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A graphene oxide-aided triple helical aggregation-induced emission biosensor

for highly specific detection of charged collagen peptides

Xiuxia Sun,a Yan Qiao,aWenhua Li,a Yiyao Sui,aYiyan Ruan,a Jianxi Xiaoa,*

Aggregation-induced emission (AIE) probes have emerged as promising “turn-on” sensing tools for DNAs and proteins, and
the AIE biosensors conjugated with graphene oxide (GO) has shown improved selectivity. Collagen is the essential
structural protein in human body, and its degraded products are involved in a plethora of severe diseases. Collagen has a
high content of charged amino acids, while EOG represents one of the most abundant charged triplets in Type I collagen.
We herein for the first time report the construction of a GO-aided AIE biosensor for the detection of charged collagen
peptides. We have shown that an AIE fluorophore TPE conjugated with a triple helical peptide TPE-PRG possesses strong
fluorescence due to the restriction of intramolecular rotation of TPE in the trimer state. The adsorption of the probe TPE-
PRG by GO leads to efficient fluorescence quenching, while the addition of target collagen peptide EOG releases the probe
peptide from the GO surface and recovers its fluorescence. We have demonstrated that the TPE-PRG/GO complex provides
a highly specific “turn-on” sensing platform for the target collagen peptide with a typical charged amino acid-rich sequence.
The assay has shown little interference from other biomolecules, and it can also effectively distinguish the target charged
collagen peptide from its single amino acid mutant type. The development of robust analytical assays for charged collagen
peptides would pronouncedly extend our capability to investigate the pathology of collagen diseases, showing great
potential in its molecular diagnostics.

Introduction
The detection of biomolecules with high sensitivity and selectivity

is critical for the diagnosis and therapies for a broad variety of
pathological conditions.1-3 Due to superior sensitivity, low
background noise and wide dynamic range, fluorescent biosensors
have received extensive attention in the developments of bio-assays
for targeting macromolecules.4 A plethora of organic molecules
based on electron transfer (ET), charge transfer (CT), and (ET)
mechanisms have been created as fluorescent probes for
biosensing.5-7 However, a significant number of fluorophores suffer
from drastic quenched fluorescent emissions at high concentrations
due to the thorny aggregation-caused quenching (ACQ), which
severely limits the scope of the practical applications of these probes
with a fluorescent “turn-off” mode.8-10 The development of
fluorescent probes that can overcome the detrimental ACQ effect
therefore attracts increasing interest in the field of biosensors.
A novel class of fluorophores with exactly opposite aggregation-

induced emission (AIE) features have recently been discovered and
widely applied in label-free and “turn-on” fluorescent biological
analysis.11-17 These AIE-active fluorophores display strong
fluorescent emission when their intramolecular rotations are
restricted upon binding with biomolecules or forming the aggregate
state, which facilitates the AIE probes as versatile “turn-on” sensing

platforms for DNAs and proteins.18-20 It has been shown that AIE
fluorophores with positive charges could strongly bind with single
stranded DNA, resulting in the formation of aggregation complex of
AIE probes and DNA, which gives rise to striking fluorescent
enhancement of the AIE probes.21-23 However, the AIE probes also
interact with other interferential biomolecules such as RNAs and
proteins, leading to insufficient selectivity of the assay.24 It is
therefore in urgent need for the construction of AIE biosensors with
improved specificity.
The conjugation of AIE probes with graphene oxide (GO) has led

to the creation of novel AIE-based biosensors with effectively
enhanced selectivity.25 The complex of A2HPS·HCl (a derivative of
hexaphenylsilone) and GO has been utilized to detect DNA with a
detection limit of μg/mL, while the mixture of TPE-SO3Na and GO
has been applied for the highly selective detection of bovine serum
albumin (BSA).25, 26 The platforms using AIE probes supplemented
with GO and single-stranded DNA (ssDNA) have been recently
shown to provide rapid “turn-on” fluorescent methods for the
detection of DNA with complementary sequence.27, 28 A fluorescent
aptasensor based on an AIE fluorophore DSAI, GO and ssDNA
aptamers has been established for selective and sensitive sensing of
targeted DNA and thrombin protein.29 These studies have shown that
the GO-aided AIE biosensors could provide a promising sensing
platform for the selective detection of biomolecules.
Collagen is the most abundant protein in human body, and the

