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Abstract

A strategy to develop water soluble, biocompatible nanocomposite probe for the detection of
pyrophosphate (PPi) in physiological conditions and in in vitro live melanoma cancer cells
(B16F10) is reported. The self-assembled nanocomposite probe comprised of amino acid
(histidine) functionalized perylenediimide (PDI-HIS), copper ion and graphene oxide (GO)
and that could be utilized as a highly effective sensing platform in biological conditions and
cellular environment via fluorescence “turn-on” for PPi detection. This controlled fabrication
of metal organic self-assembled spheres along with GO proved very valuable for the

detection of PPi in unprecedented sensitivity over other competing ions. The PDI-HIS-Cu-
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GO (PCG) nanocomposite sensor provides a unique platform for the fluorogenic detection of
PPi having a very low limit of detection (LOD) of 0.60 x 107 M based on the strong affinity
(1.0 x 10° M™") between the copper complex of PDI-HIS receptor and PPi. The intracellular
detection of PPi using PCG also carried out in B16F10 cells where >10 times sensitively
observed as compared to the PDI-HIS+Cu?*" complex. Thus early cancer detection via PPi
recognition in physiological conditions and in live cells was possible using PCG.
Furthermore, the fabrication of PDI-HIS and PCG with PVA hydrogel films and on thin layer
chromatography plates demonstrated the practical utility for the detection of PPi anions by
“off-on” response rapidly in a label free manner.

1. Introduction

Detection of pyrophosphate anion (PPi) has become an important area of research due
to its chemical and biological significance especially in early cancer diagnosis
(Hargrove et al., 2011; Rurack and Resch-Genger, 2002; Beer and Gale, 2001;
Martinez-Mafez and Sancendn, 2003; Hirose et al., 1997; Ronaghi et al., 1998; Kim et
al., 2010; Bhowmik et al., 2014). Among anions, pyrophosphate (PPi) is involved in
numerous biological processes such as cellular metabolism (Farre et al., 2000), DNA
and RNA polymerization (Steinberg et al., 2008), ATP hydrolysis (Heinonen, 2001)
and enzymatic reactions (Steinberg et al., 2008). Excess PPi is responsible for
rheumatologic disorders such as chondrocalcinosis or calcium pyrophosphate
dihydrate (CPPD) crystal deposition disease (Wright and Doherty, 1997; Tsui, 2012).
Therefore monitoring the concentrations of PPi in aqueous solutions at very low
concentrations is vital for early cancer detection (Bhowmik et al., 2014; Zapata et al
2008). Till date, few sensors for PPi have been developed (Zhu et al., 2012; Liu et al.,
2013; Su et al., 2013), such as turn “off-on” or “on-off” sensor in physiological
conditions (Lee et al., 2015; Feng et al., 2012; Wang et al., 2014; Sokkalingam et al.,
2012; Chen et al., 2011; Yu et al., 2013; Hai et al., 2015; Zhang et al., 2011; Su et al.,
2009; Zhu et al.,, 2014; Pathak et al.,, 2012), indicator displacement approach
(Fabbrizzi et al., 2002; McDonough et al 2006), competitive binding with metal ion
(Zhao et al., 2007), metal-ligand interactions, and cancer diagnosis based on PPi
detection (Bhowmik et al., 2014; Zapata et al 2008). It still remains one of the most
attractive and challenging tasks to find new and smarter approaches that could
improve the selectivity, sensitivity and simplicity of PPi detection in vitro and at

physiological conditions.



