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Food poisoning and waterborne diseases drastically affect
public health worldwide. They lead to countless premature
deaths and massive losses in productivity, implying costs of
several billions of dollars to cover healthcare and other
consequent expenses. Furthermore, in the long term, they can
lead to severe chronic conditions, such as reactive arthritis,
ocular damage, and kidney failure.[1] Therefore, the ability to
detect pathogens that cause outbreaks of food poisoning or
waterborne diseases is fundamental for safeguarding public
health.

As nanomaterials exhibit properties that are absent in
their corresponding bulk materials, they offer extraordinary
potential for applications in health care and the food industry,
aside from other fields.[2] Among the most promising of these
nanomaterials are graphene and its derivatives, such as
graphene oxide (GO), which have been heralded for their
combination of mechanical, electronic, magnetic, optic, and
thermal properties, and which are now enabling nanoscale
technologies and applications.[3] In particular, researchers in
diagnostics and environmental monitoring have been explor-
ing these materials in sensing applications.[4]

Graphene is generally described as a one-atom-thick
planar sheet of sp2-bonded carbon atoms that are arranged in
a two-dimensional honeycomb lattice.[3a] Graphene oxide, in
which some of the constituent carbon atoms of the graphene
lattice bear oxygenated functional groups, such as carboxyl (at
the lattice edges), ester, hydroxyl, or epoxide moieties (on the
basal plane of the lattice), exhibits a similar structure.[5]

Therefore, GO can be readily functionalized with biomole-

cules or with chemically or electronically heterogeneous
moieties, subsequently processed in solution, and selectively
tuned for use as an insulator, semiconductor, or semi-metal.[6]

As an oxygenated lattice of donor and acceptor molecules
exposed in a planar surface, GO is an excellent optical
biosensing platform for detecting biological analytes, includ-
ing DNA, cancer biomarkers, and viruses.[7] Its photolumi-
nescence has been exploited in microarray technologies for
detecting rotaviruses, DNA, microcystins, and heavy-metal
ions.[8]

Another material that is used in sensing applications is
quantum dots (QDs); these are semiconductor nanocrystals
whose photonic properties are advantageous for sensing.[9]

Their properties include size-tunable emission, narrow and
symmetric photoluminescence, broad and strong excitation
spectra, strong luminescence, and robust photostability.[10]

Fluorescence resonance energy transfer (FRET) is the
transfer of photoexcitation energy from a donor fluorophore
to an acceptor molecule. The efficiency of this photonic
process mainly depends on the distance between donor and
acceptor.[11] Using theoretical calculations, Swathi and Sebas-
tian determined that graphene could act as a highly efficient
quencher of fluorophores. They calculated that quenching of
FRET fluorescence using graphene would be observable up
to a distance of approximately 300 �,[12] whereas FRET is
typically observable at about 20–60 �.[11] Recently, Gaudreau
and co-workers experimentally demonstrated that the high
efficiency of energy transfer is predominantly due to the two-
dimensionality of graphene and to its lack of gaps.[13] In spite
of being a disrupted lattice of sp2-bonded carbon atoms, GO
can exhibit similar behavior. Interestingly, in studies in which
GO was used as the acceptor, quenching was observable at
distances greater than 20 nm.[14]

Graphene oxide has been reported to be a universal
highly efficient long-range quencher of fluorescence.[7] Our
group previously reported the extraordinary performance of
GO as a quencher of QD fluorescence emission in the solid
phase.[15]

Herein, we report the design, fabrication, and testing of
a novel pathogen-detection system based on antibody quan-
tum dot (Ab-QD) probes, in which GO is employed as
a pathogen-revealing agent (based on its quenching perfor-
mance). To the best of our knowledge, this is the first report of
using GO in the solid phase as an acceptor of energy transfer
for biosensing. The system uses Ab-QD microarrays for
pathogen attachment. The pathogen is selectively captured
onto the Ab-QD probes, which fluoresce when excited with
a laser, and then GO is added. In the presence of the
pathogen, the (bound) probes barely interact with GO;
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consequently, GO only minimally quenches their fluores-
cence.

