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Chemical and biological/biochemical sensors are capable of generating readout signals that are pro-
portional to the concentration of specific analytes of interest. Signal sensitivity and limit of detection/
quantitation can be enhanced through the use of polymers, nanomaterials, and their hybrids. Of particular
interest are stimuli-responsive polymers and nanomaterials due to their ability to change their physical
and/or chemical characteristics in response to their environment, and/or in the presence of molecular/
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biomolecular species of interest. Their individual use for sensing applications have many benefits,
although this review focuses on the utility of stimuli-responsive polymer and nanomaterial hybrids. We
discuss three main topics: stimuli-responsive nanogels, stimuli-responsive network polymers doped with
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Introduction

Polymer technology and nanotechnology has proven to be vital
to the development of all modern technologies.' ® Particularly,
rapid developments in these respective fields have led to
important advances in the field of micro/nano-electronics,
which has allowed for increasing small features to be gener-
ated, e.g., features with critical dimensions as small as
7 nm.”’® Additionally, research in these respective fields indivi-
dually have allowed polymer-based nanomaterials to be devel-
oped, and of specific interest to this review are hydrogel nano-
particles (nanogels).”'® Over the years, nanogels have been
synthesized using a variety of approaches, e.g., using emul-
sions, precipitation, gelation, grinding, and microfluidics."*
Polymers can also be used to add new and interesting pro-
perties to nanomaterials by grafting organic polymers on the
surface of inorganic nanoparticles or by incorporating func-
tional nanomaterials into a polymer matrix. Polymers can be
grafted onto nanomaterials using grafting to/grafting from
techniques,">™* while polymer networks can be imbibed with
nanomaterials by exploiting various physical/chemical
interactions.>'*'® This novel class of materials, also known as
nanocomposites, can enhance the properties of each of the
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nanomaterials, and nanoparticles modified with stimuli-responsive polymers.

respective materials on their own, to yield a synergistic
effect from the materials to achieve enhanced properties,
e.g., mechanical and electrical properties,"”” catalytic
performance,'®"®  biocompatibility,>® stimuli-responsivity.*"
Therefore, a broad range of related topics have emerged in
recent decades, including electrospun nanofibers,** polymer-
based biomaterials,>*** layer-by-layer self-assembled polymer
films,> polymer actuation,®® drug delivery,”” imprint lithogra-
phy,?® and chemical and biological/biochemical sensors.>’
Chemical and biological/biochemical sensors are devices or
probes that can respond to the presence of an analyte to gene-
rate a corresponding signal, e.g., electrical or optical.>* > They
are widely used in the fields of environmental monitoring
(e.g., to detect water contaminants) and human health (e.g:, for
disease diagnosis, and health monitoring).>*** Advances in
materials science and engineering have led to great improve-
ments in the performance of chemical and biochemical
sensors. For example, hydrogels, molecular imprinted poly-
mers, and conducting polymers, have been developed that
yield improved sensitivity, selectivity, and limit of detection/
quantitation.*® Additionally, stimuli-responsive polymers have
attracted considerable interest in the field of chemical and bio-
chemical sensors, due to their ability to respond a stimulus (or
the presence of an analyte) by changing their physical and/or
chemical properties.***” Stimuli include, but are not limited
to, temperature,®® light,® and electric and magnetic fields.*’
Furthermore, the stimuli responsivity of polymer-based
materials can be enhanced by rationally coupling them with
molecular or nanomaterial probes, e.g., fluorophores,*’ metal
nanoparticles,”* and quantum dots.*® Additionally, polymer-
based materials exhibit many appealing properties, including:
flexibility/stretchability, transparency, biocompatibility, and
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inertness to many chemical and physical challenges; these pro-
perties make them ideal for myriad applications, e.g., wearable
sensors.*>** While much has been done with these materials
related to chemical and biochemical sensing, recent nanotech-
nological advances have allowed sensing technology to reach
new heights.*®

Previous reviews on stimuli-responsive polymer/nano-
material composites have been focused on the applications to
shape memory,”” textiles,"® and drug delivery.”® However,
reviewing the utility of these materials for sensing applications
is not as common. Therefore, this review will focus on high-
lighting work in this area over the past five years. Specifically,
we highlight three types of hybrid materials, e.g., nanogels,
stimuli-responsive polymer-based networks combined with
nanomaterials and nanomaterials with stimuli-responsive
polymer surface coatings, and their use for sensing appli-
cations. In each section, we will highlight the role of polymers
and nanomaterials on analyte recognition and signal transduc-
tions to achieve desirable sensors.

