,
and was achieved successfully in all cases were the 19mer was added
(green lines). All negative controls retained their fluorescence intensity
(red and grey lines). Adapted with permission.[148] Copyright 2019, Amer-
ican Chemical Society.

For example, in one study fluorescent microbeads were
entrapped by a bioorthogonal, PEG-, and hyperbranched
polyglycerol-based hydrogel for the multiplex detection of differ-
ently sized biomolecules. The microbeads entrapped by the hy-
drogel fully retained their capability to allow hybridization on
their surface, which was detected with a fluorescence micro-
scope. The micrometer-sized beads functioned as the substrate
for probe immobilization. Once they were covered by the hydro-
gel, they would not pass through the nanometer-sized meshes of
the hydrogel. The pores of the crosslinked structure were used
to size-selectively allow penetration of small molecules, whereas
larger antibodies were excluded (c.f. Figure 17). By separating the
detection levels with the hydrogel, different molecules were de-
tected in each level. Thereby a new method of multiplex analysis
was established. The hydrogel was able to keep the microbeads
in their respective layer even after drying and reswelling. This
is especially advantageous in the preparation of a multiplex as-
say since it enables storage under dry conditions.[148] The com-
bination of these macromonomers crosslinked by SPAAC into
a hydrogel was also used for molecular imprinting. The method
of molecular imprinting is a more elaborate version of encapsu-
lation because it shows shape selectivity toward the imprinted
biomolecule and therefore, does not need a probe. It was used
for the visible detection of influenza A viruses. Gold nanoparti-
cles functionalized with sialic acids were included in the hydro-
gel network, both as recognition element for the virus and as vis-
ible indicator. The hydrogel was bioimprinted with a virus tem-

plate, which meant the gold nanoparticle-doped hydrogel formed
around the virus shell, which was subsequently removed by in-
cubation in acidic buffer. The bioimprinting increased specificity
by shape recognition and introduced a volumetric change since
the recognition elements were immobilized within the hydrogel.
In the presence of the virus the gold nanoparticles with the sialic
acid accumulated around the virus, leading to shrinkage and thus
a shift in color originating from the plasmonic feature of gold
nanoparticles. If the virus was absent, the hydrogel would reswell
and the color disappear.[149]

In a different study, the combination of polyaniline (PANI) and
graphene oxide sheets were crosslinked into a thermo-responsive
poly(N-isopropylacrylamide) (PNIPAAm) hydrogel, which was
imprinted with bovine serum albumin (BSA). The immobiliza-
tion onto a glassy carbon electrode resulted in a molecular im-
printed, conductive, and mechanically stable hydrogel electrode.
The graphene oxide/PANI nanocomposites converted near in-
frared light into thermal energy which would shrink the thermo-
responsive PNIPAAm. This led to the removal of BSA templates
from the hydrogel electrode and sensing nanocavities were ob-
tained with high affinity and specificity toward BSA. Thereby, an
infrared-based detection and cleaning toward the protein BSA
was obtained and it exhibited an adsorption/desorption property
via alternately turning on and off the laser. Such a system could be
useful for cleaning BSA from serum or cleaning a surface with-
out the need of an eluant solution.[150]

Further examples for molecular imprinted photonic hydrogels
used in biosensing are the optical detection of L-histidine or L-
kyneurenine in human serum.[151,152] In a study which utilized
the reversible gel formation of agarose upon heating, the hydro-
gel was used to embed conductive polypyrrole nanotubes and
to immobilize them on a gold electrode. To achieve recovery of
the precious sensing material, the natural, nontoxic agarose ful-
filled the purpose of recovering the nanotubes after the detec-
tion. If agarose was boiled in hot water, it dissolved the hydrogel
and recovery of the polypyrrole material was possible. This ap-
proach made this sensor reusable and recyclable, which is ben-
eficial with respect to cost and environmental impact. In this
study, dopamine was sensed by an aptamer immobilized on the
nanotubes. The nanotubes embedded in the hydrogel were com-
pared to direct-contact nanotubes and nanotubes in solution.[153]

Although this study addresses an important feature, namely the
recovery of precious material, the recycling was done only twice
and the linearity of signal to concentration was not yet achieved.
This leaves room for further improvement.

A final example, in which the hydrogel did not participate in
the sensing but was crucial for the collection of a gut sample,
demonstrates well the broad spectrum of hydrogel applications.
Waimin et al. used a hydrogel to seal a small, noninvasive sam-
pling device which had been passively collecting microbiome
samples throughout the entirety of the gastrointestinal (GI) tract.
The sampling device used was a 3D-printed capsule which could
be swallowed by a patient. The capsule featured a biodegrad-
able enteric coating that would delay the sample collecting un-
til the capsule reached the GI tract. Once the coating degraded,
gut fluids containing microorganisms entered the capsule. Con-
sequently, the hydrogel material inside the capsule became hy-
drated and the swelling pushed a PDMS membrane onto the
sampling aperture. This process sealed the capsule and thereby
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terminated the sample collection. The hydrogel used provided an
ideal living environment for the sampled bacteria to survive until
retrieval of the capsule. The absorption speed and compressive
force (for pushing the PDMS cap) were optimized by adjusting
the monomer ratio. The sealing efficiency was tested to ensure
that no fluid would be exchanged after sample collection in the GI
tract. Finally, the sealed capsule containing hydrogel-entrapped
bacteria was exposed to hostile solutions (bleach and antibiotics).
The bacteria showed excellent viability within the sealed capsule
while encapsulated by the hydrogel.[154]

