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Abstract: Graphene oxide (GO)/peptide complexes as a promising disease biomarker analysis
platform have been used to detect proteolytic activity by observing the turn-on signal of the quenched
fluorescence upon the release of peptide fragments. However, the purification steps are often
cumbersome during surface modification of nano-/micro-sized GO. In addition, it is still challenging
to incorporate the specific peptides into GO with proper orientation using conventional immobilization
methods based on pre-synthesized peptides. Here, we demonstrate a robust magnetic GO (MGO)
fluorescence resonance energy transfer (FRET) platform based on in situ sequence-specific peptide
synthesis of MGO. The magnetization of GO was achieved by co-precipitation of an iron precursor
solution. Magnetic purification/isolation enabled efficient incorporation of amino-polyethylene glycol
spacers and subsequent solid-phase peptide synthesis of MGO to ensure the oriented immobilization
of the peptide, which was evaluated by mass spectrometry after photocleavage. The FRET peptide
MGO responded to proteases such as trypsin, thrombin, and β-secretase in a concentration-dependent
manner. Particularly, β-secretase, as an important Alzheimer’s disease marker, was assayed down to
0.125 ng/mL. Overall, the MGO platform is applicable to the detection of other proteases by using
various peptide substrates, with a potential to be used in an automated synthesis system operating in
a high throughput configuration.

Keywords: magnetic graphene oxide (MGO); proteases; in situ peptide synthesis; fluorescence
resonance energy transfer (FRET); biological assays

1. Introduction

Graphene oxide (GO) is a two-dimensional, atomically thin carbon material with good
physisorption for diverse molecules, high water dispersibility, facile surface modification capability,
and high biocompatibility [1–10]. Various chemicals can be immobilized on functionalized GO through
the use of amide bonding, diazonium salts, atom transfer radical polymerization (ATRP), or click
chemistry [11–16]. In addition, graphene-based materials are known as energy acceptors in energy
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transfer reactions due to their peculiar electronic properties [17]. As photophysical calculations have
revealed energy transfer phenomena, GO can be used as a quencher (acceptor) of electronic excited
states in fluorescent dyes (donors) resulting in the phenomenon of fluorescence resonance energy
transfer (FRET) [18–21].

The FRET combination of GO and fluorescent dyes or luminescent nanoparticles has been utilized
as a promising biochemical analysis platform. The fluorescence ‘turn-on’ phenomenon induced by the
structural truncation or deformation of probe molecules on GO after target recognition or binding
has been widely applied to the sensitive detection of small molecules, biomolecules (including metal
ions (e.g., K+, Hg2+, and Pb2+)), proteins, and DNA [22–29]. Recently, GO/peptide complexes were
used to detect proteolytic activity by observing the turn-on phenomena of the quenched fluorescence
induced by the release of fluorescently labeled peptide fragments from the GO surface [30,31].
However, the purification and isolation steps are quite cumbersome when GO is applied as a biosensor
or an assay tool due to the associated nano- or micro-sized dimensions and the high water dispersibility
of GO. Thus, Zhou et al. have reported that magnetized GO-based colorimetric biosensors conveniently
manipulate samples for the aptamer-mediated detection of ochratoxin A [32]. The introduction of
magnetism to the GO biosensor platform eliminated the need for tedious and high-cost chemical
modification processes.

For the development of a GO platform to detect disease biomarkers such as proteases, it is essential
to not only design optimal specific sequences of synthetic peptide molecules but to also employ
a strategy for their immobilization on the GO platform to ensure high stability and proper orientation.
Previous reports generally utilized pre-synthesized peptides, which were then physically/chemically
immobilized onto the GO surface [33,34]. This strategy can suffer from limitations, including low
stability to interference by non-specific target molecules and possible coupling reactions at random
sites of peptides that may lead to a loss of reactivity toward the target molecule.

Here, for the first time, robust FRET peptide MGO (magnetic GO) biosensors are introduced.
In situ sequence-specific peptide syntheses were performed with the advantage of simple purification
and isolation. This was followed by FRET-based assays for determining the proteolytic activities
of biologically meaningful proteases such as trypsin, thrombin, and β-secretase. The carboxylic
acid-modified MGO nano-platform was prepared through a reaction with chloroacetic acid under basic
conditions; magnetization was achieved by the co-precipitation of an aqueous iron precursor solution.
After verification of the feasibility of conventional solid-phase peptide synthesis based on Fmoc/t-Bu
chemistry in an organic solvent on an MGO matrix, the optimal length of polyethylene glycol (PEG)
spacers for the FRET-based protease assays was thoroughly investigated. Upon the synthesis of three
different peptides specific to proteases, such as trypsin (KKK), thrombin (LVPRGS), and β-secretase
(EVNLDA) on the MGO matrices, FRET-based protease assays were evaluated with the FRET peptide
MGO platform.

2. Materials and Methods

2.1. Materials

Graphite flakes was purchased from Alfa Aesar (Ward Hill, MA, USA). N,N-dimethylformamide
(DMF), N-methyl-2-pyrrolidone (NMP), dimethyl sulfoxide (DMSO), fluorescein 5-isothiocyanate
(FITC), trypsin, thrombin, triisopropylsilane (TIS), N,N-diisopropylethylamine (DIPEA),
trifluoroacetic acid (TFA), O-(2-aminopropyl)-O′-(2-methoxyethyl)polypropylene glycol 300
(PEG300 diamine), O-(2-Aminopropyl)-O′-(2-methoxyethyl)polypropylene glycol 500 (PEG500

diamine), O-(2-Aminopropyl)-O′-(2-methoxyethyl)polypropylene glycol 800 (PEG800 diamine),
1-ethyl-3-[3-dimethylaminopropyl]carbodiimide (EDC), and N-hydroxy succinimide (NHS) were
purchased from Sigma–Aldrich (St. Louis, MO, USA). Fmoc-photolabile linker (Fmoc-PCL:
4-{4-[1-(9-fluorenylmethyloxycarbonyl-amino)ethyl]-2-methoxy-5-nitrophenoxy}butanoic acid) was
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purchased from Advanced ChemTech (Louisville, KY, USA). All Fmoc-protected amino acids were
purchased from BeadTech (Seoul, Korea).