Nanogels

Nanogels are colloidally stable nanoscale hydrogel particles
composed of hydrophilic groups that enable them to absorb
and retain considerable amounts of water without
dissolution.’®>" The interaction between small molecules and
the polymer network can trigger a volume change of the
nanogel.>® By incorporating various recognition moieties into
the nanogel network, they can respond to a variety of analytes,
which makes them ideal candidates for sensing
applications.>®*”>* Moreover, the nanogel network can increase
the stability of some sensitive recognition moieties and
enhance their solubility to allow for sensing in aqueous
solutions.>®™” Compared to macroscale hydrogels, nanogels
have many merits. For example, nanogels have a high surface
area to volume ratio that improves their binding efficiency to
analytes relative to more macroscopic materials. Furthermore,
the response time for a volumetric change is proportional to
the square of the gel’s radius.>® Therefore, when the size of the
hydrogel decreases, the response time likewise decreases. In
addition, nanogels are suitable for in vivo sensing due to their
small size and good biocompatibility.>® Here, some nanogel-
based sensors will be highlighted.

The choice of monomer used to generate nanogels dictates
their properties, e.g., certain monomers can render them
stimuli-responsive. When synthesizing stimuli-responsive
nanogels, it is common to use amine-containing monomers,
carboxylic acid-containing monomers, and acrylamide-con-
taining monomers. Amine and carboxylic acid-containing
monomers can easily be modified with biomolecules via
various crosslinking chemistries, which imparts bioresponsiv-
ity to the nanogels; these monomers themselves also render
the nanogels pH responsive. Acrylamide-containing monomers
can render the nanogels temperature responsive, allowing
them to change their solvation state with temperature (thermo-
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responsivity). Furthermore, thermoresponsivity can improve
the performance of nanogel-based sensors by altering the
microenvironment inside the nanogels, and enhancing fluo-
rescence (for example).”®®® Herein, we will provide some
examples of nanogel-based sensor utilizing these types of
monomers.

Amine-containing monomers are widely used for generating
nanogels for applications. Monomers with primary amine
functional groups can be coupled to carboxylic acid-containing
molecules via the 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide/N-hydroxysuccinimide (EDC/NHS) coupling reaction,®’
which can be used to incorporate fluorescent molecules or
biomolecules into nanogels for sensing applications. For
example, Li et al. constructed a polyacrylamide-based nanogel
sensor for the colorimetric measurement of ionizing radiation
doses.®” They copolymerized acrylamide (AAm), N-(3-amino-
propyl)methacrylamide (APMA), and APMA-modified 5(6)-
carboxytetramethylrhodamine (APMA modified-TAMRA), to
form poly(AAm-co-APMA-co-TAMRA) (PAAT) nanogels. Then
coumarin-3-carboxylic acid (CCA) was attached to the amino
groups of PAAT nanogels via an EDC/NHS coupling reaction
forming poly-(AAm-co-APMA-co-TAMRA)/CCA (PAATC) nano-
gels as shown in Fig. 1. The nanogel sensor had two fluo-
rescent moieties TAMRA and CCA. When exposed to ionizing
radiation, the CCA moiety gained a hydroxyl group on its C7
position by reacting with hydroxyl radicals generated from
water radiolysis. The resulting 7-hydroxyl-coumarin-3-car-
boxylic acid (7-OH-CCA) emitted strong blue light (em =
450 nm) under UV excitation. On the contrary, the TAMRA
moiety emitted red fluorescence light (Aen, = 580 nm) under UV
light, and the intensity was not affected by ionizing radiation
doses. Therefore, a ratiometric strategy could be applied to
this nanogel sensor. By measuring the fluorescence intensity
ratio of nanogels at 450 and 580 nm (I450/I5g0), the ionizing
radiation dose could be determined. The sensor provided good
linearity over a range of X-ray doses (0-20 Gy) with a LOD of
0.1 Gy and the maximum error of standard deviation of 4.2%.

In another example, Haag and coworkers synthesized den-
dritic polyglycerol nanogels (dPG-NGs) as pH sensors in the
hair follicle, which can guide the development of skin pH-
responsive nanocarriers for drug delivery.> Dendritic poly-
glycerol amine (dPG-NH,) was first modified with pH-sensitive
indodicarbocyanine dye (pH-IDCC) and a control dye (indocar-
bocyanine dye: ICC) via an N-hydroxysuccinimide (NHS) ester
coupling. The dye-labeled dPG-amines were thiolated and
crosslinked with dPG-acrylate via thiol-Michael reaction, gener-
ating dPG-NGs as shown in Fig. 2. The fluorescence intensity
of pH-IDCC dye changed as a function of pH while the fluo-
rescence intensity of ICC dye was not affected regardless of
pH. The nanogel sensor could penetrate the skin and measure
the pH in the hair follicle. By plotting the fluorescence inten-
sity ratio of pH-IDCC over ICC, the author observed a good
linear relationship with increasing pH within the physiologi-
cally important pH range 5.5 to 7.5.

