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a  b  s  t  r  a  c  t

The  development  of  a pyrophosphate  (PPi)  detection  method  has been  challenging  because  PPi is  a  nat-
ural  concomitant  of  many  enzymatic  reactions.  The  key  issue  of  developing  chemosensors  for  PPi is  the
discrimination  of  PPi  from  excess  nucleoside  triphosphates  (NTPs).  Herein,  we report  a new  PPi  detection
method  modulating  electrostatic  interactions  between  a negatively  charged  graphene  oxide  (GO)  and  a
positively charged  synthetic  probe  1  before  and after PPi recognition.  The  combination  of probe  1 and  GO
eywords:
lectrostatic interaction
luorescent probe
raphene oxide
yrophosphate

resulted  in  excellent  selectivity  towards  PPi  even  in  excess  adenosine  triphosphate  (ATP).  Consequently,
this  sensing  system  was  successfully  applied  to real-time  monitoring  of a DNA  polymerase  chain  reaction
(PCR).

© 2017  Elsevier  B.V.  All  rights  reserved.
olymerase chain reaction monitoring

. Introduction

The development of a pyrophosphate (PPi) detection method
ith high selectivity and sensitivity has been challenging in

he post-genomic era because PPi is a natural concomitant of
ene replication and expression catalyzed by DNA/RNA poly-
erases [1] and aminoacyl-tRNA synthetases [2,3], respectively.

hese enzymatic activities are linked to common genetic diseases;
herefore, their monitoring is now indispensable in therapeu-
ic and diagnostic research [4–6]. While traditional methods
uch as gel electrophoresis [7] and scintillation counting [8,9]
an be used, a fluorescent detection method is still desired
ecause of its usefulness in high-throughput screening [10,11]. For
ecades, phenoxo-bridged binuclear Zn2+–dipicolylamine complex
bisZnDPA) has been extensively utilized as a receptor unit (lig-
nd) for the detection of PPi [12–21]. However, its low selectivity
or PPi in the presence of excess nucleoside triphosphates (NTPs)
emains a major obstacle to the real-time monitoring of enzymatic
eactions involving the release of PPi, as a small amount of PPi is
ypically released in the presence of a large amount of NTPs during
he enzymatic reactions. To address this issue, we  developed a new

Pi detection method that combines the well-known surface char-
cteristics of graphene oxide (GO) and selective recognition ability
f bisZnDPA-based probes.

∗ Corresponding author.
E-mail address: jihong@snu.ac.kr (J.-I. Hong).

ttp://dx.doi.org/10.1016/j.snb.2017.06.018
925-4005/© 2017 Elsevier B.V. All rights reserved.
GO has gained widespread attention as a fluorescent sensing
platform for detecting DNA, metal ions, and many other enti-
ties, because of its remarkable water-solubility, biocompatibility,
and fluorescence quenching ability [22]. GO bears an aromatic
domain and is negatively charged under physiological conditions,
and therefore, complex interplay exists between �-� stack-
ing/hydrophobic interactions and electrostatic interactions, both
with aromatic species (e.g. nucleobase of NTPs and aromatic side
chain of amino acids) [23–26] and positively charged molecules
[27–29] to form an energy- or charge-transfer complex. Thus, a
probe consisting of an aromatic moiety-containing fluorophore and
positively charged ligand would be useful for developing a con-
jugate system with GO. In addition, cooperation of the selective
recognition ability of the bisZnDPA ligand and versatile features
of GO may  be promising for discriminating PPi from NTPs; the
bisZnDPA-based probe exhibits fluorescence responses depend-
ing on the PPi (or NTP) concentration, while GO interrupts the
binding of sterically bulky NTPs to the bisZnDPA bound on the
surface of GO [23–26]. In this regard, a positively-charged probe 1
(6,8-bis(zinc2+-dipicolylamine)-7-hydroxy-3-p-tolyl-coumarin) in
which the bisZnDPA is directly linked to a coumarin fluorophore
was designed to develop a conjugate system (GO-1) on the surface
of GO based on electrostatic attraction (Scheme 1).