Nanomaterials possess excellent optical, electrical, catalytic and magnetic properties
compared to other bulk materials (Pankhurst et al., 2003; Alivisatos, P. 2003). To this
end, the construction of nanomaterials based platforms through a self-assembly
method offers not just an alternative but a powerful strategy to address and develop
important nanobiosensors which avoids and overcomes complicated synthesis steps
(Giljohann and Mirkin, 2009; Jin et al., 2003; Liu et al., 2002). Recently, graphene as
an alternative material, has received immense attention in materials science,
biotechnology and biosensors because of its unique two-dimensional nanostructure
and high surface area (Novoselov et al., 2004; Allen et al., 2010). The graphene-based
biosensor and biochemical analysis were performed successfully by using the
chemically modified graphene oxide nanomaterials (Geim, 2009; Liu et al., 2012;
Huang and Liu, 2012; Chen et al., 2012; Wang et al., 2009; Liu et al., 2008; Chang et
al., 2010; Zhang et al., 2015; Gao et al., 2015; Ju et al., 2014; Ju and Chen, 2014;
Zhang and Chen, 2014). Since, chemically modified graphene oxide (GO) (Novoselov
et al., 2004) has promising optical and electrical properties, good water solubility and
low toxicity, they are prominent materials for the development of biocompatible
sensors (Georgakilas et al., 2012; Morales-Narvdez and Merkoc¢l, 2012; Feng et al.,
2013; Li et al., 2012; Xu et al., 2014; Pei et al., 2012; Liu et al., 2013). In particular,
GO has been explored as a universal quencher for organic fluorescent probes
(Morales-Narvaez and Merkogl, 2012; Lu et al., 2009; Balapanuru et al., 2010; Jang et
al., 2010; Piao et al., 2011). Therefore, developing GO fluorescence-based optical
biosensors for selective detection of target via “turn-on” analysis remains a tough task
yet is of great interest. As a result, GO-based fluorescence “off-on” sensors for the
detection of DNA, proteins and enzymes have been explored (Geim, 2009; Liu et al.,
2012; Nel et al., 2009; Wang et al., 2010; Jung et al., 2010; Wang et al., 2011; Liu et
al., 2012; Zhang et al., 2013; He et al., 2010). Recent reports demonstrate that two-
dimensional GO nanomaterials are prime choice for the analysis of DNA rather than
carbon nanotubes or gold nanoparticles (Li et al., 2013). Herein, we demonstrate that
amino acid functionalized perylenediimide (PDI) in presence of copper and GO can be
utilized for the selective detection of PPi via fluorescence “turn-on” mechanism even
in the presence of other competing phosphates and anions. By using GO we overcome
the disadvantages of designing and developing newer synthetic probes that usually

require tedious synthesis steps and in most cases are not selective enough for a
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particular analyte. We could overcome these challenges and observed that GO
interacts with PDI-HIS backbone through non-covalent n-nt stacking interaction which
efficiently quenches the fluorescence of perylene diimide by energy transfer
mechanism (Li et al., 2013; Kim et al., 2010).

2. Materials and methods

2.1. Chemicals and instruments

All the reagents and chemicals were purchased from Aldrich Chemicals, Merck or Ranbaxy
(India) and were used as received. UV-vis absorption spectra were recorded on a PerkinElmer
Lambda-25 spectrometer. Fluorescence spectra were recorded on a FluoroMax-4
Spectrofluorometer-Horiba Scientific. A 10 x 10 mm quartz cuvette was used for solution
spectra and emission was collected at 90° relative to the excitation beam. Deionized water
was obtained from Milli-Q system (Millipore). FT-IR was recorded on a Perkin Elmer
spectrometer with samples prepared as KBr pellets. Atomic force microscopy images were
taken by Agilent 5500-STM instrument. DLS were measured by Zetasizer Nano series Nano-

7ZS90 instrument.

2.2. Synthesis

2.2.1. Synthesis of PDI-HIS

PDI-HIS was synthesized by a reaction between 3,4,9,10-perylenetetracarboxylic acid
bisanhydride (500 mg, 1.27 mmol), histidine (800 mg, 3.82 mmol) and 2.0 g of
imidazole which were heated at 140 °C for 8h with stirring (Supporting Material,
Figure S1) (Muthuraj et al., 2015; Muthuraj et al., 2015; Kalita et al., 2015). The
reaction mixture was allowed to cool to 90 °C and poured into water. Then, the
mixture was acidified with 2.0 M HCI, and the precipitate was washed with water and
dried under vacuum at 80 °C to give the product PDI-HIS (800 mg, 94%) (Figure S1,
Supporting Material).

2.3. Preparation of stock solutions

The PDI-HIS stock solution was prepared at a concentration of 1.0 x 10° mL™* in 10
mL H,O. This stock solution was diluted to desired concentration for each titration in
3 mL cuvette having HEPES buffer at pH 7.4.

2.4. Preparation of cation and anion stock solutions



Each salt of anions stock solutions were prepared at the concentration of 10.0 x 107
mL? in 5 mL Milli-Q water. The stock solutions were diluted to the desired
concentrations with Milli-Q water when needed.

2.5. AFM sample preparation

In 3 mL HEPES buffer (10 mM, pH 7.4), different samples of PDI-HIS (0.33 uM) + GO (10
ng/mL), PDI-HIS (0.33 uM) + Cu®* (1.33 uM) were prepared in the absence and presence of
GO (10 pg/mL) and finally PDI-HIS + Cu®** + GO + PPi (0.33 uM). Further, these solutions
are utilized to monitor the AFM morphology images. In that case, all the solutions were
separately diluted by 10 times more and then from the diluted solutions 5 pL of all the
samples were mounted onto the freshly cleaned glass slide separately and dried at room
temperature overnight and then recorded by atomic force microscopy (AFM) on Agilent,
Model 5500 series with non-contact mode.