In addition to utilizing the amine group to couple to car-
boxyl group-containing molecules, nanogels with protonated
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Fig. 1 (a) Synthetic route and the mechanism of PAATC nanogels for sensing ionizing radiation doses. (b) Fluorescence emission spectra at 400 nm
and 530 nm under various ionizing radiation doses. (c) Fluorescence ratio (/450//5g0) of the PAATC nanogels after exposure to X-rays in the range of
0-20 Gy. Reprinted (adapted) with permission from ref. 62. Copyright (2019) Royal Society of Chemistry.
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Fig. 2 (a) Synthetic route for generating the functional nanogels, and
(b) the chemical structures of the dye (pH-IDCC) in its protonated and
deprotonated forms. Reprinted (adapted) with permission from ref. 63.
Copyright (2017) Wiley Online Library.
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amine groups can interact with anions, resulting in the neu-
tralization of the amine’s positive charges and shrinkage
of the nanogels. Recently, Zhang et al synthesized a
poly(N-isopropylacrylamide)-co-N-(3-aminopropyl) methacryl-
amide hydrochloride (pNIPAm-co-APMAH) micro/nanogel for
the detection of mouse immunoglobulin G (IgG).** Mouse 1gG
was captured by magnetic microspheres modified goat anti-
mouse IgG (GAM@M). An excess amount of alkaline phospha-
tase-modified goat anti-mouse IgG (AP-GAM) was added to
mouse IgG. After the application of a magnetic field, the
excess free AP-GAM was isolated and used to degrade a phos-
phate-containing polymer to release phosphate anions. The
PNIPAmM-co-APMAH micro/nanogel interacted with the phos-
phate anions and resulted in the deswelling of the nanogel.
The shrinkage of the nanogel was monitored by an etalon
device. The sensor had the ability to detect low concentrations
of mouse IgG down to the nanomolar range. In a similar
example, Islam et al. utilized pNIPAm-co-APMAH micro/nano-
gels for the detection of single-stranded DNA (ssDNA).°> The
target ssSDNA was selectively captured and separated by mag-
netic microparticles modified with the complimentary DNA
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strands. After separation, the magnetic particles were heated
to release the target DNA. The target DNA had multiple nega-
tive charges, which could neutralize the positive charges of
PNIPAm-co-APMAH micro/nanogel. The corresponding shrink-
age of nanogels was quantified by a pNIPAm-co-APMAH micro/
nanogel-based etalon sensor. The sensor was able to detect the
concentration of DNA down to the micromolar in range
without any amplification or preconcentration of the sample.

Carboxylic acid-containing monomers have also been
shown to have great utility for sensing applications. Carboxylic
acids are weak acids, with their ionization extent being depen-
dent on pH. Therefore, nanogels with carboxylic acid mono-
mers (e.g. acrylic acid and methacrylic acid) are commonly
used for pH sensing. Compared to commonly used ampero-
metric or potentiometric devices, nanogel-based pH sensors
do not require constant re-calibration and they have low manu-
facturing cost.®® Furthermore, their good biocompatibility
allows nanogels to be used in the human body to measure
intracellular pH.>*”° Recently, Zhu et al. reported an non-
radiative resonance energy transfer (NRET)-based nanogel
probe for pH sensing.®” The authors fabricated the nanogel
probe Dby copolymerizing methylmethacrylate (MMA),
methacrylic acid (MAA), and ethylene glycol dimethacrylate
(EGDMA) with two NRET fluorophore pairs, donor (9-phen-
anthryl)methylmethacrylate (Ph) and acceptor (9-anthryl)meth-
acrylate (An). The carboxylic acid groups from MAA were depro-
tonated as pH increased to form carboxylate groups, resulting
in charge repulsion and the swelling of nanogels. The swelling
process increased the distance between the donor and accep-
tor, which hindered the NRET process as shown in Fig. 3. As a
result, the fluorescence intensity ratio (Ipn/Iay) increased as pH
increased. Such nanogel probes have exhibited desirable
potential as a versatile ratiometric fluorescent platform for
sensing pH.

