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ABSTRACT

Demand is increasing for ultrasensitive bioassags disease diagnosis,
environmental monitoring and other research arddss requires novel signal
amplification strategies to maximize the signalpauit In this review, we focus on a
series of significant signal amplification stratgyi based on polymeric
nanocomposites and polymerization. Some commompaty are used as carriers to
increase the local concentration of signal prolme#a biomolecules on their surfaces
or in their interiors. Some polymers with speciabfescence and optical properties
can efficiently transfer the excitation energy fransingle site to the whole polymer
backbone. This results in superior fluorescencenadigamplification due to the
resulting collective effort (integration of signaRecent polymerization-based signal
amplification strategies that employ atom transéelical polymerization (ATRP) and
photo-initiated polymerization are also summariz8dveral distinctive applications

of polymers in ultrasensitive bioanalysis are higjiied.
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1. Introduction

In recent years, highly sensitive detection of DNMgteins and other disease-related
biomolecules has attracted considerable interest wide range of research areas,
including disease diagnosis [1,2], clinical therdfy4], environmental monitoring
[5,6], and food analysis [7,8]. However, diseadatesl biomarkers in body fluid or
tissues usually show low expression levels in tdyestages of disease. These are
hard to detect with conventional detection meth@dsa result, the development of
novel ultrasensitive detection strategies and lieses is of great interest. In past
decades, great efforts have been made to maxime&signal output and to realize
ultrasensitive or even single-molecule detection uming signal amplification
strategies and by correlation results from multiptalytical techniques [9-12]. The
sensitivity of any analytical strategy is deterntingy the correlation between the

analyte concentration and the intensity of the ougignal. Therefore, a number of



nanostructured materials and long chain polymeiatennals have been incorporated
into these strategies. This is to increase the ingadf signal tags or target
biomolecules for further amplification of the sigmaadout associated with specific
recognition or/and signal-triggered elements.

Signal amplification based on polymers or polymeatitn is a process that makes
good use of the dynamic growth of macromoleculesnil& to rolling circle
amplification (RCA), polymerization is conductedngiead of enzyme-based
replication) to obtain polymers with abundant rejpep moieties for subsequent
coupling of signal tags. As a result, significaigngl amplification is achieved by
employing polymer-based detection strategies.

In addition to acting as signal molecule carris@me polymeric materials have
excellent optical or electrochemical responsivend$gese have been extensively
employed for developing detection strategies witwvdr and lower detection limits
for clinical diagnosis via recognition of target Iecules. For example,
4-acetoxystyrene was chosen (as a monomer) andtasachplify the assay process
and to improve detection output due to its elettemaical activity [13]. Through a
simple hydrazine hydration process, the acetoxymgganvolved in the monomer (or
subsequent polymer) were converted into phenolidrdyyl groups. These were
further oxidized to form the corresponding catecéwotl o-quinone derivatives with
the help of tyrosinase-catalyzed reactions, whiethegated electrochemical signals in
the presence of OIn addition, some types of polymers also possiessability to
produce a synergic or transformed effort among gotidty, fluorescence, optical
properties and biocompatibility to accelerate tigna transduction for significant
signal amplification.

A critical factor that affects the sensitivity abbensors is the signal to noise ratio
(SNR). In some polymer-based amplification straegi although the local
accumulation of targets or probes maximizes thedliein signal, this may also cause
increased noise due to nonspecific adsorption add eeactions. However, the
optimizations can be combined to reduce the backgtesignal and raise the SNR
[14-16]. Usually the SNR is defined as 3 (basedtla detection limit), and
amplification is accomplished when compared to otireamplified methods based
on the same SNR level.

We note that all of the above-mentioned strategiesessentially highly efficient

signal amplification processes with controllableh@mcements. These strategies



provide promising insights for the development dec&onic, optical, and
photoelectrochemical biosensors. It is believed th@ design and synthesis of
functionalized macromolecules for molecular rectigni tag loading and/or
triggering a polymerization reaction will be conduc to polymer-based signal
amplification. In this review, we intend to highhigsignificant innovative advances in
polymer-based signal amplification strategies. Somthese methods focus on novel
functionalization approaches for efficient immobdiion of biomolecules or active
tags on polymeric materials as recognition or/aigda generating elements. Other
approaches emphasize hybrid methods that rely enintegration of other signal
amplification strategies such as nanoparticles,ymez catalysis and sensitive
analytical techniques. Rather than providing a itbetadescription of related
approaches, the aim of this review is to illustthie conceptual connectivity between
various amplification methodologies for ultrasemsitbioanalysis and biosensing.
Polymer-based approaches have been extensiveliedtudrecent years. However,
only representative results are summarized herugtrate the underlying concepts
and to indicate the advantages and critical issimethis review, we first discuss the
applications of as-synthesized polymers as carfimrsncreased loading of signal
probes or biomolecules. And then, the direct uspabymers as signal molecules or
energy donors is summarized. Finally, in situ paymation-based amplification
(PBA) in which the polymerization is triggered aftarget-ligand recognition by an
initiator labeled molecular probe is described.fAsas polymerization-based signal
amplification is concerned, we have already prodidesummary of these strategies,
including target-triggered ATRP and activators gatexl by electron transfer (for
atom transfer radical polymerization (AGET ATRP)hese are mainly from the
research of He group at North Carolina State University and lalooratory [17].
Therefore, in this overview, other PBA strategieshsas photopolymerization and
enzyme-mediated polymerization, and the latesb¥elip research in our group are

summarized.

2. PolymersUsed asCarriers

Based on the traditional signal amplification sgas, it is known that
nanoparticles (NPs), such as carbon and metal-b&e] can act as catalysts to
trigger a detectable signal or as carriers for hagiding of signal probes. Similarly,

all of the polymeric materials have abundant sitegroups for functionalization with



biomolecules and/or probe molecules in their ioi@rior on their surfaces. These can
help to amplify the signal and therefore enhanee dbtection sensitivity (Fig. 1).
Most of the polymer-based signal amplification t&gges are performed on the basis

of this mechanism.