2.6. Dynamic light scattering study

In 3 mL HEPES buffer (10 mM, pH 7.4), different samples for DLS measurements like, PDI-
HIS (0.33 uM), GO (10 pg/mL), GO (10 pg/mL) + Cu®** (1.33 uM), PDI-HIS (0.33 pM) +
GO (10 pg/mL), PDI-HIS (0.33 pM) + Cu®* (1.33 uM) were prepared in the absence and
presence of GO (10 pug/mL) and finally PDI-HIS + Cu®* + GO + PPi (0.33 uM). These
solutions were further utilized to monitor the hydrodynamic particle diameter by DLS. In that
case, from each solution 500 puL volumes were used to record DLS by Zetasizer Nano series

Nano-ZS90 instrument.

2.7. Preparation of silica TLC plates for PPi detection:

To demonstrate practical applications with the probe, we used silica TLC plates to
show distinct responses of PPi anions as compared to other phosphate anions like
AMP, ADP, ATP, GTP, CTP, TTP, H,PO,*, HPO,*", PO,* and PPi (25 eq.). The
fluorescence color of PDI-HIS (10 uM) on silica gel TLC plate changed from pink to
nonfluorescent in presence of GO (10 pg/mL) and with copper (2 eq.) by turn
“on—off” response. Further, the nonfluorescent PCG loaded on silica gel TLC plates

changed from nonfluorescent to pink in the presence of PPi by turn “off—on” response.

2.8. Preparation of hydrogel films for PPi detection:

2g PVA [poly (vinyl alcohol)] was dissolved in Milli Q water (20 mL) and stirred at
95 °C until the PVA completely dissolved. Then, the solution of PDI-HIS (10 uM)

was slowly added to the PVA solution and stirred for complete mixing. After uniform
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mixing the mixture of solution was loaded onto a glass sheet and dried overnight.
Similarly the hydrogels of PCG+PV A were formed in absence and the presence of PPi
(25 eq.) with the mixture of PDI-HIS (10 uM), GO (10ug/mL) and copper (20 uM).
After uniform mixing the mixture of hydrogels were loaded onto a glass sheet and
dried overnight. Then the photographs were taken at 254 nm under UV lamp

illumination for all the dried hydrogel films.

2.9. Cell culture experiments:

2 x 10* numbers of melanoma cancer (B16F10) cells were seeded in each of the 24
well plates and incubated overnight at 37 °C in a CO, incubator before cell imaging
experiments. After 24 hours B16F10 cells were treated with 300 pg/mL of PDI-HIS
and incubated overnight. Cells were washed with phosphate buffer saline (PBS, 4-5
times) and fluorescence images were taken by fluorescence microscopy (Nikon
Eclipse TE2000-E) (Mukherjee et al., 2014; Modak et al., 2013). The red fluorescence
images were observed with a 20X microscope objective with excitation wavelength
range Agx = 510-560 nm (green) and Ag, = 605 nm (red). B16F10 cells were then
treated with 102 M (1 mM) of Cu®" for 3 hours and GO+Cu?" for 2 hours, where
concentration of Cu?* is 1 mM. We prepared 10 mg/mL of GO dispersion in tris-
EDTA buffer (TE) and sonicated for 2 hours in a bath sonicator. Then it was
centrifuged at 5000 rpm for 10 minsat 10 °C and 50 pL of GO supernatant were used
with 1 mM of Cu?" for further study. After extensive washing with PBS (4-5 times),
the fluorescence images of cells were taken in HBSS buffer (pH = 7.4) using red filter
for detection of copper ions. Furthermore, the copper treated B16F10 cells were
treated with PPi (1-20 mM) and incubated for 45 mins. The re-enhancement of
fluorescence signals were observed from B16F10 cells under same excitation-emission
filter (red).

2.10. Cell viability using MTT assay:

Cell viability of CHO cells treated with different volumes of PDI-HIS-GO-Cu?* hybrid
for 4 hours and 24 hours was carried out using MTT reagents according to standard
protocol. Results were expressed as percent cell viability = {[A570 (treated cells) -
background]/ [A570 (untreated cells) - background]} x 100. Cell viability assay study
performed for PDI-HIS-GO-Cu?* (PCG) hybrid at various doses for 4 and 24 hours



exhibited negligible cytotoxicity for PCG hybrid upto 24 hours. Thus, PDI-HIS-GO-

Cu?* hybrid can be used for the bio-sensing of PPi without any toxic side effects. (red).
3. Results and Discussion