Like amine-containing monomers, carboxylic acid-contain-
ing monomers can also be used to conjugate to various bio-
molecules such as enzymes and antibodies, which allows the
corresponding nanogel to respond to a variety of biologically-
relevant analytes. For example, hydrogen peroxide (H,O,) is
one of the most important reactive oxygen species (ROS) and is
a crucial signaling molecule in the regulation of many biologi-
cal processes.®®®® Though H,0, plays an important role in cel-
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lular signal transduction, overexpressed H,O, can severely
damage cells and lead to several diseases such as cancer,
cardiovascular disorders, and neurodegeneration. Ghimire
et al. reported an enzymatic H,O, electrochemical biosensor
utilizing met-hemoglobin (Hb) coupled poly(acrylic acid) (Hb-
PAA) nanogel-based bioelectrode.’® In the presence of H,0,,
the Fe*" in the heme protein of Hb was oxidized to form Fe®",
and the concentration of H,0, could be determined by
amperometry. The resulting nanogels possessed high thermal
stability and could withstand exposure to high temperature
(122 °C) without loss of Hb structure or its peroxidase-like
activity. The nanogel-based electrochemical sensor exhibited
an excellent detection limit of 0.5 pM H,0,. In another
example, Yang et al. developed a bioresponsive nanogel for the
analysis of multivalent protein binding (MPB).”® The authors
synthesized pNIPAm-co-AAc nanogels that were conjugated to
PD-1, biocytin, or protein A through EDC/NHS coupling reac-
tion. The PD-1 antibody formed a type of MPB by complexing
with PD-1 protein and protein A, which enhanced the surface
plasmon resonance (SPR) signal by at least 3 times compared
to the monovalent SPR analysis. Using MPB-based SPR ana-
lysis, the authors were able to detect the PD-1 antibody down
to a level of 10 nM.

Temperature responsive monomers have been used exten-
sively to generate nanogels, and used for a variety of
sensing applications. While there are a variety of tempera-
ture-responsive monomers such as N-vinylcaprolactam
(NVCL) and 2-(2-methoxyethoxy)ethylmethacrylate (MEO2MA),
N-isopropylacrylamide (NIPAm) is by far the most extensively
studied.”" PNIPAm exhibits a lower critical solution tempera-
ture (LCST) at 32 °C. At that temperature, the pNIPAm chains
transition from a random coil to a globular conformation,
resulting in the change of its hydrophobicity. Therefore,
pNIPAm-based nanogel can be wused as temperature
sensors.”>”?

In addition to temperature sensing, temperature-responsive
monomers can enhance the sensor performance by changing
the microenvironment inside the nanogels. For example, Liu
and coworkers developed a nanogel-based fluorescent sensor
for Hg>" detection.”® The thermoresponsive nanogel was pre-
pared by emulsion polymerization of NIPAm and a Hg*" reac-
tive fluorescent 1,8-naphthalimide-based monomer (NPTUA).

Fig. 3 (a) Schematic depicting the sensing mechanism of pH-responsive nanogel probes (NGPh/An). (b) Variation of the average linear swelling
ratio (@) and Ip/I with pH for DX NG(NGPh/An). Reprinted (adapted) with permission from ref. 67. Copyright (2017) American Chemical Society.
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In the presence of Hg”", the thiourea moieties of NPTUA were
converted into imidazoline moieties. The transformation
reduced the fluorescence intensity at 528 nm and created a
new emission peak at 482 nm. A ratiometric fluorescent sensor
for Hg>" could be fabricated based on the property of NPTUA.
The sensor provided good linearity over the Hg*" concentration
ranging from 0-10 nM with a detection limit of 5.1 nM. The
PNIPAmM nanogel enhanced the water solubility of NPTUA, so
the sensor could be applied in various aqueous solutions. In
addition, the thermoresponsive pNIPAm nanogels collapsed at
high temperature and created a hydrophobic microenvi-
ronment inside the nanogels, which significantly improved the
sensitivity. Chromium ions are responsible for regulating
several biological processes such as accelerating insulin
action.”* However, a high concentration of Cr** increases the
risks of DNA dysfunction, diabetes, and autoimmune dis-
eases.”” In another example, Yao and coworkers developed a
fluorescent nanogel sensor for Cr** detection.®® NIPAm copoly-
merized with rhodamine B urea derivatives (RhBUA), generat-
ing p(NIPAM-co-RhBUA) nanogels. RhBUA could specifically
bind to Cr’*, inducing ring-opening of spirolactam moieties.
The conformational change caused the non-fluorescent
RhBUA to emit light at 580 nm. The intensity of the resultant
fluorescence was related to Cr*" concentration, and the detec-
tion limit was calculated to be 2.2 x 1077 M. Compared to
other ions, the sensor showed high selectivity towards Cr*".
Furthermore, the sensor exhibited enhanced performance at
elevated temperature. That was ascribed to the larger quantum
yields of RhBUA in more hydrophobic nanogel microenvi-
ronment as well as the higher recognition probability between
Cr** and RhBUA in a collapsed nanogel.

