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A Nanoparticle-Decorated Biomolecule-Responsive Polymer
Enables Robust Signaling Cascade for Biosensing

Zuan-Tao Lin, Jianhua Gu, Chien-Hung Li, T. Randall Lee, Lixin Xie, Shuo Chen,
Piao-Yang Cao, Shan Jiang, Yulin Yuan, Xia Hong, Hongting Wang, Dezhi Wang,
Xifan Wang, Gang-Biao Jiang, Mikala Heon, and Tianfu Wu*

To meet the increasing demands for ultrasensitivity in monitoring trace
amounts of low-abundance early biomarkers or environmental toxins, the
development of a robust sensing system is urgently needed. Here, a novel
signal cascade strategy is reported via an ultrasensitive polymeric sensing
system (UPSS) composed of gold nanoparticle (gNP)-decorated polymer,
which enables gNP aggregation in polymeric network and electrical conduct-
ance change upon specific aptamer-based biomolecular recognition. Ultralow
concentrations of thrombin (1078 m) as well as a low molecular weight ana-
toxin (165 Da, 107'* m) are detected selectively and reproducibly. The biomo-
lecular recognition induced polymeric network shrinkage responses as well as
dose-dependent responses of the UPSS are validated using in situ real-time
atomic-force microscopy, representing the first instance of real-time detection
of biomolecular binding-induced polymer shrinkage in soft matter. Further-
more, in situ real-time confocal laser scanning microscopy imaging reveals the
dynamic process of gNP aggregation responses upon biomolecular binding.

there have been many efforts in building
various biosensors.>®7] The greatest chal-
lenge for single-biomolecule detection
is the relatively limited signal amplifica-
tion capability in current biosensors.[!
Recently, considerable progress has been
made in the synthesis of functionalized
macromolecule.>%% Signal amplification
based on macromolecule and electrical
devices has drawn tremendous attention
in improving the sensitivity of biosen-
sors.3810 However, most of these biosen-
sors are unsatisfactory in sensitivity or
ease-of-use, which has largely precluded
the possibility of their use for field applica-
tions.['!l Polymer consisting of a polymeric
network via cross-linking monomers or
molecularly functionalized monomers

The early detection of pathogens, biomarkers, or toxins in clin-
ical or environmental samples is a great challenge, especially
at ultralow concentrations.[?l Conventional technologies using
cell culture, polymerase chain reaction, chromatography/mass
spectrometry, or enzyme-linked immunosorbent assay are
tedious, time consuming, and rely heavily on expensive and
sophisticated instruments, antibodies, and well-trained per-
sonnel.}* Therefore, there is an increasing demand to develop
a facile and rapid sensing strategy to tackle these challenges.
So far, the most successful commercial application of a bioana-
lytic sensor is the personal blood glucose detector.l’! Since then,

can be used to fabricate highly responsive

sensors.[®1213] Importantly, polymer-based

sensors have shown good potential for
signal amplification.>®1 However, their performance in precise
quantification is typically inadequate.

Aptamers are oligonucleotides capable of binding small
molecules, proteins, or nucleic acids with high affinityl" and
have great potential in building specific biosensors due to their
selectivity and thermal stability. Electrical sensors are port-
able and offer potential for use in point-of-care applications.!’!
Since gold nanoparticles (gNPs) possess unique electrical, and
optical, as well as facile surface modification, the nanomaterials
can be potentially used in electrical biosensors if integrated into
cross-linked polymeric network.'® We hypothesize that the
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incorporation of gNPs into a polymeric biosensor can tremen-
dously amplify polymeric network shrinkage signals induced by
specific aptamer recognition and binding. Here, we designed
and fabricated a conceptually novel signal amplification cascade
based on a new hybrid polymeric sensor composed of a gNP-
decorated chitosan derivative and precisely engineered target-
specific aptamer chains and polyacrylamides, which enables a
robust assay for ultralow target molecules with high sensitivity
and selectivity. The first-step signal amplification is target mol-
ecule binding-induced polymeric network shrinkage, followed
by a second step signal amplification (conductance change of
polymer) in virtue of gNP aggregation caused by polymeric net-
work shrinkage. This novel “signal cascade amplifier” is able
to quantitatively detect target molecules at ultralow concentra-
tions by monitoring changes in electrical conductance. The use
of in situ real-time atomic-force microscopy (AFM) and con-
focal laser scanning microscopy (CLSM) imaging allowed us to
determine and understand the structure and dynamics of this
new ultrasensitive polymeric sensing system (UPSS) on target
molecule binding at microstructural levels.