The GO nano sheets were prepared by a modified Hummer’s method (Marcano et al.,
2010). Further, the GO solution was prepared for the experiment with a final
concentration of 1 mg/mL in distilled water after sonicating the aqueous GO solutions.
The characterization of GO was performed by Fourier transform infrared (FT-IR),
UV-vis, Raman spectroscopy, atomic force microscopy, powder XRD (Figure S2,
Supporting Material) and presented in supporting material file.
In the present work a simple strategy to self-assemble materials interconnected into
aggregated networks that resulted in the development of water soluble, biocompatible
nanocomposite probe for the exclusive detection of pyrophosphate (PPi) in
physiological conditions and in in vitro live melanoma cancer cells (B16F10) is
presented. This probe while performing PPi detection using fluorescence spectroscopy
shows ~100 % dequenching “turn-on” efficiency compared to ATP and other
competing phosphates. The experiments confirm that the probe is selective towards
PPi (~100 %) and has negligible yet a partially positive response for ATP (~18 %) but
insignificant as compared to that of PPi. This difference in selectivity among PPi and
ATP is also the highest for the detection difference of PPi over all other phosphates
and other existing probes in literature. The limit of detection (LOD) for PPi was
calculated to be 0.60 x 10" M using the 3o/k equation. Hence, the proposed PCG
nanomaterial displays distinguishing and incredibly selective sensing ability for PPi
over ATP with superior “turn-on” and limit of detection (LOD) of 0.58 x 10° M
(Muthuraj et al., 2015). This is achieved by preparing an appropriate combination of
GO with PDI-HIS instead of developing a new synthetic probe thereby avoiding the
use of difficult synthetic and purification steps, yet achieving ~100 % “turn-on”
selectivity for PPi via fluorescence responses which is very unique for GO based
probes that rarely show dequenching properties. The dequenching sensing ability
experiments for PPi were performed using PDI-HIS+Cu?* complex without and with
GO. The results confirm that the PDI-HIS fluorescence reappears (~95%) at 3.3 x 10°
M of PPi concentration which is 10 times less efficient (LOD = 10.29 x 10° M) as
compared with the PCG. This difference of sensing for PPi using PDI-HIS+Cu®*
complex with GO may be due to the formation of homogeneous self-assembly process
7



as compared to the PDI-HIS+Cu®" complex (without GO) that forms an
agglomeration. Therefore, to enhance the selectivity and sensitivity for PPi among
other phosphates we utilized a unique fabrication strategy comprising amino acid
(histidine) functionalized fluorescent probe with graphene oxide as discussed below to

achieve unprecedented selectivity for PPi since it is a vital cancer biomarker.

3.1. Quenching study of PDI-HIS with GO and Copper
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Figure 1. (a) Emission spectra of PDI-HIS (0.33 puM) upon the stepwise introduction of
different amounts of GO (0-10 pg/mL) in HEPES buffer (10 mM, pH 7.4). Excitation
wavelength: 508 nm. (b) Dequenching emission spectra of GO+PDI-HIS (0.33 pM) + Cu?*
(1.33 uM) upon the single addition of PPi (0.33 uM) at different time duration (0-60 mins).
Insets in (a) Linear response in the presence of GO for the fluorescence quenching of PDI-
HIS; (b) Linear response in the presence of PPi for the fluorescence dequenching of PDI-HIS.
(¢) Dequenching emission spectra of GO+PDI-HIS (0.33 pM) + Cu®" (1.33 puM) upon the
addition of PPi (0-0.33 uM) in HEPES buffer (10 mM, pH 7.4). Excitation wavelength: 508
nm. (d) Linear response observed in the presence of PPi for the fluorescence dequenching of
PDI-HIS.

We evaluated the fluorescence quenching ability of GO with the histidine
functionalized perylenediimide (PDI-HIS). Addition of 1-10 pg/mL GO into the
highly fluorescent PDI-HIS, resulted in ~90% fluorescence quenching of PDI-HIS

because of the strong m-m stacking between GO and PDI-HIS. This fluorescence
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guenching is assigned to the stacking of PDI-HIS over the surface of graphene sheet,
where the photo-excited energy of the electron rich PDI-HIS is transferred from the
PDI fluorophore to the GO acceptor (Morales-Narvaez and Merkogl, 2012; Zhang et
al., 2013; Kim et al., 2010). Further, upon addition of 1.33 pM of Cu?* into the PDI-
HIS+GO solution, a complete fluorescence quenching was observed in PDI-HIS due
to the formation of PDI-HIS+Cu®*" complex on the surface of GO nano sheet. The
quenching efficacy of PDI-HIS shows very good linear response in the presence of
GO (1-10 pg/mL) and was observed to be R? = 0.9928 (Figure 1a). This optimized
composition of PDI-HIS+Cu**+GO (PCG) was used as a platform for the selective
detection of PPi in the present study.

