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Abstract

A peptide-graphene oxide nanosensor has been developed to detect tobacco etch virus (TEV) protease and bacteria infected with
an engineered bacteriophage. In the detection strategy, a peptide (sequence: RKRFRENLYFQSCP) is tagged with fluorophores
and graphene oxide (GO) is used to adsorb the peptides while quenching their fluorescence. In the presence of TEV protease,
fluoropeptides are cleaved between glutamine (Q) and serine (S), resulting in the recovery of fluorescence signal. Based on the
fluorescent intensity, the detection limit of TEV protease is 51 ng/uL. Additionally, we have utilized the sensing system to detect
bacteria cells. Bacteriophages, which were engineered to carry TEV protease genes, were used to infect target bacteria
(Escherichia coli) resulting in the translation and release of the protease. This allowed the estimation of bacteria at the concen-
tration of 10* CFU/mL. This strategy has the potential to be developed as a multiplex detection platform of multiple bacterial

species.
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Introduction

Proteases, which is a group of hydrolytic enzymes, can break
down specific amide bonds in peptides and play an extremely
important role in multiple biological processes [1]. They also
initiate and progress many important medical and disease con-
ditions, including cancer, arthritis, and neurodegenerative dis-
eases [2, 3]. Thus, there is an urgent need to develop a sensi-
tive and rapid method to detect disease-related protease. Over
the past few decades, several detection methods based on
enzyme-linked immunosorbent assay (ELISA) and fluores-
cence resonance energy transfer (FRET) have been reported
for protease detection. [4, 5]. In particular, FRET-based pro-
tease detection using hybrid advanced biological-
nanomaterial sensors has gained increased attention due to a
simple detection strategy and high sensitivity.
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Graphene oxide (GO), synthesized by the oxidation of
graphene, is a single-layer two-dimensional carbon nanosheet
containing oxygenated groups in its molecular structure, such
as hydroxyl and epoxide groups in the basal plane and car-
boxyl groups on its exposed edges [6, 7]. Due to these chem-
ical groups, GO shows distinct advantages when used for
biosensing applications, including large surface areas, good
water solubility, and pragmatic surface modification [8—10].
Because of its strong capacity to adsorb biomolecules (e.g.,
nucleic acids, peptides, and proteins) and excellent fluores-
cence quenching efficiency, GO incorporated with
fluorescence-labeled biomolecules has enabled the detection
of DNA, metal ions, protease, and other analytes [11-16]. As
a nanosensor, nucleic acid-GO hybrid nanoprobes have been
well-studied. However, peptide-GO hybrid nanoprobes for
protease detection are still in its early stages. Furthermore,
the utilization of peptide-GO hybrid nanosensors for bacteria
detection is yet unexplored.

Herein, we report the proof-of-principle for a novel prote-
ase and bacteria nanosensor based on the conjugation of GO
and fluorescence-labeled peptides. To accomplish this, these
fluoropeptides were adsorbed on the surface of GO, which can
quench the fluorescence of fluoropeptides. In the presence of
the appropriate protease (or released from engineered phage
infection), the fluoropeptides were cleaved, resulting in the
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recovery of fluorescence signals. The intensities of fluores-
cence signals were directly related to protease concentration
(or bacteria concentration). Bacteria were detected using bac-
teriophages (phages) which were engineered to carry a gene
for the TEV protease. Phages are viruses which can specifi-
cally infect, replicate within, and then lyse host bacteria. Upon
lysis, the TEV protease was released into the sample allowing
peptide cleavage. To the best of our knowledge, it is the first
study to detect bacteria concentration using peptide-GO
nanoprobes combined with engineered phages.

Experimental
Materials and instrumentation

The engineered phage carrying tobacco etch virus (TEV) pro-
tease gene is described in a previous publication [17].
Escherichia coli (E. coli) BL21 was purchased from EMD
Millipore (Billerica, MA). The peptides labeled with FITC
(fluoropeptide: RKRFRENLYFQSCP-FITC) was synthesized
by GeneScript (Piscataway, NJ). Sodium chloride, potassium
chloride, sodium phosphate dibasic, potassium phosphate
monobasic, tryptone, yeast extract, and agar were purchased
from Fisher Scientific (Fair Lawn, NJ). All other chemicals
were purchased from Acros Organics (Morris Plains, NJ).
Aqueous solutions were prepared using Mill-Q water with

Fig. 1 Schematic illustration of
the fluoropeptide-GO
nanosensors to detect (1) TEV
protease and (2) bacteria cells
combining engineered
bacteriophages. The peptide was
labeled with FITC, which can be
cleaved between glutamine (Q)
and serine (S) amino acids by
TEV protease

18.2 mQ/cm at 25 °C from Thermo Fisher Scientific
(Asheville, NC). All media, buffer, and plastic/glassware were
autoclaved at 121 °C for 30 min. The graphene oxide was
characterized using JEOL JEM-2000F X transmission electron
microscopy (TEM, Hillsboro, OR) and a Veeco Dimension
3100 atomic force microscope (AFM, Signal Hill, CA). The
fluorescence intensities were recorded using a UV-vis spec-
trophotometer from Synergy2 Biotek (Winooski, VT).