The design and fabrication of the UPSS are presented in
Figure 1. To immobilize gNPs within the UPSS, we synthesized
a composite of thioglycolic acid and chitosan (TGA—chitosan)
to bind the gNPs. The Fourier transform infrared (FI-IR) and
IH NMR spectra of chitosan and TGA-chitosan shown in
Figures S1 and S2 (Supporting Information) demonstrated
that the thiol groups were conjugated onto the amine groups
of chitosan successfully. To verify the covalent attachment of
thiol groups of TGA—chitosan onto the surface of gNPs, we
analyzed the S 2p region of the X-ray photoelectron spectros-
copy (XPS) spectra of TGA—chitosan and gNP-decorated TGA-
chitosan. The interactions between gNPs and thiol groups of
TGA~—chitosan are shown in Figure 2a. The peak in the S 2p
spectra can be deconvoluted as doublet with a branching ratio
of 1:2 and a splitting of 1.2 eV.l'”] As shown in Figure 2b, in the
spectrum of TGA—chitosan, the S 2p peak was deconvoluted to
164.5 and 163.3 eV (S 2p; ; and S 2p;),), and we assigned these
peaks to the unbound sulfur of the thiol group by referencing
to the Au 4f;), peak at 84.0 eV (see Figure S3 in the Supporting
Information). Upon binding to the surface of gNPs, the corre-
sponding S 2p peak shifted to 163.7 and 162.5 eV (Figure 2b,
bottom), confirming that the gNPs were immobilized on the
backbone of TGA—chitosan.l'”] In addition, Figure 2b (bottom)
shows a very small peak at 164.4 eV in the spectrum of gNP-
decorated TGA—chitosan, consistent with a model in which the
preponderance of the thiol groups were bound to the surface of
the gNPs.[!]

Transmission electron microscopy (TEM) images of gNP-
decorated TGA—chitosan and the polymeric sensor are shown
in Figure 2c-h. The morphology of the gNPs is approximately
spherical, and the size of the TGA—chitosan conjugated gNPs
ranges between 2 and 5 nm. By using a hollow grid, we could
observe the gNP-decorated TGA—chitosan on the edge of the
carbon grid (Figure 2f), illustrated in Figure 2e. TEM images
of the gNP-decorated polymeric sensor under different magni-
fications are shown in Figure 2gh. Cross-sectional scanning
electron microscope (SEM) imaging was also used to demon-
strate the microstructure of the polymeric sensor as shown in
Figure S4 (Supporting Information).
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Figure 2i displays a schematic illustration of the interactions
between AFM probe and the surface of polymeric sensor. Com-
pared to the soft and adhesive property of polymer, the metal
properties of gNPs exhibited stiffness in the force spectroscopy
of AFM. As demonstrated in Figure 2j-1, the height (Figure 2j),
log dilatometer test (DMT) modulus (Figure 2k), and adhe-
sion (Figure 2l) images could be obtained for the polymeric
sensor. Because of the attachment of polymer to the gNPs, the
sizes of the gNPs observed in the height images were larger
than those in the TEM images (Figure 2¢,d,f~h), which might
arise from the convolution effect of the AFM tip. To confirm
that the peaks in the surface topography represent gNPs, Log
DMT Modulus, and adhesion images were used to analyze
the stiffness and adhesion of the polymer surface. The corre-
sponding positions in the Log DMT Modulus and adhesion
images displayed “high” for stiffness and “low” for adhesion,
which is consistent with the position of gNPs in the height
images. As expected, the softness and high adhesion properties
of the polymer matrix were observed in these AFM images. The
number of gNPs can be quantified from the Log DMT Modulus
and adhesion images in the corresponding positions.

Next, we employed CLSM to observe the biomolecular
structure and distribution of biomolecular recognition cores
inside the polymeric sensor. As illustrated in Figure 3a,b, the
thrombin-specific polymeric sensor was fabricated by fluores-
cently labeled human thrombin aptamer-2 (Alexa Fluor 647,
red), and the template thrombin was stained with fluores-
cein isothiocyanate (FITC)-labeled anti-human IgG antibody.
Thrombin (Figure 3c) and aptamers (Figure 3d) were uniformly
distributed in the polymeric network (Figure 3e). In contrast,
there was no green fluorescence found in the negative control
groups, either in the absence of target molecules (Figure 3f) or
stained with sheep IgG isotype control (Figure 3g). To explore
further the spatial distribution of the biomolecular recognition
core in the polymeric sensor, 3D CLSM images were obtained
(Figure 3h-j), where thrombin (green) molecules were sur-
rounded by fluorescently labeled aptamers (red).