The sensing concept is guided by modulation of the electrostatic

interactions between GO and probe 1 before and after PPi recog-
nition. The fluorescence of 1 was  markedly enhanced when PPi
was added to the electrostatically attractive patch (GO-1), which
originates from charge inversion in 1-PPi upon binding PPi, con-

dx.doi.org/10.1016/j.snb.2017.06.018
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2017.06.018&domain=pdf
mailto:jihong@snu.ac.kr
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Scheme 1. Schematic representation of the PPi d

omitantly resulting in Coulombic repulsion between GO and 1-PPi
Scheme 1). Additionally, ionic strength modulation of a solution
aused subtle changes in sensitivity and increased the PPi selectiv-
ty over ATP. Consequently, this concept was successfully applied
n real-time monitoring of DNA polymerase chain reaction (PCR)
hat requires highly selective detection of PPi released during PCR.

. Experimental section

.1. Synthetic procedures

.1.1. Synthesis of 2
Compound 3 was prepared following the literature method

30]. To a solution of 37% aqueous formaldehyde solution
2.53 mL,  30 mmol) in 1,4-dioxane (60 mL)  was  added bis(2-
yridylmethyl)amine (5.4 mL,  30 mmol), and the reaction mixture
as stirred at 50 ◦C for 5 h. Then, compound 3 (2.9 g, 11.5 mmol)
as added to the reaction mixture. The resulting reaction mixture
as stirred at 110 ◦C for 2 days, cooled down to room temperature

RT, 25 ◦C), and concentrated under reduced pressure using a rotary
vaporator. The crude product was purified by flash column chro-
atography using CH3OH:CH2Cl2 (gradient eluent, from 0:100 to

:100) to give compound 2 (yellow crumbly solid) in 65% yield. 1H
MR  (DMSO-d6, 300 MHz): ı 12.79 (br, 1H), 8.51 (d, 2H, J = 4.2 Hz),
.48 (d, 2H, J = 4.5 Hz), 8.11 (s, 1H), 7.75–7.61 (m,  7H), 7.56–7.49

m,  4H), 7.27–7.22 (m,  6H), 4.01 (s, 2H), 3.88 (s, 4H), 3.82 (s, 4H),
.77 (s, 2H), 2.35 (s, 3H); 13C NMR  (CDCl3, 75 MHz): ı 161.1, 160.4,
59.3, 158.7, 152.8, 148.9, 148.7, 140.4, 138.0, 136.8, 136.6, 132.5,
29.1, 128.4, 128.3, 123.3, 123.2, 123.2, 122.8, 122.1, 122.1, 111.7,
on mechanism and synthetic scheme of probe 1.

110.5, 59.9, 59.9, 53.5, 47.6, 21.3; HRMS (FAB+, m-NBA): [M+H]+

calculated for C42H39N6O3 675.3084, observed 675.3078.

2.1.2. Synthesis of 1
To a solution of 2 in DMSO (10 mM,  0.5 mL)  was added 0.5 mL

of 20 mM Zn(NO3)2·6H2O stock solution in DMSO. After aging for
30 min  at RT, the resulting solution was  used as a stock solution of
1 (5 mM)  without further purification (greenish solution, quantita-
tive yield) [31]. 1H NMR  (DMSO-d6, 300 MHz): ı 8.54 (br, 4H), 7.98
(d, 4H, J = 6.6 Hz), 7.84 (s, 1H), 7.60–7.52 (m,  6H), 7.40 (br, 4H), 7.25
(d, 2H, J = 8.1 Hz), 7.19 (s, 1H), 4.39–4.09 (m,  8H), 3.84 (s, 2H), 3.72
(s, 2H), 2.33 (s, 3H); HRMS (FAB+, m-NBA): [M+2NO3

−]+ calculated
for C42H37N8O9Zn2 925.1266, observed 925.1264.

