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Abstract

The importance of having a fast, accurate, and reusable track
for detection has led to an increase investigation in the field of
biosensing. Optical biosensing using plasmonic nanoparticles,
such as gold and silver, introduces localized surface plasmon
resonance (LSPR) sensors. LSPR biosensors are progressive
in their sensing precision and detection limit. Also, the possi-
bility to tune the sensing range by varying the size and shape
of the particles has made them extremely useful. Hydrogels
being hydrophilic 3D networks can be beneficial when used as
matrices, because of a more efficient biorecognition. Stimuli-
responsive hydrogels can be great candidates, as their
response to a stimulus can increase recognition and detection.
This article highlights recent advances in combining hydrogels
as a matrix and plasmonic nanopatrticles as sensing elements.
The end capability and diversity of these novel biosensors in
different applications in the near future are discussed.
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Introduction
Healthcare is considered one of the most crucial issues
challenging science and technology [1]. Having simple,

easy-to-use diagnostic devices for the wide range of
biologically significant analytes is essential for any
further disease prevention and treatment [2,3].
Improving healthcare is essential in various fields, such
as hygiene, drug development, food, environment,
forensic, medicine, and clinical diagnoses [4]. Consid-
ering the growing release of toxic materials generated
and released each year, an early detection of these ma-
terials used in all the aforementioned fields is of abso-
lute importance, in order to prompt action to be
guaranteed [5]. Biosensors were introduced in the 1960s
by Clark and Lyons to meet these requirements. These
devices have been developed for glucose determination
and named enzyme electrodes [6].

Biosensors are defined as platforms that use specific
reactions to detect the effect of electrical, thermal, or
optical signals on a medium’s chemical, physical, or
biological characteristics [5]. Biosensors are usually
based on receptors and transducers. Bio-components
interact with the target analyte through the receptor;
the transducer transfers the result of the reaction into a
measurable signal. Bio-components, also known as bio-
receptors, may include enzymes, antibodies, nucleic
acids, and cells. Depending on the different types of
transducers, biosensors can be electrochemical, elec-
trical, optical (absorbance, fluorescence, and chem-
iluminescence), piezoelectric (also known as mass-
sensitive), and thermometric [5,7].

Plasmonic biosensors, as a subgroup of optical bio-
sensors, have been recently exploited due to the possi-
bility of controlling light properties at a nanometric scale
[8]. The plasmonic activity of these biosensors is
commonly described as the resonant coupling of elec-
tromagnetic waves, resulting from the oscillations of free
clectrons in metals. This physical phenomenon makes it
possible to constrain the light within significantly
smaller wavelengths than the incident light [9]. Plas-
monic biosensors are mainly categorized into two classes
of detecting platforms. The first class uses thin metallic
films, while the second is based on individual inorganic
plasmon resonant nanostructures. In surface plasmon
resonance (SPR) biosensors, the incident light is
coupled with a thin metallic layer where specific con-
ditions, such as polarization, angle, and wavelength
should be met [10]. Following the advancements in
nanotechnology, metal nanoparticles (NPs) have been
widely explored. In the case of biosensors, these
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transducers confine the light within a localized surface,
creating what are known as localized surface plasmon
resonance (LSPR) biosensors, which allow for a more
miniaturized sensing procedure [11]. LSPR-based bio-
sensors differ in NP size, shape, and composition. The
versatility of these systems makes them suitable for
biological sensor devices since the wavelength can be
tuned to not overlap the absorbing spectral features of
the biological chromophores, thus resulting in more
precise sensing and offering the possibility of multiplex
detection [11]. The typical wavelength of LSPR for
most noble metals lies in the range of visible to near-
infrared regions. This range can vary from shorter to
longer wavelengths with low (spherical) and high (rods
and prisms) aspect ratios [8]. Nowadays, due to the high
efficiency of the LSPR approach, the sensitivity scale of
biosensing has been reduced to nano-scales, resulting in
more accurate and precise biosensors [12].