Taking advantage of the autofluorescence of gNPs, we moni-
tored the real-time aggregation of the gNPs upon biomolecular
recognition using in situ CLSM. To investigate the dynamics of
gNP responses in the UPSS, 200 nm gNPs were used to build
the thrombin-specific polymeric sensor for visualization under
CLSM. As shown in Figure 4a, when target molecules were
bound to biomolecular recognition cavities, the polymeric net-
work shrank followed by the reduction of the distances between
gNPs. As shown in Figure 4b, numerous gNPs were bound to
the long backbone chain and aggregated on TGA—chitosan, and
the distance between gNPs was significantly shortened upon
the addition of 1 x 1071 m thrombin solution, resulting in the
aggregation of gNPs within a polymer (Figure 4b and Movie S1
(Supporting Information)). However, no aggregation of gNPs
was observed upon the addition of phosphate buffered saline
(PBS) (Figure 4b and Movie S1 (Supporting Information)). This
observation is in agreement with the result from the real-time
in situ AFM study described below.

To investigate further the dynamics of polymeric network
shrinkage using AFM, the topography and height profiles were
recorded and analyzed during polymeric network shrinkage in
response to PBS or thrombin, as illustrated in Figure 4c. We
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Figure 1. Design and fabrication of an ultrasensitive polymeric sensing system (UPSS). TGA—chitosan was synthesized via the conjugation of TGA
onto chitosan. Gold nanoparticle (gNP)-decorated TGA—chitosan was then synthesized and immobilized into the polymeric network. A molecular
recognition core composed of a pair of target-specific aptamers and the template molecules was incorporated into the polymeric sensor. A molecu-
larly imprinted cavity harboring a pair of aptamers specific for the target molecule was generated by removing the template molecules. Biomolecular
recognition-induced polymeric network shrinkage of the polymeric sensor shortened the distance between the gNPs, resulting in the aggregation of
gNPs within the polymer, and subsequently changed the electrical conductance of the polymeric sensor. The conductance was determined using a

source meter.

selected two natural land markers A and B in the polymeric
sensor, corresponding to “A” and “B” on the topography image
and cross-sectional height profile (Figure 4c—e). Upon the addi-
tion of PBS to the polymeric sensor, there was no change in
the distance between the two land markers A and B as shown
in the cross-sectional height profile; however, significant
shrinkage was observed upon the addition of thrombin. The
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distance between A and B was 20.3 pm upon the addition of
thrombin, representing 4.7% shrinkage (Figure 4e).

To test the sensitivity and specificity of the UPSS, human
o-thrombin or ATXa were used as template molecules. The
binding isotherm of thrombin for polymeric sensor was car-
ried out in the presence of various concentrations of thrombin
ranging from 1 x 107! to 1 x 107° m in PBS or artificial urine.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Characterization of UPSS. a) XPS spectra of S 2p region of TGA—chitosan before and after being decorated with gNPs: The unbound S 2p
peak appeared between 163 and 165 eV; after being bound to gNPs, the S 2p peak shifted to 162 and 164 eV. b) The interactions between the gNPs
and thiol groups of TGA—chitosan are illustrated. TEM images of the gNP of ¢,d) gNP-decorated TGA—chitosan as well as g,h) the polymeric sensor are
shown. The range of the gNP size is 2-5 nm. e-h) A hollow grid was used to visualize the TGA—chitosan and polymer sensor. The schematic illustration
of TGA—chitosan-decorated gNPs on a TEM hollow grid is shown in (e). The scheme of i) the mechanism of AFM surface scan and the topography of
the polymeric sensor are shown, and j) the height mode shows the topography of the polymeric sensor and the gNPs can be observed as circled. The
corresponding k) Log DMT Modulus and ) adhesion modes could differentiate the gNPs and polymeric matrix.

As shown in Figure 5a,b, the limit of detection (LOD) for
human orthrombin reached 107'® m in both PBS and artificial
urine. The highest electrical conductance change for thrombin
detection in PBS and artificial urine solution were 118.5 +5.0%
and 82.2 +2.3%, respectively. In addition, this polymeric sensor
demonstrated excellent selectivity: the electrical conductance
change was at baseline levels upon the addition of negative con-
trols such as bovine serum albumin (BSA) or bovine thrombin
in the human o~thrombin-specific UPSS (Figure 5a,b).