Fluorescence emission spectra were obtained with a fluorescence spectrophotometer
(FluoroMate FS-2, SCINCO, Seoul, Korea). UV/Vis absorption spectra were recorded with a UV/Vis
spectrophotometer (OPTIZEN α, MECASYS, Daejeon, Korea). Hysteresis loops were obtained with
a vibrating sample magnetometer (Lake Shore #7300, Lake Shore Cryotronics, Westerville, OH, USA).
Optical images were acquired with a fluorescent microscope (Zeiss Axio Observer. A1, ZEISS,
Oberkochen, Germany). FT-IR spectra were obtained by Fourier transform infrared spectroscopy
(FTLA2000-104, ABB, Zurich, Switzerland). Mass spectra of peptides were obtained by MALDI-TOF
MS) (Voyager DE STR, Applied Biosystems, Waltham, MA, USA). A UV illuminator for peptide release
was purchased from Uvitec (LF-206, 365 nm, 15W, Cambridge, UK).

2.2. Synthesis of Graphene Oxide (MGO)

Graphene oxide was obtained from graphite via the improved Hummer’s method [35].
Briefly, NaOH (1.2 g) was added to an aqueous solution (10 mL) of graphene oxide (10 mg) and
dispersed under sonication for 2 h. Chloroacetic acid (1 g) was then added to the mixture, followed
by sonication for 2 h. The resulting solution (2 mL) was added to a mixture of FeCl2·4H2O (11 mg)
and FeCl3·6H2O (30 mg) in DI water (18 mL). After stirring the mixture for 2 h at RT, NH4OH (1 mL)
was added dropwise to the solution and the mixture was stirred for another 1 h. The final product,
denoted as MGO and obtained by magnetic separation, was sequentially washed with distilled water
and ethanol. The obtained MGO was characterized by Fourier transform infrared spectroscopy (FT-IR),
UV/Vis spectra, optical microscopy, and vibrating sample magnetometer (VSM) data.

2.3. In Situ Peptide Synthesis on MGO Matrix

Prior to the peptide synthesis, PEG diamines were coupled on the MGO matrix. After dispersing
MGO (3 mg) in 5 mL of EtOH, 60 mM of PEGx diamine (x = 300, 500, 800, respectively), EDC (52 mg),
and NHS (138.1 mg) were sequentially added, and the mixture was stirred for 6 h. After the
reaction, this solution was washed three times with EtOH and NMP under magnetic separation.
Swollen PEG–MGO (3 mg) complex was placed into a solution of Fmoc-photolabile linker (1.5 equiv),
HBTU (1.5 equiv), and DIPEA (4.0 equiv) in DMF (3 mL) and incubated for 2 h at RT. To acetylate
the remaining amine groups of the resin, the resin was treated with a solution of acetic anhydride
(150 µL) and DIPEA (150 µL) in DMF (2.7 mL) for 2 h at RT. The peptides were synthesized on
the PEG–MGO complex by repeating the coupling and deprotection steps at RT: (a) the coupling
step; the resin was treated with a solution of Fmoc-amino acids (3.0 equiv) (e.g., for the sequence of
EVNLDA: Fmoc-Ala-OH, Fmoc-Asp(OtBu)-OH, Fmoc-Leu-OH, Fmoc-Asn(Trt)-OH, Fmoc-Val-OH,
and Fmoc-Glu(OtBu)-OH, sequentially), HBTU (3.0 equiv), HOBt (3.0 equiv), and DIPEA (6.0 equiv) in
DMF (10 mL) for 2 h. (b) the deprotection step; the PEG-MGO complex was treated twice with 20% (v/v)
piperidine/DMF solution (3 mL) for 5 and 10 min, respectively. The PEG–MGO was confirmed by the
Kaiser ninhydrin test for the completion of synthetic amino acid for each coupling step. The PEG–MGO
complex was washed with DMF, DCM, and MeOH three times after every coupling and deprotection
step. For the preparation of the FRET MGO, the peptide-coupled MGO (9 mg) was incubated in
a solution of FITC (0.12 mmol) and DIPEA (0.24 mmol) in DMSO (3 mL) for 1 h at RT. The side chain
protecting groups of amino acids were fully deprotected by a solution of TFA/TIS/water (94:5:1, 3 mL)
for 30 min at RT. For the characterization of peptide synthesis, the peptide on the MGO was released by
the UV illuminator for 10 min and the mass spectra of released peptides were obtained by MALDI-TOF.

2.4. Evaluation of Proteolytic Activities Using the MGO FRET Platform

For optimization of the PEG length, MGO-diamine PEGx-KKK-FITC (x = 300, 500, 800)
was incubated with various concentrations of trypsin (0, 5, 10, 20, 40, 80, and 160 µg/mL) in
Tris–HCl buffer (20 mM, pH 7.4) for 30 min. After the reaction was completed, the MGO was
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removed by magnetic separation. Fluorescence of the supernatant was recorded at an excitation
of 480 nm and an emission of 514.5 nm. Protease activities were evaluated with corresponding
peptides sequences (FITC-LVPRGS-PEG800-MGO for thrombin and FITC-EVNLDA-PEG800-MGO
for β-secretase). The peptide-immobilized MGO was incubated with a serially diluted protease
solution starting from 8 µg/mL in Tris-HCl buffer (20 mM, pH 7.4) at 37 ◦C for 30 min. For the kinetic
measurement, the MGO sample was incubated with 2 µg/mL of protease solution for up to 60 min.