degraded products of collagen are involved in a variety of diseases
such as tumors, arthritis, and chronic wounds.30-33 Extensive efforts
have been dedicated to the discovery of efficient assays for collagen
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fragments.34-37 Due to the repetitive amino acid sequences and
uniform triple helical structure, it remains challenging to create
antibodies with high specificity toward collagen.38, 39 A monoclonal
IgG1 antibody has been generated to detect denatured collagen,
while a tumor-homing peptide has been found to recognize the
fragments of Type IV Collagen.35, 36 However, these approaches
often suffered from drawbacks such as tedious procedures and low
binding affinity. We have recently discovered that FITC (fluorescein
isothiocyanate)-labeled triple helical peptide C(POG)9 (O,
Hydroxyproline) could recognize single stranded GPO-rich peptide
with the aid of graphene oxide.40 GPO represents the most abundant
triplet with neutral amino acids in collagen, while it is worth noting
that collagen has a high content of charged amino acids, and Glu-
Hyp-Gly is the most frequent charged amino acid triplet in Type I
collagen.
We herein for the first time report the construction of a GO-

supplemented AIE biosensor for the selective detection of charged
collagen peptides. We have shown that an AIE fluorophore TPE
conjugated with a triple helical peptide possesses strong fluorescence,
which could be efficiently quenched by GO. We have demonstrated
that the triple helical AIE peptide probe and GO complex provided a
highly specific sensing platform for the target charged collagen
peptides. The robust analytical assay for charged collagen peptide
fragments would signifcantly contribute to the development of
diagnostic methods for collagen diseases.

Experimental section
Materials
Graphene oxide was purchased from Gezhi New Materials Co.,

Ltd. (Anqing, China). 1-(4-Carboxyphenyl)-1,2,2-triphenylethene
(TPE) was obtained from Dibai Biotechnology Co., Ltd (Shanghai,
China). All Fmoc-amino acids were purchased from GL Biochem
Ltd. (Shanghai, China). HBTU (O-Benzotriazole-N,N,N',N'-
tetramethyl-uronium-hexafluorophosphate) and HOBt (1-
Hydroxybenzotriazole) was purchased from GL Biochem Ltd.
(Shanghai, China). All the reagents obtained from commercial
sources were of analytical grade and were used without further
purification. Ultrapure water was used to prepare all the solutions.

Peptide synthesis
Peptide POG was provided by Chinese Peptide Company

(Hangzhou, China). Peptides TPE-PRG (with amino acid sequence
TPE-G(PRGPOG)5), EOG (with amino acid sequence G(EOG)10),
POG (with amino acid sequence G(POG)10), EOA (with amino acid
sequence G(EOG)4EOA(EOG)5), G (with amino acid sequence
FGGGGG), O (with amino acid sequence FOOOOO), H (with
amino acid sequence FHHHHH), R (with amino acid sequence
FRRRRR), K (with amino acid sequence FKKKKK), E (with amino
acid sequence FEEEEE) and D (with amino acid sequence
FDDDDD) were synthesized in-house by standard Fmoc solid phase
synthesis method. Stepwise couplings of amino acids were carried
out according to a double coupling method with Fmoc-amino acids
(4 eq.), DIEA (N, N-Diisopropylethylamine， 6 eq.) and activator
reagents (HBTU + HOBt 0.66 mmol/mL, 4 eq.). DMF (N, N-
Dimethylformamide, 3 x 5 mL) and DCM (Dichloromethane, 3 x 5
mL) were employed to wash the reaction mixture after each step of
coupling, and 20% piperidine was used to remove the Fmoc