We also tested the feasibility of using the UPSS to detect
one of the cyanotoxins, anatoxin a (ATXa). The electrical con-
ductance changes that the UPSS produces vary linearity with
the concentration of ATXa in the range of 107°-107° m and
the LOD was 107 m as shown in Figure 5c. The ATXa-specific
UPSS did not respond to two other cyanotoxins, cylindrosper-
mopsin, and brevetoxin-2 (BTX-2), indicating that the ATXa-
specific UPSS is selective.

Real-time in situ AFM imaging was applied to measure
the dynamic responses of the polymeric sensor. As shown in
Figure 5d, upon the binding of target molecules, the polymeric
network starts to shrink and generates a displacement Ax.
The frictional force between the AFM probe tip and the poly-
meric surface causes the tip to move, resulting in a displace-
ment of Ax. The lateral force, L, caused by the corresponding
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torsional deformation of the cantilever can be measured by
the AFM and is proportional to the displacement Ax. The lat-
eral force (expressed as “output signal” in AFM) change was
dose dependent upon biomolecular recognition and binding
(Figure 5e). When the polymeric sensor was incubated with
PBS, the frictional force remained flat within 10 min. In con-
trast, the frictional force increased significantly in a dose-
dependent manner with increasing thrombin concentrations
over time upon target binding.

We carefully examined the impact of the building blocks
of the UPSS on its functionality. Briefly, we examined how
various concentrations of methylenebisacrylamide (Figure S5a,
Supporting Information), N-isopropyl acrylamide (NIPAA)
(Figure S5b, Supporting Information), gNPs (Figure S6, Sup-
porting Information), and aptamers (Figure S7, Supporting
Information) as well as the size of gNP (Figure S8, Supporting
Information) impact the functionality of the UPSS, and we
identified optimal conditions for the best performance of the
UPSS.

UV-vis study suggests that more than 97% of the aptamers
were incorporated into the UPSS, see Figure S9 (Supporting
Information).

We then visualized and quantified the thrombin binding
dynamics (Figure 5f-n), where the ratio of green fluorescence

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Visualization of the biomolecular recognition cores within UPSS using CLSM. In the polymeric sensor, the template molecule thrombin was
bound by a pair of thrombin-specific aptamers where a fluorescent dye was conjugated to the oligo via N-hydroxysuccinimide (NHS) ester chemistry
on a “T"” base. A scheme of the polymeric sensor displays the decorated gNPs, template-specific aptamers (fluorescently labeled in red), and template
molecules (bond to fluorescently labeled antibody), where a) the merged image is shown, and b) the labeling strategies are shown. c—g) 2D confocal
images of the polymeric sensor are shown, where the template molecules were stained with FITC-labeled anti-human thrombin I1gG antibody (green,
c), the aptamer was Alexa Flour 647 labeled (red, d), and the merged biomolecular recognition core (e). Negative controls, either in the absence of
template molecule (f), or stained with sheep IgG isotype control (g) are included. h—j) 3D confocal images of polymeric sensors are shown. Scale bars

(c)—(g): 100 um.

intensity to red fluorescence intensity of the polymeric sensor
were 18.8 + 2.9%, 57.9 + 1.8%, and 81.1 *+ 2.6%, after incuba-
tion with 1 x 1071%, 1 x 1072, and 1 x 107'° m thrombin, respec-
tively. As expected, the ratio increased with the elevated of
thrombin concentration.

As shown in Figure 50, the complete recognition core com-
plex (G1) with aptamer-1 + template thrombin + aptamer-2
displayed the best performance reflected by electrical conduct-
ance change. However, the biomolecular recognition core made
of template thrombin and a single aptamer (aptamer-1, G3 or
aptamer-2, G4) compromised the robustness of the UPSS. If
template thrombin was absent, the functionality of the sensor
was partially lost irrespective of the presence of aptamer-1 +
aptamer-2 (G2) or single aptamers (G5 and G6). Likewise, the
absence of aptamers compromised the functionality of the
UPSS (G7). As expected, the UPSS without a biomolecular rec-
ognition core (no template thrombin and aptamers) completely
lost its functionality (G8). This experiment further demon-
strated that both aptamers and template molecules are essential

Adv. Mater. 2017, 29, 1702090
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to achieve the best performance as reflected by electrical con-
ductance change. Aptamers in the biomolecular recognition
core could significantly improve the selectivity of the sensor
compared to previous molecular imprint systems.[!81°]

We then asked if the UPSS assay is reproducible and if the
polymeric sensor could be recycled after the first use. Briefly,
after two additional binding-removal-rebinding cycles with
1 x 107® thrombin, the functionality, and robustness of the
UPSS (as reflected by electrical conductance change) remained
the same as in the first assay (Figure S10, Supporting Informa-
tion), indicating reversibility of the biomolecular recognition.
Also, the UPSS assay results from three independent experi-
ments indicate that it has good reproducibility.

