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ABSTRACT: A hapten-grafted graphene-based biosensor by
integrating both the graphene nanosheets and immunoassay
sensing technologies was developed for ultrasensitive homoge-
neous competitive immunoassay of small molecules. The
structure of hapten-grafted graphene avoids the activity loss of
biomolecules immobilized onto the graphene surface and is
beneficial to preserve the binding affinity between small
molecule and its specific antibody. The sandwich structure
formed between hapten-grafted graphene nanosheets and

o
e

sp P L g b . P
o & vCeCs 6. © o &Y A P
e, 6 Og e ® L e & vy é
L S ¢ e Lo © ¢ ¥
20 D¢, 6 Cg%e 0S¢ S Y eQe @

PO P B 2 g g P e CgCe
¢ & ¢ P e te " ®
. (9 < (9 ¢ < s <

¢, 6 _6 oo ® ¢ ¢ ¢ © ¢
¢ e &, - ¢ e o e "0 @
< < v
e, ePe e e e 0 LS B A piP:
Wans (Fluorescence-labeled . ¢ ;\pu\ e e e 0O
o :
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fluorescence-labeled antibody increases the quenching efficiency of the organic dye, thereby resulting in high signal-to-
background ratios and improved sensitivity for Bisphenol A (BPA) detection. On the basis of fluorescence resonance energy
transfer (FRET) and homogeneous competitive immunoassay mechanism, high BPA concentrations in the sample reduce the
amount of fluorescence-labeled anti-BPA antibody bound to graphene-BPA nanosheets, thus resulting in remarkable fluorescence
signals. The linear quantification of BPA over concentration ranges from 0.5 to 50 nM with a detection limit determined as 0.12
nM. These findings show that the proposed method provides a powerful tool for the rapid and sensitive detection of small

molecules in biological and environmental samples.

anobiosensors with their excellent nanoscale properties

have gained considerable interest for their use in the
rapid and sensitive detection of small molecules;'™ such
capability is essential in clinical diagnostics," > food analysis,®
and environmental monitoring.”~® Because of their excellent
electrical, optical, mechanical, and transport properties, two-
dimensional graphene-based materials functionalized with
biomolecules (e.g, antibodies and DNA) have emerged as
potential transducers in diverse analytical devices."**™!!
However, experimentslz’13 and simulations'*"* show significant
conformational changes and loss of function of the
biomolecules adsorbed or covalently linked to the nanomaterial
surface,"®'” the activity and selectivity of which rely on a
specific tertiary or quaternary structure. Upon conjugation of
graphene with an antibody, the binding site is disrupted,
resulting in the degradation of antibody performance and
reductions in sensor sensitivity.'®'” Controlling the orientation
and position of the antibody relative to graphene remains a
great challenge to many scientists.' "’

We report a facile and robust fluoroimmunosensor using
hapten-grafted graphene nanosheets for the rapid and sensitive
detection of small molecules. In this nanosensor, hapten-grafted
graphene nanosheets regarded as the immunological recog-
nition of fluorescence-labeled antibody as well as for optical
transduction, which can avoid the above-mentioned drawbacks.
On the basis of either the photoinduced electron transfer
mechanism or the energy transfer mechanism, graphene is
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employed as an efficient fluorescence quencher for the
development of fluorescence resonance energy transfer
(FRET) biosensors because of its excellent quenchin%
capability toward various organic dyes and quantum dots.”*"

Figure 1 shows a graphene-based FRET platform. Bisphenol A
(BPA), a xenoestrogenic endocrine-disrupting chemical widely
detected in the environment and food, was selected as a model
target. BPA causes cardiovascular disease, diabetes, neuro-
behavioral disorders, carcinogenic hypersensitivity, and repro-
ductive impairment.”'® 4,4 Bis-(4-hidroxyphenyl) valeric acid
(BVA), a structural analog of BPA with a carboxyl group, was
conjugated to aminated graphene through carbodiimide-
assisted amidation with EDC and NHS (Figure S1 of the
Supporting Information). Figure 1 illustrates the competitive
immunoassay mechanism for BPA detection. High BPA
concentrations in the sample reduce the amount of
fluorescence-labeled antibody bound to graphene-BPA nano-
sheets, which causes remarkable fluorescence signals. BPA can
then be detected sensitively and quantitatively.