3. Results and Discussion

3.1. Preparation and Characterization of Magnetic GO (MGO)

Graphene oxide (GO) was prepared from graphite according to the improved Hummers’
method [35]. The GO was then modified with chloroacetic acid to introduce a large amount of
carboxyl groups on it [36]. Carboxylic acid groups facilitate the formation of magnetic Fe3O4 particles
on the GO by attracting Fe2+ and Fe3+ ions close to GO surfaces as well as consolidating the adhesion
of Fe3O4 particles; they also serve as reactive sites for subsequent couplings with the PEG spacer,
photocleavable linker, and amino acids to build up diverse protease-specific peptides on the MGO
platform. Magnetic Fe3O4 particles were successfully synthesized on the carboxylated GO surface by
the co-precipitation of Fe2+ and Fe3+ in aqueous solution (Figure 1A) [37]. The MGO was characterized
by an optical microscopy, a VSM data, and UV/Vis and FT-IR spectroscopies. From the microscopy
image in Figure 1B, the irregular shape of the GO (~200 µm) and dark magnetic microparticles (1–10 µm)
bound on the GO surface (gray) are clearly visible. Figure 1C displays the magnetic properties of the
prepared MGO. Typical superparamagnetic behavior was revealed by the magnetization loop of the
MGO, which showed little hysteresis, remanence (0.144 emu/mg), and coercivity. The inset photograph
in Figure 1C shows that the MGO can be easily separated from the aqueous solution in under 1 min
with an external magnet and easily re-dispersed in the solution by simple shaking after removing the
magnet. Two characteristic peaks appear in the GO UV/Vis spectrum of Figure 1D. Typically, a peak
with a maximum at ~231 nm corresponds to π→π* transitions of aromatic C-C bonds, while a broad
peak at 320–380 nm can be assigned to Fe-O bonds [38]. After magnetization, the maximum peak
(~231 nm) of the GO exhibited a slight red shift to ~245 nm and the absorbance band of the MGO became
broader than that of the GO over the entire UV/Vis wavelength range. The FT-IR spectra of both the GO
and MGO were also compared. As shown in Figure 1E, the peak at 1733 cm−1 corresponding to C=O
groups of GO carbonyl and carboxyl moieties shifted to 1649 cm−1 due to the formation of carboxylate
after the introduction of Fe3O4 particles on the GO. Similarly, the peak at 1624 cm−1 corresponding
to skeletal vibrations of the GO domains (C=C) also shifted to 1541 cm−1 [39]. The C–O stretching
peak corresponding to alkoxy groups (1227 cm−1) and the C–O–C stretching peak corresponding to
epoxy groups (1064 cm−1) disappeared. Instead, the characteristic peak corresponding to the stretching
vibration of Fe–O bonds appeared at 578 cm−1 [40]. Such characteristics of the GO and MGO indicated
that the proper magnetization was achieved on the GO surface and, thus, the MGO was ready for the
in situ peptide synthesis matrix and the further FRET-based protease assay.
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Figure 1. Preparation and characterization of graphene oxide (GO) and magnetic graphene oxide (MGO).
(A) Schematic of MGO synthesis procedure. (B) Optical microscopy image of MGO. (C) Magnetic
hysteresis loop of MGO. (D) UV/Vis absorption spectra of GO and MGO. (E) FT-IR spectra of GO
and MGO.

3.2. Evaluation of In Situ Peptide Synthesis on MGO

For in situ peptide synthesis on the MGO, the carboxyl group of the MGO was activated with
EDC/NHS followed by coupling with poly(ethylene glycol) (PEG) diamine (Mn = 300, 500, 800,
respectively); see (Figure 2). PEG diamine was incorporated to generate amino groups on the MGO
and improve protease accessibility by acting as a spacer on the MGO surface. A Fmoc-PCL was
subsequently coupled with the amino-functionalized MGO for the mass spectrometry analysis of
released peptides. To evaluate the feasibility of Fmoc/t-Bu chemistry-based peptide synthesis on the
MGO, two peptides specific to the thrombin and β-secretase (LVPRGS and EVNLDA, respectively)
were synthesized on MGO matrices.
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Figure 2. Coupling of polyethylene glycol (PEG) diamine and photocleavable linker (PCL) to MGO.

After peptides were synthesized on the MGO matrices, the peptides were released by the cleavage
of PCL upon UV irradiation (365 nm). Peptide sequences were confirmed by matrix assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) analysis after magnetic
separation (Figure 3). Two strong peaks in the MALDI-TOF spectra at 628.37 and 659.33 shown in
Figure 3B,C corresponded to the theoretical mass-to-charge (m/z, [M + H]+) values of H-LVPRGS-NH2

and H-EVNLDA-NH2 peptides, respectively. This result demonstrates that the MGO nano-composite
materials with capability of direct peptide synthesis can be a potential platform for the FRET-based
protease assay.
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Figure 3. In situ peptide synthesis on MGO and mass spectrometry of the released peptides.
(A) Schematic diagram of synthesized peptide on MGO and photocleavage reaction of β-secretase
(EVNLDA) peptide on MGO. (B,C) MALDI-TOF analyses of H-thrombin(LVPRGS)-NH2 and
H-EVNLDA-NH2 released from the MGO upon UV irradiation (365 nm).

3.3. Optimization of PEG Spacer Length for Protease Activity Assay

A scheme of the working principle for the MGO FRET biosensor platform is illustrated in Figure 4.
Protease-specific peptide was synthesized onto the MGO, followed by labeling of the N-terminal of the
peptide with FITC as a fluorophore. Resonance energy transfer from the FITC to the MGO resulted in
quenching of the fluorescence generated from the FITC. The protease cleaved a specific sequence of
peptide-rendering FITC-labeled fragments released from the MGO surface, leading to fluorescence
recovery of the FITC in solution. The degree of increase in fluorescence reflects the proteolytic activity.