protection group. Test reagent (2% ethanal DMF, 2% chloranil DMF)
was applied to determine the completion of each coupling reaction
and Fmoc deprotetction. TPE-PRG was synthesized by conjugating
TPE to the N-terminal of peptide G(PRGPOG)5 by using TPE (12
eq.), DIEA (6 eq.) and activator reagent PyAOP [(3-Hydroxy-3H-
1,2,3-triazolo[4,5-b]pyridinato-O)tri-1-pyrrolidinylphosphonium
hexafluorophosphate, (12 eq.)] for 24 hrs. TFA (trifluoroacetic
acid)/TIS (Triisopropylsilane)/H2O (95:2.5:2.5) was used to treat the
resin for 3 hrs in order to eliminate the tBu groups and to take the
peptides off the resin. Cold Et2O (Diethyl ether anhydrous) was used
to precipitate the peptides, and the precipitates were resuspended in
cold Et2O, sonicated and centrifuged again. Crude products were
purified using reverse phase HPLC (high pressure liquid
chromatography) on a C18 column, and the purity of the peptides
were confirmed by mass spectrometry. m/z calculated 3322.1 [M]+

for TPE-PRG, found 3322.0 [M]+; m/z calculated 3068.3 [M]+ for
EOG, found 3067.8 [M]+; m/z calculated 3082.0 [M]+ for EOA,
found 3081.6 [M]+; m/z calculated 450.5 [M]+ for G, found 451.2
[M]+; m/z calculated 730.8 [M]+ for O, found 731.4 [M]+; m/z
calculated 946.2 [M]+ for R, found 946.5 [M]+; m/z calculated 806.1
[M]+ for K, found 806.5 [M]+; m/z calculated 741.0 [M]+ for D,
found 741.2 [M]+; m/z calculated 851.0 [M]+ for H, found 851.4
[M]+; m/z calculated 810.8 [M]+ for E, found 811.3 [M]+.

Circular Dichroism Spectroscopy
Circular Dichroism (CD) spectra were recorded on an Aviv model

400 spectrophotometer (Applied Photophysics Ltd, UK)
supplemented with a Peltier temperature controller. The samples of
peptide TPE-PRG with a concentration of 1 mg/mL were prepared in
20 mM PBS buffer at pH 7.4. Cells with a path length of 1 mm were
applied. Wavelength scans were measured from 200 to 260 nm with
a 0.5 nm increment per step and a 0.5 s averaging time at 4 °C. Each
measurement was repeated 3 times.
The thermal stability of the peptides was determined by

monitoring the amplitude of the CD peak at 225 nm as a function of
increasing temperature from 4 °C to 90 °C with an average heating
rate of 0.5 °C/min and 2 min equilibration time. The peptides were
heated at 90 °C for 20 min and then re-equilibrated at 4 °C for at
least 24 hrs prior to the melting experiments. The first derivative of
the thermal unfolding curve was computed and smoothed by the
Savitzky-Golay method using a third-order polynomial. The melting
temperature (Tm) was obtained as the extrema of the first derivative.

Fluorescence Assays
Fluorescence spectra were measured on a RF-5301PC

fluorescence spectrometer (Shimadzu Instruments Ltd., Japan).
Peptide TPE-PRG was dissolved in 20 mM PBS pH 7.4, and
incubated at 90 °C for 20 min and at 4 °C for >24 hrs to drive the
triple helix formation. Standard solutions of target peptide EOG
were prepared by serial dilution. Fluorescence spectra were recorded
after GO was added to the solution of peptide TPE-PRG (1 µM) at
an excitation wavelength of 327 nm.
In the fluorescence assays of the target collagen peptide EOG, a