Over the years, various types of LSPR biosensors based
on polymer substrates have been developed for different
applications. Within this framework, gold nanodots have
been introduced into polymer films and used to detect
biomolecules such as biotin [13]. On the other hand, a
plasmonic bioink based on an organosiloxane polymer
was also prepared for point-of-care (POC) biosensing
[14]. Hydrogels, being a class hydrophilic of 3D-struc-
tured biomaterials, have also been used as substrates for
plasmonic particles. The unique properties of hydrogels
are primarily due to their high water content, which
results in their soft and rubbery consistency. Their
ability to swell with considerable water uptake makes
their structure more similar to living tissues and mimics
the extracellular matrix (ECM), which plays a vital role
in tissue and organs morphogenesis, as well as cell dif-
ferentiation and proliferation [15,16]. For these reasons,
hydrogel has been considered beneficial in many in-
dustrial, environmental, and biomedical fields [17],
including electronics [18], tissue engineering [19], drug
delivery [20], and biosensing [21].

This report focuses on reviewing the recent de-
velopments in smart plasmonic biosensors in the form of
hydrogel platforms. Challenges, development, and ap-
proaches for assisting in the development of these types
of biosensors are the main topics of this article.

Challenges

Currently, array-based LSPR biosensors are the most
commonly used in the case of detection of low amounts
of molecules, where there is a need to push through the
limit of detection of the system and push high
throughput capabilities to the limit [22,23]. Even
though LLSPR-based biosensors have the advantage of
detecting several molecules (i.e., number of in-
teractions), their resulting analytical performance is very
similar compared to other high-resolution SPR setups

[24]. In detection systems based on conventional 2D
methods, low concentration targets were difficult to
detect because the exposure to continuous flow results
in a limited interaction time with the sensing surface.
The drawbacks of these methods can be overcome by
using hydrogels, thus exploiting their ability to accom-
modate a large amount of water without their structure
dissolving and their similarity to body tissues. From the
sensing standpoint, the biorecognition of the analyte
may take place more efficiently and easily when the
matrix is in a hydrogel form. In addition, the sensing
precision of LLSPR-based sensors might be improved as
the thin hydrogel can also act as a dielectric optical
waveguide [25,26]. Overall, soft materials such as
hydrogels can modify sensing properties when used as
substrates. Due to their mechanical and structural
properties, they offer more sensitive, selective, efficient,
and fast sensing capabilities.

Smart biosensors based on plasmonic
hydrogels

Two main transduction mechanisms have been intro-
duced in LSPR-based biosensing platforms, including
NP aggregation and the change in the refractive index
of the system [27]. The first strategy provides the
functionalization of plasmonic particles with binding
molecules, resulting in a colorimetric variation. The
indicator of this variation can be visualized in the LSPR
red-shift in the absorbance spectrum, which can be
detected by the naked eye. However, some limitations
related to the non-specific aggregation have been re-
ported, restricting the application of these platforms to
laboratory analysis [28]. The second mechanism pro-
vides the immobilization of plasmonic particles on the
surface of the substrate, making them refractive index
optical sensors [27].

In order to develop LLSPR-based optical enzyme bio-
sensors, researchers have focused their attention on
stimuli-responsive  hydrogels [29]. The physical
changes in stimuli-responsive hydrogels in response to
marked variations in environmental conditions have
been reported previously [30,31]. Stimuli-responsive
hydrogels are water-swollen, cross-linked networks
that show a reversible change in their physical charac-
teristics in response to specific stimuli. Based on these
features, the constituent hydrogels of the stimuli-
responsive network can incorporate molecular recogni-
tion elements (i.e., enzymes). When the recognition
elements react with specific chemical substances, the
monomer units bearing the recognition elements un-
dergo a change in either solubility or charge state. A
solubility alteration can cause the swelling or shrinking
of the hydrogel network. Alternatively, changes in the
charge state may result in altered interactions between
the charged groups and a variation in the electrolyte
concentration in the hydrogel. In both cases, the
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described processes result in changes in the hydrogel
volume. Considering these outstanding advantages,
several research groups have used stimuli-responsive
hydrogels to fabricate biosensors and chemical sensors
for medical and environmental applications [32]. Within
this framework, scientists have recognized the suit-
ability of these materials for the production of enzyme
biosensors and their further exploitation in LSPR-based
biosensor development.