2.2. Preparation of GO-1 solution and spectroscopic
measurements

GO sheet was  purchased from Angstron Materials (Graphene
oxide N002-PS). A stock solution of GO (0.1 wt%) was obtained by
sonicating the GO solution for 2 h in EtOH:H2O (1:1) solution. A
mixture of GO and probe 1 was  obtained by the addition of 100 �L
of the GO stock solution (0.1 wt%) to 10 mL  of probe 1 solution
(1 �M in HEPES buffer, pH 7.4, HEPES = 2-[4-(2-hydroxy-ethyl)-1-
piperazinyl]ethanesulfonic acid), and the resulting mixture was

shaken for 5 min  to make a homogeneous solution. Then, the
mixture was centrifuged at 4000 rpm for 30 min. The resulting
supernatants were collected, and aged for 2 days at RT to make a
thermodynamically stable form of GO-1. Each analyte was  added



7  Actua

t
w

2
s
i
s

o
i
s
d
i
o
M
t
s
T
5
A
&
p

2

G
5
c
c
P
p
T
2
e
T
m
e
b
e
g
c
e
T
C
fl

3

3

s
w
a
(
T
t

3

s
∼
a

08 D.-N. Lee et al. / Sensors and

o the GO-1 solution, and the fluorescence intensity was measured
ith excitation at 367 nm (slit width: 5 × 3 nm,  sensitivity: high).

.3. Atomic force microscopy (AFM), X-ray photoelectron
pectroscopy (XPS), Raman spectroscopy, and Fourier transform
nfrared (FTIR) spectroscopy, and X-ray diffraction (XRD)
pectroscopy

AFM images were acquired in non-contact mode at a scan rate
f 1 Hz under ambient atmosphere using a Veeco NanoScope IV
nstrument. Samples for AFM experiments were prepared by a
imple drop-casting method: the solutions (GO, probe 1) were
eposited onto silicon wafer, washed carefully 3 times with deion-

zed water, and allowed to dry in air. XPS experiments were carried
ut using a Kratos Axis-HIS instrument (anode material: Mg  in
g/Al dual anode, X-ray power: 15 mA  & 12 kV). Raman spec-

roscopy was carried out using a Horiba LabRAM HR Evolution
pectrometer (� = 532 nm). The FTIR spectra were obtained by a
hermo Scientific Nicolet 6700 (USA) spectrometer in a range of
00–4000 cm−1. X-ray diffraction (XRD) was taken on a Bruker D8
DVANCE with DAVINCI (Detector: LYNXEYE XE, Generator: 40 kV

 40 mA). Samples for XPS, Raman, FTIR, and XRD experiments were
repared by the same procedure used for AFM experiments.

.4. Polymerase chain reaction (PCR) monitoring

The primers of C2-EGFP (Forward primer: 5′-
AACAAGGATCCGTGAGCAAGGGCGAGGAGCT-3′; Reverse primer:
′-CCGTAACTCGAGCGGTACAGCTCGTGCATGGC-3′) were pur-
hased from MACROGEN. PCR was performed with the following
omponents in a PCR microcentrifuge tube: Lyophilized HS Taq
CR Master Mix  (TaKaRa), 0.2 �M final concentration of each
rimer, 100 ng of template DNA, and 23 �L of nuclease-free water.
he thermal cycling program with Mastercycler started at 95 ◦C for

 m,  then 30 s denaturation at 95 ◦C, 45 s annealing at 55 ◦C, 55 s
longation at 72 ◦C and a final elongation at 72 ◦C for another 5 m.
he PCR was repeated for 10–15 cycles. After PCR, the reaction
ixture was cooled down to RT. The PCR product (2–10 �L per

ach cycle) was added into 1 mL  of GO-1 solution in 10 mM HEPES
uffer. The fluorescence change was measured at 470 nm and gel
lectrophoresis of PCR products was carried out on 1% agarose
el to compare the existence of amplified DNA bands and the
orresponding fluorescence changes. The amplified DNA on gel
lectrophoresis was stained by ethidium bromide (20 �g/tube).
he DNA band image was then imported into the Adobe Photoshop
S6 software to digitize the changes in fluorescence, and the mean
uorescence intensity was determined from the image histogram.