“pre-mixing” strategy was used to allow sufficient interaction of
probe peptide TPE-PRG and target peptide EOG. The probe peptide
TPE-PRG (300 µM) was mixed with the target peptide EOG (100
µM) in 40 µL PBS buffer, and incubated at room temperature for
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>15 min. The mixture was then diluted 300 times to obtain a final
concentration of peptide TPE-PRG as 1 µM. The GO solution with a
final concentration of 12 µg/mL was added into the mixture for
fluorescence measurements. For the quantitative assay, different
final concentrations of the target peptide EOG (20, 80, 100, 130, 150,
180, 200, 230, 250, 270, and 300 nM) were prepared in the mixture
with the fluorescent probe peptide TPE-PRG, and the fluorescence
spectra were recorded after the addition of 12 µg/mL GO. Standard
solutions of peptides G, O, H, K, R, D, E and POG with a final
concentration of 2 µM were prepared to investigate the interference
of other peptides in the detection of the target peptide EOG. A high
concentration of 1 mM of these nonspecific peptides were prepared
and 6 µL of each peptide was added to the prepared TPE-PRG
peptide solution or the TPE-PRG/EOG mixture, and then GO was
added to start the fluorescence measurements. All the measurements
were repeated for 3 times.

Results and discussion
Design of the triple helical AIE-peptide probe TPE-PRG
In addition to the neutral Pro-Hyp-Gly triplet, collagen is also rich

in charged amino acids with Glu-Hyp-Gly as one of the most
abundant charged triplets in Type I collagen. Therefore, peptide
EOG (with amino acid sequence G(EOG)10) is constructed to
represent a typical charged amino acid-rich collagen fragment.
Previous studies have suggested that collagen peptide (PRGPOG)5
formed heterotrimer species with peptide (EOG)10.41 We have
recently discovered that FITC-labeled triple helical peptide C(POG)9
could recognize single stranded GPO-rich peptide.40 We therefore
hypothesize that triple-helical peptide G(PRGPOG)5 may
specifically bind with single-stranded target peptide G(EOG)10.
In order to build an AIE-peptide probe based biosensor, a popular

AIE-active fluorophore TPE was conjugated with peptide
G(PRGPOG)5 to create triple helical AIE-peptide probe TPE-PRG
(with amino acid sequence TPE-G(PRGPOG)5). It contains five
charged amino acids per chain, leading to good water solubility. We
hypothesize that peptide TPE-PRG in the monomer conformation in
aqueous solution has weak fluorescence because of the free
intramolecular torsional motion of nonplanar TPE, while the
formation of triple helix dramatically enhance the fluorescence of
the probe peptide due to the restriction of intramolecular rotation of
TPE in the trimer state (Scheme 1).
Multiple Arg’s are included in the AIE-peptide probe to enhance

the interaction between the probe peptide and GO. The adsorption of
the triple helical AIE-peptide probe TPE-PRG onto the surface of
GO would efficiently quench the fluorescence of TPE moiety
(Scheme 1). However, in the presence of monomeric target collagen
peptide EOG, the binding of EOG with TPE-PRG would result in
the desorption of the peptide probe from the surface of GO, therefore
recovering the original fluorescence of the triple helical peptide
probe TPE-PRG (Scheme 1).

Characterization of the probe peptide TPE-PRG
The formation of triple helix structure is considered as a key

prerequisite for probe peptide TPE-PRG to possess strong
fluorescence. Circular dichroism (CD) spectra of peptide TPE-PRG
displayed a maximum absorption at 225 nm, demonstrating the
formation of triple helix structure (Figure 1A). Thermal transition

studies further showed that peptide TPE-PRG formed a stable triple
helix with a melting temperature (Tm) of 65 °C at pH 7.4 in 20 mM
PB buffer (Figure 1B). It indicated that the conjugation of
fluorophore TPE enhanced the triple helix stability of peptide
(PRGPOG)5, which was likely due to the favorable hydrophobic
interactions between the TPE groups.41

Fluorescence spectra of the probe peptide TPE-PRG were
recorded at 25 °C and 90 °C (Figure 1C). The probe peptide TPE-
PRG showed a weak fluorescence intensity at 90 °C, since it was in
the monomer conformation, and the free intramolecular torsional
motion of TPE would result in fast nonradiative relaxation and
largely reduce the photoluminescence quantum yield.42 Meanwhile,
the probe peptide TPE-PRG showed much enhanced fluorescence
intensity at 25 °C, since the formation of triple helix structure caused
pronounced restriction of intramolecular rotation of TPE, leading to
the closure of the nonradiative decay channel (Figure 1C).
Furthermore, Figure 1D showed a visible emission color change of
peptide TPE-PRG at 25 °C and 90 °C at UV light. The peptide
displayed a cyan color in the trimer state at 25 °C, while it became
colorless in the monomer state at 90 °C (Figure 1D). These results
confirmed our hypothesis that triple helical AIE-peptide probe TPE-
PRG possessed strong fluorescence.