Synthesis of graphene oxide

Graphene oxide (GO) was prepared using a modified
Hummers method [18, 19]. Briefly, graphite powder
(3.0 g) was added into a solution consisting of concentrat-
ed H,SO4 (120 mL) and HNO3 (60 mL) under gentle
stirring at room temperature for 1 h. After chilling in an
ice bath, KMnQOy (15.0 g) was added slowly under gentle
stirring to keep the temperature below 20 °C. The mixture
was then stirred at room temperature for 2 h. After that,
the mixture was kept in an ice bath and Mill-Q water
(250 mL) was slowly added to keep the temperature be-
low to 55 °C. Additionally, H,O, (20 mL, 30%) was
dropped into the mixture under gentle stirring, and the
color of mixture solution changed into bright yellow with
bubbling. After stirring for another 2 h, the solution was
centrifuged and washed using 1:10 HCI solution. Finally,
the solution was purified using MW 7000 dialysis
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Fig. 2 The characterization of synthesized GO. a—b Transmission
electron microscope (TEM) image and ¢ atomic force microscope
(AFM) image of the GO (insert: the thickness of GO)

membranes for 2 days. The obtained solution was diluted
to make a GO stock solution (2 mg/mL).

Fluorescence titration

Fluorescence titration was conducted using 96-well plates
by titrating increasing of GO concentration against con-
stant fluoropeptide concentration. The obtained lyophi-
lized fluoropeptide (RKRFRENLYFQSCP-FITC) was dis-
solved and diluted using phosphate buffer (PB, 5 mM,
pH 7.4) to a concentration of 10 uM. The fluorescence
(FL) intensity of fluoropeptide (50 uL, 10 uM) at 200 uL
fluid volume in the absence of GO quencher was deter-
mined at appropriately 25,000. With fluoropeptide con-
centration fixed, different GO concentrations (50 pL)
were added and incubated for 10 min, while maintaining
the fluid volume at 200 pL. The fluorescence intensities
were then measured using Biotek at the excitation wave-
length of 485 nm. All experiments were conducted in
triplicates.

Monitoring of TEV protease activity

The TEV protease activity was monitored using
fluoropeptide-GO hybrid nanoprobes. Fluoropeptide
(50 puL, 10 uM), GO solution (50 uL, 20 pg/mL), and
PB (80 pL) were incubated for 10 min. Different TEV
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Fig. 3 a Fluorescence spectra of fluoropeptides in the presence of various
concentrations of GO from 0 to 0.4 mg/mL. b Normalized fluorescence at
the wavelength of 528 nm towards the GO concentration at the excitation
wavelength of 485 nm

protease concentrations (20 uL) were added into these
mixture solutions in 96-well plates, respectively. The 96-
well plate was read using Biotek following 30 min at an
interval of 30 s at 30 °C at the excitation/emission of 485/
528 nm. All experiments were repeated three times.

Detection of E. coli combined with engineered phage

An overnight culture of E. coli cells was washed three times
and finally suspended in phosphate-buffered saline (PBS,
10 mM). The washed E. coli cells were diluted into different
concentrations using lysogeny broth (LB). Engineered phages
carrying TEV gene (100 uL, 10°> PFU/mL) were incubated
with different E. coli concentrations (900 pL) at 37 °C with
200 rpm shaking for 3 h. LB without E. coli cells was used as
negative control. Each lysis solution (20 puL) was added into
fluoropeptide-GO hybrid solution containing fluoropeptide
(50 uL, 10 uM), GO solution (50 pL, 20 pg/mL), and PB
(80 pL). After incubation at 30 °C for 30 min. The fluores-
cence intensities were then measured using a Biotek
Fluoresence plate reader at the excitation wavelength of
485 nm. All experiments were conducted in triplicates.
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Fig. 4 a Kinetic fluorescence intensity response of the fluoropeptide-GO
nanosensors in the presence of different TEV protease concentrations at
the excitation/emission wavelength of 485/528 nm. b Plot of normalized
TEV protease activity towards TEV protease concentration

Fig. 5 Plot of normalized activity 8 -

of TEV protease towards various 2500

Statistical analysis

Statistical significance was determined using Student’s t test.
All data were presented as mean + standard deviation (SD)
from a minimum of three replicates, and the error bars in all
figures represent one SD of at least three independent exper-
iments. The test set of data was compared with the control set,
with one asterisk (¥, 0.01 < P value < 0.05) indicating differ-
ence and two asterisks (**, P value < 0.01) indicating signif-
icant difference.

