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A graphene oxide (GO)-based two-mode fluorescence signal amplification assay of protease activity has
been established. GO can adsorb the FITC-labeled substrate peptide and quench the fluorescence of
FITC. In the presence of the target protein, carboxypeptidase Y (CPY), the FITC-labeled substrate peptide
is hydrolyzed by CPY, leading to the turn-on of fluorescence. The fluorescence intensity increases
significantly after the hydrolysis. More interestingly, it is even much higher than the fluorescence
intensity of the added FITC-labeled substrate peptides. It is deduced that the extraordinary growing of
fluorescence intensity is attributed to the hydrolysis also. The strong quenching efficiency of GO
significantly improved the signal-to-noise ratio (SNR) of the proposed method for protease analysis. By
combining the GO-based fluorescence turn-on with the fluorescence signal amplification induced by
hydrolysis, the proposed method obtained higher sensitivity and specificity for CPY activity detection.
The detection limit for CPY activity assay is estimated to be 1.0 x 107> U uL™t. The other proteins,
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Introduction

Proteases, one of the most important groups of physiological
enzymes, can regulate the physiological functions of many
proteins through catalyzing the breaking of specific peptide
bonds in proteins.' Recently, many studies have indicated that
there is a close connection between the aberrant activities of
proteases and major human diseases, including cancer, and
cardiovascular, neurodegenerative and infection diseases.”
Sensitive and convenient detection of protease activity is
imperative for better understanding of the proteases’ physio-
logical functions and has great potential for early diagnosis of
human diseases as well as finding new therapeutic approaches
and drugs based on the protease-target inhibitor for human
diseases.

The immunoassay has been widely used in the detection of
proteases due to its high sensitivity and specificity.* However,
the immunoassay for protease suffers from the disadvantages of
requiring some very complicated and time-consuming
processes such as expression and purification of proteins,
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proteases and a complicated matrix cannot disturb the assay of CPY activity.

antibody immobilization, fluorophore labeling and washing
again and again. In recent years, peptide-based protease
biosensors have attracted more and more attention in the assay
of proteases.* The protease biosensors are constructed based on
hydrolysis of the substrate peptide by the target protease. Some
materials such as nanoparticles, electrochemical materials,
fluorescent dyes and so on are chosen as signal markers to
conjugate to the substrate peptide firstly.> The target protease
can accurately and efficiently hydrolyze its corresponding
substrate peptide sequence and the hydrolysis information can
be converted into measurable signal through the status change
of signal marker. Up to now, fluorescence resonance energy
transfer (FRET)-based fluorescence protease sensors is one of
the most popular approaches for protease activity monitoring.®
In the FRET-based system, donor-acceptor pair is usually
attached at the opposite ends of substrate peptide. In presence
of target protease, the substrate peptide is hydrolyzed and the
fluorescent molecule is released, generating an increase of
fluorescence intensity. However, these FRET-based sensors
often need double labels, such as fluorescence group and
quenching group, which increases the testing cost. Further-
more, the detection sensitivity are particularly affected by the
quenching efficiency.

Graphene oxide (GO) is water-soluble derivative of graphene
and has been applied as an energy acceptor in the FRET-based
protease activity assay due to its super quenching efficiency.”
GO is usually fixed on one of terminals of peptide by specific
interaction between biotin and streptavidin (STV) or covalent
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conjugation. The formation of linkage requires complicated
and time-consuming modification, activation and conversion
processes.® It's worth mentioning that GO has another unique
property that is super adsorption capacity.” Compared with the
complexed connection, the adsorption is more simpler, faster
and time saving. Many fluorescence analysis protocols based on
the super adsorption property of GO have been widely applied
for the detection of various biomolecules.*

Carboxypeptidase Y (CPY) is a kind of exopeptidase with
nonspecifically hydrolyzing polypeptide chains at the C-
terminal (carboxyl-terminal) of the peptide or protein. CPY is
a metal ion-independent enzyme and thus it is not inactivated
by chelating agents such as EDTA. Moreover, it is highly stable
to heat, pH, and denaturing agents." Due to these unique
properties, CPY has been readily available for use in C-terminal
sequencing of protein'> and hydrolyzing peptide for the kinase
assays." Determination of CPY activity is imperative for gaining
a better understanding of the functions of these biomolecules.
Herein, we take CPY as the model protease and develop a two-
mode fluorescence signal amplification strategy for detection
of protease activity based on GO.

