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ABSTRACT: Nature’s great repository provides nucleic acids
and amino acids as the fundamental elements of life. Inspired
by the programmability of nucleic acids, DNA nano-
technology has been extensively developed based on the
strand displacement reaction of nucleic acids. In comparison
with nucleic acids, amino acids possess higher programm-
ability and more functionalities owing to the diversity of the
amino acid unit. However, the design of the peptide-based bimolecular cascade is still limited. We herein describe a peptide-
based strand displacement reaction, which was granted with a specific biological function by addition of a functional domain
onto the coiled-coil peptide based displacement substrate. The displacement substrate was specifically designed to response to
Tau protein based on a well-established Tau inhibition sequence. We demonstrated that the kinetics of the designed
displacement reaction can be dynamically tuned through blocking the toehold region to prevent migration. A nanomolar Tau
detection linear range was achieved through the designed displacement reaction within a rapid turnaround time of 30 min. We
also presented the capability of the peptide strand displacement based sensing system operating in real human biological
samples and its excellent orthogonality on response to irrelevant biological components. We envision that this will be of
especially high utility for the development of next-generation biotechnology.
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The role of DNA as a powerful repository for genetic
information storage greatly depends on its inherent

stability from the hybridization of Watson−Crick base pairs.1

Inspired by the programmability of nucleic acid hybridization
created by Nature, DNA nanotechnology becomes a versatile
and directable tool for the development of programmable logic
gate, nonenzymatic biocatalysis, biomolecular motors, bio-
sensors, and controllable synthesis of nanostructures.2−7 The
fundamental basis of the nucleic acid tool box is the
programmable strand displacement reaction, which has been
extensively evaluated and developed owing to the regularity of
nucleic acid hybridization.2,8,9 Especially for biosensor
application, the high controllability and programmability of
the nucleic strand displacement reaction provide various
designs of nonenzymatic, target triggered, signal-on assays,
enhancing the detection sensitivity and accuracy.10−13 For
example, the target triggered strand displacement reaction was
initially applied to induce the change of electron tunneling
length for certain redox probes on the sensor surface, achieving
rapid detection of the target.14 Furthermore, the strand
displacement reaction was applied to initiate a dramatic
change of the surface charge on the biosensor for the
development of a universal sensing system for the detection
of all types of analytes.15 These systems demonstrated the high
applicability of the nucleic acid based strand displacement on
biosensor development. Other than nucleic acid, another great

fundamental composition produced by nature is the amino
acid, which can be granted various biological functions directly
by sequence design for diverse applications, such as polymer
networks, nanostructure synthesis, and biomarker inhibi-
tors.16−20 Therefore, a programmable peptide nanotechnology
can be extremely valuable and highly functionalizable for more
diverse biological tool developments. However, the study
of programmable biomolecular devices based on the utilization
of amino acids is rather limited.21 Inspired by the widely
developed nucleic acid strand displacement, we herein
demonstrate the use of peptide interaction modules to
construct programmable biomolecular motors through the
peptide strand displacement reaction. The constructed peptide
displacement reaction was characterized by an on-chip
electrochemical analysis and further developed as a biosensing
strategy for Tau protein detection.
The fundamental basis of the DNA strand displacement

reaction is the hybridization of nucleic acid base pairs (A-T/C-
G) through hydrogen bonding and the hybridization induced
thermal dynamics driving, mostly enthalpy driving.22,23 To
imitate the hydrogen bond based hybridization of nucleic acid
base pairs to construct peptide-based strand displacement, the
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electrostatic interaction between oppositely charged amino
acids can be applied, such as formation of the coiled-coil
helix.24 Therefore, two complementary heptad coiled-coil
peptides were applied in this study as the bases for the strand
displacement reaction design (Figure 1a). Specifically, two
triplet repeats of the heptad coiled-coils were applied to form
the DNA-like helix as one domain of the displacement
substrate. Furthermore, in order to functionalize this
biomolecular motor as a Tau biosensor, a structure-based
peptide impeder for Tau aggregation was added as a second
domain (Figure 1b).25 With the addition of the second
domain, we granted this coiled-coil based substrate a binding
motif (2') to interact with a specific region of Tau protein (Tau
aggregation sequence (2)), which was recognized to form
aggregates as a sign of neurodegenerative disorders.25,26 Thus,
we applied this combined peptide sequences as a biomolecular
motor to examine the binding behavior of the Tau protein
inhibition pairs (2−2′) and further utilized this motor as an
autonomous and controllable biosensing strategy for Tau
protein detection. Specifically, the electrochemistry based
biosensor was selected for development of the biosensing
system, owing to the high sensitivity, cost-effectiveness, and
time-efficiency of the electrochemical transduction proc-
ess.27−32