3.2. Selective and sensitive detection of PPi

In the presence of 0.33 uM concentration of PPi, the maximum fluorescence of PDI-HIS at
546 nm recovered gradually with a complete recovery ratio of ~100% at time interval from 0-
60 mins. (Figure 1b, the linear range of FL recovery is shown in Figure 1b, R* = 0.998). We
ascribe the “turn-on” response of the PCG nanocomposite to the specific interactions of PPi
towards Cu®" ions, which causes the complex to detach from the GO surface (weak m-m
stacking). The release of the complex from the GO surface leads to the fluorescence recovery
of the probe, since the fluorescence quenching of PDI-HIS by GO surface was now not
possible. However, the complete fluorescence recovery of PDI-HIS indicates that PPi is very
selective and sensitive to break the very strong n-m stacking of PCG. Therefore, it can be
concluded that this fluorescence recovery is mainly due to the PDI-HIS desorption from GO
nano sheet exclusively by PPi which demonstrates a powerful affinity for Cu*" ions leading to
the decomplexation of PDI-HIS+Cu®* complex. Similarly, on performing the titration
experiment at different concentrations of PPi with PCG nanocomposite, we confirmed that
the fluorescence of PDI-HIS reappeared (Figure 1c, d). The limit of detection (LOD) for PPi
was calculated to be 0.60 x 10”7 M using the 3o/k equation (Figure S3, Supporting Material)
(Muthuraj et al., 2015; Muthuraj et al., 2014; Hussain et al., 2015).

To evaluate the selectivity of PCG towards PPi, we carried out the fluorescence titration with
other anions including F~, CI°, Br, I, CH;CO, , CN", HPO,*, NOs, NO,, SO, %,
HSO,4 , Pi, AMP, ADP, ATP, GTP, CTP and TTP under identical conditions. Figure 2
confirms that the probe is most selective towards PPi (~ 100%) and has negligible yet a
partially positive response for ATP (~18%) but insignificant as compared to that of PPi. This
difference in selectivity for PPi over ATP is highest for any existing probe and represents the
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first example of “turn-on” detection of PPi (or any anions) using GO nanocomposites. In
addition to the fluorometric detection of PPi, it was also possible to visualize the color
changes of PDI-HIS in presence of GO, Cu®" and PPi via naked eye observation and under a
hand held UV lamp illumination (at 254 nm). In presence of GO and Cu®", the pink color of
PDI-HIS (yellow color under UV lamp illumination) disappeared. However, the original
color of PDI-HIS is regained significantly in the presence of PPi by colorimetric method
(Inset-Figure 2). Furthermore, the effect of dequenching was observed for PCG with other
anions and likely competing phosphates such as Pi, ADP, AMP, GTP, CTP, TTP were
insignificant and calculated to be <10%. (Figure 2; Figure S4 and S5, Supporting Material).
For the control studies, we performed the dequenching sensing ability experiment by PPi
without GO (only with PDI-HIS+Cu®" complex). The results confirm that the PDI-HIS
fluorescence reappears (~ 95%) at a PPi concentration of 3.3 x 10° M (10 times higher than
PCG) and the LOD was found to be 10.29 x 10° M (Figure S3, Supporting Material)
(Muthuraj et al., 2015; Muthuraj et al., 2014; Hussain et al., 2015). Similarly, upon addition
of different concentrations of PPi (0-3.3 uM) into PDI-HIS+GO composite in the absence of
Cu”" ion, the fluorescence of PDI-HIS is not regained significantly that strongly supports that
PCG is selective towards PPi anion (Figure S6, Supporting Material). Finally, the apparent
binding constant was evaluated using Benesi—Hildebrand (B—H) plot by observing the
fluorescence spectral changes at 546 nm for the “turn-on” detection of PPi with PDI-HIS-
Cu®" complex and PCG complex which are estimated to be 2.85 x 10°M ' and 1.0 x 10° M
respectively (Figure S7, Supporting Material). These results confirm that PCG composite
detects PPi with a very low LOD of 0.60 x 107 M and is more selective and efficient as
compared to PDI-HIS-Cu”" signifying the vital role of GO for the selectivity for PPi.
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Figure 2. Bar diagram of fluorescence changes observed in the fluorescence peak of PCG in
presence of various anions like PPi, ATP, Pi, AMP, GTP, CTP, TTP, ADP, F ,Cl ,Br, I,
CH;CO,, CN, NO;, NO,, HSO4, SO, S, , N3, ClO4, H,PO,>, and HPO,* (0.33
uM). Inset: Colorimetric study of PDI-HIS (10 uM) in the absence (Pink color) and the
presence (purple color) of Cu*™ (20 uM) with GO (10 pg/mL) and PDI-HIS+GO+Cu*" with
PPi (Pink color) (Under naked eye). Colorimetric study of PDI-HIS (10 uM) in the absence
(yellowish orange color) and the presence (non fluorescent purple color) of Cu*™ (20 uM)

with GO (10 pg/mL) and PCG with PPi (yellowish orange color) (UV-lamp at 254 nm).
3.3. UV-Visible studies of PDI-HIS