Figure 4. Illustration of MGO fluorescence resonance energy transfer (FRET) sensor based on
fluorescence recovery induced by enzymatic cleavage.
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The kinetic behaviors of FRET in the MGO-FITC platform incorporating FITC-KKK-PEGx in
response to trypsin was first investigated as a function of concentration and reaction time. Figure 5A
shows the fluorescence emission spectra of the FITC-KKK-PEG800-MGO in the presence of various
concentrations of trypsin (0, 5, 10, 20, 40, 80, and 160 µg/mL). Trypsin-mediated cleavage of the
peptide sequence KKK for 30 min resulted in the release of FITC-labeled fragments from the MGO.
Fluorescence spectrophotometry data showed stronger fluorescence intensity at 514.5 nm as the
concentration of trypsin increased. In Figure 5B, the normalized fluorescence intensity (F/F0) of the
biosensors linked with PEG300-diamine, PEG500-diamine, and PEG800-diamine are plotted according
to the concentrations of trypsin; fluorescence recovery improved with longer PEG chains. This result
clearly indicated that increased space between the peptide and MGO matrix improved the recognition
of trypsin by the tripeptide.

Figure 5. Fluorescence signals from fluorescein 5-isothiocyanate FITC-KKK PEGx-MGO biosensors
upon tryptic peptide cleavage. (A) Fluorescence emission spectra of FITC-KKK-PEG800-MGO FRET
biosensors in the presence of trypsin at concentrations of 0 to 160 µg/mL for 30 min. (B) Fluorescence
intensity recovery (F/F0) at 514.5 nm depending on the PEG length in FITC-KKK-PEGx-MGO
in response to different concentrations of trypsin. (C) Temporal fluorescence emission spectra
of FITC-KKK-PEG800-MGO FRET biosensors from 0 to 100 min with 20 µg/mL of trypsin.
(D) Time-dependent fluorescence intensity recovery (F/F0) at 514.5 nm depending on PEG length in
FITC-KKK-PEGx-MGO with 20 µg/mL of trypsin.

Figure 5C shows the fluorescence emission spectra of FITC-KKK-PEG800-MGO as a function of time
(0 to 100 min) with 20 µg/mL of trypsin. Fluorescence intensity recovery was clearly observed within
10 min and gradually increased. To investigate the effect of the spacer length, temporal fluorescence
intensity recovery (F/F0) was observed with 20 µg/mL of trypsin. Biosensors with the PEG300-diamine
and PEG500-diamine spacers showed slower fluorescence recovery (Figure 5D). As evident in the
fluorescence emission spectra, the ratio of increase in the intensity of FITC-KKK-PEG800-MGO
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(60% increase compared with normalized fluorescence count at 60 min) was 6-fold greater than that
of FITC-KKK-PEG300-MGO (10% increase at 60 min, Figure 5D). On the basis of the above results,
PEG800 was employed as a spacer between the MGO and peptide for improved sensitivity in further
protease assays.

3.4. Evaluation of Thrombin Activity

The feasibility of the MGO FRET biosensor platform for thrombin detection using the
FITC-LVPRGS-PEG800-MGO biosensor was explored. Fluorescence recovery of the biosensor in
the presence of thrombin as a model biomarker took place by the thrombin cleavage of the peptide
between Arg and Gly [41]. Various concentrations of thrombin from 0 to 8 µg/mL were incubated
with the FITC-LVPRGS-PEG800-MGO biosensor for 30 min (Figure 6A). As a result, fluorescence
intensified as the thrombin concentration increased. Normalized fluorescence intensity (F/F0) values of
the FITC-LVPRGS-PEG800-MGO were plotted according to the concentrations of thrombin and bovine
serum albumin (BSA) as a control protein (Figure 6B). The fluorescence intensity clearly increased as
the concentration of thrombin increased, whereas BSA did not increase regardless of the concentration
of BSA. Figure 6C shows the fluorescence emission spectra of FITC-LVPRGS-PEG800-MGO from 0 to
100 min with 2 µg/mL of thrombin. The temporal fluorescence intensity increased as the biosensor
was challenged with protease solution. Furthermore, the fluorescence intensity recovery (F/F0) of the
FITC-LVPRGS-PEG800-MGO was 4-fold greater in the presence of thrombin (2 µg/mL) when compared
to BSA (2 µg/mL, Figure 6D). From these results, it could be concluded that thrombin was successfully
assayed using the MGO FRET biosensor platform.

Figure 6. Fluorescence signals from FITC-LVPRGS-PEG800-MGO biosensors upon peptide cleavage by
thrombin. (A) Fluorescence emission spectra of FITC-LVPRGS-PEG800-MGO FRET biosensors in the
presence of thrombin at concentration of 0 to 8 µg/mL for 30 min. (B) Fluorescence intensity recovery
(F/F0) at 514.5 nm from FITC-LVPRGS-PEG800-MGO in response to different concentrations of thrombin
when compared with BSA. (C) Temporal fluorescence emission spectra of FITC-LVPRGS-PEG800-MGO
FRET biosensors from 0 to 100 min at 2 µg/mL of thrombin. (D) Time-dependent fluorescence intensity
recovery (F/F0) at 514.5 nm in FITC-LVPRGS-PEG800-MGO at 2 µg/mL of thrombin when compared to
BSA (2 µg/mL).
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3.5. Evaluation of β-Secretase Activity