6. Conclusion and Outlook

Hydrogels in biosensing applications have been the subject of
considerable research interest in recent decades. Our review has
aimed to reflect the various directions this interest has taken. Un-
deniably, there is not one particular hydrogel which can resolve
all analytical issues. Therefore, we showed a variety of approaches
where hydrogels were developed, synthesized, and adapted to
refine and possibly enhance the performance of biosensors.
Hydrogel-based systems have proved to offer several advantages,
including i) increasing the loading capacity of probe and analyte,
ii) preventing nonspecific biomolecule adsorption, iii) decreas-
ing background signal, iv) allowing modulation of the biosensing
molecules, v) enabling the combination of sensing with transduc-
ing moieties, vi) providing a highly aqueous environment that
is biocompatible, and vii) serving as sample collection and stor-
age matrix.[23,71,144] The applications of hydrogels discussed in
this review ranged from serving as the immobilization matrix
for biomolecules to actively participating in the sensing process.
We demonstrated that there is a broad range as to what the tar-
get was, and which hydrogel was used. Certainly, hydrogels did
not always outperform existing techniques, but they did add fur-
ther functionalities, facilitated detection, and integrated several
biosensor components into one system.

The hydrogels used were either based on natural polymers,
such as dextran, chitosan, and agarose, or they were based on
synthetic polymers, such as PEG-, PNIPAAm-, polyglycerol-, and
acrylate-based, or a combination of both (hybrid materials). There
are advantages and disadvantages associated with either of those
materials. Natural polymers are easily available, nontoxic, and
naturally biodegradable. However, there can be issues regard-
ing reproducibility due to variations in the polymer quality and
constitution. Furthermore, they do not tolerate harsh reaction
conditions and are structurally more complex. Synthetic poly-
mers, on the other hand, are not biodegradable and are typi-
cally less biocompatible than natural polymers. Also, the reaction
conditions needed for the hydrogel formation (temperature, UV
light, addition of catalysts, etc.) must be considered when choos-
ing the right material. The conditions need to be compatible with
the biomolecule’s tolerance and with the environment the hydro-
gel is applied to, e.g., for in situ hydrogels applied to skin or tis-
sue.

If the hydrogel material alone is not sufficient to comply with
the demands of the application, composite materials are chosen
to introduce further functionalities. Here, a synergistic effect of
hydrogels with other traditional analytical tools is utilized. For ex-
ample, electrical conductivity needed in electrochemical sensors
can be generated by either adding salts, using conductive poly-

mers like polyaniline, or by adding conductive materials, such
as carbon-based materials, metal nanoparticles, or nanowires to
improve conductivity.[155] Further composite material approaches
include the integration of micro- or nanoparticles into the hydro-
gel matrix and the addition of fluorescent or chromogenic com-
ponents for optical detection.[148,156–158]

Many bioreceptors were immobilized into or onto the ma-
trix for the detection of a specific target. Such bioassays have
wide applications as diagnostic tools in healthcare, and they have
traditionally been performed by laboratory methods (e.g., PCR
or ELISA).[159] However, they are tedious and require laboratory
equipment and trained personnel.[160] The cases where hydro-
gels can replace or facilitate those methods are beneficial for both
healthcare worker and patient. However, some limitations still ex-
ist, which reveal that there is yet a long way to go before they can
be used as commercial healthcare products. Those limitations in-
clude long-term stability and shelf life, handling, storage, and
compatibility with the transducer format. With up-scaling and
the end consumers in mind, the cost of building blocks next to
synthesis complexity plays a major role. The additional function-
ality has to justify the higher price or lead to a significantly better
performance.

We believe that these remaining issues are the main reason
why the presented research is still in the proof-of-concept stage.
The translation from research to a product that is used by a pa-
tient or medical staff has not been managed yet. In addition to
such proof-of-concept studies, extensive investigations on sen-
sitivity, specificity, response time, reproducibility, and durabil-
ity (stability) have to be performed. These necessary investiga-
tions have not been sufficiently performed yet and need to be
addressed in further studies. Moreover, in connection to the ap-
proval of in vitro, and even more so, of in vivo applications, ad-
ditional parameters, such as biocompatibility, toxicity, and ex-
tractable components should be considered. According to the cur-
rent state of knowledge, hydrogels are most likely to be used in
products that serve to detect movement, because these are med-
ical devices that have only limited approval requirements. In ad-
dition to the application of hydrogels in diagnostic devices, the
authors see great potential in the combination of hydrogel-based
sensors coupled with drug delivery systems. Here, bioresponsive
hydrogels function as sensor and drug delivery system simulta-
neously.

In conclusion, it must be pointed out that to date there is no
commercial sensor based on hydrogels. Especially for point-of-
care tests, hydrogels could play an important role as they amplify
the readout signal and offer the possibility to integrate the visual-
ization agent into the sensing network. The Covid-19 pandemic
clearly demonstrated the importance of point-of-care tests, espe-
cially those that can be performed by untrained personnel. This
trend should be exploited to invest in further research on health-
care devices and to increase the rate of translation from laboratory
to industry.
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