The self-assembly of the resultant PCG and its disassembly was examined and that was
carefully studied from the absorption spectra. Figure 3A (a), illustrates that the PDI-HIS (2.5
uM) has two absorbance maximum peaks at 535 and 504 nm in HEPES buffer (10 mM, pH
7.4) solution. Further, the absorbance peaks of PDI-HIS were enhanced at 534 and 502 nm
after the addition of GO (10 pg/mL) due the interactions of @ electrons among them. Upon
addition of Cu®" solution into the PDI-HIS+GO mixtures the absorption band of PDI-HIS
decreases with red shifted band at 508 nm and a new broad shoulder that appeared at ~554
nm, indicating the formation of PCG nano aggregates. Then, the PCG nano aggregates were
disassembled upon addition of PPi anions as seen from the changes in the absorption spectra
(Figure 3A (a)). Further, we performed the concentration dependent UV-Visible spectroscopy
to understand the formation of nanoaggregates (PCG) and its disaggregation. Figure 3A (b)
shows that the absorption spectra of GO (10 pg/mL) mixed PDI-HIS (1.5 pM) gives two
enhanced absorbance bands at 533 and 502 nm in HEPES buffer (10 mM, pH 7.4) solution.
Upon addition of Cu®" solution upto 0-2 equivalents (0-3 pM), the absorption bands of PDI-
HIS decreased with a red shifted band at 508 nm and a new broad shoulder appeared at ~554
nm due to the formation of n—=n stacking among perylene moieties over the GO and extended
to the oligomer formations into the PCG nanoaggregates (Figure 3A (b)) (Wang and Yu,
2010; Balakrishnan et al., 2005; Balakrishnan et al., 2006; Herrikhuyzen et al., 2004).
Further, the PCG nanoaggregates are disassembled upon gradual addition of PPi anions
which induces the reappearance of absorbance bands at 533 and 502 nm (Figure 3A. c¢).
Finally, this result indicates the formation of PDI-HIS monomer molecules that lead to the
enhancement of 533 nm absorption bands. Moreover, it is clearly evident that upon gradual
addition of PPi anion (25eq.) (Figure 3A. c), a shoulder at 554 nm absorption band which is
associated with the PCG nanoaggregates disappear and the ~533 and 502 nm peaks regained
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gradually due to the free PDI-HIS molecules which is depicted in a proposed mechanism

(Scheme 1).
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Figure 3. A (a) Absorption spectra of PDI-HIS, PCG aggregates and PCG with PPi anions in
HEPES buffer solution (10 mM, pH 7.4). (b) Absorption spectra of PDI-HIS (1.5 uM) was
red shifted due to the aggregation upon the addition of GO (10 pg/mL) with Cu®" (3 uM) in
HEPES buffer solution (10 mM, pH 7.4). (¢) Absorption spectra for GO (10 pg/mL) mixed
PDI-HIS (1.5 pM) with Cu*" (3 uM) aggregated composites was disaggregated after the
gradual addition of PPi (25 eq.) in HEPES buffer solution (10 mM, pH 7.4). B (a) DLS-
based particle size analysis of GO, GO+Cu®", PDI-HIS and PDI-HIS+Cu”" in HEPES buffer
at pH 7.4. (b) DLS-based particle size analysis of GO+PDI-HIS, GO+PDI-HIS+Cu”" and
GO+PDI-HIS+Cu”"+PPi in HEPES buffer at pH 7.4.

3.4. Dynamic light scattering studies of PDI-HIS

The higher order nano assembly of the resultant PCG and its disassembly was examined by
dynamic light scattering (DLS) technique. Prior to metal complexation, the PDI-HIS solution
(in HEPES buffer at pH 7.4) had a hydrodynamic diameter of ca. 255 = 40 nm (indicating
single molecules) at an concentration of 0.33 uM (Figure 3B). The hydrodynamic diameter of
PDI-HIS with GO is observed to be in the range of 400 to 615 nm. However, upon metal
complexation the hydrodynamic diameter decreases significantly to 75 + 5 nm for GO+PDI-
HIS with 1.33 pM Cu®" due to the complex formation of PDI-HIS+Cu®" on the surface of
GO. The hydrodynamic particles diameter of the PCG nanocomposite complex were

observed to be very less as compared to the formation of PDI-HIS+Cu”" complex (110-160
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nm) (Figure 3B). After the addition of PPi into this PCG nanocomposite, the PPi which has a
strong affinity towards cupric ion induces the decomplexation. Hence, the PDI-HIS is
detached from the surface of GO and the hydrodynamic particles diameter were large and in
the range from 220 + 30 nm. As a result, the analysis of the distribution of particle sizes
confirms that relatively well-defined aggregates are formed during the nano self-assembly

process in the presence of copper and the GO flakes with PDI-HIS.
3.5. Proposed mechanism for PCG nanoaggregates and disaggregation