. Results and discussion

.1. Synthesis of probe 1

The bisZnDPA complex of probe 1 was easily introduced in two
imple steps: the Mannich reaction of a coumarin derivative (3)
ith bis(2-pyridylmethyl)amine in the presence of formaldehyde

fforded 2, which was treated with an aqueous solution of Zn(NO3)2
2 equiv.) to produce dinuclear Zn2+-complex (probe 1) (Scheme 1).
he geometry optimized structure of probe 1 by the density func-
ional theory (DFT) calculation is shown in Fig. S1.

.2. Confirmation of the GO-1 formation
The GO sheet was characterized as shown in Fig. S2. The Raman
pectrum shows two prominent peaks at ∼1350 cm−1 (D band) and
1590 cm−1 (G band) that come from the defect of the sp2 carbons
nd the bond stretching motion of sp2 hybridized carbon atoms,
tors B 252 (2017) 706–711

respectively [32]. The XRD spectrum shows (001) diffraction peak
at 2� = 10.1◦, which indicates a large interlayer distance (∼0.8 nm)
attributed to the presence of oxygen-containing functional groups
(hydroxyl, epoxy, and carboxyl groups) [33]. The functional groups
on the GO sheet were also identified by the FTIR spectrum: the
broad and intense absorption band around 3400 cm−1 due to O H
stretching vibrations, the band at 1724 cm−1 due to carboxylic C O
stretching vibrations, the band at 1619 cm−1 due to sp2 C C vibra-
tions, the band at 1391 cm−1 due to epoxy C O vibrations, and the
band at 1036 cm−1 due to alkoxy C O vibrations [34].

The GO sheet and probe 1 were mixed (GO: 0.001 wt%, probe 1:
1 �M in 10 mM HEPES buffer) together to produce GO-1. Strong
interplay between GO and 1 was  monitored by spectroscopic
changes in 1; GO-1 showed a slightly broadened absorption band
compared to coumarin absorption (probe 1) because of the aro-
matic stacking of GO and 1 (Fig. 1a) [27]. The fluorescence of 1
was completely quenched because of strong photo-induced elec-
tron or energy transfer between 1 and GO upon adsorption of probe
1 to GO (Fig. 1b) [23–29]. X-ray photoelectron spectroscopy (XPS)
was employed to confirm the adsorption of probe 1 onto the GO
sheet. The XPS of GO-1 exhibited two  detectable peaks of Zn2p cen-
tered at 1020.6 and 1043.6 eV, originating from probe 1, while GO
itself showed no detectable signals [35]. After treatment with a PPi
solution (10 �M),  the corresponding peaks disappeared because of
the expulsion of bound probe 1 from GO (Fig. S3). Atomic force
microscopy (AFM) images showed that the thickness of the GO
sheet was  1.8 nm,  which is similar to that reported previously [36].
In comparison, the average thickness of GO-1 was determined to be
2.3 nm (Fig. S4), indicating that GO was covered with probe 1 [37].
Raman spectra revealed that the G band of GO shifted to lower
frequencies (from 1597 cm−1 to 1588 cm−1) upon the addition of
probe 1 compared to that of GO alone (Fig. S5), which indicates
that probe 1 was  adsorbed onto GO [38]. Therefore, XPS, AFM, and
Raman data confirmed the formation of GO-1.