The principle design of the peptide strand displacement
reaction is illustrated in Figure 1c. A substrate peptide strand
was designed with coiled-coils hybridization sequences (1-1')
and a toehold sequence (2), which was a functional domain.
Building upon the substrate strand, the strand displacement
was initiated by an initiator strand (1′−2′, which functioned as
the fuel for the displacement reaction). The displacement
reaction was completed with a hybridized product based on
the binding interaction between 1-2 and 1′−2′ with an output
strand 1′ from the initial substrate. Moreover, the second
domain can be utilized to independently control the dynamics
of the displacement reaction as shown in Figure 1d. With the
addition of the impeder strand 2, the initiator 2′ domain was
blocked and a waste was generated. Consequently, the fuel
would no longer be supplied to trigger the displacement
reaction. By introduction of the impeder, we can achieve

selective deactivation of the strand displacement process,
enriching the toolbox of the peptide displacement reaction
design.
To examine these concepts and demonstrate this program-

mable biomolecular motor for biosensor application, a
biomolecular circuit was constructed on an electrochemical
sensor as shown in Figure 1e. The electrochemical sensor was a
three-electrode system with gold working and counter
electrodes and a Ag/AgCl reference electrode. The detailed
configuration and characterization of this three-electrode
system was described in a previous study.33 In order to
perform the on-chip analysis of the displacement reaction, the
peptide (1−2) was designed with a cysteine linker for
immobilization onto the gold electrode through the Au−S
bond. After incubation of 20 μL of 35 μM peptide (1−2) for 2
h at room temperature to form the self-assembled peptide
layer, time-of-flight secondary ion mass spectroscopy was
applied to confirm the formation of the Au−S bond (Figure
S1a). Electrochemical stripping analysis was then performed to
quantify the amount of Au−S bond desorbed in order to
acquire the amount of peptide (1−2) tethered on the
electrode. As shown in Figure S1b, the amount of peptide
immobilized on the electrode was around 980 pmol per
working electrode. 3.5 μM of peptide (1′) was then incubated
to hybridize with peptide (1−2) to form the displacement
substrate complex onto the gold electrode (Figure 1e-1). The
optimization of the on-chip hybridization time was evaluated
by electrochemical impedance spectroscopy (EIS) using redox
probe [Ru(NH3)6]

2+/3+ (Figure S2). The EIS results
demonstrated a saturation of signal after hybridization time
over 25 min, which was then selected as an optimized time for
the formation of the displacement substrate complex (1−2−
1′). After the formation of the substrate, 20 μL of 350 nM
(amount of 7 pmol) of the initiator strand was incubated onto
the substrate complex covered electrode for 1 h, which was
sufficient to reach the displacement reaction equilibrium as
demonstrated by a previous study.21 To evaluate the peptide
displacement concept, EIS was first applied to examine the
electrode surface impedance change during the displacement
process. As shown in Figure 2a, an increase of surface

Figure 1. (a) Amino acid squences of the heterodimeric helical heptad coiled-coils; helical wheel representation of electrostatic (green) and
hydrophobic (red) interaction between heterodimers (coiled-coil viewed in cross-section). (b) Amino acid sequences of the functional domain
based on Tau protein aggregation region and corresponding impeder (inhibitor) peptide. (c) Peptide displacement reaction based on a substrate
(with exposed domain 2) and an initiator as the fuel for the displacement reaction. (d) Dynamic manipulation of the peptide displacement reaction
through an impeder peptide, blocking the initiator from the displacement reaction. (e) Substrate complex immobilized on the gold working
electrode and the following displacement resulted surface biomolecule differences based on the condition of with/without the impeder.

