Biosensors and Bioelectronics 79 (2016) 15-21

Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios

Contents lists available at ScienceDirect

A graphene oxide-based FRET sensor for rapid and specific detection of
unfolded collagen fragments

Xiuxia Sun, Jun Fan, Yuping Zhang, Hongli Chen, Yongqging Zhao, Jianxi Xiao

CrossMark

@

State Key Laboratory of Applied Organic Chemistry, Key Laboratory of Nonferrous Metal Chemistry and Resources Utilization of Gansu Province, College of
Chemistry and Chemical Engineering, Lanzhou University, Lanzhou 730000, PR China

ARTICLE INFO

ABSTRACT

Article history:

Received 24 September 2015
Received in revised form

16 November 2015

Accepted 2 December 2015
Available online 4 December 2015

Keywords:
Collagen

FRET

Graphene oxide
Peptide
Biosensor

The unstructured collagen species plays a critical role in a variety of important biological processes as
well as pathological conditions. In order to develop novel diagnosis and therapies for collagen-related
diseases, it is essential to construct simple and efficient methods to detect unfolded collagen fragments.
We therefore have designed a FITC-labeled collagen mimic triple helical peptide, whose adsorption on
the surface of GO effectively quenches its fluorescence. The newly constructed GO/FITC-GPO complex
specifically detects unstructured collagen fragments, but not fully folded triple helix species. The de-
tection shows a clear preference for the collagen targets with complementary GPO-rich sequences. The
conformation-sensitive, sequence-specific GO-based approach can be applied as an efficient biosensor
for rapid detection of unfolded collagen fragments at nM level, and may have great potential in drug
screening for inhibitors of unfolded collagen. It may provide a prototype to develop GO-based assays to
detect other important unstructured proteins involved in diseases.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The unfolded species of collagen generated during the collagen
degradation process serve as important targets for novel diagnosis
and therapies (Li and Yu, 2013). Collagen, the major structural
component of connective tissues, provides a molecular scaffold
that supports and protects the softer tissues for the human body.
The degradation of collagen by proteolytic enzymes plays a critical
role in many biological processes such as tissue development and
regeneration, organ morphogenesis and wound healing (Brinck-
erhoff and Matrisian, 2002; Cawston et al., 1999; Fields, 2013).
However, the excessive breakdown of collagen results in a variety
of diseases including arthritis, chronic wounds and tumors
(Sternlicht and Werb, 2001; Woessner, 1998; Riley et al., 1995).
Extensive efforts have been performed to develop antibodies and
peptides that can target these unstructured, degraded products of
collagen for pharmaceutical purposes (Caravan et al., 2007;
Mueller et al., 2009; Pernasetti et al., 2006; Xu et al., 2000). It is
technically difficult to produce antibodies with high-specificities
against collagen due to its highly repetitive (Gly-X-Y)n amino acid
sequence (Chichester et al., 1991; Srinivas et al., 1994). A huma-
nized monoclonal IgG1 antibody has been discovered to recognize
denatured collagen but not native collagen (Pernasetti et al.,
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2006). A tumor-homing peptide that specifically binds to the
fragments of Type IV Collagen produced by MMP-2 has been
identified by phage display library screening (Mueller et al., 2009).
These approaches are often tedious and time-consuming, and
suffer from low specificity and binding affinity (Mueller et al.,
2009; Pernasetti et al., 2006). Though much progress has been
achieved, there is still a great need to develop simple and efficient
methods to detect unfolded collagen fragments.

Fluorescence resonance energy transfer (FRET) is a powerful
analytical technique for target detection due to its sensitivity,
simplicity and reproducibility (Sapsford et al., 2006). Graphene
oxide (GO), a one-atom-thick two-dimensional carbon material,
has been widely used for biological applications, since it displays
extraordinary characteristics including large surface area, facile
surface modification, high-biocompatibility and good aqueous
dispersibility (Novoselov et al., 2004; Kumar et al., 2015; Yang
et al., 2010). Most notably, GO has been demonstrated as an effi-
cient quencher for a variety of fluorophores via non-radioactive
electronic excitation energy transfer from the fluorophore to GO,
and its large adsorption cross section enables it as a superior
candidate acceptor for FRET biosensors (Novoselov et al., 2004;
Kumar et al., 2015; Yang et al., 2010). The noncovalent binding of
GO with dye-labeled single strand DNA (ssDNA) has been utilized
to develop assays for target DNAs, proteins and metal ions (Lu
et al,, 2009; Jang et al., 2010; Yang et al., 2013). More recently,
fluorescent biosensors based on the GO-dye tagged peptide com-
plex have been designed to monitor various peptide-protein
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interactions, protease activities and cancer cell surface biomarkers
(Feng et al, 2011; Lu et al, 2011; Bianying et al., 2013). These
studies provide valuable opportunities to understand the biologi-
cal roles of the target proteins, while they are limited to well-
structured proteins till present. It remains a great challenge to
develop assays for unstructured proteins or protein fragments
involved in pathological conditions.