Results and discussion

Principle of protease/bacteria detection using
peptide-GO nanosensors

The scheme for the detection of protease/bacteria is shown in
Fig. 1. A synthetic TEV-substrate fluoropeptide (sequence:
RKRFRENLYFQSCP) was labeled with a fluorescein isothio-
cyanate (FITC). The net charge of the peptide at pH 7 is + 2.9,
allowing a strong attractive interaction with the strongly neg-
atively charged GO [20, 21]. After the fluoropeptides were
adsorbed on the surface of GO sheets, the fluorescence was
quenched via the efficient electron transfer. Upon adding TEV
protease solution, the TEV protease can recognize and cleave
the bond between glutamine (Q) and serine (S), resulting in
the recovery of the fluorescence signal [17, 22]. The strategy
was used to measure the concentration of TEV protease. In
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order to apply this technology to detect bacterial cell concen-
tration, genetically engineered bacteriophages (phages) carry-
ing the genes for the TEV protease were used to infect bacte-
rial cells, resulting in the expression and release of the TEV
protease. The detection steps can be divided into two steps: (1)
engineered phages infect the bacteria cell to express TEV
protease, which are then released into the sample media fol-
lowing cell lysis, (2) the released TEV protease recognizes
and cleaves the fluoropeptides quenched by GO, resulting in
the recovery of fluorescence signal. Based on the obtained
fluorescence readout, bacteria concentration can be estimated.

Characterization of synthesized GO

To assemble the peptide-GO hybrid nanosensors, GO was first
synthesized using a modified Hummers method [18, 19]. The
as-synthesized GO was purified using membrane dialysis and
dispersed in Mill-Q water to a concentration of 2 mg/mL. GO
was then characterized using a transmission electron micro-
scope (TEM) and an atomic force microscope (AFM). The
TEM image provided more detailed morphological informa-
tion of GO sheet (Fig. 2a—b). The thickness of GO was char-
acterized using the AFM. As shown in Fig. 2c¢, the thickness
of the GO sheets was appropriately 1.0 nm, suggesting the
formation of a single-atom thickness layered GO nanosheet.

Fluorescence titration to determine the ratio
of fluoropeptide and GO

Prior to detecting TEV protease, fluorescent titration was con-
ducted to determine the fluorescence turn-off ratio between
fluoropeptides and GO nanosheets. Fluoropeptides at the con-
centration of 2.5 uM in 200 puL fluid volume were measured
in the absence of GO nanosheets (FL intensity: approximately
25,000). With fluoropeptide concentration fixed, varying con-
centrations of GO were added and incubated for 10 min. The
fluorescence intensity at the excitation wavelength of 485 nm
was measured. As shown in Fig. 3a, the fluorescence peak at
528 nm decreased with the increasing of GO concentrations.
The normalized fluorescence was then plotted against the GO
concentration (Fig. 3b). Upon the addition of GO at 20 pg/
mL, the fluorescence quenched gradually up to 90% and then
plateaued, suggesting that the fluoropeptides adsorbed strong-
ly to the GO, and the fluorescence was efficiently quenched.
Based on the quenching efficiency, a GO concentration of
20 pg/mL was selected for further experiments.

Monitoring of TEV protease activity

Next, we examined the fluorescence response of TEV prote-
ase using the turn-off fluoropeptide-GO hybrid nanosensors.
Varying concentrations of TEV protease were mixed with the
turn-off nanosensors, and the fluorescence intensities were

monitored over 30 min at 30-s intervals. As shown in
Fig. 4a, the fluorescence intensities increased with the increas-
ing of reaction time. Higher TEV protease concentrations re-
sulted in a more rapid fluorescence response. Furthermore, the
TEV protease activities were normalized towards TEV prote-
ase concentrations (Fig. 4b). The calibration plots displayed a
good linear relationship between normalized activity and TEV
protease concentration in the range from 0 to 0.40 pg/uL. The
detection limit of 51 ng/puL was calculated using the mean of
the control replicates plus three times the standard deviation.

Analytical performance for E. coli detection using
engineered phages

In addition, the investigation of the fluoropeptide-GO hy-
brid nanosensors to detect bacteria cells was performed.
Escherichia coli (E. coli) BL21 was selected as a model
analyte, and T7 phage, which was genetically engineered
to carry TEV protease gene, was reported to infect E. coli
cells [17, 23-25]. In this proof-of-concept assay, the turn-
off fluoropeptide-GO nanosensors was combined with the
engineered T7tgy phage, to detect E. coli BL21. As
shown in Fig. 5, the normalized activity of TEV protease
was plotted against E. coli concentration from 10° to
10’ CFU/mL. Lysogeny broth (LB) without E. coli cells
was used as negative control. The normalized activity in-
creased with the increasing of E. coli concentration.
Additionally, the fluorescence peak at 528 nm for the
varying E. coli concentrations is shown in Fig. 5 insert.
These results indicated that E. coli cells at the concentra-
tion of 10* CFU/mL (P value <0.05) can be detected
using our proposed fluoropeptide-GO nanosensors com-
bined with an engineered phage infection.

Conclusions

In summary, we successfully employed a novel switchable
fluoropeptide-GO hybrid nanosensor to detect TEV protease
and then used to detect bacteria cells through the addition of
an engineered phage. With this system, TEV protease concen-
trations as low as 51 ng/uL can be detected within 30 min.
Combined with engineered phages carrying the TEV protease
gene, our proposed strategy provided a potential tool to detect
bacteria cells with detection limit of 10* CFU/mL. Future
efforts will be made to translate this proof-of-principle to other
phage-protease-peptide combinations, enabling the multiplex
detection of multiple bacterial species.
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