In this work, fluorophore-labeled substrate peptide is
adsorbed onto the surface of GO by electrostatic and w-m
interaction.™ The FRET from fluorophore to GO leads to fluo-
rescence quenching. In the presence of CPY, the substrate
peptide is hydrolyzed by CPY and thus the fluorescence reso-
nance energy can not transfer from fluorophore to GO, resulting
in the turn-on of fluorescence. Meanwhile, we find a very
interesting phenomenon that the fluorescence intensity grows
dramatically after hydrolysis as the increase of CPY concentra-
tion, and even with excess fluorophore-labeled substrate
peptides. We deduce that the hydrolysis makes the fluorophores
pull away from the influence of amino acid residues of substrate
peptides. Therefore, the fluorescent efficiency of fluorophore
increases after the hydrolysis and the fluorescence intensity
grows dramatically, simultaneously. By integrating the GO-
based fluorescence turn-on mode and the surprising fluores-
cence growth induced by peptide hydrolysis, a two-mode fluo-
rescence signal amplification strategy for sensitive detection of
target protease activity is proposed.

Results and discussion
The principle of the proposed assay for protein activity assay

The assay strategy of GO-based two-mode fluorescence signal
amplification assay for CPY activity is illustrated in Fig. 1. A
fluorescein-labeled peptide (FITC-TTYADFIASGRTGRRNAIHD,
FITC-PEP20) is used as the special substrate peptide for CPY.
As shown in the Fig. 1, in the absence of CPY, the FITC-PEP20 is
adsorbed onto the surface of GO by the electrostatic and =
stacking interaction. The adsorption makes FITC molecule and
GO close enough to cause FRET from FITC molecule to GO and
further efficient fluorescence quenching. In contrast, in the
presence of CPY, the FITC-PEP20 is hydrolyzed by CPY from the
C-terminal, generating many free amino acid residues. There-
fore, the FITC molecule gets away from the GO after hydrolysis
due to the weak binding between them. The FITC molecules are
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Fig. 1 Schematic illustration of GO-based two-mode fluorescence
signal amplification assay of CPY.

released to solution, inducing the fluorescence recovery. The
GO-based fluorescence turn-on mode induced by CPY is
formed. As shown in the Fig. 2A, the FITC-PEP20 exhibits
a higher fluorescence signal (Fig. 2A, blue line). It is almost
completely quenched upon the addition of GO (Fig. 24, black
line). When the added FITC-PEP20 is pre-treated with a lower
concentration of CPY and then mixed with GO, the fluorescence
signal gets partial restoration (Fig. 2A, red line). More intrigu-
ingly, when a larger concentration of CPY is used (Fig. 2A, green
line), much higher fluorescence signal is observed in compar-
ison to the added FITC-PEP20 alone. To confirm the root cause
of the extraordinary fluorescence growth, the experiments in
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Fig. 2 (A) Fluorescence spectra of the proposed CPY assay based on
GO; (B) fluorescence spectra corresponding to the solutions in
(A) without GO. Experiment conditions: 100 nmol L~ FITC-PEP20,
5ng mL~t GO.
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contrast without GO are carried out. In the absence of GO, the
enhancement of fluorescence induced by CPY can be also
observed (Fig. 2B). It is speculated that the fluorescent efficiency
of FITC is very sensitive to changes of surrounding environ-
ment. When FITC is labeled to the peptide, its fluorescent
efficiency is repressed due to the influence of amino acid resi-
dues of peptide. After the hydrolysis of FITC-PEP20 by CPY, the
surrounding environment which the FITC molecule is in, such
as the charge distribution and so on, is changed. The hydrolysis
makes the FITC molecule free from the influence of amino acid
residues of peptide, and therefore the fluorescent efficiency of
FITC molecule increases and the fluorescence signal intensity
shows very prominent growth after the hydrolysis. The
extraordinary fluorescence growth induced by hydrolysis of
peptide forms the fluorescence signal amplification mode.
Notably, the strong quenching efficiency of GO significantly
improved the signal-to-noise ratio (SNR) of the proposed
method for protease assay. With and without GO (Fig. 2A and
B), the SNRs of fluorescence in presence of 0.75 x 107> U uL ™"
CPY are 30 and 4, respectively. The elevated SNR contributes to
the higher detection sensitivity. By the combined action of the
increase of fluorescence signal induced by hydrolysis and GO-
based fluorescence turn-on mode, a two-mode fluorescence
signal amplification strategy for the determination of CPY is
established.