Stimuli-responsive polymer-based
networks combined with
nanomaterials

Stimuli-responsive polymer-based networks are linear or
branch polymers with stimuli-responsive groups that are
chemically or physically crosslinked into a three-dimensional
(3D) network.’>”®”” The porous structure of the 3D polymer
matrix not only allows small molecules to be transported, but
can also be used to contain inorganic nanomaterials with
various structures from 0D nanoparticles (e.g., carbon dots”®),
to 1D nanorods (e.g;, Au nanorods’’) and nanofibers (e.g.,
silicon nanowire®®) to 2D nanosheets (e.g,, MnO,
nanosheets®').*> With proper design and trials, the obtained
nanocomposites generally can exhibit improved properties
compared to their counterparts, or novel synergistic functions,
e.g., sensing.®® The sensing capacities of such nanocomposites
mostly are based on the efficiency of signal recognition and
transduction. Environmental stimuli, e.g., temperature, pH, or
ionic content can cause a volume/size change of polymers,
which successively changes the chemical/physical properties of
embedded nanomaterials, thus exhibiting, for example, an

This journal is © The Royal Society of Chemistry 2020
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enhancement of the plasmonic signal®® or the photo-
luminescence signal.®’

Noble metal nanoparticles received much attention due to
their unique optical and electrical properties as well as good
stability. The most widely used method to incorporate them
into polymers is via in situ reduction after enriching with their
oxidized precursors. The Serpe group reported a microgel-
based optical device (etalon) for H,0, sensing.®® Etalons were
constructed by sandwiching poly(N-isopropylacrylamide-co-
acrylic acid) (p(NIPAm-co-AAc)) micro/nanogel between two Au
layers. Then, Ag nanoparticles (AgNPs) were generated in
etalons via their in situ reduction with NaBH, as shown in
Fig. 4. The etalons allowed light with certain wavelengths to be
reflected due to constructive and destructive interference in
the micro/nanogel-based cavity, and the reflected wavelength
was dependent on the size of micro/nanogel particles.*””*® In
the presence of H,0,, AgNPs were oxidized and form Ag",
resulting in the swelling of the gel layer. The reflectance peak
shifted to higher wavelength and the reflectance intensity
increased due to the increase in diameter of the nano/micro-
gels and less absorption from AgNPs. The sensor showed good
linearity within the H,O, concentration ranging from
0.5-6 mM.

Polymer brushes, which are bound on a common surface,
to some extent, can be viewed as network polymeric matrix. As
shown in Fig. 5, Chen et al. prepared a humidity-responsive
plasmonic nanosensor by functionalizing a Ag film with poly-
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Fig. 4 (a) Schematic illustration of the in situ fabrication method of
AgNPs@pNIPAm-co-AAc hybrid microgels-based etalon and response
mechanism of the etalon. (b) Reflectance spectra of etalons with AgNPs
upon exposure to 10 mM H,O, at pH 3.0. The blue arrows show the
direction of the peak shift. (c) Reflectance spectra of AgNPs-loaded
etalon upon exposure to various concentrations of H,O, at pH 7.0 from
0.5 (bottom) to 10 mM (top); the direction of the peak shift is indicated
by the red arrow. Reprinted (adapted) with permission from ref. 38.
Copyright (2018) Royal Society of Chemistry.
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PAAM brushes

Ag film-initiator

Fig. 5 Schematic illustration of the fabrication of pAAm brushes on Ag
film and immobilization of AuNPs. Reproduced (adapted) with per-
mission from ref. 89. Copyright (2018) Springer Nature.

acrylamide (pAAm) brushes via surface initiated-atom transfer
radical polymerization (SI-ATRP) (step i), where Au nano-
particles (AuNPs) were subsequently incorporated through
assembly (step ii), and lastly storing the resultant vacuum-
dried film under nitrogen atmosphere (step iii).** When the
relative humidity increased, the pAAm brushes swelled and
thus stretched the nano-gap between the closely spaced
AuNPs, and between AuNPs and the Ag film, resulting in
noticeable decrease of plasmonic hotspots and SERS signals
using 4-mercaptopyridine (4-Mpy) as a molecular probe. The
optical changes of the nanocomposite could be reversibly
tuned by relative humidity and the resulting relative humidity
sensors was shown to be stable for at least two months.

Metal oxide nanoparticles exhibit unique chemical,
mechanical, electrical and optical properties due to nanoscale-
induced high surface reactivity.”® Their ultra-small size also
allows them to interact in a unique manner with biomolecules
and thus facilitates their entrance into the inner cellular
microenvironments.”® Wu et al. developed a glucose sensor
based on fluorescent ZnO@poly(N-isopropylacrylamide-acryl-
amide-2-aminomethyl-5-fluorophenylboronic acid) (ZnO@p
(NIPAmM-AAm-FPBA)) nanocomposites.”” ZnO@p(NIPAm-AAm-
AA) that was synthesized by free radical polymerization.
Subsequently, a glucose recognition molecule FPBA was
coupled to the carboxyl groups of the nanogel via EDC coup-
ling reaction. The FPBA moieties captured glucose molecules
in solution and resulted in the swelling of the nanogel. The
swelling of the nanogel may hinder the access of the excitation
light to the fluorescent ZnO. Therefore, the glucose-induced
swelling could be converted into a change in fluorescence
signal. A good linear relationship was shown between the reci-
procal fluorescence intensity and glucose concentrations with
a detection limit of 1.7 mg dL™'. Furthermore, the sensor
exhibited good selectivity towards glucose in human blood
serum samples.