B RESULTS AND DISCUSSION

Figure S2 of the Supporting Information shows the Raman
spectra of aminated and BPA-grafted graphene. The G-band
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Figure 1. Schematic illustration of the homogeneous competitive immunoassay for BPA in water samples.
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Figure 2. (A—C) AFM images and height profiles of aminated graphene, graphene-BPA conjugate, and anti-BPA antibody-conjugated graphene on
freshly cleaved mica. The antibody-conjugated graphene nanosheets exhibited brighter spots with increased heights on their surfaces. (D—E) TEM

images of aminated graphene and antibody-conjugated graphene.

position of BPA-grafted graphene shifted to lower frequency by
~4 cm™" compared with that of aminated graphene (1590
cm™'). This phenomenon is attributed to the strong bond
formed by chemical grafting of graphene and the attached
molecules, which affects its electronic structure of the resultant
product.”” A similar result has been reported for covalently
functionalized graphene.”® The integrated intensity ratio of the
D and G peaks (Ip/I;) of graphene-NH, is 0.95, while that of
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BPA-grafted graphene is 1.05, which corresponds to an increase
of 10.5%. The Ip/I; ratio reveals the extent of defects in
modified graphene surface and characterizes the degree of
covalent functionalization."”*' The slightly increased value
observed may be attributed to the formation of covalent bonds
between aminated graphene and BPA by the well-established
carbodiimide reaction,?® rather than further damage to the
graphene surface structure, similar to previously described

dx.doi.org/10.1021/ac500347n | Anal. Chem. 2014, 86, 2862—2866



Analytical Chemistry

T 19,20 :
covalent functionalizations of graphene.'”*® Fourier transform-

infrared (FT-IR) spectroscopy also confirms the successful
grafting of BPA molecules onto the surface of the aminated
graphene nanosheets (Figure S3 of the Supporting Informa-
tion).

Figure 2A shows an AFM image of the aminated graphene as
well as the representative height profiles. The latter reveals that
the aminated graphene nanosheets are 1.2 nm thick, thereby
confirming the monolayer structure of the nanomaterials.
Figure 2B shows an AFM image of graphene-BPA as well as its
representative height. No obvious difference compared with the
height profile of aminated graphene was observed, likely
because of the small size of BPA. Following grafting of
aminated graphene with BPA, a graphene-BPA conjugate with
good monodispersity was obtained. Addition of anti-BPA
antibody to the graphene-BPA solution resulted in graphene-
BPA bound with anti-BPA antibody and agglomeration
assembly of molecules. The antibody-linked graphene shows
brighter spots (Figure 2C). With consideration of the
theoretical value of an antibody (6—10 nm)**** and graphene
(1.2 nm), measured heights of over 25—30 nm showed that the
assembly between the antibody and graphene-BPA nanosheets
forms a bilayer or multilayer structure. These results were
further confirmed by transmission electron microscopy (TEM).
The morphologies of functionalized graphene-BPA nanosheets
and graphene-BPA/anti-BPA antibody conjugate are shown in
Figure 2 (panels E and F). In the absence of the antibody, the
graphene-BPA vyielded a very clear and monolayer structure
(Figure 2D). However, anti-BPA antibody bound to graphene-
BPA and a multilayer graphene structure were formed upon
addition of anti-BPA antibody (Figure 2E). We assumed that
the sandwich structure of graphene/antibody/graphene is
formed when an antibody is added to the graphene-BPA
solution because each antibody has two binding sites that can
simultaneously bind with two BPA molecules. This antibody/
graphene/antibody structure can also occur because graphene is
a two-dimensional nanomaterial, and graphene-BPA can bind
with antibodies in various orientations.