Finally, we investigated whether the MGO platform can be used for the detection of β-secretase,
which is considered to be an important Alzheimer’s disease marker [42,43]. The MGO FRET biosensors
were incorporated with the β-secretase-specific peptide (EVNLDA) [44]. Fluorescence recovery was
achieved by the cleavage of the peptide between Leu and Asp by β-secretase, resulting in the release of
FITC-EVNL. The fluorescence intensity increased with increasing concentration ofβ-secretase, as shown
in Figure 7A. Figure 7B shows the normalized fluorescence intensities for FITC-EVNLDA-PEG800-MGO
depending on the concentrations of target β-secretase and BSA as a control protein. This biosensor for
β-secretase showed that the working concentration ranged from 0.125 ng/mL to 1.2 µg/mL. Similar to
the thrombin assay, the fluorescence intensity increased as the concentration of β-secretase increased,
whereas that of the BSA did not increase. Figure 7C shows the temporal fluorescence signals from the
FITC-EVNLDA-PEG800-MGO for β-secretase. Fluorescence intensity gradually increased during the
first 30 min and was then saturated after 40 min, whereas BSA did not increase over time. To investigate
the substrate specificity of the peptide, FRET-EVNLDA-PEG800-MGO was challenged with various
nonspecific proteins including proteases. The biosensor exhibited the capability of highly specific
and selective detection of β-secretase over control enzymes and proteins including trypsin, BSA,
thrombin, cathepsin B, and matrix metallopeptidase-2 (MMP-2) (Figure 7D). Overall, we summarized
the protease assay results in the literature and compared with our results (Table 1). Even though the
sensitivity is variable because of diverse proteolytic kinetics, the assay time (30 min) and the limit
of detection (2 pM) from our results are comparable to the data from FRET-based pre-synthesized
peptide/graphene complexed matrices in the literature. These results indicate that the FRET–MGO
platform with in situ synthesized peptide EVNLDA holds a great promise for the development of
a biosensor for the detection of Alzheimer’s disease. In addition, this sensing platform can easily be
adapted to an automated synthesis system, thereby enabling the detection of various diseases.
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Figure 7. Fluorescence signals from FITC-EVNLDA-PEG800-MGO biosensors upon peptide cleavage
by β-secretase. (A) Fluorescence emission spectra of FITC-EVNLDA-PEG800-MGO FRET biosensors
in the presence of β-secretase at concentrations of 0 to 8 µg/mL for 30 min. (B) Fluorescence
intensity recovery (F/F0) at 514.5 nm from FITC-EVNLDA-PEG800-MGO in response to different
concentrations of β-secretase when compared to BSA. (C) Temporal fluorescence emission spectra of
FITC-EVNLDA-PEG800-MGO FRET biosensors from 0 to 60 min at 2 µg/mL of β-secretase. (D) FRET
activities of FITC-EVNLDA-PEG800-MGO for various proteins at a protein concentration of 0.1 µg/mL.

Table 1. Comparison of protease assay performance on FRET-based graphene–peptide
complexed matrices.

Specific Peptide Target Protease Assay Time Limit of Detection Reference

TTYADFIASGRTG-RRNAIHD
(pre-synthesized) Carboxypeptidase Y 8 h 1.0 × 10−5 U/µL Wang et al. [30]

PLGVR
(pre-synthesized) MMP2 b 2 h 0.19 ng/mL

(3 pM) Xi et al. [31]

CALNNSQNYPIVQK
(pre-synthesized) HIV-1 a protease 30 min 1.18 ng/mL

(109 pM) Zhang et al. [45]

GKGGLVPRGSGC,
GPLGVRGC,

GKGGLVPRGSGK
(pre-synthesized)

MMP2, thrombin 60 min MMP2: 1.0 nM;
Thrombin: 0.5 nM Li et al. [46]

EVNLDA
(in situ synthesized) β-secretase 30 min 0.125 ng/mL

(2 pM)
Kim and Lee et al.

(This study)
a human immunodeficiency virus-1; b matrix metalloproteinase 2.

4. Conclusions

In summary, we employed novel magnetic graphene oxide-based FRET biosensors
(FITC-peptide-PEG-MGO biosensors) capable of in situ peptide synthesis and subsequent protease
assays. Graphene oxide (GO) was prepared according to the improved Hummers’ method, and magnetic
graphene oxide (MGO) was produced by the co-precipitation of Fe2+ and Fe3+ in an aqueous
solution. The MGO was characterized by optical microscopy, a vibrating sample magnetometer (VSM),
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and UV/Vis and FT-IR spectroscopies. As confirmed by MALDI-TOF MS analysis, protease substrate
peptides were successfully synthesized on the PCL-PEG-MGO. Fluorescence recovery from the FRET
peptide MGO biosensors revealed that PEG800 as a linker had an optimal length for the tryptic activity
assay. FRET peptide MGO biosensors were challenged with a solution of thrombin and β-secretase
as biomarkers, and the proteases were assayed. In particular, β-secretase was successfully assayed
using the FRET-EVNLDA-MGO biosensor in the concentration range of 0.125 ng/mL to 1.2 µg/mL.
Overall, this MGO biosensor platform is ready to be automated and the peptide substrate will be
diverse in a high throughput configuration. We envision that the FRET-MGO biosensor platform is
applicable to the detection of other proteases through the use of various peptide substrates.

Author Contributions: D.-S.S., W.-J.C., and S.-M.L. supervised the work and administrated the project. S.K. and
J.P.Y. performed experiments. S.K., J.P.Y., N.L., J.C., D.-S.S., W.-J.C., and S.-M.L. analyzed the data and wrote the
paper. All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the research fund of the Ministry of Trade, Industry and
Energy (Grant No. 10077599 to D.-S.S.), Korea and Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Education (2019R1F1A1062208 to D.-S.S. and
2017R1A6A1A03015642 to W.-J.C.).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Feng, Y.; Wang, Z.W.; Zhang, R.X.; Lu, Y.Y.; Huang, Y.Q.; Shen, H.X.; Lv, X.M.; Liu, J. Anti-fouling graphene
oxide based nanocomposites membrane for oil-water emulsion separation. Water Sci. Technol. 2018, 77,
1179–1185. [CrossRef]