Fig. 1 here

2.1. Polymeric Microspheres

If the polymers form into spherical or granular oparticles at a nanometer scale,
they can be excellent candidates for carriers bamece the probe loading (due to their
good conductivity, biocompatibility and functiortgli. The polymeric microspheres,
either at the bottom or on the surface, can be eyepl as supports for depositing and
concentrating the capture molecules and/or sigmtiy loading signal molecules.
Kathryn and co-workers made good use of polystynemerospheres which were
internally loaded with organic media-soluble redtags for amplifying DNA
measurements [18]. The electroactive beads caugeificant amplification of single
hybridization events. This was the result of tredility to carry a large number of
ferrocenecarboxaldehyde probes. The detection lohithe target DNA (based on
chronopotentiometry) was remarkable (down to tHex510%* mol level after 20 min
of hybridization and “release” of the ferrocenelpgs into the organic medium).

In addition, polymer nanocomposites have many asti@mg optical, electronic,
magnetic and mechanical characteristics. As a tregalymer materials have been
developed into powerful tools for modifying andldaing the surface properties of
various nanostructured functional materials (inclgd metal and semiconductor
nanospheres, oxide nanospheres, and so on [192@ted fibrous polymer chains
also increased the adsorption capacity of the stipyia multilayer binding of
biomolecules [21]. Surareungchai and co-workers [22] prepared 338 nm
poly(styreneeo-acrylic acid) microspheres. They modified the Xatgpheres by
layer-by-layer assembly of avidin-labeled gold nzemticles (AuNPs). The
as-synthesized nanocomposite showed an increa2eoaders of magnitude in the
number of Au atoms delivered per complex spherenTlthe nanocomposite was
coupled to DNA probes specific . coli and immobilized on an electrode surface

via DNA hybridization. This was followed by disstihn of the Au latex particles and



the detection of All ions using anodic stripping voltammetry (ASV). ihgle DNA
hybridization signal was successfully translatetb ihundreds of AuNP signals by
using this strategy. This enabled ultrasensitited®sn of DNA with a detection limit
of 0.5 fM. Ju and co-workers [23] also demonstraaddamplification method for
electrochemical detection of DNA hybridization byn@oying functionalized
poly(styreneeo-acrylic acid) (PSA) microbeads with CdTe quantuntsdQDs). The
CdTe-labeled signal tags were prepared by a laydayer deposition of three-layer
polyelectrolyte films and subsequent self-assenadblyhe CdTe QDs onto the PSA
cores (Fig. 2A). The huge coverage of 9540 QD9ppéibead enabled the material to
be an efficient candidate for signal amplificatidtiter the CdTe tags were dissolved
with HNOs, DNA hybridization was measured by means of seesgquare-wave
voltammetry (SWV) of CH. This resulted in a low detection limit of 0.52 4 well
as a wide linear range of five orders of magnit(ieig. 2B). Yang’s group [24] has
developed a robust immune-label based on encajsulat F&O, nanoparticles by
poly(ethylene glycol)-poly(lactic acid) (PEG-PLAdlgmeric vesicles. The advanced
mechanical properties of such polymeric vesicledifated a high Fg, loading of
37 wt.%. This displayed a high catalytic activifytoe PEG-PLA-FgO, toward HO,.
With the conjugation of a great amount of antibediato the hybrid vesicle’s surface,
the immune-labels were successfully used for theridation of ultrasensitive
sandwich immunosensing of prostate specific ant{§3A). Liu and co-workers [25]
also grafted poly(glycidyl methacrylate) (PGMA) onthe surfaces of silica
nanospheres for a further increase of CdTe QD hgader immunoassay event. This

resulted in highly efficient signal amplificatios aell.

Fig. 2 here

2.2. Polyelectrolyte

As we known, some electroactive polymers can bd asebiocompatible films for
entrapping and immobilizing biomolecules and/onsaigags. They can also generate
a large number of electrons during electrochemiedbx processes to amplify the
output signal and improve the detection sensitiyi@gg]. Of the various types of
electroactive polymers, polyelectrolytes are a grotiwater-soluble high-molecular

polymers. They are stable in aqueous solutionerféhm of polyions with multilayer



structures (despite the presence of abundant etpaagies [27]). Due to the strong
electrostatic attraction between the surface andpgositely charged molecule, the
adsorption of polyanions and polycations on a adrgurface can form multilayers
with approximately equal charge-to-charge distan&sdk polyion complexes of
flexible polyelectrolytes possess high charge dgresad similar molecular weights
(useful for supporting films). The linear increaddilm thickness with the number of
deposited layers is often the same even if diffesaebstrates are used. This makes the
supporting film properties rather independent ofe tlsubstrate. By nature,
polyelectrolytes are also nontoxic and harmlesschviendows them with excellent
biodegradability and biocompatibility. As a resaftthe electrostatic layer-by-layer
technique, the film architectures are completelyedrined by the deposition
sequence. Therefore, proteins can be incorporated dingle layer or in individual
multilayer films. In addition, a wealth of differebhiomolecules or signal tags can also
be functionally immobilized on the polyelectrolyteaterial surface under mild
conditions [28-30]. In the case of non-covalentktestatic adsorption, the unsteady
coupling provides new possibilities for reversilstenobilization of targeted materials
and for reusing the biosensors.