Gold nanoparticle-based sensors

LLSPR-based biosensors, which function using noble
metal nanomaterials, such as gold and silver, have been
expected to achieve the highly sensitive detection of
target molecules in medical applications. Gold nano-
particles (AuNPs) are widely used in sensing applica-
tions due to the visible shift in their absorption peak and
high sensitivity. Moreover, AuNPs are chemically stable
and have been investigated more through the years and
have thus been improved in terms of surface chemistry
and biocompatibility [33]. sensor concept was
demonstrated in the work of Muri et al. where they

Figure 1
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embedded AuNPs in the 3D hydrogel network of
hydrogel fibers. This immobilization of the AuNPs
makes the LSPR signal stronger while reducing the
analyte binding to plasmonic surfaces [34]. Inspired by
animals such as squid, butterflies, and chameleons,
biomimetic hydrogel systems have been recently
devised to alter their internal nanostructure, undergoing
an optical transformation based on changes in their
environment. A dual-responsive three-dimensional
plasmonic hydrogel platform has been fabricated to
indicate volume and color change in an aqueous sur-
rounding. AuNPs embedded in the hydrogel colloid are
responsible for the color changes caused by temperature
and ion variation in the system. The fabrication process
can be seen in Figure la, where hydrogel changes ac-
cording to the temperature are also shown. The volume
change as a result of temperature stimuli was best shown
here [35]. A polyol-based hydrogel has been fabricated
by Randriantsilefisoa et al. while AuNPs are entrapped
in the system to offer a stable material to sense the
influenza A virus (IAV) and indicate a color change in
this medium. Bindings between the IAV and AuNPs
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The fabrication process of hydrogel-based biosensors with AuNPs. (a) A schematic showing the process and its responses to temperature and ionic
changes [35]. (b) Platform polymerization under UV light and the colorimetric variation in the platform depending on the growth step are also shown [37].
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result in an aggregation of the particles, which
produce an SPR-induced shift in the absorption spectra,
producing a visible color change from red to blue. The
reversibility of this phenomenon makes it a good de-
tector for biomolecule quantification [36].

Moreover, an optical 3D biosensor based on poly-
(ethylene glycol) diacrylate (PEGDA) hydrogel with
AuNPs has been fabricated and optimized. These
hydrogel patches, having spherical AuNPs, are physi-
cally retained in the network and show great stability
as well as sensing capability. By optimizing the NPs
size and shape, the order of detection indicates that it
is a perfect candidate for small molecule (e.g., biotin)
detection and can be used in wearable sensors.
Figure 1b shows the polymerization process of the
system in between coverslips. UV light has been used
here to perform the -crosslinking, and NPs with
different sizes varying from 20 nm to 70 nm were used
[37]. Label-free detection of biomolecules can also
benefit from plasmonic hydrogels. The use of the
hydrogel matrix provides an environment that re-
sembles the perfect matrix for biomolecular in-
teractions. The porous network with high water
content improves the performance of biosensors by
capturing more analyte molecules. Recently, a stimuli-
responsive hydrogel based on oligo (ethylene glycol)
grafted with thermo-responsive polyisocyanates was
developed. The gold-coated surface of the sensor is
linked to the glycol group to demonstrate the LLSPR
and has been used as an affinity binding system for the
biosensing of biotin [38]. Proteins can also be detected
using the same platforms with an LSPR-sensing
method. Culver et al. have developed a biosensor to
detect proteins, using poly(N-isopropylacrylamide-co-
methacrylic acid) (PNM) hydrogels embedded with
gold nanoshells. Hydrogels are synthesized on the
surface of gold nanoshells, as they can detect changes
in the concentration of lysozyme and lactoferrin — the
protein biomarkers of chronic dry eye. PNM/gold
nanoshells are a suitable material in this case, as the
system shows a largely increased refractive index, and a
strong red-shift when in contact with human tears
[39]. Glucose monitoring apparatus has also been
prepared using hydrogel fibers based on acrylamide-
based materials, where gold AuNPs are immobilized.
Volume expansion which happens as a result of the
presence of glucose molecules can modulate the LSPR
effect of the hydrogel fibers, allowing quantitative
measurements [40].