3.3. Photophysical property of GO-1

The spectral behavior of GO-1 toward PPi was investigated in
10 mM HEPES buffer using fluorescence spectroscopy [39]. When
increasing amounts of PPi were added to GO-1, the fluorescence of
1 was  gradually increased at an �max of 470 nm,  which is attributed
to the probe desorption from GO in the form of 1-PPi as a result of
the reversal of electrostatic forces (Fig. 1c); electrostatic attractive
forces between GO and probe 1 were changed to electrostatic repul-
sive forces between GO and 1-PPi upon addition of PPi to the GO-1
conjugate. Furthermore, an outstanding sensitivity of GO-1 toward
PPi (detection limit of 6.5 × 10−8 M and quantification limit of
2.0 × 10−7 M)  was  obtained with a linear dynamic range of 0−2 �M
(Fig. S6). GO-1 also showed a large ON/OFF ratio (�F  = 3.9 × 102)
upon addition of 8 �M PPi (Fig. S11e), which is much larger than
the value obtained from the addition of PPi to probe 1 (�F = 1.5,
quenching process) (Fig. S7). These results indicate that the GO-
probe conjugate system is superior to the probe-only system with
respect to the sensitivity towards PPi by the quenching effect of GO.

There was no significant change in the fluorescence inten-
sity of GO-1 upon treatment with other anions (8 �M)  such as
acetate (OAc−), N3

−, Cl−, CO3
2−, citrate, and more importantly,

inorganic phosphate (Pi), AMP, ADP, and NTPs (ATP, GTP, CTP, TTP,
UTP) (Fig. 1d). Also, the corresponding fluorescence changes were
detected by naked eye (Fig. S8). Competitive selectivity studies
further demonstrated a highly selective response of GO-1 for PPi
(Fig. S9). Other GO-probe conjugates formed with control probes,

i.e., a mononuclear Zn2+ complex (GO-4), non Zn2+-coordinated
compound (GO-2), and coumarin molecule without the bisZnDPA
ligand (GO-3), exhibited essentially no fluorescence response to PPi
addition (Chart S1 and Fig. S10). This demonstrates that the com-
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Fig. 1. (a) UV–vis. spectra of 1 (green line: 1 �M,  blue line: 5 �M),  GO (black line), and GO + probe 1 (red line) in 10 mM HEPES buffer (pH 7.4). (b) Fluorescence spectra of
1  (1 �M)  before (blue line) and after GO addition (0.001 wt%, red line). (c) Fluorescence spectra of GO-1 solution against concentration of PPi in 10 mM HEPES buffer (pH
7.4).  The inset shows the fluorescence intensity changes at 470 nm upon addition of PPi. (d) Fluorescence spectra of GO-1 solution in the presence of various anions ([all
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− , (e’) Cl− , (f’)

he  inset is a bar diagram showing fluorescence intensity of GO-1 at 470 nm.  The e
gure  legend, the reader is referred to the web  version of this article.)

lementary binding of PPi to the bisZnDPA ligand is integral in the
ensing mechanism.

.4. Ionic strength screening

Electrostatic interactions are influenced by the ionic strength of
he medium, which was  controlled by the concentration of HEPES
Fig. S11) [40]. The effect of ionic strength on the binding of PPi
nd ATP was systematically investigated. PPi was most effectively
istinguished from ATP under the lowest ionic strength condition
Fig. 2a). Under low ionic strength conditions, the charges on both
O and 1 were relatively less screened by counter ions in the
edium, leading to stronger Coulombic attractions between GO

nd probe 1 [40]. This resulted in more compact adsorption of probe
 onto GO, where the bisZnDPA ligand of probe 1 may  be covered
ith the oxygen-containing functional groups on the GO sheets

ompared to under higher ionic strength conditions. This may  limit
he approach of bulky NTPs into the ligand. However, smaller PPi

olecules would be less influenced by the crowded ligand binding
ite. This may  explain the discrimination of PPi from NTPs by GO-1
nder lower ionic strength conditions.