ACS Sensors Letter

DOI: 10.1021/acssensors.9b00831
ACS Sens. 2019, 4, 1980−1985

1981

http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b00831/suppl_file/se9b00831_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b00831/suppl_file/se9b00831_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b00831/suppl_file/se9b00831_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b00831/suppl_file/se9b00831_si_001.pdf
http://dx.doi.org/10.1021/acssensors.9b00831


impedance (Rct) was observed throughout the substrate
formation to the addition of initiator due to the bigger size
of the initiator strand (1'-2') compared with that of the peptide
strand (1′). Moreover, it was critical to confirm that the
designed initiator (1′−2′) displaced the strand (1′) from the
substrate completely during the strand displacement reaction,
instead of forming a trimer by binding initiator through the
formation of 2−2′ domain as well as maintaining the strand
(1′) on the substrate (Figure S3a). Therefore, EIS was
conducted to evaluate the surface impedance based on strand
(1−2) directly hybridized with initiator strand (1′−2′). As
shown in Figure S3b, the direct hybridization resulted in an
EIS curve overlaid with that of the strand displacement formed
surface (same as the blue line in Figure 2a), confirming that
the introduction of initiator successfully induced and com-
pleted the strand displacement reaction through displacing the
strand (1′) as an output. Circular dichroism (CD) was also
applied to confirm the displacement principle and evaluate the
change of the secondary structure before and after the
displacement reaction. In order to evaluate the secondary
structure of the peptide complex (1−2−1′−2′) after the
displacement reaction, centrifuge filtration by Amicon-5k tube
was applied to remove the remaining displaced output (1′). As
shown in Figure S4, CD demonstrated the α-helix secondary
structure of both peptides based on two negative bands at 222
and 208 nm and a positive band at 193 nm. However, by
comparing the ellipticity [θ]222 (which is directly proportional
to the amount of residues in a helix34) between the two
peptides, the displacement substrate complex (1−2−1′)
demonstrated a partial α-helix secondary structure and the
displacement product (1−2−1′−2′) demonstrated a more
comprehensive α-helix secondary structure. These results
verified the validity of the designed peptide displacement
reaction.
To obtain direct evidence of the displacement reaction in

order to further apply to development of electrochemical
biosensor, the initiator strand (1′−2′) was linked with a
ferrocene probe to generate an electrochemical signal.
Different concentrations of initiator strands were incubated
onto the substrate covered electrode for 1 h to achieve
displacement equilibrium. After incubation, the electrodes
were washed and dried to remove the remaining non-
hybridized biomolecules. Differential pulse voltammetry
(DPV) was then applied to evaluate the ferrocene oxidation
reaction. As shown in Figure 2b, a significant oxidation peak at
around 0.16 V (vs Ag/AgCl) was observed with the

introduction of the initiator (comparing with the response
from the substrate only (black dashed line)), indicating the
success of the strand displacement reaction. A dynamic range
of the initiator concentration was observed from 1.25 nM to
350 nM, covering an effective displacement concentration
range over 2 orders of magnitude. A low limit of initiator
concentration was observed at 0.35 nM (red line). Figure 2c
demonstrated the linear calibration curve of the DPV current
outputs against different concentrations (1.25−350 nM) of the
initiators (Y = 0.262X + 0.241) with an R2 value of 0.993 and a
RSD value at 2.51%, indicating an excellent reproducibility and
stability of the designed peptide displacement reaction.
After confirming the principle concept of the peptide

molecular motor through electrochemical analysis of the
displacement reaction process, the kinetic performance of the
peptide displacement was investigated. Three different
concentrations of initiator were tested on the substrate
complex covered electrode array. DPV measurement was
conducted every 180 s as an individual event. The obtained
current output was converted into the concentration of the
product (1−2−1′−2′) by the calibration curve obtained from
Figure 2c. The kinetics equation was formulated and derived as
a pseudo-first-order equation owing to the fact that the
experimental substrate concentration was over 2 orders of
magnitude larger than the initiator concentration (SI Text
S3).35 As shown in Figure 3a, different concentrations of

initiator were tested by the substrate covered electrode over
2000 s. A saturation of signal was observed after 1000 s. The
kinetic constants of different concentrations of initiator
induced displacement reaction were fitted by Equation S3 as
shown in Figure S5 and yielded a kinetic constant of 818.10
s−1.
In order to demonstrate the kinetic control of this peptide

displacement process, we introduced an impeder into the
displacement reaction. The impeder (2) was designed to
specifically bind with the second domain (2') (functional
domain) of the initiator. Therefore, upon the introduction of
the impeder, the kinetics of the peptide displacement reaction
would be altered. We first evaluated the kinetics based on the
prehybridized (30 min) impeder strand (20 nM) and initiator
strand (35 nM). As shown in Figure 3b (green line), the
addition of prehybridized impeder initiator complex reduced
the amount of active initiator in the incubation solution to 15
nM. A decreased kinetic constant was observed. We believed
that the reduced kinetic constant was affected by the increased

Figure 2. Proof-of-concept electrochemical evaluation: (a) EIS
evaluation of step-by-step surface impedance change of the strand
displacement reaction. (b) DPV evaluation of the ferrocene oxidation
reaction before and after introduction of different concentrations
of ferrocene linked initiator onto the substrate complex covered
electrode. (c) Linear calibration curve of different concentrations of
initiator against the current outputs based on the electrochemical
signal of ferrocene.