To reduce the effect of nonspecific adsorption of antibodies
on the graphene surface, 2 mg/mL BSA, which can effectively
block the nonspecific adsorption sites of graphene,** was added
to the mixture of fluorescence-labeled antibody and graphene-
BPA nanosheets (Figure S4 of the Supporting Information).
Several control experiments confirmed that fluorescence
quenching contributed to the FRET between graphene-BPA
nanosheets and fluorescence-labeled anti-BPA antibody (Figure
SS of the Supporting Information). We analyzed the emission
spectra of fluorescence-labeled anti-BPA antibody as a function
of graphene-BPA nanosheet concentration to further confirm
quenching efficiency of this system. Figure SS of the Supporting
Information shows that the fluorescence intensities of
fluorescence-labeled antibody (fixed concentration of 0.3 ug/
mL) gradually decreases as the graphene-BPA concentration
increases from 0.0 to 12.0 pg/mL and that the maximum
quenching may be observed in 12.0 pg/mL graphene-BPA
nanosheets. The quenching efficiency was calculated using the
formula 1 — I/I,, where I, and I represent the fluorescence
intensities of fluorescence-labeled anti-BPA antibody in the
absence and presence, respectively, of the graphene-BPA
nanosheets. A maximum quenching efficiency of up to 90.4%
was obtained when 12.0 ug/mL graphene-BPA nanosheets was
utilized (Figure S6 of the Supporting Information). The
fluorescence quenching efficiency of the fluorescence-labeled
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anti-BPA antibody in this system was inversely proportional to
the graphene-BPA concentration when the concentration of
graphene-BPA was less than 2.0 ug/mL. To further increasing
the concentration of graphene-BPA, the quenching efficiency of
the system slowly increases and then plateaus.

In this fluorescence-labeled anti-BPA antibody/graphene-
BPA system, the quenching mechanisms are assumed to
contribute to the following reasons. First, FRET is generally
most efficient when the distance between donors and acceptors
is between 20 and 60 A.>® Because the size of BPA is very small,
the distance between graphene and the dye labeled on the
antibody may contribute to the size of antibody, which is about
6—10 nm.***®> With consideration that the graphene-BPA
ensemble likely displays a heterogeneous mixture of multiple
hapten orientations and binding sites, the fluorescence-labeled
antibody easily binds to the graphene in various random
orientations. Furthermore, the sandwich structure of the
graphene-BPA nanosheet and fluorescence-labeled anti-BPA
antibody assembly causes some dyes to come into close
proximity with the graphene surface, which maximizes the
quenching efliciency of the system. Second, theoretical
calculations indicated that graphene could act as a universal
and highly efficient long-range quencher because of its
electronic pro;)erties, similarities, and dissimilarities with
metal surfaces.”*”” The rate of long-range resonance energy
transfer is suggested to have a (distance) ™ dependence, and
quenching could be observable up to a distance of about 300 A.
Third, spectral overlap between the emission of the donor and
the absorbance of the acceptor is generally required for FRET
to occur.”® Kim et al. previously demonstrated that with using
graphene as an acceptor, the FRET effect is independent of the
emission spectra of the donor and reduced graphene oxide
(GO) shows a better performance than GO as a quencher
when organic dyes are used as donors.”’ Fourth, the large
surface area of graphene corresponds to an increased number of
FRET acceptor molecules.”® With the increased number of
acceptor molecules, the fraction of photons absorbed by donors
that are transferred to acceptors is generally increased in a
FRET system.31 In addition, the two-dimensional structure of
the graphene-BPA nanosheets inhibits steric hindrance, and
improves the binding reaction between the antigen and the
antibody.

To determine the optimum concentration of graphene-BPA
nanosheets and fluorescence-labeled anti-BPA antibodies, a
sensitivity index (&) was introduced:

L -

Io_lb

&

(1)

where I, is the fluorescence intensity of the mixture of
fluorescence-labeled anti-BPA antibody and graphene-BPA
nanosheets and I is the fluorescence intensity of the mixture
of fluorescence-labeled anti-BPA antibody and graphene-BPA
nanosheets after addition of 10 nM BPA. Checkerboard
titration was performed with serial dilution of fluorescence-
labeled anti-BPA antibody and graphene-BPA nanosheets for
various combinations (Figure S7 of the Supporting Informa-
tion). For a certain concentration of fluorescence-labeled anti-
BPA antibody, the higher is the concentration of graphene-BPA
nanosheets, the larger is the extent of binding and quenching of
fluorescence-labeled anti-BPA antibody on the graphene
surface, leading to lower fluorescence signals. For a certain
concentration of graphene-BPA nanosheets, increasing the
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fluorescence-labeled anti-BPA antibody concentration obvi-
ously resulted in an increase in fluorescence signals. Figure S8
of the Supporting Information demonstrates the fluorescence
quenching efficiency observed at different concentrations of
graphene-BPA and fluorescence-labeled anti-BPA antibody.
The sensitivity index also calculated from the fluorescence
intensity in the presence of BPA and in the absence of the
target antigen (Figure S8 of the Supporting Information).
Considering the signal intensity level required and a reasonable
dynamic detection range, the sensitivity index should be as low
as possible (preferably below than 0.9) and the fluorescence
quenching efficiency should be as high as possible (favorably
larger than 0.8). Therefore, 3 yig/mL graphene-BPA nanosheets
and 10 nM fluorescence-labeled anti-BPA antibody were
chosen as the optimum pair of sensing elements for subsequent
BPA measurements.