Sensing environmental molecules, such as arsenic —
crucial in the geochemical and anthropogenic fields —
can be achieved by using this technique. Poly(N-
isopropylacrylamide)  (PNIPAAm)-based  hydrogel
coated on an AuNP surface can provide an LSPR sensing
platform for the real-time detection of arsenic. However,
this platform offers a wide range of detection potential

with a simple change in the size and shape of plasmonic
particles and the concentration of the monomer [41].

Silver nanoparticle-based biosensors

Among metallic NPs exhibiting LSPRs, although AuNPs
have been studied in depth, silver NPs (AgNPs) are
particularly efficient for sensing purposes [42]. Studies
have shown that AgNPs demonstrate shifts in the LSPR
band that are five times stronger when they are in contact
with specific molecules, compared to AuNPs [43].

Hydrogen peroxide detection is of vital importance
because the presence of the substance can be consid-
ered an environmental, industrial, or even clinical
hazard. Filippo et al. have developed a biosensor that
determines the presence of hydrogen peroxide in rain-
water, which has a simplified, low-cost fabrication pro-
cess, and, most importantly, is reusable [44]. This sensor
is made of PVA due to its wide range of potential ap-
plications in the optical, pharmaceutical, medical, and
membrane fields, as well as benefits from AgNPs for
LSPR-sensing method. The strong shift in the absorp-
tion spectra and the color changing of the platform prove
the LSPR sensing of the hydrogel.

Glucose is one of the most important biomolecules that
requires precise detection to prevent and treat the
complications associated with diabetes. Silver NPs have
been widely used in this specific molecule detection.
Endo et al. worked on a stimuli-responsive acrylamide-
based hydrogel with polyvinylpyrrolidone (PVP)
covered with silver NPs to entrap glucose molecules
[45]. Stimuli-responsive hydrogels contain molecular
recognition elements — such as enzymes — that spe-
cifically react with the analyte. This recognition event
causes the stimuli-responsive hydrogels to swell due to
an increased osmotic pressure. The swelling of stimuli-
responsive hydrogels increases the average internal
distance between one noble metal particle and another,
thus reducing the LSPR absorbance strength [45].
Figure 2a shows the principles of the sensing platform
with the use of different glucose solution concentra-
tions. Changes in the absorption peak define the effect
of surroundings on the sensing precision. Images taken
of differences in the color strengths shows that the
variations in AgNPs concentrations could be observed
with the naked eye. Hence, AgNPs concentrations were
found to affect the optical characteristics of the LSPR-
based optical enzyme biosensor.

A novel glucose sensor was fabricated by Tokarev et al. as
a combination of a pH-responsive hydrogel incorporated
with AgNPs for two critical applications: the analysis of
biomolecules (biosensing) and the probing (monitoring)
of the local properties of biomaterials. Figure 2b shows
the schematic of this construct under pH variation, and
changes in the volume of the hydrogel can be observed.
LSPR effects in noble metal NPs are observed through
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Stimuli-responsive hydrogel embedded with AgNPs. (a) Schematic illustration of detection principle of LSPR-based optical enzyme biosensor [45]. (b)

Schematic of volume change in the construct under pH variation [46].