Characterization of GO
The purchased GO was characterized by XRD, Raman, FTIR and

TEM techniques (Figure S1). The XRD pattern of GO showed an
intense peak at 2 �10°, which corresponded to the characteristic
interlayer space of GO due to the presence of oxygen-containing
functional groups on the GO sheets (Figure S1A). The Raman
spectrum of GO indicated a distinct peak assigned to the vibration of
SP2-bonded carbon atoms at 1597 cm-1 (G band) and another strong
peak corresponding to the vibration of carbon atoms with dangling
bonds at 1339 cm-1 (D band), which were consistent with previous
reports (Figure S1B).40, 43-45 The FTIR spectrum of GO showed
characteristic peaks at 3412 cm-1 (O-H bond), 1729 cm-1 (C=O bond),
1623 cm-1 (the vibrations of unoxidized graphitic skeletal domains
and the adsorbed water molecules), 1216 cm-1 (C-OH bond) and
1053 cm-1 (C-O bond) (Figure S1C).40, 43, 45 The TEM image showed
a typical layered structure of GO, that has been widely observed
(Figure S1D).40, 44-46 The XRD, Raman, FTIR and TEM results
demonstrated the successful fabrication of GO.

The fluorescence quenching of TPE-PRG by GO
The fluorescence emission spectra were recorded for the triple
helical probe peptide TPE-PRG in the presence of various
concentrations of GO (0-13.33 µg/mL) (Figure 2). The peptide TPE-
PRG alone showed strong fluorescence at 472 nm. With the addition
of GO, the fluorescence intensity of TPE-PRG became gradually
decreased. When the concentration of GO reached 12 µg/mL, the
fluorescence of TPE-PRG was almost completely quenched (Figure
2). The quenching efficiency of the GO was estimated as 91%, and
the high quenching efficiency would result in improved sensitivity
and a broad dynamic range for target detection.
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Scheme 1. Schematic Illustration of the concept of using a triple helical AIE-peptide probe and GO platform to detect target collagen
sequence.

Monitoring the interaction of probe peptide TPE-PRG and
charged target collagen peptide EOG
The fluorescence response of the probe peptide TPE-PRG with

various concentrations of target peptide EOG was investigated in the
presence of GO in 20 mM PBS buffer, pH 7.4 (Figure 3). The TPE-
PRG/GO platform showed a relatively low fluorescence intensity in
the absence of peptide EOG (Figure 3A). Upon the addition of
charged target peptide EOG, the fluorescence intensity of the TPE-
PRG/GO platform was markedly enhanced. As the concentration of
peptide EOG increased, the fluorescence intensity at 472 nm
gradually increased, which reached a plateau when the concentration
of EOG became 3.0 µM or higher (Figure 3B). The enhancement of
the fluorescence intensity after the addition of EOG suggested that
the binding of target peptide EOG with probe peptide TPE-PRG led
to its desorption from the surface of GO.

Figure 1. Characterization of the probe peptide TPE-PRG. (A) CD
wavelength scans and (B) thermal transitions of the peptide. Melting
transitions were monitored by CD spectroscopy at 225 nm. (C)
Fluorescent profiles of the probe peptide incubated at 25 °C (black)
and heated to 90 °C for 20 min (red). The emission spectra were
recorded at an excitation wavelength of 327 nm. (D) Visual changes
of the probe peptide incubated at 25 °C (left) and heated to 90 °C for
20 min (right) under a UV lamp.