Renneberg and co-workers [31] encapsulated criystdlliorescein diacetate (with
an average size of 500 nm) in ultrathin polyeldgteo layers of poly(allylamine
hydrochloride) and poly(sodium 4-styrene sulphonata layer-by-layer assembly
(Fig. 3). Subsequently, the fabricated multilayemswused to attach antibodies by
adsorption. The number of luminophores for per inigaite ranged from 5 x 1@o 2
x 10, generating remarkable amplification rates fis fiolyelectrolyte-nanocrystal
label-based assay. The amplification rates wered/2000-fold those of conventional
immunoassays that employed directly fluorophoreledb antibodies. After the
immunological reaction, the nanocrystals were dv&bby using a release reagent
for detection. This polyelectrolyte/nanocrystal ddhsamplification method was
introduced into the immunoassay of mouse IgG. Tdwsered the detection limit by a
factor of 5 ~ 28, generating a remarkable increéasensitivity (by 400- to 2700-fold
compared with conventional fluorescein isothiocyan@njugates [32]). In addition,
when ferrocene microcrystals were encapsulatetigmblyelectrolyte multilayers, a
high signal molecule to antibody ratio (of*t017) was achieved for electrochemical
immunoassay. Abundant signal-generating molecuteghe microcrystal system

diffuse across the capsule film into the outer mmment for a significant



enhancement of the final detection sensitivity [33]

In addition to entrapping the probe molecules imaély, the polyelectrolytes were
employed as carriers for increased loading of $itags on their surfaces (in Chen’s
group [34]). In this highly effective amplifyingrstegy, magnetic F®, nano-clusters
were coated with a bilayer composed of two typegdielectrolyte: polystyrene
sulfonate sodium salt (PSS) and poly(diallyldiméirymonium chloride) (PDDA).
PSS and PDDA support high loadings of Au NPs onr therfaces by means of
electrostatic layer-by-layer self-assembly. Thedz#SS/PDDA/Au composites were
used as signal labels for DNA hybridization. A sibwas detected by electrochemical
ASV measurement of multiple Ag NP tracers aftealgéic deposition of silver on the
gold tags. A dramatic improvement of the sensitivlas achieved by increasing the
loading of signal probes by use of the polyelegted. The DNA detection limit was
reduced to 100 aM. This was 800 times lower tha tibtained by using only Au

NPs as labels.

Fig. 3here

2.3. Dendritic High-Branched Polymers

In recent years, interesting dendritic polymerscl(iding dendrimers and
hyperbranched polymers (HBPs), with their fract&ucgture and multitude of
branches) have been widely exploited for variougliegtions [35,36]. Dendrimers
are composed of dendritic units and terminal uwith a three-dimensional (3-D)
highly branched globular and monodisperse strucftine multiple surface functional
groups render the dendrimers amenable to a widgerah chemical modifications
with various cellular components. In addition, themerous modifiable terminal
groups (located on the exterior of the branchinidgsyiare able to increase the loading
of biomolecules and signal tags. This helps to erodahe signal output [37-39].
Therefore, dendritic polymers show excellent perfance as nanocarriers for
biological applications in the fields of drug anein delivery, antimicrobial and
antifouling materials, gene transfection, cytomimehemistry, bioimaging and tissue
engineering [40].

With the use of fluorescent dendrimers, the minimigtectable amount of target

DNA was lowered from hundreds to tens of attomddgsusing flow cytometry



techniques [41]. Dendrimers labeled with differemganic dyes can also serve as
strongly fluorescent probes for the detection adniécromolecules [42]. Zhu and
co-workers developed poly(amidoamine) dendrimenégation 4.0 G4 PAMAM)
monolayers for the measurement of DNA hybridizatisith high selectivity,
sensitivity and stability [43]. Qing’s group recnteported a chemiluminescent (CL)
biosensor for highly sensitive sequence-specifieect®mn of DNA [44]. Capture
probe DNA was firstly immobilized on magnetic beadsered with AUNPs, and then
the target DNA and signal DNA were introduced otft® surface via hybridization. A
CL signal was generated by addingGd and Co(ll) ions as the catalyst. The
immobilization of G4 PAMAM dendrimers onto the gatdnoparticles significantly
enhanced the sensitivity. This resulted in a detedimit of 6 fM of target DNA.

A nanocomposite of PAMAM dendrimers and CdS QDsegpred by an
electrodeposition method) showed 55-fold enhancéectrechemiluminescence
(ECL) compared with that of QD films without denders [45]. For example,
abundant CdSe-ZnS QD solutions were directly addéal the dendrimers. After
modification with DNA, the as-synthesized nanocosif@s could be used as signal
probes to produce extremely strong and stable Baked on the high specificity of
aptamers to the target cells and a biobarcode igabn significant signal
amplification was achieved for the ECL detection aaincer cells. The resulting
detection limit was 162 cells miL(Fig. 4) [46]. Similarly, Ju's group developed an
ultrasensitive ECL biosensor for detection of ngiagle DNA molecules [47]. The
resultant QD-dendrimer nanocomposite (in their @sgave rise to an amplified ECL
signal with a detection limit of 2.5 aM, corresporgito 15 DNA molecules in a

volume of 10 mL.
Fig. 4 here

An electrochemical immunosensor based on a duabks@gmplification strategy
of dendrimers and Au nanoparticles was proposed semsitive detection of
a-synuclein ¢-SYN) [48]. The electrode surface was first modifiey a layer of
poly-o-aminobenzoic acid (poly-0-ABA, PAB), providj numerous carboxyl groups
for subsequent covalent binding of G4 PAMAM-encédai®ad AuNPs (PAMAM-AU).
The abundant amino groups endowed the PAMAM-Au namposites with highly

dense immobilization of target antigen (due to\afable electron transfer process).



Then, horseradish peroxidase-labeled antibodie?(AB2) were immobilized on the
surface of the AuNPs. After the immunoassay prqocss HRP-Ab2-AuNPs were
captured onto the electrode surface. These gedegateelectrocatalytic response
toward the reduction of #D,, with a detection limit of 14.6 pg miLfor a-SYN (Fig.
5).