2. Georgakilas, V.; Kouloumpis, A.; Gournis, D.; Bourlinos, A.; Trapalis, C.; Zboril, R. Tuning the dispersibility
of carbon nanostructures from organophilic to hydrophilic: Towards the preparation of new multipurpose
carbon-based hybrids. Chem. Eur. J. 2013, 19, 12884–12891. [CrossRef] [PubMed]

3. Georgakilas, V.; Tiwari, J.N.; Kemp, K.C.; Perman, J.A.; Bourlinos, A.B.; Kim, K.S.; Zboril, R. Noncovalent
functionalization of graphene and graphene oxide for energy materials, biosensing, catalytic, and biomedical
applications. Chem. Rev. 2016, 116, 5464–5519. [CrossRef] [PubMed]

4. Kaczmarek-Kedziera, A. Influence of photodegradation and surface modification on the graphene-diclofenac
physisorption process. Int. J. Quantum Chem. 2019, 119, e26030. [CrossRef]

5. Konkena, B.; Vasudevan, S. Understanding aqueous dispersibility of graphene oxide and reduced graphene
oxide through pK(a) measurements. J. Phys. Chem. Lett. 2012, 3, 867–872. [CrossRef]

6. Kumar, S.; Bukkitgar, S.D.; Singh, S.; Pratibha; Singh, V.; Reddy, K.R.; Shetti, N.P.; Reddy, C.V.; Sadhu, V.;
Naveen, S. Electrochemical sensors and biosensors based on graphene functionalized with metal oxide
nanostructures for healthcare applications. Chemistryselect 2019, 4, 5322–5337. [CrossRef]

7. Li, Q.Z.; Fan, F.; Wang, Y.; Feng, W.; Ji, P.J. Enzyme immobilization on carboxyl-functionalized graphene
oxide for catalysis in organic solvent. Ind. Eng. Chem. Res. 2013, 52, 6343–6348. [CrossRef]

8. Liu, J.; Xue, Y.H.; Gao, Y.X.; Yu, D.S.; Durstock, M.; Dai, L.M. Hole and electron extraction layers based on
graphene oxide derivatives for high-performance bulk heterojunction solar cells. J. Adv. Mater. 2012, 24,
2228–2233. [CrossRef]

9. Liu, Z.; Robinson, J.T.; Sun, X.M.; Dai, H.J. PEGylated nanographene oxide for delivery of water-insoluble
cancer drugs. J. Am. Chem. Soc. 2008, 130, 10876–10877. [CrossRef]

10. Shetti, N.P.; Malode, S.J.; Nayak, D.S.; Bagihalli, G.B.; Reddy, K.R.; Ravindranadh, K.; Reddy, C.V. A novel
biosensor based on graphene oxide-nanoclay hybrid electrode for the detection of Theophylline for healthcare
applications. Microchem. J. 2019, 149, 103985. [CrossRef]

11. Ahmed, M.S.; Kim, Y.B. 3D graphene preparation via covalent amide functionalization for efficient metal-free
electrocatalysis in oxygen reduction. Sci. Rep. 2017, 7, 43279. [CrossRef] [PubMed]

12. Cernat, A.; Gyorfi, S.J.; Irimes, M.B.; Tertis, M.; Bodoki, A.; Pralea, I.E.; Suciu, M.; Cristea, C. Click chemistry
on azide-functionalized graphene oxide. Electrochem. Commun. 2019, 98, 23–27. [CrossRef]

13. Tanhaei, M.; Mahjoub, A.R.; Safarifard, V. Sonochemical synthesis of amide-functionalized metal-organic
framework/graphene oxide nanocomposite for the adsorption of methylene blue from aqueous solution.
Ultrason. Sonochem. 2018, 41, 189–195. [CrossRef] [PubMed]

http://dx.doi.org/10.2166/wst.2017.634
http://dx.doi.org/10.1002/chem.201301200
http://www.ncbi.nlm.nih.gov/pubmed/23934746
http://dx.doi.org/10.1021/acs.chemrev.5b00620
http://www.ncbi.nlm.nih.gov/pubmed/27033639
http://dx.doi.org/10.1002/qua.26030
http://dx.doi.org/10.1021/jz300236w
http://dx.doi.org/10.1002/slct.201803871
http://dx.doi.org/10.1021/ie400558u
http://dx.doi.org/10.1002/adma.201104945
http://dx.doi.org/10.1021/ja803688x
http://dx.doi.org/10.1016/j.microc.2019.103985
http://dx.doi.org/10.1038/srep43279
http://www.ncbi.nlm.nih.gov/pubmed/28240302
http://dx.doi.org/10.1016/j.elecom.2018.11.008
http://dx.doi.org/10.1016/j.ultsonch.2017.09.030
http://www.ncbi.nlm.nih.gov/pubmed/29137743


Sensors 2020, 20, 5275 13 of 14

14. Wang, A.J.; Yu, W.; Huang, Z.P.; Zhou, F.; Song, J.B.; Song, Y.L.; Long, L.L.; Cifuentes, M.P.; Humphrey, M.G.;
Zhang, L.; et al. Covalent functionalization of reduced graphene oxide with porphyrin by means of diazonium
chemistry for nonlinear optical performance. Sci. Rep. 2016, 6, 23325. [CrossRef] [PubMed]

15. Rajender, N.; Suresh, K.I. Surface-initiated atom transfer radical polymerization (SI-ATRP) from graphene
oxide: Effect of functionalized graphene sheet (FGS) on the synthesis and material properties of PMMA
nanocomposites. Macromol. Mater. Eng. 2016, 301, 81–92. [CrossRef]

16. Wang, Y.; Li, S.S.; Yang, H.Y.; Luo, J. Progress in the functional modification of graphene/graphene oxide:
A review. RSC Adv. 2020, 10, 15328–15345.