PDI-HIS,
-_—

GO “Turn-Off” PDI-HIS+GO

gn/ 0 o 9 | o2 O o O
" A Y,

“Turn-Off"

PDI-HIS+GO+Cu?*
or PCG

“Turn-On”
PDI-HIS

PPi

PDI-HIS

PPi+Cu?*

GO

Scheme 1 Proposed mechanism for the formation of PCG nanoaggregates from the mixture
of PDI-HIS, GO and Cu®" and disaggregation with PPi.

3.6. AFM morphology study of PDI-HIS+Cu®* with GO and PPi

As depicted in the AFM images, the morphological changes in the structural pattern of
PDI-HIS differs from the in situ formed PDI-HIS+Cu?* derivatives in the absence and
presence of GO, which shows Cu?* induced agglomeration in the absence of GO and
Cu?* induced homogeneous metal organic nano sphere by ordered self-assembly in
presence of GO (Figure 4). In 3 mL HEPES buffer solution (10 mM, pH 7.4), different
samples were prepared, namely, PDI-HIS (0.33 uM), PDI-HIS (0.33 uM) + GO (10 pg/mL),
PDI-HIS (0.33 pM) + Cu®* (1.33 uM), PDI-HIS + Cu®** + GO and PDI-HIS + Cu®*" + GO +
PPi (0.33 uM). Further, these diluted solutions were utilized to monitor the AFM morphology
images. In that case, all the solutions were separately diluted by 10 times more and then from
the diluted solutions 5 pL of all the samples were mounted onto the freshly cleaned glass
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slide separately and dried at room temperature overnight and then recorded by atomic force
microscopy (AFM) on Agilent, Model 5500 series with non-contact mode. In presence of
Cu?" ion PDI-HIS gives Cu?*-induced agglomerate PDI-HIS+Cu?" complex (Figure
4a-c), which indicates the formation of spherical shape PDI-HIS+Cu?* complex mixed
together to form agglomeration. When the same study was performed using GO, a
homogeneous metal organic nano sphere copper complex is formed between PDI-HIS
and Cu®* ion in the surface of GO by ordered self-assembly process depending on the
size dispersity and size ratios (Figure 4d-f). Moreover, in figure 4d-f, the self-
assembled PCG was found to be with the size of 75 = 5 nm diameters and 15 = 5 nm
heights. The PPi mixed PCG complex image (Figure 4g) shows that the PPi induced
the decomplexation or disaggregation of PCG due to the disruption of n-m stacking as
well as the likely detachment of PDI-HIS from the surface of GO with a height profile
found to be 4-8 nm (Figure 4h-i). Further, we have confirmed that the morphology of
GO+PDI-HIS samples showed no aggregation in the absence of Cu®" ion and the
average size of the particle diameter was found to be 900 £ 100 nm and 5 £ 1 nm
height (Figure S8). These morphological structural differences of PDI-HIS+Cu?*
complex formation in the absence and presence of GO, may be the reason to
selectively sense PPi ions which shows Cu®" induced homogeneous metal organic
nano sphere by ordered self-assembly in presence of GO (Figure 4d). Hence, AFM
morphological images strongly support the fluorescence study results by the formation
of self-assembled PDI-HIS+Cu®" complex over the GO nanosheets which is

decomplexed or disaggregated exclusively by PPi.
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PDI-HIS+Cu?*

PDI-HIS+
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0
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PDI-HIS+Cu?*
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Figure 4. (a, d, g0 AFM topography images of PDI-HIS+Cu*" (agglomerated form), PCG
(aggregated nanocomposite) and PCG+PPi (disaggregated form); (b, e, h) AFM 3D
topography images of PDI-HIS+Cu”" (agglomerated form), PCG (aggregated nanocomposite)
and PDI-PCG+PPi (disaggregated form); (c, f, i) AFM height line profiles of PDI-HIS+Cu*"
(agglomerated), PCG (Nano aggregated) and PCG+PPi (disaggregated form); (X = Distance,
Z = Height).