Fig. 5 here
2.4. DNA Dendrimers

Recently, DNA dendrimer technology has been estlhbll as a robust system to
provide signal amplification [49-52]. In this systetwo DNA strands that share part
of a sequence form a stable double strand underrigied conditions, and the
remaining portion will be free for further hybridizon or modification. Such an
“X"-like structure (called a DNA monomer) is thedi@ unit of the DNA dendrimers.
Basically, identical or different DNA monomers aistegrated through their
single-stranded regions to form a dendritic stectNA dendrimers with numerous
terminal groups or multiple binding sites (approately 5~1000 on each dendrimer
unit), are expected to significantly increase tlemsity of immobilized molecules.
Due to being heavily negatively charged, the DNAndteners can be further
incorporated into conjugated polymers for furthatstanding functionality. Robert’s
group has designed a type of DNA dendrimer, whishcomposed of both
oligonucleotide-conjugated antibodies (for selattjvand enzymes or dyes (for
signal). These can be used in protein microarrapsl @ enzyme-linked
immunosorbent assays (ELISA) for improving the dita limit [53]. The use of
conjugated DNA dendrimers for cytokine detectionelged up to 10-fold
improvement of the detection limit with no additgsteps or equipment.

In addition, the DNA dendrimers can be easily ipopated into abiotic
conducting polymer matrices and are biocompatillé warious biological species.
Due to these advantages, DNA dendrimers have baegrated with conjugated
polymer interfacial films (at the nanoscale) torease the assay sensitivity by orders
of magnitude [54]. In addition, DNA dendrimers aleeady commercially available,
and these include various functionalized derivativBriefly, DNA dendrimers are

pre-modified with streptavidin and then mixed wiarole monomers. Then, DNA



dendrimer embedded polypyrrole (DDPpy) is formedtioa electrode surface by a
common electrochemical polymerization, followed bgupling with biotinylated
antibodies (Fig. 6a). The target antigen and ticersgary HRP-labeled antibodies are
immobilized on the surface (in turn) by using ttamhal ELISA, followed by simple
amperometric detection (Fig. 6b). A detection limit 100 ~ 200 fg mt* was
achieved for salivary protein, which was three ocsdd magnitude higher than that of

a Ppy-only treated surface.

Fig. 6 here

3. Polymer Itself Used as Signal Tags and Energy Donors

Some polymeric materials have abundant repeat,uaitd they also possess
excellent optical and electrochemical responsivenasthe ability to serve as energy
donors. The most representative example of thia islass of polymers called
conjugated polymers (CPs). CPs are constructed aitbackbone with a highly
delocalized electronic structure, exhibiting unigglectronic and optical properties
[55]. The polymer backbone can keep the short gat@d units in close proximity.
This special structure yields effective electronaupling and thus produces quick
intra- and inter-chain energy migration along th@ymeric backbone [56]. The
energy that is transferred from the conjugatedrchaian adjacent acceptor causes
significant amplification of the fluorescence signa

3.1. Signal Amplification of CPs

It is known that CPs always have better light hstimg abilities than their
common small molecule counterparts. CPs can trepggrand/or electron migration
along with the backbone due to their delocalizedtebn backbone. Once a quencher
(or analyte) is bound locally to a receptor of g @R electronic properties of the
backbone and the entire CP are both affected. Upoper excitation, the single
guencher molecule (that binds to a single recepsosufficient to trap and transfer
almost all of the exciton energy along the entaekibone. Thus by using a molecular
wire approach, it is possible to quench many regmkatnits in the chain. This

amplifies the quenching effect [57,58]. In otherrdsy the recognition event on a



small molecule only causes a single chromophorehtmge its fluorescence signal.
However, a CP binding event can affect the fluaase of an entire chain of
macromolecular chromophores. This signal amplificatnakes the CPs sensitive to
minor perturbations from analytes, even in extrgmeiluted concentrations (at
nanomole or subpicomole levels). This has promdtesl rapid development of

CP-based sensor applications [57].

3.2. Classification of CP-based biosensors by dignaplification

Based on the different interactions between amalyed CPs, the CP-based
amplification strategies can be divided into threein categories: polymer
aggregation [59,60], conformational and geometignge of the CP backbone [61,62],
and electron energy transfer [63,64]. Fluoresceasenance energy transfer (FRET)
is used in all of these fluorescent modes to amfié fluorescent signal. In these, the
CPs serve as the energy donors and the signal optwmres serve as the energy
acceptors [65]. As excellent energy donors witthhegtinction coefficients, the CPs
can amplify the acceptor signal after energy imdfarred from a CP to a target
fluorophore. This results in high sensitivity anelestivity with minimized
background signals. In addition, if the resultahtirege (due to a binding event)
occurs within the conjugation length of a CP bacidhothis will change the
wavelengths of light that is absorbed by the CRsaAesult, the generated signal can
also be conveniently and clearly seen by the naled This results in a visible and
useful colorimetric sensor. In addition, CP-basedssrs can also be subdivided into
three modes based on their output signal pattéiurescence turn-on (enhancing),

turn-off (quenching), fluorescence color change @sible color change [66].
3.3. Application of CP-based signal amplification

The fluorescence properties of CPs can be affeatetl changed by different
mechanisms, including changes in the chemical eatffective conjugation length,
intramolecular conformation and intermolecular pagk These can be implemented
in various sensing applications [67-69].

CP-based biosensing platforms have been develogeetilon the incorporation of
specific functional moieties that can couple walget molecules of interest, showing
a change in either fluorescence or color. For exempazars group demonstrated



that cationic poly(fluorene)s (CP1) can be used hghly sensitive optical sensor for
signal amplification of DNA assays [70]. In theiokk, peptide nucleic acid (PNA)
labeled fluorescein (PNA-C*) was designed as a ¢@rtb favor FRET from CP1
(donor) to C* (acceptor). No desirable FRET waseobsd in the initial solution
between positively charged CP1 and neutral PNA4dwever, when a targeted
ssDNA (which was complementary to the PNA probe$ Weought into the system,
the subsequent hybridization endowed the PNA-Chwtultiple negative charges.
Then, a PNA-C*/ssDNA duplex could form due to elestatic interactions. The
resulting decrease in the average distance betv@®h and C* would trigger
effective energy transfer from CPs to fluorescdtig.( 7, situation A). In contrast,
PNA-C* could not form a duplex with negatively chad DNA in the presence of a
noncomplementary ssDNA. The CP1-C* distance rendhse® large that it caused
ineffective FRET and no emission from the signafingrescein (Fig. 7, situation B).
As a result of CP excitation, the fluorescent istgnwas increased more than 25-fold
compared to direct excitation of the dye usingadsorption maximum. An extremely
low concentration (of 10 pM) was established asditection limit (for ultrasensitive
detection of target DNA).