The electrophoresis results of hydrolyzed of FITC-PEP20 by
CPY also powerfully demonstrate our inferences. The isoelectric
point of PEP20 is 8.34 which is very close with the pH of the
electrophoresis buffer (pH = 8.0). So, the FITC-PEP20 carries
very little negative charges in the electrophoresis buffer. As the
Fig. 3 shown, in the blank solution without CPY, the FITC-
PEP20 moves slowly toward the cathode (line 1). In the pres-
ence of CPY, the added FITC-PEP20 are hydrolyzed. As the
increasing of concentration of CPY, the amount of FITC-PEP20
decreases gradually and the amount of free FITC molecule
increases obviously. The corresponding phenomena can be
observed in the Fig. 3. The fluorescence bands of the FITC-
PEP20 gradually become weaker, and even disappeared, while

s i

Fig. 3 Electrophoresis results of hydrolysis products of FITC-PEP20
by CPY. Line 1: FITC-PEP20 10 pM; line 2: in the presence of 5.0 x
1073 U uL"t CPY; line 3: in the presence of 5.0 x 1072 U uL ™t CPY; line 4:
in the presence of 0.5 U pL~* CPY. The concentration of agarose is 3%.
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the free FITC molecules enhance progressively as the increasing
of CPY dosage from line 1 to line 4. After the hydrolysis reaction,
the free FITC molecules migrate faster to cathode. Furthermore,
with the relatively high concentration of CPY, the added FITC-
PEP20 is hydrolyzed completely and its fluorescence band is
disappeared. Instead, a very distinct fluorescence band occurs
near the anode (line 4), which is derived from the free FITC
molecules. Notably, the fluorescence of free FITC molecules is
stronger than that in the added FITC-PEP20 (line 1). It is a very
obvious evidence that the fluorescence signal amplification
caused by hydrolysis. All of the results displayed above well
support our proposed fluorescence amplification mechanism
induced by hydrolysis of substrate peptide by CPY.

Optimization of the experimental condition for the CPY
activity assay

To obtain the optimal experimental parameters for the detec-
tion of CPY activity, the influences of the hydrolysis time of
FITC-PEP20 by CPY, the concentration of GO and the quenching
time of GO to FITC-PEP20 in this assay are investigated.

To investigate the influence of the concentration of GO on
the fluorescence quenching process, various concentrations of
GO (0.5-15 pg mL™ ") are incubated with 100 nM FITC-PEP20,
and then the fluorescence spectra of mixtures are recorded. As
Fig. 4 shown, the fluorescence intensities decrease quickly as
the increasing of concentration of GO. The fluorescence is
quenched completely at 5.0 upg mL~* GO. So, 5.0 ug mL ™' GO is
selected for the detection of CPY in this study.