Here, we report the design of a fluorescent sensor for unfolded
collagen peptide fragments by taking the advantage of both the
exceptional properties of GO and the easy formation of the GO-
peptide complex. Collagen forms the unique structure of triple
helix, which is similar to DNA double helix (Brodsky and Ram-
shaw, 1997). The hydrogen bonding between each component
chain of both collagen and DNA drives the formation of the mul-
tiplex (Brodsky and Ramshaw, 1997). Hybridization of DNAs has
been widely used to design GO-based fluorescent sensors to detect
complementary single stranded DNA (Gao et al., 2014). It has been
shown that when the collagen fragments with repetitive GPO
amino acid sequences are in the unfolded, single-stranded form,
they can bind to Type I collagen fibers as well as collagen films by
annealing (Wang et al., 2005; He et al., 2012). Inspired by these
results, we hypothesize that the hybridization between unfolded,
single stranded collagen fragments and complementary collagen
triple helix sequences may be utilized to design a GO-based
fluorescent sensor (Scheme 1). The FITC-labeled collagen mimic
triple helical peptide can be adsorbed on the surface of GO via t-n
interactions and hydrophobic interactions. The close proximity of
the GO to the FITC moiety efficiently quenches the fluorescence of
FITC through energy transfer or electron-transfer processes (Lu
et al,, 2011). However, in the presence of target single stranded
collagen fragments, the binding of collagen fragments with FITC-
labeled peptide lead to desorption of the peptide from the surface
of GO, therefore recovering the original fluorescence of the FITC-
labeled peptide. We have demonstrated that the strategy using
GO-peptide complex can be successfully applied to detect un-
structured collagen fragments specifically.

2. Materials and methods
2.1. Materials

Graphite power of analytical grade was obtained from In-
noChem Science & Technology Co., Ltd. (Beijing, China). All pep-
tides were synthesized by Chinese Peptide Company (Hangzhou,
China). These peptides were purified by HPLC and confirmed by
mass spectrometry. Fluorescein isothiocyanate (FITC) was pur-
chased from Aladdin (Shanghai, China). The dialysis tube (1 kDa

FITC-labeled peptide probe

GO

membrane cut off) was purchased from Green Boyuan Biological &
Technology Co., Ltd. (Beijing, 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.

2.2. Instruments

FTIR spectra were obtained on a Nicolet NEXUS 670 infrared
spectrophotometer (Madison, Wisconsin). TEM micrographs were
recorded using a FEI TECNAIG? transmission electron microscope
(Hillsborough, Oregon). Raman spectra were measured at room
temperature on a Renishaw InVia Raman Microscope with an ex-
citation laser at 632.8 nm (NCNST). The diffraction pattern of GO
and graphite was characterized using an X-ray power diffraction
meter (D/MAX-2400, Rigaku Co., Japan). Fluorescence measure-
ments were carried out using a RF-5301PC fluorescence spectro-
meter (Shimadzu Instruments Ltd., Japan).

2.3. Preparation of graphene oxide (GO)

The preparation of GO was carried out following the modified
Hummers method (Lu et al., 2011; Bhunia and Jana, 2011; Song
et al.,, 2013; Nandi et al., 2012; Wu et al., 2011). Graphite (0.6 g)
was added into 72 mL of concentrated H,SO,4 (98%) and cooled to
0 °C. KMnOy (3.82 g) was then added gradually under stirring and
the temperature of the mixture was kept at 10-15 °C. After the
complete addition, the temperature of the mixture was raised to
35°C and kept for 30 min. Next, 80 mL of ultrapure water was
added to the brownish gray paste; and the solution was heated to
100 °C and left stirring for 30 min. The reaction was terminated by
sequential addition of 120 mL ultrapure water and 3 mL 30% H,0,
solution and stirred for 10 min. The mixture was first washed with
5% HCl and then washed with water followed by centrifugation
until the complete removal of SO;~. Finally, the product was air-
dried for 48 h at 50 °C. The GO solution was prepared in 10 mM
PBS (pH 7.4) by sonication for 30 min.