Nanosheets, as an emerging class of nanomaterials includ-
ing graphenic carbon materials and transition-metal oxide
nanosheets with planar topography, exhibit unique properties
including high specific surface area and robust physico-
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chemical properties.”®> Zhou et al. hybridized graphene oxide
(GO), and Hb into temperature-responsive block co-polymer
poly(N-isopropylacrylamide)-b-poly(2-acrylamidoethyl ~ benzo-
ate) (pNIPAm-b-PAAE), to prepare a temperature-responsive
biosensing film.** The film was modified on a glassy carbon
electrode (GCE), providing a favorable micro-environment for
Hb to facilitate the electron transfer to the GCE. The pNIPAm-
b-PAAE/GO/Hb (PGH) film exhibited intrinsic electro-catalytic
activity toward H,0,. The performance of the sensing film
could be controlled by temperature, as a result of temperature-
dependent phase transition of pNIPAm-bPAAE and cooperative
effect of GO. Good linear detection showed in the concen-
tration range from 0.1 to 3.7 pmol L™ when operated at above
32 °C, while the sensitivity decreased to 0.2 pmol L™" at below
30 °C.

Metal nanoclusters (<2 nm) consisting of several to hun-
dreds of noble metal atoms possess intriguing fluorescent pro-
perties, e.g., stability under irradiation, a large Stokes shift and
size-dependent excitation and emission spectra, making them
suitable for fluorescence analytical applications.”>*® As shown
in Fig. 6, Gou et al. loaded Cu nanoclusters (CuNCs) and
CaCO; nanoparticles into alginate to prepare pH-responsive
luminescent nanocomposites.”” In these hybridized systems,
CuNCs with aggregation-induced emission enhancement fea-
tures acted as a fluorophore probe for gelation, while CaCO;
nanoparticles responded to pH by releasing Ca**, which could
trigger gelation of alginate. Specifically, decreased solution pH
dissolved the CaCO; nanoparticles and yielded free Ca®",
which was able to crosslink the alginate chains into gel net-
works. Meanwhile, the emissive intensity of CuNCs was dra-
matically enhanced, assigned to the Ca®"-induced enhance-
ment and gelation-induced enhancement, synergistically.
Their potential application was further expanded as a sensor
for glucose by introducing glucose oxidase, which could recog-
nize glucose and decrease the solution pH. In another
example, Jianhua L et al. decorated temperature-responsive
copolymers p(NIPAm-co-MQ) with luminescent Ag nano-
clusters (AgNCs) to fabricate fluorescent pH-responsive nano-
composites.”® p(NIPAm-co-MQ) consisted of two components,
NIPAm as the thermoresponsive units and 5-(2-methacryloyl-
ethyloxymethyl)-8-quinolinol (MQ) as anchoring groups. The
obtained nanocomposites exhibited different morphologies
from spherical to chain structures. When the temperature was
increased, the fluorescence intensity of the AgNCs was reversi-
bly enhanced. They also found that the nanocomposites
exhibited pH-dependent fluorescence properties over the pH
range of 3.04-5.25. As the solution pH decreased, the fluo-
rescence intensity of AgNCs reversibly decreased. In yet
another example, Shen et al. prepared stimuli-sensitive nano-
composites with AgNCs by loading them into p(NIPAm-co-AAc)
microgels.”® The red-emissive nanocomposites showed high
sensitivity and selectivity towards Cr*" in aqueous solutions.
Structurally, the p(NIPAm-co-AAc) microgels acted as templates
for AgNCs and exhibited thermoresponsivity, while AgNCs
endowed excellent photoluminescent properties to the nano-
composites. AgNCs were formed in situ by photoreduction of

This journal is © The Royal Society of Chemistry 2020
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Ag'. The fluorescent nanocomposites exhibited a linear and
reversible response from 2 to 85 °C and displayed high fluo-
rescence quenching for the sensitive and selective detection of
Cr** rather than Cr*".

Nanomaterials with polymer surface
modification

Modification of nanomaterials with polymer can serve many
purposes, e.g., protection from aggregation,** and modulation
of their interaction with environment.'® For sensing appli-
cations, analytes generally first interact with polymers on the
surface and trigger their response, which can result in a
change of the physiochemical properties of the nanomaterial
nanomaterials, and yield a detectable response.’” In short,
responsive polymers play the role of the recognition unit,
while the nanomaterials are transduction elements in such
sensing system.