17. Yeltik, A.; Kucukayan-Dogu, G.; Guzelturk, B.; Fardindoost, S.; Kelestemur, Y.; Demir, H.V. Evidence
for nonradiative energy transfer in graphene-oxide-based hybrid structures. J. Phys. Chem. C 2013, 117,
25298–25304. [CrossRef]

18. Morales-Narvaez, E.; Perez-Lopez, B.; Pires, L.B.; Merkoci, A. Simple forster resonance energy transfer
evidence for the ultrahigh quantum dot quenching efficiency by graphene oxide compared to other carbon
structures. Carbon 2012, 50, 2987–2993. [CrossRef]

19. Yew, Y.T.; Loo, A.H.; Sofer, Z.; Klimova, K.; Pumera, M. Coke-derived graphene quantum dots as fluorescence
nanoquencher in DNA detection. Appl. Mater. Today 2017, 7, 138–143. [CrossRef]

20. Morales-Narvaez, E.; Merkoci, A. Graphene oxide as an optical biosensing platform. Adv. Mater. 2012, 24,
3298–3308. [CrossRef]

21. Zhu, L.; Xu, G.H.; Song, Q.; Tang, T.; Wang, X.; Wei, F.D.; Hu, Q. Highly sensitive determination of dopamine
by a turn-on fluorescent biosensor based on aptamer labeled carbon dots and nano-graphite. Sens. Actuators
B Chem. 2016, 231, 506–512. [CrossRef]

22. Guo, H.; Li, J.S.; Li, Y.W.; Wu, D.; Ma, H.M.; Wei, Q.; Du, B. A turn-on fluorescent sensor for Hg2+ detection
based on graphene oxide and DNA aptamers. New J. Chem. 2018, 42, 11147–11152. [CrossRef]

23. Baek, Y.M.; Jeong, Y.; Kim, D.E. Fluorometric Detection of Oncogenic EML4-ALK Fusion Gene based on
a Graphene Oxide System. Biochip J. 2019, 13, 370–377. [CrossRef]

24. Chang, L.F.; He, X.W.; Chen, L.X.; Zhang, Y.K. A novel fluorescent turn-on biosensor based on QDs@GSH-GO
fluorescence resonance energy transfer for sensitive glutathione S-transferase sensing and cellular imaging.
Nanoscale 2017, 9, 3881–3888. [CrossRef]

25. Ding, L.Y.; Xu, B.; Li, T.; Huang, J.; Bai, W. A “turn-on” fluorescence copper biosensor based on DNA
cleavage-dependent graphene oxide-dsDNA-CdTe quantum dots complex. Sensors 2018, 18, 3605. [CrossRef]

26. Li, M.; Zhou, X.J.; Guo, S.W.; Wu, N.Q. Detection of lead (II) with a “turn-on” fluorescent biosensor based
on energy transfer from CdSe/ZnS quantum dots to graphene oxide. Biosens. Bioelectron. 2013, 43, 69–74.
[CrossRef]

27. Wei, W.L.; Xu, C.; Ren, J.S.; Xu, B.L.; Qu, X.G. Sensing metal ions with ion selectivity of a crown ether
and fluorescence resonance energy transfer between carbon dots and graphene. Chem. Commun. 2012, 48,
1284–1286. [CrossRef]

28. Yang, J.K.; Kwak, S.Y.; Jeon, S.J.; Lee, E.; Ju, J.M.; Kim, H.I.; Lee, Y.S.; Kim, J.H. Proteolytic disassembly of
peptide-mediated graphene oxide assemblies for turn-on fluorescence sensing of proteases. Nanoscale 2016,
8, 12272–12281. [CrossRef] [PubMed]

29. Zhang, H.; Huang, H.; Lin, Z.H.; Su, X.G. A turn-on fluorescence-sensing technique for glucose determination
based on graphene oxide-DNA interaction. Anal. Bioanal. Chem. 2014, 406, 6925–6932. [CrossRef]

30. Wang, F.F.; Gao, J.; Zhao, J.W.; Zhang, W.Y.; Bai, J.; Jia, H.X.; Wang, Y.C. A new two-mode fluorescence signal
amplification strategy for protease activity assay based on graphene oxide. RSC Adv. 2017, 7, 47983–47989.
[CrossRef]

31. Xi, G.N.; Wang, X.P.; Chen, T.S. A reduced graphene oxide-based fluorescence resonance energy transfer
sensor for highly sensitive detection of matrix metalloproteinase 2. Int. J. Nanomed. 2016, 11, 1537–1547.
[CrossRef] [PubMed]

32. Tian, F.Y.; Zho, J.; Jiao, B.N.; He, Y. A nanozyme-based cascade colorimetric aptasensor for amplified detection
of ochratoxin A. Nanoscale 2019, 11, 9547–9555. [CrossRef] [PubMed]

33. Chiu, N.F.; Kuo, C.T.; Chen, C.Y. High-affinity carboxyl-graphene oxide-based SPR aptasensor for the
detection of hCG protein in clinical serum samples. Int. J. Nanomed. 2019, 14, 4833–4847. [CrossRef]

34. Li, J.X.; Zheng, L.L.; Zeng, L.; Zhang, Y.; Jiang, L.; Song, J.L. RGD peptide-grafted graphene oxide as a new
biomimetic nanointerface for impedance-monitoring cell behaviors. J. Nanomater. 2016, 2016. [CrossRef]

http://dx.doi.org/10.1038/srep23325
http://www.ncbi.nlm.nih.gov/pubmed/27011265
http://dx.doi.org/10.1002/mame.201500256
http://dx.doi.org/10.1021/jp408465a
http://dx.doi.org/10.1016/j.carbon.2012.02.081
http://dx.doi.org/10.1016/j.apmt.2017.01.002
http://dx.doi.org/10.1002/adma.201200373
http://dx.doi.org/10.1016/j.snb.2016.03.084
http://dx.doi.org/10.1039/C8NJ01709C
http://dx.doi.org/10.1007/s13206-019-3408-z
http://dx.doi.org/10.1039/C6NR09944K
http://dx.doi.org/10.3390/s18082605
http://dx.doi.org/10.1016/j.bios.2012.11.039
http://dx.doi.org/10.1039/C2CC16481G
http://dx.doi.org/10.1039/C6NR02815B
http://www.ncbi.nlm.nih.gov/pubmed/27271225
http://dx.doi.org/10.1007/s00216-014-7758-z
http://dx.doi.org/10.1039/C7RA08166A
http://dx.doi.org/10.2147/IJN.S102517
http://www.ncbi.nlm.nih.gov/pubmed/27143876
http://dx.doi.org/10.1039/C9NR02872B
http://www.ncbi.nlm.nih.gov/pubmed/31049533
http://dx.doi.org/10.2147/IJN.S208292
http://dx.doi.org/10.1155/2016/2828512