2.4. Preparation of FITC-labeled peptides

Peptide CPO(GPO)sG (1.0 mg) was dissolved in 2 mL 50 mM
Na,CO3-NaHCO; buffer (pH 9.0, 140 mM NaCl). FITC (2.0 mg) was
dissolved in 2 mL 50 mM carbonate buffer (pH 9.0, 140 mM Nacl).
The peptide and FITC solutions were mixed (the molar ratio of
peptide: FITC as 1:12) and foil-wrapped to avoid the loss of
fluorescence. The mixture was stirred constantly at room tem-
perature for 16 h to complete the reaction. Finally, the product was
repeatedly dialyzed against 10 mM PBS buffer to remove excessive

Scheme 1. Schematic Illustration of the concept of using a FITC-labeled triple helical peptide and GO complex to detect unfolded collagen fragments.
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FITC. The fluorescence intensity of FITC in the dialysis buffer after
exchange was monitored to assure the complete removal of FITC in
the solution.

2.5. Monitoring the interaction of FITC labeled peptide with collagen
mimic fragments

The FITC-labeled peptide CPO(GPO)sG (FITC-GPO) was dis-
solved in 10 mM PBS (pH 7.4) and serially diluted to obtain the
desired concentration. Standard solutions of four unlabeled col-
lagen mimic peptide fragments GPO (with amino acid sequence
CPO(GPO)sG), GPP (with amino acid sequence DD(GPP);,DD),
GPOALO (with amino acid sequence (GPO)sGPOALO(GPO)s), GER-
SEQ (with amino acid sequence (GPO)sGDRSER(GPO)g), were
prepared by serial dilution using 10 mM PBS buffer, pH 7.4. The
labeled peptide FITC-GPO (100 nM) was mixed with GO prior to
the addition of target collagen mimic fragments. Then a range of
collagen fragments with final concentrations (0-1100 nM) were
added to the GO/FITC-GPO solution. The fluorescence of the
mixture GO/FITC-GPO/collagen fragments was monitored.
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3. Results and discussion
3.1. Characterization of GO

The synthesized GO was characterized by XRD, Raman, FTIR
and TEM techniques (Fig. 1). The XRD patterns of GO and graphite
were compared (Fig. 1A). The single intense peak for GO and
graphite was at 26 of 11.5° and 26.5°, respectively (Fig. 1A). The
shift of the peak resulted from the larger interlay space of GO as
compared with graphite, which was due to the introduction of
oxygenated functional groups on carbon sheets. The Raman
spectra of GO and graphite were also compared (Fig. 1B). The Ra-
man spectrum of GO showed a strong peak assigned to the vi-
bration of sp? - bonded carbon atoms at 1593 cm~! (G band) and
another well-documented strong peak assigned to the vibration of
carbon atoms with dangling bonds at 1334cm~! (D band). In
contrast, the Raman spectrum of graphite showed very weak
peaks assigned to the D and G bands (Fig. 1B). The difference in the
Raman spectra of GO and graphite may indicate the formation of
some sp> - carbon atoms in GO, which was consistent with earlier
reports (Lu et al., 2011; Sabale et al., 2014; Liu et al., 2012).

As illustrated in Fig. 1C, the GO showed intense FTIR peaks at
3428 cm~! (O-H bond), 1730 cm™~! (C=0 bond), 1622 cm ! (the
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Fig. 1. Characterization of GO. (A) XRD patterns of GO (a) and graphite (b). (B) Raman spectra of GO (a) and graphite (b). (C) FTIR spectra of GO. (D) TEM image of GO.
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Fig. 2. The fluorescence quenching of FITC-GPO by various concentrations of GO.
The fluorescence emission spectra were measured for FITC-GPO in the presence of
various concentrations of GO (0, 1, 3, 5, 7,9, 13, 19, 23, 25, and 30 pg/mL). Inset: the
fluorescence intensity monitored at 517 nm as a function of GO concentration.

bonds of the unoxidized graphitic skeletal domains), 1225 cm !
(C-0OH bond), and 1052 cm~' (C-0 bond). The FTIR spectrum re-
presented the characteristic vibrations of GO and matched well
with that reported previously (Fig. 1C) (Lu et al., 2011; Liu et al,,
2012). The TEM image displayed a typical layered structure of GO
and agreed well with earlier studies (Fig. 1D) (Nandi et al., 2012;
Sabale et al., 2014; Liu et al., 2012). The significant difference in the
XRD and Raman spectra between GO and graphite as well as
characteristic FTIR and TEM graphs of GO clearly indicated the
successful synthesis of GO.