However, in the absence of the pathogen, the (free)
probes extensively interact with GO through p-p stacking,
and GO quenches their fluorescence. The nano-enabled
system and its operational mechanism are illustrated in
Figure 1. As a model pathogen to test the system, we
employed Escherichia coli O157:H7.[16] We also tested the
system in another configuration, in which Cy3-labelled anti-
bodies, rather than GO, were used as the pathogen-revealing
agent. The QDs employed were (core-shell) CdSe@ZnS QDs

that were functionalized with streptavidin. In previous
characterization studies,[17] we determined that these QDs
are shaped like rice grains and have an average size of
approximately 14� 2 nm. They also display a narrow emis-
sion spectrum (maximum peak: 655 nm) and a broad, strong
excitation spectrum (from the UV to the visible (red) region).
As GO, we employed GO platelets (Angstron Materials Inc.,
Ohio, USA), with an elemental composition of 46 % carbon,
46% oxygen, 3% hydrogen, and 0.5% nitrogen (manufac-
turer�s data; w/w; approximate values). The platelets have
lateral dimensions of approximately 180–1200 nm and an
average thickness of approximately 1.1 nm; thus, a significant
proportion of them comprise a single layer of GO. In water,
they form a dark, amber-colored, non-aggregated colloidal
suspension.

We ascertained the performance of the GO platelets as
FRET acceptors of photons that were donated by Ab-QDs in
the solid phase. In FRET, the fraction of photons that are
absorbed by the donor and subsequently transferred to the
acceptor can usually be increased by increasing the number of
acceptor molecules;[18] therefore, we performed our studies at
different concentrations of GO.

We printed Ab-QD complexes in microspots of approx-
imately 140� 10 mm, and then assayed quenching of their
fluorescence by GO at different GO concentrations. As in
microarray technology, the interaction of the spotted probes
(in our system, Ab-QDs) and the molecule that is to be
attached onto the probes (in our system, GO) strongly
depends on both the concentration and the incubation
time;[19] therefore, we first studied the concentration and
time dependence of the quenching (Figure 2). A calibration
curve obtained from the quenching of the Ab-QD micro-
arrays by GO at different concentrations (0–350 mgmL�1) at
an incubation time of 30 min yielded a linear response
(Figure 2a’, b); however, at an incubation time of 75 min,
the response was exponential (Figure 2a’’, b). These results
indicate that an increase in GO concentration and an increase
in the incubation time can both induce an increase in

Figure 1. Operational concept of the nano-enabled system (illustration
not to scale). The system relies on Ab-QD microarrays as a pathogen-
attachment mechanism. Once the pathogen is selectively captured
onto the Ab-QD probes (which can be excited with a laser), they are
coated with GO platelets that reveal the presence of the pathogen. In
the presence of the pathogen, the quenching of the probes is minimal,
as they barely interact with GO (ON state), whereas in the absence of
the pathogen, the probes are quenched by electrostatic or p-p stacking
interactions between the probes and GO (OFF state).

Figure 2. Transduction system performance. Concentration and time dependence of the quenching of Ab-QD microspots by GO. a) Spot profile of
the quenching of Ab-QD microspots at different GO concentrations (0–350 mg mL�1) at incubation times of 30 min (a’) and 75 min (a’’). The
original profile of the explored spots (g) is also shown. Other plots indicate the final profiles of the observed spots. b) Calibration curves for
the quenching experiment, using the same GO concentrations and the same incubation times. The error bars were calculated from a parallel
assay of ten microspots. I/I0 : final intensity/original intensity.
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quenching efficiency. For example, at a GO concentration of
approximately 350 mgmL�1, an incubation time of 30 min
gave a quenching efficiency of about 81 %, whereas an
incubation time of 75 min gave a quenching efficiency of
approximately 96 %. Blank incubations exhibited a quenching
efficiency of about 20%; this effect was likely caused by
microenvironmental changes in the assay (including changes
in pH, humidity, ionic strength that are due to the washing and
drying steps).[10]

For this type of biosensing systems, one must account for
any possible (undesired) interactions between the graphene
material and the biomolecule analyte.[20] For instance, non-
covalent interactions between aromatic rings have been
widely documented;[21] these include the well-known p-p
stacking interactions of GO with DNA strands.[7,22] In our
system, the hexagonal carbon rings in GO likely interact
(non-covalently) with the aromatic amino acids in the anti-
body. Moreover, because of its oxygen-containing functional
groups, GO can non-covalently interact with the diol, amino,
and phenyl moieties in biomolecules.[23] In fact, p-p stacking
interactions between GO and nanoparticle–antibody struc-
tures have been reported for colloidal systems (liquid
phase).[24] In our system (solid phase), we observed strong
interactions between the spotted Ab-QD probes and GO,
which we characterized by Scanning Electron Microscopy
(SEM). A SEM image of Ab-QD complexes inside a micro-
spot and a SEM image of Ab-QDs/GO complexes inside
a microspot are shown in Figure 3a and 3b, respectively (for
experimental details, see the Supporting Information).