In this study, we designed and fabricated a highly sensitive
and selective UPSS composed of a novel signal amplification
cascade system allowing for robust and accurate biomolecular
recognition. First, the specific “aptamer-template molecule”
complex-based biomolecular recognition cores are the basis
for the selectivity and accuracy of the UPSS. Therefore, it is

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. In situ CLSM visualization of gNP aggregation in response to biomolecular binding and in situ AFM contact mode imaging of UPSS. The
distance between gNPs is reduced when the polymeric shrinks, thereby causing an amplified conductance change. Upon excitation, 200 nm gNPs emit
fluorescence (at 488 nm), which is visible under a confocal microscope. a) Hence, we could track gNP aggregation upon biomolecular recognition and
binding, as illustrated in. Time-lapse CLSM imaging of the dynamic behavior of gNPs upon the addition of 1 x 1076 m thrombin. b) PBS was used as
a negative control, where no responses were observed upon addition (scale bar: 5 um). c) To detect the shrinkage responses of the thrombin-specific
polymeric sensor upon the addition of 1 x 1078 M thrombin or PBS, the polymer was slated to obtain natural land markers (A and B) on the rough
surface. d) In situ AFM topography of the polymeric sensor is shown before and after adding PBS or 1 x 1078 m thrombin. e) The distance change

between land marker A and B was derived from (d).

conceptually different from the previous reported biomolecular
imprint technologies that on the “memory” of the morphology
of template molecules.'”! Second, this polymeric sensor is
highly contractible upon biomolecular recognition, thus, the
target molecule binding-induced polymeric network shrinkage
can serve as the primary responses (first-step signal amplifica-
tion) of the UPSS. Third, the incorporation of gold nanoparti-
cles into the polymeric sensor allows for a second-step signal
amplification, where the conductance change of the polymeric
sensor can serve as the final response. This “signal cascade
amplifier” significantly increases the sensitivity and robustness
of the UPSS as a novel biosensing system. The last few dec-
ades have witnessed a wide variety of polymeric sensors with
attractive features in signal amplification.>®l However, these
one-step amplification strategies have greatly compromised the
functionality and potential of these sensors toward higher sen-
sitivity or accuracy. To the best of our knowledge, the LOD of

Adv. Mater. 2017, 29, 1702090
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our UPSS for thrombin (107'# m) is superior to previous reports
in detection of thrombin.32% The LOD for ATXa is 107 u,
which is among the highest sensitivity when compared to the
literature or commercial products as summarized in Table S1
(Supporting Information).

Importantly, the report describes for the first time a visuali-
zation of dynamic process of target molecule binding-induced
aggregation of gNPs using in situ real-time CLSM imaging. We
have used 200 nm gNPs to track the UPSS responses triggered
by biomolecular recognition and polymeric network shrinkage
(Figure 4b and Movies S1 and S2 (Supporting Information)).
Also, this report describes the first visualization of the aptamer-
protein binding structure and the formation of a biomolecular
recognition core inside a polymeric network sensor at a micro-
structural level using CLSM. The quantification of fluorescent
intensity of CLSM images of the polymeric network sensor
in response to various concentrations of target molecules was