Fig. 7 here

Some CPs, such as cationic poly(thiophene)s (P&sk been reported to undergo
conformational change upon association with oligbentides. This leads to a
solution color change or fluorescence alterationshe presence of single-stranded
DNA (ssDNA) and double-stranded DNA (dsDNA). In dgioh, there has not been
any requirement for sophisticated chemical modificaof polymers and analytes. In
view of these advantages, Leclsrgroup has developed an approach to detect a
humana-thrombin by a cationic PT and an aptamer of thrionibl]. As shown in Fig.
8, the specific aptamer binds to the thrombin amiing a compact unimolecular
guadruplex structure. Then, the PTs wrap aroundjtiaglruplex to form a complex.
This exists in a less aggregated conformation ahéb#s blue-shifted absorption and
enhanced fluorescence (Fig. 8, path A). In the rdesef thrombin, the PT complex
and free aptamer adopt a planar formation, yieldedyshifted absorption and weak
fluorescence (Fig. 8, path B). This simple sensiygtem lowered the detection limit

for humana-thrombin to the femtomole level (~10 pM). Recently and co-workers



demonstrated a nanoparticle-based protein assagodrlgG and thrombin detection
with signal amplification by CPs. The proteins were-immobilized on the surfaces
of NPs, followed by the attachment of cationic gthlyorene-cophenylene)s (PFPs)
through sandwiched immunoreactions [72]. Then, FREdurred upon excitation of
the PFPs, producing high sensitivity and selegtigitthe assay with a detection limit
of 1 ng mL™. If the antibodies that were immobilized on thesNBurfaces were

replaced by relevant aptamers, this assay methald be employed for thrombin and

lysozyme measurement in serum [73].

Fig. 8 here

On the basis of the polymer aggregation mecharasnew type of polymer called
a cationic conjugated polyelectrolyte (CPE) (conmmnthe signal amplification
advantages of polyelectrolytes and CPs) was emgldge enhance the sensing
response of a fluorogenic substrate (fluoresceaceatate, FDA). This was used for a
better study of esterase activity [74]. Althougk #DA was nonfluorescent, it could
be transformed into a negatively charged fluorophda hydrolyzation by the pig
liver esterase (PLE). After that, the electrostatieraction would allow this newly
formed negatively charged fluorophore to form a ptex with positively charged
CPE. The presence of CPE not only shortened th#oweaime but also allowed
effective FRET to amplify the fluorescence sigrial (ip to approximately 19-fold).
In addition, using CPE as a signal amplifier coalkb enable real-time monitoring of

enzyme activity with extremely low interference.

4. In-Situ Polymerization for Signal Amplification

Polymerization-based amplification has opened ther do the investigation of a
series of concepts for basic research. It has gliewved promise as a brilliant and
robust technique for the detection of trace amowoihta wide variety of analytes in
molecular diagnostics. A growing body of work isprogress, devoted to bridging the
gap between disease diagnosis criteria and cwramtilable detection methods in
the lab. PBA integrates various fundamental benedit the specific, rapid and
repetitive nature of radical polymerization with en@amolecule-linked dynamic

growth to amplify the presence of targeted biomalex. The method is developed



and aimed to realize improved biological detecfits.

In this approach, a small initiator molecule isstfilabeled with the detection
species prior to ligand-target binding. This linkssignal amplification reaction to
molecular recognition events, as described conedlptin Fig. 9. By means of this
specific recognition, the initiating molecules (j.enitiators) (as polymerization
reaction centers) are immobilized on the meassuiggstrate surface. This is followed
by triggering in situ polymerization after the ailat of the monomer solution and
other reaction necessities. The polymer growth detrd a local accumulation of
monomers that alter the optical and/or electrochahproperties of the substrate or
the supporter. The active groups embedded in thenao provide numerous sites for
the binding of optical or electroactive tags forwéder measurement technique.
Consequently, a single identification of a biolaimolecule by a small monomer is
amplified hundreds to millions of times through tlpeopagation chain. This

polymerization and amplification (after specific cular recognition) will also
generate a better signal-to-noise ratio by miningzinonspecificinterferences

[76-79].
Fig. 9 here

4.1. PBA using atom transfer radical polymerization

In recent years, a strategy for highly sensitiveeck®on of target proteins based on
a combination of tyramide signal amplification (TS&nd PBA was proposed by our
group [80]. In this work, initiator-labeled protewmras immobilized on the surface of
an electrode via traditional sandwich immunoreasio Subsequently,
surface-initiated atom transfer radical polymeimat (SI-ATRP) of GMA was
triggered. The resulting long chain polymers predichumerous epoxy groups for
coupling of HRP. The increased amount of HRP sicaiftly increased the
accumulation of QD signal probes in the presenchyofogen peroxide due to the
TSA mechanism. This combination demonstrated dnaalpt increased signal
amplification (by one-order of magnitude) (Fig. Fyute 3). ECL and square-wave
voltammetric (SWV) measurements that employed thial signal amplification
strategy showed 9.4- and 10.5-fold increases irsigp@al outputs in comparison with