We again printed Ab-QD probes in microspots of
approximately 140� 10 mm, and then monitored their inter-
action with E. coli O157:H7 as the target pathogen, at
different concentrations of E. coli (5–107 CFU mL�1; CFU =

colony-forming unit; see the Supporting Information). Owing
to a high density of functional groups, GO can interact with
bacteria, resulting in bacterial cell deposition.[25] The patho-
gen samples were assayed in phosphate-buffered saline (PBS)

supplemented with Tween 20 (0.05 %, v/v). The Ab-QD spots
were incubated with GO and subsequently became coated
with GO, likely because of electrostatic or p-p stacking
interactions. SEM images of E. coli cells (and cell fragments)
that were pre-attached (through their membranes) to Ab-QD
probes and then covered with GO platelets are shown in
Figure 3c.

We expected that low concentrations of GO platelets
would lead to light or disperse coatings, whereas high
concentrations of GO platelets would lead to dense coatings.
As the analyte was a few microns large (i.e., beyond the
nanoscale), and the FRET effect is observable up to 30 nm,
we reasoned that under optimal conditions, a small amount of
analyte below a light or disperse coating might already be
sufficient for preventing the energy transfer between the
fluorescent spots and the GO platelets. In fact, Akhavan et al.
have reported that the peak-to-valley distance around
bacteria trapped within GO platelets can reach approxi-
mately 45 nm.[26]

Given the aforementioned results, we concluded that our
system, once optimized, would be able to display an ON/OFF
(digital-like) response. When we used a high concentration of
GO (< 110 mgmL�1) as the pathogen-revealing agent (which
led to a dense coating of GO platelets), we were unable to
distinguish between the absence and presence of the patho-
gen, as the quenching levels were similarly high in the two
cases (see the Supporting Information, Figure S1). In con-
trast, when we used a low concentration of GO
(< 40 mgmL�1), the probes were scarcely quenched (Fig-
ure 2b). Thus, we determined that the optimal conditions for
the use of GO were an incubation time of 75 min and a GO
concentration of approximately 70 mgmL�1. In the absence of
the target pathogen, the spotted probes were quenched by
adding GO (blank signal).

As mentioned above, SEM images of the interacting
components are shown in Figure 3a and b. Under optimal
conditions, the system exhibits a transition at an E. coli
concentration of approximately 10 CFU mL�1 and becomes
saturated at an E. coli concentration of about 107 CFU mL�1

(see below). However, in the E. coli concentration range of
102–106 CFUmL�1, the probes are scarcely quenched relative
to the control signal (probes only, incubated with blanks
throughout the assay; see Figure 4). As a threshold value for
the limit of detection (LOD), we proposed to use the mean
value of the blank signal, plus three times the standard
deviation of the blank signal (mB + 3sB).

To demonstrate the specificity of our system, we also
assayed Salmonella typhimurium as a non-target pathogen. A
small difference between blank incubations and the non-
target pathogen incubations was observed, which was prob-
ably due to slight cross-reactivity between the probes and the
non-target pathogen. Nevertheless, in the presence of Salmo-
nella typhimurium, the quenching of the Ab-QD probes
barely exceeded the proposed LOD (Figure 4b).

To explore the behavior of our system in a matrix other
than PBS, we analyzed the target pathogen at several
concentrations (3–107 CFU mL�1) in tap-water samples. Inter-
estingly, the system exhibited different quenching levels when
PBS was used as matrix. This was probably due to changes in

Figure 3. SEM images of the explored system. a) Ab-QD complexes
inside a microspot. b) Ab-QD/GO complexes inside a microspot.
c) Ab-QD/E. coli (membrane-bound)/GO complexes inside a microspot.
Aminosilane silicon slides were used as the substrate.
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the microenvironment, which typically affect the fluorescence
quantum yield and the fluorescence decay behavior of QDs.
Important aspects of the microenvironment include the
polarity and hydrogen-bonding capability of the matrix and
the local viscosity, pH, and ionic strength.[10] The influence of
the matrix was confirmed with the blank signal: The quench-
ing in tap water occurred at an intensity ratio of 0.33, and at
about 0.46 in PBS. Later, in the presence of the target
pathogen (E. coli), the quenching in tap water was typically
found at an intensity ratio of approximately 0.7 and at
approximately 0.8 in PBS (Figure 4b,c and Figure S2).