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Functionality of UPSS and Dose-dependent responses of UPSS using in situ real-time AFM. a) In a human o-thrombin specific UPSS,
dose-dependent responses of UPSS to various concentrations of human o-thrombin, bovine a-thrombin, or BSA were examined to determine the
sensitivity and selectivity, using electrical conductance as an output. b) Similar measurements were also performed where various concentrations of
human o~thrombin, bovine o~thrombin, or BSA were spiked in artificial urine. c) The kinetics of ATXa binding to an ATXa-specific polymeric sensor was
investigated using either cylindrospermopsin or BTX-2 as negative controls. d) lllustration of real-time measurement of polymeric network shrinkage
responses upon biomolecular recognition using AFM in contact mode. The polymeric sensor is immobilized by setting the scan size as “0.” After
adding target molecules, the polymeric network starts to shrink and generates a displacement of Ax. The frictional force between the tip and the polymer
surface causes the tip to move with the same amount of displacement Ax. The lateral force, L, caused by the corresponding torsional deformation
of the cantilever, can be measured by the AFM and is related to the displacement Ax. e) The results of real-time change of signal output in response
to various concentrations of thrombin are shown (black: PBS; red: 1 x 1073 m thrombin; purple: 1 x 107" m thrombin; green: 1 x 107'° m thrombin).
f,g) CLSM image of polymeric sensor after the removal of thrombin template. Green fluorescence and merged CLSM images of the polymeric sensor
incubated with h,i) 1x 10710 m, j,k) 1 X 10712 M, and I,m) 1 X 107'® m thrombin. Scale bar: 10 um. n) The ratio of green fluorescent intensity to red
fluorescent intensity calculated from the CLSM image of polymeric sensor incubated with 1x 107, 1 x 107'2, and 1 x 107'® m thrombin. o) Effect of
the components of biomolecular recognition core on the functionality of UPSS upon the addition of 1 x 107 m thrombin: the biomolecular recognition
core was fabricated with both thrombin aptamer pair and the template thrombin (G1), with thrombin aptamer-1 and aptamer-2 (G2), with aptamer-1
and thrombin (G3), with aptamer-2 and thrombin (G4), with aptamer-1 only (G5), with aptamer-2 only (G6), with thrombin only (G7), and without
aptamers and thrombin (G8).

performed, and the results are consistent with the readout of
electrical conductance.

Although SEM imaging allowed us to observe the surface
of the polymeric sensor, the polymeric coating surrounding
gNPs made it difficult to reveal clearly the biomolecular struc-
ture of the UPSS. AFM is highly sensitive in detecting subtle
differences on the surfaces of various materials; therefore, it is
possible to investigate the surface properties of the polymeric
sensor during the polymeric network shrinkage triggered by
target molecule binding. The adhesion and Log DMT Modulus
images of AFM enable us to differentiate the gNPs from the
polymeric network matrix using the stiffness and nonadhesion
properties of gNPs. More importantly, the capability of AFM
in quantitatively measuring normal and lateral forces at bio-
molecular levels makes it possible to study inter-biomolecular,
intercellular and cell-molecule interactions.

To the best of our knowledge, the results reported
here describe first attempt to use AFM to provide a direct
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measurement of the frictional forces between the probe tip and
a polymer surface during polymeric network shrinkage trig-
gered by biomolecular recognition. Indeed, the dose-dependent
response of friction is fairly robust (Figure 5e). More impor-
tantly, these results are consistent with the data obtained using
shrinkage measurements, electrical conductance measure-
ments, or CLSM imaging upon biomolecular recognition as
demonstrated above. These real-time in situ AFM measure-
ments represent a novel approach for the precise measurement
of biomolecules for nanosensing systems.

Collectively, the results reported here provide a proof-of-
concept for a novel sensing system. Within the polymeric
network, there might be complicated biomolecular interac-
tions and events during biomolecular recognition and signal
amplification; particularly, complex electrical and energy trans-
porting process might be involved; consequently, it is diffi-
cult to use a classical theory for polymeric sensors to explain
the exact mechanism of this novel sensing system. As such,

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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further investigation is warranted for a better understanding
of the molecular mechanism of this novel sensor system.
Again, the thrombin-specific or ATXa-specific UPSS demon-
strated the possibility of creating a robust biofunctionalized
polymeric sensing system. We anticipate that this system can
be combined with microfluidics or array systems to fabricate
high-throughput biomolecular recognition systems for environ-
mental monitoring or clinical diagnostics.

Early detection of ultralow concentrations of circulating bio-
markers or environmental toxins is of great importance for
disease diagnosis and water safety monitoring which are vital
to human's health. Given its high sensitivity and selectivity,
this UPSS could potentially be used to detect early biomarkers
in complex body fluid in chronic diseases such as cancer. For
example, thrombin-specific UPSS could be used for accurate
detection of urinary thrombin, which was found to be pre-
sent in patients with glomerulonephritis or lupus nephritis.[2!l
Also, the UPSS possesses potential in monitoring the quality
and safety of drinking water portably and rapidly. Furthermore,
multiplex and high-throughput UPSS array might be designed
and fabricated to suit the screening of multiple analytes. Finally,
this system might be useful for ultrasensitive detection of var-
ious bioanalytes in a wide range of molecular weight.
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