3.2. The fluorescence quenching of FITC-GPO by GO

The fluorescence emission spectra were measured for FITC-GPO
in the presence of various concentrations of GO (0-30 ug/mL) (Fig. 2).
The FITC labeled peptide FITC-GPO alone showed strong fluores-
cence at 517 nm (Fig. 2). With the addition of GO, the fluorescence
intensity of FITC-GPO was significantly decreased. When the con-
centration of GO reached 30 ug/mlL, the fluorescence of FITC-GPO
was almost completely quenched. The quenching efficiency of the GO
was estimated to be 97%. The high quenching efficiency would assure
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better sensitivity and a broader dynamic range for target detection.

3.3. Monitoring the interactions of FITC-GPO and collagen peptide
fragment GPO

The fluorescence emission spectra were measured for the GO/
FITC-GPO complex in the presence of various concentrations of
collagen peptide fragment GPO (with amino acid sequence CPO
(GPO)gG) (Fig. 3A). Peptide GPO was chosen to restore the fluor-
escence of the GO/FITC-GPO complex as earlier studies suggested
that the peptide with a similar GPO sequence could hybridize with
Type I collagen when it was in the unfolded form (He et al., 2012).
The collagen peptide fragment GPO was heated to 80 °C (which
was much above its melting temperature) for 20 min to make sure
that the peptide was completely unfolded. With the addition of
unfolded GPO, a significant enhancement of the fluorescence was
observed, suggesting that the competitive binding of the GPO with
GO for FITC-GPO lead to the desorption of FITC-GPO from the
surface of GO (Fig. 3A). When the concentration of the unfolded
GPO was increased, the fluorescence intensity of the GO/FITC-GPO
complex was gradually increased (Fig. 3A). Furthermore, a linear
relationship between the concentration of the unfolded GPO and
the change of the fluorescence intensity was observed (R*>=0.99)
(Fig. 3A). The GO/FITC-GPO system allowed the accurate detection
of unfolded GPO at a concentration as low as 10 nM, which was
much lower than the hybridization conditions (50 uM for the
probe peptide) reported in earlier studies (Wang et al., 2005).

To investigate if the fluorescence restoration capability of GPO
was conformation-dependent, the fluorescence emission spectra
was measured for the GO/FITC-GPO complex in the presence of
fully folded GPO (Fig. 4A). The GPO solution was equilibrated at
4 °C for 48 h to make sure the triple helix formation prior to the
addition. With the addition of 500 nM fully folded GPO, the
fluorescence was only weakly increased from 30.3 to 45.3, while
the same amount of unfolded GPO resulted in a significant en-
hancement from 25.4 to 147.4 (Fig. 4B). It indicated that the GO/
FITC-GPO system was conformation-dependent, and it could only
detect unfolded GPO, but not folded GPO.

3.4. Monitoring the interactions of FITC-GPO and collagen peptide
fragment GPOALO

To investigate if the GO/FITC-GPO system was sequence-
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Fig. 3. The linear fluorescence restoration of the GO/FITC-GPO complex by the addition of unfolded collagen fragments GPO (A) and GPOALO (B). The fluorescence emission
spectra were measured for the GO/FITC-GPO complex in the presence of various concentrations of GPO (0, 10, 50, 100, 300, 500, and 700 nM) or GPOALO (0, 10, 50, 100, 300,
500, 700, 900, and 1100 nM). Inset: the changes of the fluorescence intensity monitored at 517 nm as a function of the concentration of unfolded GPO or GPOALO.
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Fig. 4. The fluorescence restoration of the GO/FITC-GPO complex by fully folded triple helical collagen fragments (A, C, E, G) and corresponding unfolded collagen fragments
(B, D, F, H). The fluorescence intensity of the GO/FITC-GPO complex was measured in the absence of collagen fragments (dashed) and in the presence of 500 nM collagen
fragments (solid). The addition of fully folded GPO (A), GPOALO (C), GERSEQ (E) or GPP (G) could not restore the fluorescence of the GO/FITC-GPO complex. The addition of
unfolded GPO (B) or GPOALO (D) could significantly restore the fluorescence of the GO/FITC-GPO complex, while the addition of unfolded GERSEQ (F) and GPP (H) led to
small or insignificant fluorescence restoration, respectively.
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Fig. 5. The conformational and sequential dependence of the fluorescence re-
storation of the GO/FITC-GPO complex by collagen fragments. The changes of the
fluorescence intensity (F/Fo—1) of the GO/FITC-GPO complex were calculated for
different collagen fragments. F and F, were fluorescence intensities measured at
517 nm in the presence and absence of collagen fragments, respectively. The col-
lagen fragments were in the fully folded state (gray) as well as the unfolded form
(black). The fluorescence restoration of the system required the target to be in the
unfolded form, while the restoration level was sequence-specific.