However, despite the influence of microenvironmental
changes, our system still enabled novel and qualitative
pathogen detection in both matrices.

We then assessed the E. coli concentration at which our
system would become saturated by performing a sandwich
immunoassay of the spotted Ab-QD probes (for details, see
the Supporting Information). In this configuration, we used
Cy3-labeled antibodies, rather than GO, as the pathogen-
revealing agent. The assay revealed that the system becomes
saturated at approximately 107 CFU mL�1 (Figure 5 and Fig-
ure S3).

In the standard configuration (with GO), our system gives
a digital-like response: OFF indicates the absence of the
pathogen (E. coli), and ON indicates the presence of it.
However, in this configuration, the system exhibited a sharp
transition zone from the OFF state to the ON state at very low
concentrations of E. coli (ca. 10 CFUmL�1). As we observed
a similar response in the presence of E. coli regardless of its
concentration (ca. 100–107 CFUmL�1), we consider this
configuration to be qualitative.

Interestingly, in the sandwich immunoassay (i.e., using
Cy3-labelled antibodies instead of GO), the system gives an
analog-like response: The signal of Cy3 fluorescence gradu-
ally strengthens with increasing pathogen concentration, until
the system becomes saturated. However, this configuration

Figure 4. GO as a pathogen-revealing agent in an Ab-QD pathogen-
detection system. a) Spot profile of the response of the system;
original profile of the explored spots (g); final profile of the
observed spots at several E. coli concentrations after GO addition
(c). b) In the absence of E. coli, the spots that comprise Ab-QD
probes are quenched by adding GO (blank signal). In the presence of
E. coli, the system exhibits a transition zone at [Ec] =0–100 CFUmL�1,
becomes saturated at [Ec] =107 CFUmL�1, and shows a constant
signal at [Ec] = 102–106 CFUmL�1, as the probes are scarcely quenched
relative to the control signal. In the presence of a non-target pathogen
(e.g., Salmonella), the quenching of the Ab-QD probes barely exceeds
the proposed LOD (mB+3sB). c) E. coli screening in tap water. The
error bars were typically obtained from parallel assays of ten micro-
spots. I/I0: final intensity/original intensity.

Figure 5. Towards a new generation of biosensors that give a digital-
like response. An Ab-QD pathogen-detection system was tested in two
configurations with E. coli as the target pathogen. In the standard
configuration (GO as the pathogen-revealing agent), the system was
highly sensitive and gave a digital-like (ON/OFF) response (c;
approximated curve). In this configuration, the system exhibited
a sharp transition zone (from the OFF state to the ON state) at very
low E. coli concentrations. In contrast, in the sandwich immunoassay
(using Cy3-labelled antibodies as the pathogen-revealing agent), the
system gave an analog-type response (c), in which the signal
gradually strengthened with increasing E. coli concentration. The error
bars were obtained from parallel assays of 10 microspots in each
configuration. LOD threshold (b): mB+3sB. I/I0 : final intensity/
original intensity.
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did not give a clearly observable (strong) signal in an E. coli
concentration range of 10–100 CFUmL�1 (Figure S3).
Despite the lack of a clear signal in this range, there was
still a small amount of bound analyte. In this context, the
proposed GO configuration can reveal the bound analytes
that are barely observable in the sandwich immunoassay,
owing to the sensitive FRET phenomenon that the former is
exploiting. The LOD of the sandwich immunoassay is
approximately 3.8 � 103 CFUmL�1; thus, the GO configura-
tion is advantageous in terms of sensitivity (Figure 5).

Qualitative sensors might prove highly useful for diag-
nosis and other analytical applications.[27] When used with
GO, our pathogen-detection system is highly sensitive,
exhibiting an LOD of approximately 5 CFU mL�1 for E. coli
in PBS and in tap water (Figure 5 and Figure S2). As
a potential diagnostic tool, this configuration might be
extended to detect other types of analyte (e.g., cancer cells),
perform other tasks (e.g., molecular logic operations),[28] or be
applied to other nanoscale biosystems.

Aside from its diverse properties described earlier, GO
has also been reported to have strong antibacterial activ-
ity.[25, 29] In this context, the literature suggests that the
cytotoxicity of GO depends on several parameters, such as
concentration, incubation time, and the lateral size and the
oxidation level of the GO platelets.[29, 30] Thus, as a possible
branch of future research, we envision a biosensing and
microbicidal GO-based system that would both detect and kill
bacteria by compromising the integrity of the bacterial
membrane.
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