Notably, a linear relationship was observed between the
concentration of target peptide EOG and the changes of fluorescence
intensity at 472 nm (R2=0.99) (Figure 4). This TPE-PRG/GO
sensing platform showed a broad linear range from 20 to 300 nM

(Figure 4). Furthermore, it allowed the accurate determination of
peptide EOG at a concentration as low as 17 nM, which was
comparable to previous reports of the detection of a neutral collagen
peptide with rich imno acids.40

Figure 2. The fluorescence quenching of the triple helical probe
peptide TPE-PRG by various concentrations of GO. The
fluorescence emission spectra were recorded for the probe peptide
TPE-PRG in the presence of various concentrations of GO (0, 0.67,
1.33, 2.0, 2.67, 3.33, 4.0, 5.33, 6.67, 8.0, 9.33, 10.67, 12, 13.33
µg/mL). Inset: the fluorescence intensity monitored at 472 nm as a
function of GO concentration.

The fluorescence restoration capability of target peptide EOG
toward the probe peptide TPE-PRG was further evaluated in the
presence of GO under different pHs (Figure S2). The TPE-PRG/GO
complex in the absence of target peptide EOG showed consistently
low florescence intensity from pH 6.0 to 9.0, suggesting the high
quenching efficiency of GO toward triple helical probe peptide TPE-
PRG in this pH range. In the presence of target peptide EOG, the
TPE-PRG/GO complex displayed similarly enhanced fluorescence
from pH 6.0 to 9.0, indicating that the target peptide could
effectively bind with the probe peptide and release it from the GO
surface around physiological pH conditions (Figure S2).

Binding stoichiometry
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Figure 3. The interaction between probe peptide TPE-PRG and
target collagen peptide EOG. The fluorescence emission spectra of
the TPE-PRG/GO complex were recorded before and after the
addition of increasing concentrations of peptide EOG (A). The
fluorescence intensity monitored at 472 nm (I472) as a function of the
concentration of peptide EOG (B).

A Job's analysis was carried out to determine the binding
stoichiometry of the probe peptide TPE-PRG and EOG by keeping
the sum of the concentrations of both peptides at 1 µM. The
fluorescence emission intensity change at 472 nm versus the mole
fraction of the target peptide EOG was measured. The maximum
emission intensity change was observed at a mole fraction of about
0.25 (Figure S3). This suggested that peptides TPE-PRG and EOG
probably formed a 3 TPE-PRG : 1 EOG complex.

Figure 4. The linear fluorescence restoration of the TPE-PRG/GO
platform by the target peptide EOG. The fluorescence emission
spectra were recorded for the TPE-PRG/GO platform in the presence
of various concentrations of peptide EOG (0, 20, 80, 100, 130, 150,
180, 200, 230, 250, 270, 300 nM) (A). The changes of the
fluorescence intensity monitored at 472 nm (I472) as a function of the
concentration of the target peptide EOG (B).

Specificity of the TPE-PRG/GO based fluorescence assay
The specificity of the fluorescence assay using the TPE-PRG/GO

platform was examined (Figure 5). The fluorescence intensities were
measured for the TPE-PRG/GO complex in the presence of peptides
G (with amino acid sequence FGGGGG), O (with amino acid
sequence FOOOOO), H (with amino acid sequence FHHHHH), R
(with amino acid sequence FRRRRR), K (with amino acid sequence
FKKKKK), E (with amino acid sequence FEEEEE), D (with amino
acid sequence FDDDDD) and POG (with amino acid sequence
G(POG)10) (red). Compared with the target peptide EOG, all these
peptides showed much less florescence recovery, indicating that the
TPE-PRG probe was highly specific for the target collagen sequence
EOG. Furthermore, the fluorescence restoration of the probe peptide
TPE-PRG by the target peptide EOG was evaluated in the absence

Figure 5. The fluorescence restoration of the probe peptide TPE-
PRG by other peptides. The fluorescence intensities at 472 nm were
recorded for the probe TPE-PRG bound with the target peptide EOG
(black). The fluorescence intensities at 472 nm were measured for
the probe TPE-PRG in the presence of other peptides alone (red) and
together with EOG (green).

and presence of these peptides (green). Compared with the target
peptide EOG alone, the peptide EOG together with these peptides
displayed similar fluorescence recovery, suggesting little
interference of these peptides in the detection of EOG (Figure 5).
These results demonstrated that the TPE-PRG/GO platform provided
a sensitive and selective probe for the detection of target collagen
peptide EOG without the interferences of other peptides.