the unamplified method, respectively. The detectiarits for human IgG antigen



were 0.73 pg mtt and 0.09 pg mt for ECL and SWV, respectively. Prior to this, we
also developed a label-free immunosensing methoddasitive detection of tumor
necrosis factor-alpha antigen (TNfrvia consecutive SI-ATRP of ferrocenylmethyl
methacrylate (FMMA) and GMA on the surface of an Alectrode [81]. The
redox-active ferrocene moieties in the PFMMA segmegre localized on the surface
to play an important role of an electron transfedrator, while the epoxide groups in
the PGMA segment was utilized for the coupling dbiFfa. The final antigen-coupled
electrode displayed good electrochemical properti@as measured by cyclic
voltammetry. This sensing platform enabled the ct&te of TNFa at a low detection
limit of 3.9 pg mL*. The use of SI-ATRP and block polymerization ire th
manufacturing process enabled flexible tuning efamount of surface functionalized
FMMA and GMA units in the immunosensor. Controlladjustment of the spatial
distribution of redox mediators was also possil#é. of these merits enabled a
versatile pathway for the design of electrochemigiasensors with extraordinary
sensitivity. The modifiable groups in the polymenmcaterials were capable of
coupling a variety of detection probes. These cquatentially expand the range of
applications for clinical diagnostic research amaldgical assays.
Fig. 10 here

4.2. PBA using photo-initiated polymerization

In Bowmaris research, another signal enhancement strategdevatoped, based
on PBA. The method utilized the fundamental advgesa of radical chain
photopolymerization reactions and was demonstredede a rapid, non-enzymatic
method of signal amplification. It showed the calpigtof offering visual detection of
the presence of labeled polynucleotide targets dmoehip surface [82,83]. In this
method, amplified signal output was achieved byciijgally allocating photoinitiator
molecules only to those locations (on the biosermaface) where biotinylated
oligonucleotide targets experienced a biorecogmitievent. A dual-functional
molecule was used to simultaneously bind relevasibgical sites and to initiate a
polymerization reaction.

In one PBA detection system, for example, ultratio(UV) light sensitive
photoinitiators were conjugated with Neutravidinotein to test oligonucleotides

tethered to a silicon surface [82]. Another PBAgass used an eosin visible-light



sensitive photoinitiator to couple with streptamidFig. 11) [83]. Due to the gentle
and low-cost excitation source (of visible lighthis eosin-based photoinitiation
system is a dominant candidate for PBA. When thet@hitiator immobilized
biochip was exposed to the proper irradiation asmdesmonomer was added, surface
initiated polymerization was triggered only at thieding sites. The resulting polymer
films had high molecular weights and could be gadgtected by the naked eye. This
strategy showed outstanding amplification and washahstrated to be a sensitive
visual assay platform for the detection of biotatgd DNA under favorable
implementation conditions. Based on dilution-staidya, even in a case where only a
mere 1000 biotinylated DNA oligos were present,ofymer film was formed and
could be visually observed [82]. The detection fimvas three orders of magnitude
lower than that of comparative enzymatic assaysreMspecifically, visible light
irradiation is likely to promote the eosin dye to @xcited state. After this, further
energy transfer (with an amine co-initiator) proesidnitiating radical species [84].
Recently, the eosin system was employed for thectlet of hybridization events and
single-base pair mismatches [85-87].

Fig. 11 here

4.3. PBA using enzyme-mediated radical polymenonati

One of the classical issues that faces radical npatization is that molecular
oxygen inhibits the polymerization by reacting wittitiators and by propagating
radicals to form peroxy radicals. These are unreatbwards further propagation and
thus terminate chain growth. In this respect, Iwatd co-workers reported a glucose
oxidase (GOD)-mediated initiation of a radical poBrization reaction. This was
found to be an ideal biological approach for beirgfiinterfacial polymerization [88].
This initiation used multiple components to realast and significant polymerization.
In particular, the reaction betwef+D-glucose and oxygen was catalyzed by GOD in
the presence of ferrous ions, producingHand generating hydroxyl radicals. These
are highly efficient for initiating common radicpblymerization of (meth)acrylate
[89]. The light-independent mechanism and oxygee-fmhibition in this unique
polymerization system made it excellent for usefahricating hydrogels (several
millimeters thick) for cellular encapsulation. Besa of the continuous regenerating

feature of GOD (for radical generation), this methmas implemented to design



highly sensitive polymerization-based amplificatiolevices [90]. GOD-mediated
PBA (for biological detection) was always performed a biotinylated microwell
surface with a GOD-avidin conjugate. This was usednmobilize the enzyme and
initiate subsequent polymerization (Fig. 12). Dgrithe polymerization process,
external fluorescent monomers were also copolyradridirectly into the polymer
matrix, and these enabled the visual measuremehedfiometric recognition events.
Enzyme-mediated polymerization could proceed inaarbient atmosphere without
any external energy supply. This was an improvergentpared with previous PBA
platforms, and the method also resulted in highgras output. This strategy led to a
signal to noise ratio of 14 with a detection liraft156 ng mL* for the detection of
transforming growth factor-beta (TGH- It also exhibited signal amplification that
was more than 3 times greater than that of thetivadl enzymatic method. In a word,
this dual amplification system (combining both emagyic and polymerization
amplification) was demonstrated to be a more robpgiroach with greater specific
and enhanced assay sensitivity. More recently, \&elncapillary flow device was
fabricated to block a microfluidic channel in regpe to target biomolecules, on the
basis of this enzyme-mediated PBA strategy [91]this assay system, a polymer
undergoing gelation within the microfluidic chanpéhyed the role of a barrier to be
tested by multiple modes of detection. These irmdudisual observation, pressure
recording and redirection of fluid flow by virtuef @apillary action without an
external power source. A dramatic difference (>fdf) in the measured pressure
between positive and negative results made thimples and sensitive method. The
readout could be interpreted with little or no seppentary instrumentation. This was
promising for good performance for different taske to its potential for use in more
complex microfluidic architectures.
Fig. 12 here