As the concentration of ions (INaCl = 0−100 mM,  in 10 mM HEPES

uffer) increased, the charges on both GO and 1 were increasingly
creened by surrounding ions, leading to decreased Coulombic
ttraction between GO and probe 1 [40] and the gradual recovery
f fluorescence of 1 (Fig. S12) [41].
− , (g’) citrate, (h’) Pi, (i’) AMP, (j’) ADP, (k’) ATP, (l’) GTP, (m’) CTP, (n’) TTP, (o’) UTP.
ion wavelength was 367 nm.  (For interpretation of the references to colour in this

3.5. PPi titration in excess ATP

Since there are many enzymatic reactions in which PPi is
released in the presence of ATP, it is crucial to validate the selectiv-
ity of the sensing method that can distinguish PPi in the presence of
excess amount of ATP. PPi titration experiments were performed in
the presence of excess ATP (140 �M)  (Fig. 2b and S13). Upon addi-
tion of ATP, the background signal of GO-1 was slightly increased.
However, subsequent addition of PPi (0.1–16 �M)  into the ATP-
containing solution led to a further noticeable increase in the
fluorescence intensity with a micromolar detection limit. The best
detection limit of 2.1 × 10−6 M was  obtained in the lowest ionic
strength solution (1 mM HEPES buffer) (Fig. 2b) among the buffer
solutions tested. As indicated above, a decreasing ionic strength of
the medium resulted in a decreased background fluorescence sig-
nal in the presence of excess ATP, while also increasing the ON/OFF
ratio upon subsequent PPi titration. Our findings demonstrate that
GO-1 is a selective and sensitive sensor for the detection of PPi even
in the presence of excess ATP, which gives substantial improvement
over other sensing methods (Table S1).

3.6. PCR monitoring
Finally, we successfully applied the GO-1 conjugate for fluores-
cence monitoring of PCR, which requires a highly sensitive and
selective response for PPi over dNTPs. The band intensity on gel
electrophoresis reveals the degree of DNA extension (Fig. 2c), which
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Fig. 2. (a) PPi (red square) and ATP (blue square) titration curves of GO-1 conducted in 1 mM HEPES buffer (pH 7.4). (b) Fluorescence spectra of the GO-1 solution against
the  concentration of PPi (0.1 �M–16 �M)  in the co-presence of excess ATP (140 �M)  in 1 mM HEPES buffer. Detection limit was determined at 2.1 × 10−6 M from 3�/slope,
where � is the standard deviation of the fluorescence intensity in the presence of ATP (140 �M). (c) Gel electrophoresis of completed PCR mixtures. M is a standard base pair
ladder.  The enzymatic reaction was performed without template DNA for 15 cycles (a’) and with template DNA for 10 cycles (b’), 11 cycles (c’), 12 cycles (d’), 13 cycles (e’),
1 s (blue
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4  cycles (f’), and 15 cycles (g’). (d) The DNA band intensities of gel electrophoresi
pon  addition of the PCR product (2 �L of 10–15 cycles) in 10 mM HEPES buffer (pH
eader  is referred to the web version of this article.)

s proportional to the concentration of PPi released from PCR [7].
pon addition of the PCR product (2 �L from 10 to 15 cycles) to the
O-1 solution, the fluorescence intensity of probe 1 (�max = 470 nm)

ncreased linearly up to 2.9-fold relative to the negative control
PCR without template DNA), showing the same trend as the band
ntensity of gel electrophoresis (Fig. 2d and S15). These results indi-
ate that GO-1 can be used to monitor PCR in an easily accessible
anner.

. Conclusion

In conclusion, the rationally designed probe 1 readily allowed
omplex interplay with GO, providing an ideal model for the
lectrostatics-driven PPi detection method. The combination of
robe 1 and GO resulted in excellent selectivity towards PPi,
emarkably, even in the presence of excess ATP. Thus, GO-1 was
uccessfully applied for PCR monitoring. GO-1 has potential use
n real-time monitoring of enzymatic reactions in which PPi is
eleased from NTPs. Furthermore, the sensing strategy involving
O can be applied to recognition of other anions in combination
ith positively-charged relevant receptors.
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 square) were compared with the fluorescence intensities of GO-1 (�em = 470 nm)
red square). (For interpretation of the references to colour in this figure legend, the

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.snb.2017.06.018.
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