The kinetics curve of quenching time of GO to FITC-PEP20 is
also drawn. As shown as Fig. 5, GO can interact with FITC-PEP20
and quench its fluorescence with 1 min. Extended time does not
change the fluorescence intensities. Therefore, the FITC-PEP20
and GO are co-incubated for 1 min prior to the measurement.

In addition, the influence of hydrolysis time of CPY to FITC-
PEP20 is investigated in a period of 10 h after mixing the FITC-
PEP20 and CPY in Tris-HCI buffer solution. The fluorescence
measurements are carried out after incubation of the mixtures
and GO for 1 min. As Fig. 6 shows that the blank is composed of
FITC-PEP20 and GO, without CPY, generating fluorescence

2.0x10°1 ;
b 2010 P
o £ ~05 gL GO
g 5 1.5x10" —1.0pgml.’ GO
o 5 | E
= 1.5x10 8 1000
ovd 3 —10 g mL" GO
8 £ soxto’ —1Spgml’ GO
3
£ 1.0x10° & o
Q
7] 500 540 560 580 620
) Wavelength / nm
4
© 5.0x10" 1
2
=~
0.0
T

0 2 4 6 8 10 12 14 16
Concentration of GO / (ug mL™")

Fig. 4 The influence of the concentration of GO on the fluorescence
quenching process. The concentration of FITC-PEP20 is 100 nM.
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Fig.5 The influence of the quenching time on the fluorescence of FITC-
PEP20 after adding GO. FITC-PEP20 is 100 nM, CPY is 1 x 1073 U uL~?,
GO is 5.0 pg mL™. Other conditions are performed according to the
experimental procedure described in Experimental section.

quenching. In the presence of CPY, fluorescence signals are
recovered gradually as the increasing of the hydrolysis time and
reach its peak level at 8 h. So, 8 h is selected as hydrolysis time of
CPY to FITC-PEP20 for the further experiments.

The CPY activity assay

Under the optimum conditions, the target protease, CPY, is
detected quantitatively by using the proposed protease assay. As
Fig. 7 shows that the fluorescence signals gradually increase as
the CPY dosage vary from 5.0 x 107 t0 2.0 x 10> U pL™". The
fluorescence intensities at 517 nm are linearly dependent on the
concentration of CPY in a range of 5.0 x 107 °-1.0 x 10 > U uL ™.
The correlation equation is I = 3872.87 + 3582.53 Ccpy
(x10~* U pL™") with the correlation coefficient of 0.9974. The
detection limit of the target protease, CPY, is evaluated to be
1.0 x 107> U uL ™" (30, n = 11). The proposed strategy with GO is
further compared with that without GO. As shown in the Fig. 8, the
lowest detected concentration without GO is 2.0 x 10~* U pL™".
The detection sensitivity of the proposed GO-based assay is one

7x10°*

4
5, 6x1071 —blank
B
g 5)(10" ~05h
24 —1h
.E 4x10*4 —2h
(]
Q 4 =5 h
§ 3x10 —7h
B 2x10° —8h
5 —10h
= 1x10*
73

04

540 560 580 600

Wavelength / nm

520 620
Fig. 6 The influence of the hydrolysis time of CPY to FITC-PEP20 on
the fluorescence signal. FITC-PEP20 is 100 nM, CPYis1 x 103U pL™?,

GO is 5.0 pg mL™%. Other conditions are performed according to the
experimental procedure described in Experimental section.
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Fig. 7 (A) Fluorescence spectra of the proposed assay system in the
presence of different concentrations of CPY. The concentrations of CPY
from (a) to (k) is 0, 5.0 x 107>, 1.0 x 104, 2.0 x 107% 5.0 x 107, 1.0 x
107%,2.0 x 107,40 x 107%, 50 x 1075, 1.0 x 1072 and 2.0 x 1072 U
uL~2 respectively. The insert shows an enlargement of the results ob-
tained with CPY concentration between 0 and 5.0 x 10~* U uL~% (B) the
relationship between the fluorescence intensity at 517 nm and CPY
concentrations. Other conditions are performed according to the
experimental procedure described in Experimental section.