5. Conclusions and per spective

Sensitive detection is needed to detect prognastitpredictive biomarker levels
in earlier disease stages and to guide furthetnrexat. A wide variety of polymers or
polymeric materials (with different densities, segpand compositions) have been
used to achieve signal amplification for bioanaydPolymers possess collective

properties that are absent in monomers. This factused to enable efficient



amplification of the detection signal by the fuoatalization of anchored groups in
side polymer chains (and/or by using inherent uaiciaracteristics of the polymers).
This review explores the potential and advantageoftissuch polymer-based
amplification. Different polymeric materials havedn used as carriers or tracers,
catalysts, optical emitters and electronic conds¢twith low-toxicity. Such materials
have been successfully used to construct exceall@hisensitive biosensors. These are
powerful and universal tools that yield synergideefs among catalytic activity,
conductivity and biocompatibility. Such materiale a&nabling the design of a new
generation of biosensing devices and applicatiansthie detection of important
biomolecules such as DNA and proteins, as welke#ls.c

Highly robust and flexible polymerization technigue(ATRP, etc.) are
particularly suited for the preparation of functbrbioactive surfaces, including
antifouling, antibacterial, stimuli-responsive,  Imiolecule-coupled and
micro-patterned surfaces. In addition to bioactiserfaces, the preparation of
functional bulk biomaterials in the forms of stimatdsponsive micelle delivery
systems, hydrogels, cationic gene carriers, angnperi-protein conjugates has also
been conveniently accomplished by ATRP. All of thieove also warrant further
studies with the aims of improving detection sewvisjt and biosensing mobility.

Considering polymer-based signal amplification tefgges, combining various
amplification approaches (based on more than oag/tarrecognition principle) for
the design of biosensors may be a good approaichpi@ve sensor performance. For
instance, cascading amplification events by ukitiziwo or more types of functional
materials (e.g., polymers, nanopatrticles and engyen offset the insufficiencies of
each individual material. This can produce supemsults. In additionally, the new
eATRP technique has enormous potential for the Idpueent of novel
polymerization-based electrochemical sensors.

Biosensing requires much interdisciplinary effanedo its complex requirements.
Good collaboration between polymer scientists aheroscientists will promote new
discoveries and advanced technologies for ultraigeity and even single-molecule
detection. Scientists, engineers and clinicianstrapsrate in unison to determine the
clinical needs for a biosensor and then design rosensor with robust signal

amplification.
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Fig. 1 Schematic illustration of signal amplification agies using polymeric
materials as carriers.

Fig. 2 (A) Schematic diagram of the assembly process ftbhe preparation of
streptavidin/CdTe-tagged polybeads. The polybeadpl@es were prepared by emulsifier-free
copolymerization of styrene with acrylic acid tarfoPSA cores and layer-by-layer growth of a
three-layer polyelectrolyte film. The film considtef a poly(sodium 4-styrenesulfonate) (PSS)
layer sandwiched between two poly(allylamine hytioade) (PAH) layers. The positively
charged template facilitated the chemical adsamptif negatively charged mercaptoacetic
acid-capped CdTe QDs and covalent binding of sixégin. (B) Procedure for detection of DNA
hybridization using streptavidin/CdTe-tagged pobdie (Formed from Ref. 23).

Fig. 3 (A) Schematic illustration of the preparation aflyelectrolyte-encapsulated fluorescent
microcrystals. FDA was ball milled into micrometdzed crystals in an aqueous surfactant
(sodium dodecyl sulfate, SDS) medium (to introdwt@rges onto the originally uncharged

microcrystal surface), followed by (a) consecugveapsulation with polyelectrolyte multi-layers



with nanometer thicknesses, and (b) coupling ofsihecific antibody. (B) Schematic illustration
of the procedure for a sandwich immunoassay usimg golyelectrolyte-encapsulated FDA
particulate labels. The analyte was first couplgdhe capture antibody pre-immobilized on (a)
the surface of a solid substrate, and then (b) ®sgbto antibody-coated microparticle labels. Each
microparticle contained approximate®IEDA molecules. (c) Significant signal amplificatiovas
achieved after dissolution, release and convesidine precursor FDA into fluorescein molecules
by the addition of DMSO and NaOH (Formed from F3f).

Fig. 4 Schematic representation of the ECL sensing platfor ultrasensitive signal-off detection
of cancer cells by using dendrimers/QDs-DNA asl&ffeormed from Ref. 46).

Fig. 5 Schematic representation of the functioning pplecbf an electrochemical immunosensor
for detection of a-synuclein Highly branched polyamidoamine (PAMAM)
dendrimer-encapsulated Au nanoparticles (PAMAM-Awgre immobilized onto a carboxyl
group-terminated glassy carbon electrode (GCEErAfte traditional immunoassay protocol, gold
nanoparticle (GNP) linked horseradish peroxidasersgdary antibodies (HRP-Ab2-GNPs) were
introduced on the electrode surface. Subsequeah#ge amplified the signals via an enzymatic
catalytic response of HRP related to th®Hthionine (TH) system. (Formed from Ref. 48).

Fig. 6 Schematic process of a) DDPpy formation and bapjiglication in the DDPpy directed
multiplexing immobilization of biomolecules (Formédm Ref. 54).

Fig. 7 Schematic representation for the use of a watlebECP1 with a specific PNA-C* optical
reporter probe to detect a complementary ssDNAesampi(Formed from Ref. 70).

Fig. 8 Schematic illustration of the detection of humathrombin by the use of an ssDNA
thrombin aptamer and a cationic PT (Formed from REY.

Fig. 9 Schematic representation of the process of PB&fing biomolecular recognition events)
used to introduce initiators on a biochip surfagter the polymerization, abundant functional
groups in side chains increase the local concémbraif signal tags (either inherently or through
covalent binding), yielding an enhanced signal oe&d High sensitivity and exceptional
selectivity are achieved by integrating polymeii@atvith ligand-target binding events.