Figure 3. (a) Rate constant fitting of the peptide displacement
process based on different concentrations of initiator strand. (b)
Dynamic control of the kinetics of the peptide strand displacement
reaction by introduction of impeder (20 nM) into the system through
the prehybridization interaction with the initiator before the
displacement reaction or simultaneously interacting with initiator
during the displacement reaction.
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biomolecular complexity in the incubation sample, therefore
decreasing the diffusion of the active initiators. Moreover, to
demonstrate that the peptide displacement process can be
dynamically controlled, we coincubated the impeder strand
(20 nM) and the initiator strand (35 nM) simultaneously. The
purple line presented a significant decrease of kinetic constant
by 42.7% compared with the kinetic constant based on only
initiator. These tests demonstrated that the kinetics of the
designed peptide strand displacement reaction can be
dynamically tuned through the addition of an impeder strand,
reducing the efficiency of the hybridization and migration
processes between the initiator and the substrate.
The dynamic control strategy of the functionalized peptide

strand displacement can be further utilized in biosensor
development. We applied the designed peptide displacement
for the detection of Tau protein, which is a biomarker of
neurodegenerative disorders.36,37 The impeder sequence
(2) was a fragment of Tau protein, which served as the
detection target. The second domain (2') of the initiator
sequence was a Tau inhibition sequence, which was confirmed
to be able to specifically recognize and bind full-length Tau
protein.25 Human Tau protein was then applied as the impeder
for the strand displacement reaction. First, different concen-
trations of Tau protein were prehybridized with the 350 nM
initiator strand for 30 min at 37 °C. After hybridization, the
sample was incubated onto the displacement substrate covered
electrode for 20 min prior to the DPV test. As shown in Figure
4a, a DPV detection range of Tau protein from 10 nM to 300
nM was obtained. Theoretically, 10 nM to 300 nM of Tau
protein corresponded with the current outputs based on 340
nM to 50 nM of initiator strand. However, the current output
(Figure 4a) based on the impeder as full-length Tau (43 kDa)

compared with the current output (Figure 2b) based on
impeder as fragment Tau (1.3 kDa) was significantly decayed
by around 30%. This phenomenon may be explained as the
size of full-length Tau being around 30 times bigger than the
fragment Tau; therefore it may decrease the kinetics of the
peptide strand displacement reaction due to the complex
matrix produced by the presence of full length Tau. Also, the
presence of a bigger protein might increase the steric hindrance
effect, impeding the effective hybridization and decreasing the
effective strand displacement reaction. Even though a decrease
of the dynamic displacement reaction range was observed, a
linear calibration curve was still obtained as Y = −0.0013X +
0.6082 with an R2 value of 0.985 based on the Tau protein
concentration of 10 nM to 300 nM. A detection limit was
observed as 0.3 nM (red line in Figure 4a).
To evaluate the detection performance of this peptide

displacement in response to complex human matrices, 50% and
100% pooled healthy human serum were utilized for human
Tau protein sample preparation. As shown in Figure 4c,
compared with the detection response of Tau protein sample
prepared in PBS solution, the detection response of the sample
prepared in 50% human serum and 100% human serum
decreased on average by 12% and 19%, respectively, which was
an acceptable signal influence from the matrix effect. We
believed that the decrease of the ferrocene signal was caused by
the increased sample complexity leading to a decrease in
diffusion rate; therefore, less ferrocene conjugated initiator
completed the displacement reaction. However, the same
detection range and detection limit were still achieved in
complex matrices.
Moreover, it was critical to examine the orthogonality of the