Sensors 2020, 20, 5275 14 of 14

35. Marcano, D.C.; Kosynkin, D.V.; Berlin, J.M.; Sinitskii, A.; Sun, Z.; Slesarev, A.; Alemany, L.B.; Lu, W.; Tour, J.M.
Improved synthesis of graphene oxide. ACS Nano 2010, 4, 4806–4814. [CrossRef]

36. Park, K.-W.; Jung, J.H. Spectroscopic and electrochemical characteristics of a carboxylated graphene–ZnO
composites. J. Power Sources 2012, 199, 379–385. [CrossRef]

37. Kyzas, G.; Travlou, N.; Kalogirou, O.; Deliyanni, E. Magnetic graphene oxide: Effect of preparation route on
reactive black 5 adsorption. Materials 2013, 6, 1360–1376. [CrossRef]

38. Li, R.; Liu, X.; Deng, X.; Zhang, S.; He, Q.; Chang, X. Fluorescence determination based on graphene oxide.
Mater. Lett. 2012, 76, 247–249. [CrossRef]

39. Guo, J.; Wang, R.; Tjiu, W.W.; Pan, J.; Liu, T. Synthesis of Fe nanoparticles@graphene composites for
environmental applications. J. Hazard. Mater. 2012, 225–226, 63–73. [CrossRef]

40. Yang, X.; Zhang, X.; Ma, Y.; Huang, Y.; Wang, Y.; Chen, Y. Superparamagnetic graphene oxide–Fe3O4

nanoparticles hybrid for controlled targeted drug carriers. J. Mater. Chem. 2009, 19, 2710–2714. [CrossRef]
41. Dashkevich, N.M.; Ovanesov, M.V.; Balandina, A.N.; Karamzin, S.S.; Shestakov, P.I.; Soshitova, N.P.;

Tokarev, A.A.; Panteleev, M.A.; Ataullakhanov, F.I. Thrombin activity propagates in space during blood
coagulation as an excitation wave. Biophys. J. 2012, 103, 2233–2240. [CrossRef] [PubMed]

42. Stockley, J.H.; Ravid, R.; O’Neill, C. Altered beta-secretase enzyme kinetics and levels of both BACE1 and
BACE2 in the Alzheimer’s disease brain. FEBS Lett. 2006, 580, 6550–6560. [CrossRef] [PubMed]

43. Pan, X.B.; Green, B.D. Temporal effects of neuron-specific beta-secretase 1 (BACE1) knock-in on the mouse
brain metabolome: Implications for Alzheimer’s disease. Neuroscience 2019, 397, 138–146. [CrossRef]

44. Han, J.; Ji, Y.; Youn, K.; Lim, G.; Lee, J.; Kim, D.H.; Jun, M. Baicalein as a potential inhibitor against BACE1
and AChE: Mechanistic comprehension through in vitro and computational approaches. Nutrients 2019,
11, 2694. [CrossRef] [PubMed]

45. Zhang, Y.; Chen, X.; Roozbahani, G.M.; Guan, X. Graphene oxide-based biosensing platform for rapid and
sensitive detection of HIV-1 protease. Anal. Bioanal. Chem. 2018, 410, 6177–6185. [CrossRef]

46. Li, J.; Lu, C.-H.; Yao, Q.-H.; Zhang, X.-L.; Liu, J.-J.; Yang, H.-H.; Chen, G.-N. A graphene oxide platform for
energy transfer-based detection of protease activity. Biosens. Bioelectron. 2011, 26, 3894–3899. [CrossRef]
[PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/nn1006368
http://dx.doi.org/10.1016/j.jpowsour.2011.10.016
http://dx.doi.org/10.3390/ma6041360
http://dx.doi.org/10.1016/j.matlet.2012.02.118
http://dx.doi.org/10.1016/j.jhazmat.2012.04.065
http://dx.doi.org/10.1039/b821416f
http://dx.doi.org/10.1016/j.bpj.2012.10.011
http://www.ncbi.nlm.nih.gov/pubmed/23200057
http://dx.doi.org/10.1016/j.febslet.2006.10.076
http://www.ncbi.nlm.nih.gov/pubmed/17113083
http://dx.doi.org/10.1016/j.neuroscience.2018.11.031
http://dx.doi.org/10.3390/nu11112694
http://www.ncbi.nlm.nih.gov/pubmed/31703329
http://dx.doi.org/10.1007/s00216-018-1224-2
http://dx.doi.org/10.1016/j.bios.2011.03.003
http://www.ncbi.nlm.nih.gov/pubmed/21458253
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of Graphene Oxide (MGO) 
	In Situ Peptide Synthesis on MGO Matrix 
	Evaluation of Proteolytic Activities Using the MGO FRET Platform 

	Results and Discussion 
	Preparation and Characterization of Magnetic GO (MGO) 
	Evaluation of In Situ Peptide Synthesis on MGO 
	Optimization of PEG Spacer Length for Protease Activity Assay 
	Evaluation of Thrombin Activity 
	Evaluation of -Secretase Activity 

	Conclusions 
	References