Fig. 10 Schematic representation of tyramide signal amplibn based on common
enzyme-linked immunosorbent assays (ELISA) usingntium dot (QD)-tyramide conjugates as
labels (Route 1); polymerization-based amplification s sandwich immunoassay via
surface-initiated ATRP of glycidyl methacrylate (&Mand subsequent direct binding of CdTe
QDs (Route 2); and, a sandwich immunoassay using-t@&mide conjugates as labels via
surface-initiated ATRP and tyramide signal ampdifion (Route 3). The o-aminobenzoic acid

(0-ABA) was used to produce a patyABA) (PAB) film modified surface with abundant



carboxyl groups via electropolymerization for imriizlation of antibodies.
Electrochemiluminescence (ECL) and square-waveanwutietric (SWV) measurements were
employed for the demonstration of signal amplifiwat respectively. (Formed from Ref. 80).

Fig. 11 Schematic representation of photopolymerizatiansfgnal amplification from a biochip
surface. Varied amounts of biotin-labeled oligoeotide are present on each row of spots on the
chip surface. The photoinitiator is stabilized estlely at positive sites through
biotin-streptavidin binding. In cases where the tphmitiator molecule is fluorescent, the
allocation of initiator can be verified and quaetf through fluorescence scanning.
Polymerization is then started by adding monomelutism and applying irradiation. A
cross-linked hydrogel then grows and becomes apptrehe unaided eye. In the absence of the
target polymer, growth is not observed at negatpats (Formed from Ref. 83).

Fig. 12 Schematic representation of a signal amplificatiggproach using enzyme-mediated
polymerization for biodetection. A biotinylated sadary antibody (B) is coupled to the prior
antigen (A) which is recognized by the primary hatly. The biotin functionalized surface is
incubated with a GOD-avidin conjugate (C) endowihg surface with specifically bound GOD
that triggers the polymerization after additionaimonomer solution containing poly(ethylene
glycol) diacrylate, hydroxyethyl acrylate, rhodamiB-methacrylate (indicated by stars), glucose,
FeSQ, and MES. Finally, the resulting fluorescent podynsan be qualitatively observed by the

unaided eye or can be quantified by using a pkdder (Formed from Ref. 90).



=
==t

Polymeric

“
=

£
&
e

O

Fig1l.



Psa
(A)

GPTMS-grafted
substrate

(B)

Current

Fig 2.

2) NaBHa

1) Am"'“’ probe ?

H
0

Biotinized probe
B B 4

1) HNO,

2) SWvV
detection

L
I~ CdTe-tagged

{ES

polybeads




Fig 3.



ACCEPTED MANUSCRIPT

):%_’L{ PEG _PONA 19,
ot
CdSe-ZnS QDs bbc-DN 9 %

Dendrimers Dendrimer NCs Dendrimer NCs/QDs

Dendrimer NCs/QDs-DNA probe

PDCNTs
- c-aptamer
Gold ’\ﬂ’s Dendrimer NCs/QDs-DNA 9robe

Electrode Electrode Electrode

R
Es ECL detection ‘/\_,
gi ECL off

Electrode

cell




ACCEPTED MANUSCRIPT

‘% %{n% %%
® % B %@M@ o
(e Thionine G
¢l 9 G

a) o-ABA
—
4 b) ebc/nks
GC

o

I 20z - |
Io ? : Th ﬂ/HRP(Red)\r H:0 o %
1 &qj \Th(l#)/\ “Rpwx)(/\oz 4,0 Substrae ©

__________ R e i e e, e e e e S SR G T,



: : DNMNA-dendrimer
A
N

Pyrrole

DNA-Dendrimer in polypyrrole

Biotinylated DNA/RNA

DNA/RNA

Biotinylated Protein

Fig 6 .



-
B
cc
O
2
=
=
<
=
(o
L
-
o
L
O
QO
g

bbbttt W
I



Quadruplex structure of .
thrombin aptamer Human o-thrombin Cationic polymer 1

ss-DNA
(Thrombin Aptamer)
Path A
Path B
—
Free Form of

thrombin aptamer /

Non-Specific protein
(e.g. BSA)

Fig 8.



ACCEPTED MANUSCRIPT

Initiator Covplad 3i=ﬂal.Ta;s )
Biomolscula3 o
Biomoleculs] Biomoleculs2 Polymerization of S
.:} Ionomear
o J o
I ecsmiten Amplification
spacific nomEpecific

Fig9.

Route 2. Polymerization-assisted ampllficatlon

., 2
- Y QL\ hatoé ATRP Q CdTe QDs Q
Ab1
ECL

Route 3. Dual ampliﬁcation

3
_, —. Signal | SWV
QD-Tyramide — amplification

Fig 10 .



058 {56

Row 1 Row 2

Row 3

Glass oligonucleotide biochip - prepolymerization
I
Streptavidin-Eosin
I I | [
| ) L | i LA
|? |

Isothiocyanate incubation
Row#

1 2 3

Image of hydrogel grafted
from positive DNA spots

i Optical Microscope/
i profilometry

9%

Row 1 Row 2 Row 3
Logend ;—'/uor?scenf
'maging
¢  Biotin v
| o Monomer Contact
WA | Steptavidin -
Photoinitiator
conjugate 400-500 nm g g é
é Capture Light Exposure
oligonucleotide Row 1
Row# 1 2 3

Photoinitiator functionalized
positive DNA spots

Fig 11 .

Row 2 Row 3

Qligonucleotide biochip

- post-polymerization






ACCEPTED MANUSCRIPT

I Signal Amplification I
Increase the loading of Enerzy Migvation and Integration Local

".‘ : Accumulation ot
& Frobes
0000 =

Signal Tags

*.
*

N\
.
®

o
**

acceptor 7,
5
Wy,
%
In-5itu
Polymers as Carriers Polymers as Energy Donors Polymerization

Graphical abstract