specific, the fluorescence emission spectra were measured with
the addition of another collagen peptide fragment GPOALO (with
amino acid sequence (GPO)s GPOALO(GPO)s) (Fig. 3B). Compared
with peptide GPO, the major modification of peptide GPOALO was
changing the middle triplet GPO to ALO. With the addition of
unfolded GPOALO, the fluorescence intensity of the GO/FITC-GPO
complex was gradually increased (Fig. 3B). A linear relationship
between the concentration of the unfolded GPOALO and the
change of the fluorescence intensity was also observed (R*>=0.99)
(Fig. 3B). Similarly with peptide GPO, the addition of 500 nM fully
folded GPOALO only led to very weak increase of the fluorescence
from 23.1 to 27.3, while the same amount of unfolded GPOALO
resulted in a much larger enhancement from 34.9 to 145.3 (Fig. 4C
and D). It indicated that the GO/FITC-GPO system was conforma-
tion-dependent, and it could only detect unfolded GPOALO, but
not folded GPOALO.

3.5. Monitoring the interactions of FITC-GPO and collagen peptide
fragments GERSEQ and GPP

The fluorescence restoration of the GO/FITC-GPO complex was
further investigated using more collagen fragments GERSEQ and
GPP to elucidate the sequential dependence (Fig. 4E-H). Compared
with peptide GPO, the major modification of peptide GERSEQ was
changing two middle triplets GPOGPO to GERSEQ, while peptide
GPP changed all GPO triplets to GPP. For peptide fragment GERSEQ,
the addition of 500 nM fully folded form did not affect the fluor-
escence intensity, while the same amount of unfolded form re-
sulted in a small enhancement from 34.1 to 63.4 (Fig. 4E and F). For
peptide fragment GPP, in contrast, both the addition of fully folded
and unfolded form resulted in a tiny increase in the fluorescence
(Fig. 4G and H). It indicated that the GO/FITC-GPO system was
dependent on conformation as well as sequence.

3.6. Conformation and sequence selectivity of the GO/FITC-GPO
platform

The fluorescence restoration capability of the four collagen

fragments on the GO/FITC-GPO platform was compared (Fig. 5).
The changes of the fluorescence intensity (F/Fo— 1) were calculated
to facilitate the comparison, where Fy and F were the fluorescence
intensities before and after the addition of the collagen fragments,
respectively. First, the fluorescence restoration capability of the
fully folded state (gray) was compared with that of the unfolded
form (black) (Fig. 5). It was obvious that some unfolded peptides
resulted in strong fluorescence restoration, while the folded state
for all the four collagen fragments led to little fluorescence re-
storation. The results clearly demonstrated that the GO-based
platform could specifically detect unfolded collagen species, but
not folded collagen species.

The fluorescence restoration capability was further compared
among the four collagen fragments in the unfolded form (Fig. 5).
The restoration capability was in the order of
GPP < GERSEQ < GPOALO < GPO, suggesting that the GPO-rich
sequence was preferred by the GO/FITC-GPO system. The GPO
triplet is the most stabilizing sequence for the triple helix struc-
ture, therefore, the complementary GPO sequence of the target
peptide likely results in high binding affinity with the probe
peptide, leading to the recovery of the fluorescence. While the
sequence becomes more and more deviated from the GPO triplet
environment, the collagen fragment probably possesses less
binding affinity with the probe peptide, thus resulting in de-
creased restoration capability. To conclude, this novel GO-based
assay shows a clear preference for GPO-rich sequences, while the
restoration level is sequence-specific.

4. Conclusions

The unstructured collagen species plays a critical role in a
variety of important biological processes as well as pathological
conditions. Current collagen assays mainly using monoclonal an-
tibodies suffer from tedious procedures, low specificity and bind-
ing affinity. In order to develop novel diagnosis and therapies for
collagen-related diseases, it is essential to construct simple and
efficient methods to detect unfolded collagen fragments. We
therefore have successfully constructed a FITC-labeled collagen
mimic triple helical peptide, whose adsorption on the surface of
GO effectively quenches its fluorescence.

The newly developed GO/FITC-GPO complex provides a sen-
sing platform that can specifically detect unstructured collagen
fragments, but not fully folded collagen species. In addition, the
platform shows a clear preference for the collagen targets with
complementary GPO-rich sequences. The conformation-sensitive,
sequence-specific GO-based approach can be applied as an effi-
cient biosensor for rapid detection of unfolded collagen fragments
at nM level, and may have great potential in drug screening for
inhibitors of unfolded collagen. What is more, it may provide a
prototype to develop GO-based assays to detect other important
unstructured proteins involved in diseases.
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