biomolecular motor, evaluating the level of unwanted crosstalk
from irrelevant biological components, which may hinder the
construction of more complex biological circuits and decrease
the motor operating efficiency. β-Amyloid 1−40 protein and
TAR DNA binding protein 43 were selected as impeders to
evaluate the orthogonality of the displacement system, because
these two proteins are recognized as important biomarkers for
neurodegenerative disorders and are also co-functioned in
cerebrospinal fluid with Tau protein.38,39 As shown in Figure
4d, control was based on the current output from only 10 nM
of the Tau protein as an impeder interacting with the initiator.
A solution containing 10 nM of Tau protein and 5 nM of β-
amyloid 1−40 (red), a solution containing 10 nM of Tau
protein and 5 nM of TAR DNA binding protein 43 (blue), and
a solution containing 10 nM of Tau protein, 5 nM of β-
amyloid 1−40, and 5 nM of TAR DNA binding protein 43
were individually incubated with the 350 nM initiator strand
for 30 min at 37 °C allowing hybridization between the
impeder and the initiator. After hybridization, the solution was
directly incubated onto the substrate-covered electrode for 30
min prior to the DPV test. The interference substances
demonstrated a signal variation of around 3.5%, which was
slightly over the RSD of the control (2.5%), demonstrating an
acceptable selectivity for the designed peptide strand displace-
ment. These experiments proved that the designed peptide
strand displacement reaction is feasible in the complex
biological environment, indicating the great potential of the
peptide displacement concept for diverse biological applica-
tions. Also, evaluation of the orthogonality of the designed
system demonstrated its applicability for further development
of more complex biological systems.

Figure 4. (a) DPV responses of different Tau protein concentrations
in 0.1 M PBS solution hybridized with 350 nM of initiator
resulted strand displacement reaction. Black dashed line was obtained
based on the zero Tau protein concentration as the baseline. Red line
was observed as the detection limit of Tau protein for 0.3 nM. (b)
Linear calibration of Tau protein concentration (10−300 nM) against
current outputs of ferrocene signal (n = 3). (c) Current responses
comparison between different biological buffers for Tau sample
preparation. (d) Evaluation of the orthogonality of the designed the
peptide strand displacement reaction.
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It is also necessary to mention that the coiled-coil helix
interaction is strongly sequence-dependent, and therefore the
combination of peptide strands might be limited. However, by
enhancing the understanding of peptide interaction pairs with
controllable secondary structures, we believe that future
researchers can build on this peptide displacement concept
to generate more diverse and applicable biomolecular circuits
using different types of peptides for various biotechnology
applications, providing the scientific impact similar to that
brought by nucleic acid strand displacement into the
community.
In conclusion, we developed and demonstrated a peptide-