color variations by the naked eye or in a visible light
spectrum that reveals characteristic absorbance bands.
LSPR spectra are also sensitive to variations in the im-
mediate particle environment. In particular, changes in
the refractive index of the environment in the close
vicinity to particle surface or in the interparticle plas-
mon coupling result in an alteration of the spectrum
[46]. Recently, a photo-thermal responsive polymer
combined with AgNPs has been investigated as a
multifunctional platform to detect glucose level in
urine. Ziai et al. used a poly(N-isopropylacrylamide)
(PNTPAAm)-based hydrogel matrix embedded with Ag

nanocubes, inspired by the unique features of chame-
leon skin that changes its color as a result of the light—
matter interactions in the skin layers. The inspiration
and the similarities between the structure of NPs can be
seen in Figure 3a. Hydrogel layers were made with a
layer of electrospun nanofibers. The image of the
construct can be seen in Figure 3b, where each layer is
shown separately, with an image from the intersection,
verifying the layer-by-layer construction. Fast photo-
thermal responsiveness and significant red-shift in the
LSPR absorbance peak in the presence of different
glucose concentrations are indicators of efficient sensing
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Chameleon-inspired platform, based on AgNPs. (a) Inspiration from the layers of chameleon skin to choose the silver nanocubes as the plasmonic
particle. (b) Construction based on a layer-by-layer composite, with two layers of plasmonic hydrogel and one layer of electrospun nanofibers in be-
tween them. (c) Application of the biosensor as a glucose detector, using urine as the body fluid [21].

features of the platform [21]. This platform was used as
a biosensor to detect glucose in the urine of healthy and
diabetic people, where sample solutions were infiltrated
into the platform, and the absorbance peak was deter-
mined via UV—Vis (Figure 3c).

Future perspectives and conclusion

Studies on plasmonic hydrogels have upgraded the
biosensing field. As a result, clinical and therapeutic
detection and medication are expected to be achieved
quickly, easily, and efficiently within a short time.
Plasmonic particles are responsible for changes in rele-
vant SPR frequencies when in contact with the target
analyte. These changes are significantly dependent on
the size and shape of NPs, thus making it possible to
tune the properties to meet the requirements for
different applications. The greater interest in LSPR-
based biosensors compared to regular SPR sensors is
mainly due to their unique features, which allow for

label-free and real-time biomolecular analysis with
possible detection of biomolecular interactions (anti-
gen—antibody interaction, DNA hybridization, etc.) at
low concentrations.

In addition, the simple detection mechanism of optical-
based biosensors makes it possible to be integrated with
different sensing platforms for lab-on-a-chip applications.

On the other hand, as 3D nanostructured materials with
a considerable amount of water within their structure,
hydrogels are powerful platforms for biosensor fabrica-
tion. The sensor’s performance is determined mainly by
the contact between the sensing receptor and the ana-
lyte. The structure of hydrogel provides an accessible
environment for target molecules to be in contact with
the sensing receptor. These 3D matrixes indicate high
permeability for small molecules, metabolites, oxygen,
and water-soluble components, making them essential
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for body fluid biosensors. Considering the benefits of
both materials, plasmonic hydrogels are among the best
candidates for biosensing applications.

Alongside the many advantages of hydrogel materials,
there are aspects of the hydrogel platform which can be
further improved. The use of hydrogels as 3D networks
affords a greater affinity with the analyte, hence, more
label-free detection possibilities. The use of stimuli-
responsive materials can help us even more to have
more opportunities to detect label-free biomolecules. In
this way, both fabrication and detection are more
accessible, while the applicability of the biosensor can
be improved. Also, the use of stimuli-responsive mate-
rials will enhance the efficiency and precision of the
sensor in the case of dual-responsivity, in which — in this
case — there is a possibility to detect more than one
target. Additionally, having a re-useable system can
enhance its applicability and usability in real life. As the
LSPR shift in the absorption of the plasmonic material
varies with the shape and size of NPs, there is always
room for improvement in terms of sensing range.
Nowadays, NPs are synthesized into various shapes,
such as cubes, rods, stars, wires, prisms, etc. These
shapes or even different sizes of identical particles can
be used in the same platform to obtain multiple sensing
windows for the same material, making it more appli-
cable for sensing molecules. Furthermore, different NPs
are being prepared using both silver and gold, combined
in a core—shell structure. These NPs can improve the
limit of detection and the efficiency of the sensing
platform compared to using single particles.
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