On the basis of the results obtained above, we applied a
graphene-based FRET nanosensing platform to detect BPA
using a homogeneous competitive immunoassay mechanism.
Standard BPA solutions of various concentrations and
graphene-BPA of a fixed concentration were initially mixed.
Fluorescence labeled anti-BPA antibody of a specific concen-
tration was then added to this mixture, which was subsequently
incubated for 5 min. During incubation, the amount of BPA in
the sample was expected to compete with BPA covalently
immobilized onto the graphene surface to bind with the limited
binding sites of the anti-BPA antibody, thereby producing a
target concentration-dependent fluorescence signal, which is
the basis of quantitative detection. Figure 3A shows the
fluorescence spectra of the graphene-BPA/fluorescence-labeled
anti-BPA antibody FRET system obtained with varying
concentrations of BPA. The fluorescence intensity of the
system increased gradually with BPA concentrations ranging
from 0 to 100 nM. The fluorescence-enhanced efficiency was

calculated as

-1
A

E
@)

Figure 3B shows a calibration plot of the fluorescence-
enhanced efficiency as a function of the BPA concentration.
The fluorescence-enhanced efficiency exhibited a linear trend
with BPA concentrations between 0.5 and 50 nM (correlation
coefficient of 0.9936), and the calibration curve was expressed
as E = 0.2219 + 0.4386¢ (where c is in nanomolar). The limit of
detection (defined as 3o/slope) for BPA was 0.12 nM. This
sensitivity is also either better or favorably comparable with
those of previous nanosensors, reviewed by Ragavan et al.”
Such high sensitivity is attributed to the high binding ability of
the antibody—antigen and the excellent quenching behavior of
graphene.

To evaluate the feasibility of the developed sensor in actual
detection, the biosensor was applied to determine BPA levels in
several water samples (e.g,, tap water, lake water, and bottled
water). The developed assay showed the recoveries ranging
from 85% to 115% for the water samples and a relative standard
deviation of around 7.9% (Table S1 of the Supporting
Information). These results confirm that the developed sensor
is highly reproducible and can be applied in the detection of
BPA in real water samples.

In summary, a graphene-hapten-based FRET system
provides a general and promising platform for the immunoassay
of small molecules by taking advantage of the unique
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Figure 3. (A) Fluorescence spectra of the fluorescence-labeled anti-
BPA antibody/graphene-BPA system in the presence of different
concentrations of BPA in 0.01 M phosphate buffer (pH 7.10). From
bottom to top: 0, 0.1, 0.5, 1, 2, S, 10, 20, 50, and 100 nM BPA.
Fluorescence-labeled anti-BPA antibody, 10 nM; graphene-BPA, 3 ug/
mL. (B) Fluorescence-enhanced efficiency as a function of BPA
concentration. Inset: Linear relationship between the BPA concen-
tration and fluorescence-enhanced efliciency.
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interactions between hapten-grafted graphene and fluores-
cence-labeled antibody as well as the excellent quenching
efficiency of graphene. The proposed approach possessed
several features and advantages: first, the structure of graphene-
hapten avoids the loss of activity observed in biomolecules
immobilized onto graphene surfaces, which allows much better
antibody—antigen binding and rapid on-site analysis of small
molecules. Second, the sandwich structure formed between
hapten-grafted graphene nanosheets and fluorescence-labeled
antibody increases the quenching efficiency of the organic dye,
thereby providing low background signals and slight back-
ground fluctuation. These characteristics result in high signal-
to-background ratios and improved sensitivity for BPA
detection. Third, the proposed method may be extended to
the detection of other analytes by modifying other haptens to
functional graphene (e.g., aminated or carboxylation graphene).
Furthermore, because small molecules can be recognized by
other biofunctional molecules (e.g., MIPs, aptamers, receptors),
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we expected that the general approach presented in this work
will facilitate the design and development of other biosensors.
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