4x10°+ —blank
—2.0x10" U pL" CPY
-5.0x10" U L' CPY
~2.0x10° U pL”' CPY

~5.0x10° U pL™" CPY

3x10°

2x10°

5

-
x
o
o
1

Fluorescence intensity

560 580 600

540
Wavelength / nm

500 520 620

Fig. 8 Fluorescence spectra of the CPY assay system without GO in
the presence of different concentrations of CPY. FITC-PEP20 is
100 nM. The blank is without CPY.

order of magnitude higher than that without GO. This detection
limit is comparable or better than some other FRET-based
methods for protease activity detection (shown in Table 1).
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Table 1 Comparation of various FRET-based methods for protease
activity assay

Target protease Detection limit Ref.
Caspase-3 200 ng mL " 15a
Caspase-3 1.4 nM (45 ng mL™ ") 15h
Thrombin 11 nM (407 ng mL ™) 15¢
Thrombin 2 nM (74 ng mL™ %) 10d
Trypsin 1nM (24 ng mL ™) 15d
CPY 1x10° U pL~ " (105 ng mL ") This work

The selectivity of the CPY activity assay

To evaluate the specificity of the proposed protease assay, the
interference of other seven proteins and proteases, including
BSA, HSA, IgG, STV, lysozyme, pepsin and glucose oxidase is
investigated. Under the optimum conditions, the fluorescence
signal produced by CPY can be separated completely from those
generated from by the other proteins and proteases. As shown in
Fig. 9, only CPY can induce the significant fluorescence recovery.
In presence of the interference proteins or proteases, the fluo-
rescence curves are similar with that produced by the blank. The
interferences for the detection of CPY by the signals produced by
other proteins and proteases are estimated to be below 7%. And
the spiked the complex sample with the addition of CPY
has been tested. The complex sample contains 1 x 107> U pL ™"
BSA, HSA, IgG, STV, lysozyme, pepsin, glucose oxidase and CPY.
2 x 107 and 4 x 107> U puL~" CPY are added to the complex
samples, respectively. The average concentrations of CPY
determined for three repetitive measurements are 2.72 x 10°
and 5.29 x 10® U uL ™!, respectively. The analytical recoveries
are 87.5% and 108%. All these results clearly certify that the
proposed assay to detect target protease allowed the excellent
specificity.
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Fig. 9 Selectivity of the CPY assay over other proteins and proteases.
The concentrations of other proteins, proteases and CPY are
10.5 pg mL™1. 10.5 ug ML~ CPY is equal to be 2 x 1073 U uL~* CPY.
The CPY is quantified by the modified Lowry protein assay kit with
bovine serum albumin as the standard (SK3051, Sangon, Shanghai).
Other conditions are performed according to the experimental
procedure described in Experimental section.
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Fig. 10 Fluorescence assay for CPY in the presence of complicated
matrix. 100 nM FITC-PEP20, 5.0 ug mL™* GO. Other conditions are
performed according to the experimental procedure described in
Experimental section.

To validate whether our proposed method could be applied
to the real samples with the complicated matrix, the cell-culture
medium is used as complicated matrix to do the spiking test.
The fluorescence signals produced by the same concentrations
of CPY in the complicated systems coincide with that in the
Tris-HCI buffer system (Fig. 10). The results show that the
proposed method is undisturbed by complicated matrix.

Conclusions

In summary, we have demonstrated that hydrolysis of peptide
can improve the fluorescence efficiency of fluorescein labeled
on peptide, inducing the significant increasing of fluorescence
intensity. Via the super fluorescence quenching capacity of GO,
the proposed protein assay obtained a good SNR. By integrating
GO-based fluorescence turn-on and signal amplification
induced by hydrolysis of substrate peptide, a new two-mode
fluorescence signal amplification strategy is proposed for the
sensitive detection of target protease. The detection limit for
protein assay is as low as 1.0 x 107> U uL~ . The protease assay
also exhibits a great dynamic range of over 3 orders of magni-
tude and high specificity to be undisturbed by other proteins,
proteases and complicated matrix. This detection strategy is
simple, cost-effective and with high selectivity. It can contribute
significantly to the applications in the detection of complex
biological samples.