2D planar nanomaterials, e.g., graphene oxides (GOs),
exhibit beneficial properties for sensing applications.’®® The
specific sp> domains of GOs endow them with broad and
strong absorption in the visible region with the ability to be
readily modified. Thus, they are often used as quenchers in
the fabrication of fluorescent sensors.'® Kim’s group devel-
oped a highly efficient and stable GO-based optical pH sensor
with quantum dots (QDs).’*® The key to the function of this
sensing platform is the rational use of pH-responsive poly-
mers. The photoluminescent emission of the blue and orange
color-emitting QDs (BQDs and OQDs) in MQD-GO can be con-
trolled independently by using different pH-responsive linkers
of poly(acrylic acid) (PAA) (pK, = 4.5) and poly(2-vinylpyridine)
(P2VP) (pK, = 3.0) that can tune the efficiencies of Forster reso-
nance energy transfer from the BQDs to the GO and from the
0OQDs to the GO, respectively. As a result, the color of MQD-GO
changes from orange to near-white to blue over a wide range of
pH values. Interestingly, although GO can quench fluo-

This journal is © The Royal Society of Chemistry 2020

rescence, it is also itself fluorescent, due to electron-hole pairs
in localized electronic states originating from various possible
configurations. In another example from Kim’s group (as
shown in Fig. 7), they integrated graphene quantum dots
(GQDs) with coumarin modified stimuli-responsive block
copolymers to generate a multianalyte sensing system."'®” This
multi-responsive platform was constructed simply by grafting
blue-emitting, temperature-responsive block copolymers onto
green-emitting GQDs that provides a luminescent response to
pH changes.

Among noble metal nanoparticles, AuNPs are mostly used
for sensing applications due to their biocompatibility, their
optical and electronic properties, and their relatively simple
production and modification.'®> AuNPs exhibit SPR, which

194 The electron

leads their solutions to exhibit various colors.
oscillation of nanoparticles is largely affected by their size and
the dielectric constant of their environment. This change of
the oscillation frequency results in a color change of the
AuNPs observable with the naked eye, laying the foundation of
AuNPs-based colorimetric sensors. In one example, Ma et al.
generated CO, colorimetric sensors by the in situ preparation
of CO,-responsive poly(N-(3-amidino)-aniline) (PNAAN)-coated
AuNPs.'® In this synthesis, HAuCl, oxidized and polymerized
the monomer N-(3-amidino)-aniline (NAAN) into PNAAN,
while HAuCl, itself was reduced to form AuNPs stabilized by
PNAAN. The dissolved CO, could protonate the amidine
groups of PNAAN, resulting in the swelling of and then the
detachment of PNAAN from the AuNPs. This finally led to
AuNPs aggregation and a concomitant color change. The strat-
egies based on aggregation-induced color changes are widely
used in AuNPs-based sensors. In another example, Maji et al.
covalently bound thermoresponsive pNIPAm onto citrate-
stabilized AuNPs, adding an extra polymer stabilizer in
addition to charge stabilization.'® Due to the dual stabiliz-
ation mechanism, only when both stimuli were applied did
the color of the AuNP solution change. This dual-stimuli trig-
gered response could be further exploited for the development

Analyst, 2020, 145, 5713-5724 | 5719


https://doi.org/10.1039/d0an00686f

Published on 03 2020. Downloaded on 08/12/2025 12:31:15.

Critical Review

Coumarin """

PNIPAAM __J

Graphene Quantum Dot

Normal

View Article Online

Analyst

45

LCST<T

AT
FRET -

Metal lon
F@y @@?s
»/‘@qu- Q&

Fig. 7 Structure of block copolymer-grafted graphene quantum dots (bcp-GQDs) and their sensing behavior. Reprinted (adapted) with permission

from ref. 102. Copyright (2015) American Chemical Society.

of temperature and salt sensors, respectively. The sensing
regime for one of them can be tuned by changing the con-
dition of the other.

The polymer ligands of nanomaterials also can be used to
load signal molecules. As shown in Fig. 8, Bodeldn et al. fabri-
cated highly stable surface-enhanced resonance Raman scat-
tering (SERRS)-encoded colloids for the identification of cellu-
lar protein expression. SERRS is another useful property of