Distinguishing target peptide from its mutant type using the
TPE-PRG/GO platform
Single amino acid mutation in Type I collagen is the main cause

of a variety of connective tissue disorders including Osteogenesis
Imperfecta and Ehlers-Danlos syndrome.47, 48 Therefore, the
development of analytical assays that can distinguish natural
collagen sequences from its mutant type is essential for the diagnosis
and treatment of collagen diseases. The fluorescence restoration of
the probe peptide TPE-PRG by peptide EOA (with amino acid
sequence G(EOG)4EOA(EOG)5), which contained a single amino
acid mutation from its parent collagen peptide EOG, was examined.
Fluorescence emission profiles were recorded for the probe peptide
TPE-PRG alone (black), the probe peptide complexed with EOG
(red), and the probe peptide complexed with mutant peptide EOA
(blue) (Figure 6). In contrast with target peptide EOG, the mutant
peptide EOA barely enhanced the fluorescence intensity of the probe
peptide TPE-PRG, indicating that peptide EOA could not interact
with peptide TPE-PRG. Recent studies revealed that the constructed
FITC-GPO/GO plaform could interact with peptides rich in GPO
triplets with or without interruptions.40 In contrast, this TPE-
PRG/GO biosensor was very specific for peptide EOG, and even a
single mutation of the target peptide would completely eliminate the
recognition. To conclude, the TPE-PRG/GO complex provided a
robust approach that can distinguish the target collagen peptide EOG
from its single amino acid mutant type.

Conclusion
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Figure 6. The fluorescence restoration of the probe peptide TPE-
PRG by target peptide with a single amino acid mutation.
Fluorescence emission profiles were recorded for the probe peptide
TPE-PRG alone (black), the probe peptide complexed with EOG
(red), and the probe peptide complexed with peptide EOA containing
a single amino acid mutation (blue).

Aggregation-induced emission (AIE) probes have attracted
increasing attention as versatile “turn-on” sensing platforms for
biomolecules such as DNAs and proteins.12 However, the potential
interferential interaction of the AIE probes with other molecules may
limit the selectivity of the assay.24 Recent studies suggested that the
construction of AIE biosensors with the aid of graphene oxide (GO)
may be a promising strategy for developing biological assays with
improved selectivity.25 Collagen is a critical biomarker involved in a
number of severe diseases, and its amino acid sequence pattern is
characterized by the repetitive GPO triplet as well as a high content
of charged amino acids. We have recently developed a GO-based
biosensor for the detection of unfolded collagen peptides with
neutral GPO triplets.40

We herein for the first time report the development of a GO-aided
AIE “turn-on” biosensor for the highly specific detection of a typical
charged collagen peptide. We have designed and synthesized a novel
triple helical AIE probe peptide TPE-PRG with good water
solubility. CD and fluorescent characterization indicates that the
probe peptide TPE-PRG displays strong fluorescence in the trimer
state due to the restriction of intramolecular rotation of TPE. The
positively charged triple helical probe peptide TPE-PRG could be
adsorbed onto the surface of GO, leading to efficient quenching of
the fluorescence of TPE moiety. Meanwhile, the competitive binding
of the probe peptide TPE-PRG with the negatively charged target
collagen peptide EOG to form a 3:1 complex disrupts the interaction
between TPE-PRG and GO, resulting in the restoration of the
fluorescence of the probe.
The probe peptide TPE-PRG/GO platform has been demonstrated

as highly selective to the charged collagen peptide EOG, showing
little interference from other peptides. Furthermore, it could
perfectly distinguish the target peptide EOG from its single amino
acid mutant type. The TPE-PRG/GO biosensor provides a robust
strategy for the detection of charged collagen peptides, which
remarkably enhances our capability to understand the degradtion

process of collagen, showing promising applications in molecular
diagnostics of collagen diseases.
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