Experimental section
Materials and apparatus

Carboxypeptidase Y (CPY) and trihydroxy methyl amino
methane (Tris) are obtained from Sigma-Aldrich (Shanghai)
Trading Co. Ltd. (China). Graphite powder is purchased from
Alfa Aesar (Tianjin) Chemical Co. Ltd. (China). The FITC-labeled
substrate peptide (FITC-TTYADFIASGRTGRRNAIHD, FITC-
PEP20) is customized synthesis by GL Biochem (Shanghai) Co.
Ltd. All other reagents are analytical reagent grade. Double-
distilled water is used throughout.

RSC Adv., 2017, 7, 47983-47989 | 47987
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The hydrolysis of peptide by CPY is performed on a CHB-100
isothermal metal bath (Hangzhou Bioer Technology Co. Ltd.,
China). The fluorescence curves are measured on a Fluorolog
3-211 fluorescence spectrophotometer (Horiba Jobin-Yvon,
France).

Synthesis and characterization of graphene oxide

Graphene Oxide (GO) is prepared according to a modified
Hummer's method.'® Briefly, 20 mL of concentrated H,SO, is
added slowly into a 500 mL of three necked flask and mixed with
0.5 g of graphite powder. The mixture is stirred for 2 h at room
temperature. Afterwards, 2.5 g of KMnO, is added progressively
with stirring and the temperature is kept below 20 °C. And then
the mixture is stirred at 35 °C for 2 h. Successively, keep the
temperature of mixture below 50 °C and 45 mL double-distilled
water is added and the mixture is stirred at room temperature for
3 h. Next, the reaction is terminated by the addition of 112.5 mL
double-distilled water and 5.0 mL H,0, (30%) under stirring for
15 min. Following that, the mixture is washed with 1 : 10 HCl
aqueous solution, and then distilled water for several times.
Exfoliation is carried out by sonicate dispersion of GO for 2 h.
Finally, the mixture is centrifuged at 6600 rpm for 10 min, and
the supernatant is removed and used for further experiments as
homogeneous solution of GO.

Procedures for CPY detection based on GO

To hydrolyze substrate peptide, various concentrations of CPY
and 100 nM substrate peptide (FITC-PEP20) are mixed and
incubated for 8.0 h at room temperature in 200 pL of Tris—-HCI
buffer (50 mM, pH 7.5). Afterwards, GO (final concentration of
~5 pg mL™") is added to the mixture and incubated for 1 min.
Then the fluorescence spectra are measured on an Fluorolog
3-211 fluorescence spectrometer. The excitation wavelength is
480 nm, the emission wavelength is 500-650 nm. The width of
excitation and emission slits are both 5 nm.

Procedures for CPY detection without GO

100 nM of FITC-PEP20 is incubated with different concentra-
tions of CPY in Tris-HCI (50 mM Tris-HCl, pH 7.5) buffer for
8 h. Then, fluorescence spectra are recorded by Fluorolog 3-211
fluorescence spectrometer.

Procedures for CPY detection in cell-culture medium

A certain concentration of CPY, 100 nM substrate peptide (FITC-
PEP20) and 1 pL DMEM medium containing 20% fetal bovine
serum are mixed in 200 pL of Tris-HCI buffer (50 mM, pH 7.5).
The mixture is incubated for 8.0 h at room temperature in the
isothermal metal bath for hydrolysis. Afterwards, GO (final
concentration of ~5 pg mL ') is added to the mixture and
incubated for 1 min. Then, fluorescence spectra are recorded by
Fluorolog 3-211 fluorescence spectrometer.
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