Raman dye
NIPAM
BIS *
AuNP
iLBL
OH
Antibody 0=
|
<_
EDC/NHS

Fig. 8 Schematic representation of the preparation of Au@pNIPAM
SERRS-encoded tags. Reprinted (adapted) with permission from ref. 107.
Copyright (2015) Wiley Online Library.
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AuNPs.'®” AuNPs were coated with a pNIPAm network, where
Raman active dyes can readily be encapsulated. A further layer-
by-layer polyelectrolyte coating on the outer surface of the par-
ticles prevented the leakage of and provided a reactive surface
for covalent conjugation with antibodies. With the loading of
different SERRS tags, the hybrid particles could simul-
taneously detect and image three tumor-associated surface
biomarkers: epidermal growth factor receptor (EGFR), epi-
thelial cell adhesion molecule (EpCAM), and homing cell
adhesion molecule (CD44) by SERRS spectroscopy. On the
other hand, the surface of AuNPs is readily grafted by polymer
brushes. In one example, Wang et al. reported a sandwich type
electrochemical immunosensor for simultaneous and high
sensitive detection of two tumor markers.'°® They incorporated
a functional polymer brush, poly(acrylonitrile-g-glycidyl meth-
acrylate), onto the surface of AuNPs. The side chains of poly-
mers were loaded with electrochemical mediators, while the
ends of the polymer chains were conjugated with antibody.
This electrochemical immunosensor exhibited excellent detec-
tion limits at 10 pg mL™" for both prostate specific antigen
(PSA) and a-fetoprotein (AFP).

The high specific surface area of nanomaterials also pro-
vides abundant sites for polymer growth. Kong’s group has
been dedicated to developing polymerization-based signal
amplification strategies. In one example, they modified mag-
netic nanoparticles (MNPs) with hairpin DNA probes (pDNA)
labelled with 5’ thiol and 3" azide group. An ultrasensitive fluo-
rescent HTLV-II DNA detection strategy was developed based
on MNPs and atom transfer radical polymerization (ATRP)

This journal is © The Royal Society of Chemistry 2020
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amplification.’®® In the presence of target DNAs (tDNA),
hairpin pDNA hybridized with tDNA to form double stranded
DNA. Its azide group was thus away from the MNP surface.
Subsequently, bromo ATRP initiators were modified on the 3’
end of the pDNA by a Cu(i)-catalyzed alkyne-azide cyclo-
addition (CuAAC). Then, large numbers of fluorophore mono-
mers, 9-anthracenylmethyl methacrylate, could thus be
labelled on the MNPs surface, resulting in considerable ampli-
fication of the fluorescence signal. With this method, they suc-
cessfully developed an ultrasensitive biosensor for the DNA of
human T-lymphotropic virus type II (HTLV-1I), a crucial retro-
virus that is closely associated with a variety of human dis-
eases. Moreover, this strategy was also applicable for construct-
ing aptasensors. Kong’s group incorporated two aptamers as
protein probes. As shown in Fig. 9, one aptamer probe was
attached onto MNPs via surface self-assembly, while the other
was linked with azide groups. Then, bromo ATRP initiators
were introduced on the end of the aptamer via click reaction.
Subsequently, the ATRP reaction was initiated using the bromo
monomers. The resulting bromo polymers were further used
as the initiators to trigger a second ATRP reaction based on
fluorescein-o-acrylate."'® When exposed to target proteins, an
“aptamer/protein/aptamer—polymer” super-sandwich structure
would form on the modified MNPs, resulting in accumulation
of large numbers of fluorescence signal monomers. Thus, an
ultrasensitive aptamer fluorometric method for gamma-inter-
feron (IFN-y) protein assay could be fabricated.

Conclusion and outlook

We have reviewed a number of examples of responsive
polymer/nanomaterial hybrids, and their use for chemical and
biological/biochemical sensing. As highlighted in the numer-

This journal is © The Royal Society of Chemistry 2020

ous examples included in this review, the stimuli-responsive
polymer is typically responsible for analyte recognition,
while the nanomaterial provides a route for signal transduc-
tion due to their unique optical, electrical and magnetic
properties. By combining these materials, sensing techno-
logies with improved properties can be achieved. While sig-
nificant advances have been made to generate sensors in
laboratory, these technologies are still far from commerciali-
zation and benefiting the “real world”. This is mostly due
to the fact that these materials have difficulty operating in
complex media, e.g., blood. The complexity introduced by
biosystems might be systematically solved using a precise
integrated sensing platform, which is logically structured
with functional modules, for example, antipollution coat-
ings, analyte enriching wunits, and biocompatible com-
ponents. Thus, more integration and “intelligence” in the
microworld should be a future pursuit in the sensing field
using stimuli-responsive polymer technology and nano-
technology. On the other hand, we are now entering the
age of the “internet of things”, due to the high pace devel-
opment of artificial intelligence (AI) and “5G” wireless
technologies. We believe that interdisciplinary collabor-
ations, e.g., microelectronic engineering providing program-
mable hybridization of micro/nano-structures, wireless trans-
mission for easy signal output e.g., from human body, data
sciences and AlI, will push chemical and biological/bio-
chemical sensing to new heights with more novel and excit-
ing opportunities and challenges.
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