based strand displacement reaction with tunable kinetic
performance, capability of operating in complex biological
matrices, and an excellent orthogonality. The designed peptide
displacement substrate included a coiled-coil peptide basis as
the migration sequence and a functional peptide domain as the
toehold sequence to initiate the strand displacement reaction.
By attaching a functional domain onto the initiator strand, we
granted the stand displacement reaction a specific biological
function. Our presentation first demonstrated that the
peptide displacement reaction can be dynamically controlled
by the introduction of an impeder. Also, the designed peptide
displacement reaction can effectively function as a biomolec-
ular motor for biotechnology applications in complex bio-
logical matrices. Comparing with conventional nucleic acid
based strand displacement, peptide-based strand displacement
possesses greater potential for versatile biological applications
owing to the higher diversity of the amino acid units. Based on
this novel concept, future researchers will be able to apply
differently designed peptide displacement mechanisms to
perform valuable bioengineering applications, such as biosens-
ing, logic gate design, and drug delivery.
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(21) Gröger, K.; Gavins, G.; Seitz, O. Strand Displacement in
Coiled-Coil Structures: Controlled Induction and Reversal of
Proximity. Angew. Chem., Int. Ed. 2017, 56 (45), 14217−14221.
(22) Demidov, V. V.; Protozanova, E.; Izvolsky, K. I.; Price, C.;
Nielsen, P. E.; Frank-Kamenetskii, M. D. Kinetics and mechanism of
the DNA double helix invasion by pseudocomplementary peptide
nucleic acids. Proc. Natl. Acad. Sci. U. S. A. 2002, 99 (9), 5953−5958.
(23) Zhang, D. Y.; Winfree, E. Control of DNA strand displacement
kinetics using toehold exchange. J. Am. Chem. Soc. 2009, 131 (47),
17303−17314.
(24) Fletcher, J. M.; Harniman, R. L.; Barnes, F. R.; Boyle, A. L.;
Collins, A.; Mantell, J.; Sharp, T. H.; Antognozzi, M.; Booth, P. J.;
Linden, N.; et al. Self-assembling cages from coiled-coil peptide
modules. Science 2013, 340 (6132), 595−599.
(25) Seidler, P.; Boyer, D.; Rodriguez, J.; Sawaya, M.; Cascio, D.;
Murray, K.; Gonen, T.; Eisenberg, D. Structure-based inhibitors of tau
aggregation. Nat. Chem. 2018, 10 (2), 170−176.
(26) Sievers, S. A.; Karanicolas, J.; Chang, H. W.; Zhao, A.; Jiang, L.;
Zirafi, O.; Stevens, J. T.; Münch, J.; Baker, D.; Eisenberg, D.
Structure-based design of non-natural amino-acid inhibitors of
amyloid fibril formation. Nature 2011, 475, 96−100.
(27) Dai, Y.; Chiu, L.-Y.; Chen, Y.; Qin, S.; Wu, X.; Liu, C. C.
Neutral Charged Immunosensor Platform for Protein-based Bio-
marker Analysis with Enhanced Sensitivity. ACS Sensors 2019, 4 (1),
161−169.
(28) Kelley, S. O.; Mirkin, C. A.; Walt, D. R.; Ismagilov, R. F.;
Toner, M.; Sargent, E. H. Advancing the speed, sensitivity and
accuracy of biomolecular detection using multi-length-scale engineer-
ing. Nat. Nanotechnol. 2014, 9 (12), 969−980.
(29) Labib, M.; Sargent, E. H.; Kelley, S. O. Electrochemical
methods for the analysis of clinically relevant biomolecules. Chem.
Rev. 2016, 116 (16), 9001−9090.
(30) Dai, Y.; Liu, C. C. Recent Advances on Electrochemical
Biosensing Strategies toward Universal Point of Care Systems. Angew.
Chem., Int. Ed. 2019, DOI: 10.1002/anie.201901879.
(31) Das, J.; Ivanov, I.; Montermini, L.; Rak, J.; Sargent, E. H.;
Kelley, S. O. An electrochemical clamp assay for direct, rapid analysis
of circulating nucleic acids in serum. Nat. Chem. 2015, 7, 569−575.
(32) Dai, Y.; Huang, J.; Zhang, H.; Liu, C. C. Highly sensitive
electrochemical analysis of tunnel structured MnO2 nanoparticle-
based sensors on the oxidation of nitrite. Sens. Actuators, B 2019, 281,
746−750.
(33) Dai, Y.; Wang, C.; Chiu, L.-Y.; Abbasi, K.; Tolbert, B. S.; Sauve,́
G.; Yen, Y.; Liu, C.-C. Application of bioconjugation chemistry on
biosensor fabrication for detection of TAR-DNA binding protein 43.
Biosens. Bioelectron. 2018, 117, 60−67.
(34) Hirst, J. D.; Brooks, C. L. Helicity, Circular Dichroism and
Molecular Dynamics of Proteins. J. Mol. Biol. 1994, 243 (2), 173−
178.
(35) Li, M.-X.; Xu, C.-H.; Zhang, N.; Qian, G.-S.; Zhao, W.; Xu, J.-J.;
Chen, H.-Y. Exploration of the Kinetics of Toehold-Mediated Strand
Displacement via Plasmon Rulers. ACS Nano 2018, 12 (4), 3341−
3350.
(36) Wittmann, C. W.; Wszolek, M. F.; Shulman, J. M.; Salvaterra, P.
M.; Lewis, J.; Hutton, M.; Feany, M. B. Tauopathy in Drosophila:
neurodegeneration without neurofibrillary tangles. Science 2001, 293
(5530), 711−714.
(37) Clavaguera, F.; Bolmont, T.; Crowther, R. A.; Abramowski, D.;
Frank, S.; Probst, A.; Fraser, G.; Stalder, A. K.; Beibel, M.; Staufenbiel,
M.; et al. Transmission and spreading of tauopathy in transgenic
mouse brain. Nat. Cell Biol. 2009, 11 (7), 909−913.
(38) Chen-Plotkin, A. S.; Lee, V. M.-Y.; Trojanowski, J. Q. TAR
DNA-binding protein 43 in neurodegenerative disease. Nat. Rev.
Neurol. 2010, 6 (4), 211−220.
(39) Mawuenyega, K. G.; Sigurdson, W.; Ovod, V.; Munsell, L.;
Kasten, T.; Morris, J. C.; Yarasheski, K. E.; Bateman, R. J. Decreased

clearance of CNS β-amyloid in Alzheimer’s disease. Science 2010, 330
(6012), 1774.

ACS Sensors Letter

DOI: 10.1021/acssensors.9b00831
ACS Sens. 2019, 4, 1980−1985

1985

http://dx.doi.org/10.1002/anie.201901879
http://dx.doi.org/10.1021/acssensors.9b00831