3.7. Intracellular detection of PPi in living cells by fluorescence imaging

Cell viability assay study was performed for PDI-HIS-GO-Cu®** (PCG) hybrid at
various doses for 4 and 24 hours that exhibited negligible cytotoxicity for PCG hybrid
complex (Figure S9). Thus, PDI-HIS-GO-Cu?* hybrid is biocompatible and can be
used for the biosensing of PPi without any toxic side effects. We further investigated
the detection of PPi in B16F10 cells using PCG composites. The B16F10 cells were
seeded in each of the 24 well plates and incubated at 37 °C overnight in a CO;
incubator prior to cell imaging studies. After 24 hours, B16F10 cells were treated with
300 pg/mL of PDI-HIS and allowed to incubate overnight to observe the images
(Figure 5 and S10). Fluorescence images of B16F10 cells treated with 300 pg/mL of
PDI-HIS gives bright red fluorescence which gets quenched upon incubation with
Cu? (1 mM) and GO+Cu?" (1 mM) (Figure 5, S10 and S11). Further, a “turn-on” red
fluorescence reappeared from the B16F10 cells upon the treatment of PPi (20 mM) in

case of Cu?* (1 mM) treated cells but in the case of GO+Cu?* (1 mM) treated cells
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only 2 mM PPi (10 times less than absence of GO) was enough to generate the red
fluorescence. The fluorescence reappeared in the B16F10 cells due to the
disaggregation and detachment of PDI-HIS-Cu** complex from GO flakes by PPi.
Finally, this result confirms that the PCG was able to detect intracellular level PPi,
with much higher sensitivity than only the PDI-HIS+Cu®" complex by fluorescence
“turn-on” mechanism due to the disaggregation and detachment of PDI-HIS-Cu
complex. This study is the first report of intracellular PPi detection using GO
nanocomposites by “turn-on” fluorescence in the orange-red spectral region without

the interference of other competing phosphates, especially ATP.

PDI-HIS PDI-HIS+GO+Cuz* PDI-HIS+GO+Cu?*+PPj
PDI-HIS+Cu2* PDI-HIS+Cu?*+PPi

Figure 5. (@) The fluorescence image of PDI-HIS observed where PDI-HIS (300 pg/mL)
incubated with B16F10 cells for 24 h (b) “Turn-off” fluorescence images observed for PCG
where PDI-HIS further incubated with GO and 1 mM Cu®* for 2h; (c) “Turn-on” fluorescence
images observed for PDI-HIS where PCG complex further incubated with 2 mM PPi for 45
min. (d) “Turn-off” fluorescence images observed for PDI-HIS+Cu?" complex where B16F10
cells incubated with PDI-HIS (300 pg/mL) and 1 mM Cu® for 2h; (¢) “Turn-on”
fluorescence images observed for PDI-HIS where PDI-HIS+Cu?®* complex further incubated
with 20 mM PPi for 45 min. Excitation wavelength range Aex = 510-560 nm (green) and Aem =
605 nm (red); 20X magnification.

3.8. TLC and membrane based platforms for PPi detection

To realize practical applications with this PCG nanocomposite, we performed an experiment,
where the PCG was loaded onto silica TLC plates to demonstrate the sensing of PPi anions

on solid platform. The silica TLC plates show a distinct response to PPi anions when

compared to other phosphate anions like AMP, ADP, ATP, GTP, CTP, TTP, H2P0427,
16



HPO,*", PO, and PPi (25 eq.). The fluorescence color of PDI-HIS (10 pM) on silica TLC
plates changed from pink to nonfluorescent (Figure 6) in presence of GO (10 pg/mL) with
copper (2 eq.) by turn “on—off” response. Further, when the nonfluorescent materials of PCG
were loaded on silica TLC plates it changed from nonfluorescent to pink in the presence of
PPi by turn “off—on” response. Additionally, we prepared hydrogel films of desired shape
and size comprising the mixtures of PVA [poly (vinyl alcohol)] and PCG to study the sensing
of PPi anions. As shown in figure 6, the bright yellowish orange fluorescence color was
observed for PDI-HIS+PVA hydrogels that changes from bright orange to nonfluorescent in
presence of GO and Cu”" ions. The nonfluorescent hydrogels of PCG+PVA showed up as
bright yellowish orange fluorescent color in the presence of PPi by turn “off—on” response.
These results confirmed that PCG has excellent light transmittance properties even in the
form of a highly flexible hydrogel films (PDI-HIS+PVA), which has potential to be used as a

portable material to sense PPi anions.
A Naked eye

12 3 45 6 78 910N

At e Golts

o ——— A
UV light
B PDI-HIS PCG PCG+PPi

Figure 6. (A) Fluorescence color changes observed for PDI-HIS (Pink color) and PCG
(purple or colorless) in the absence and presence of various phosphate anions (Pink color) on
silica TLC plates observed by naked eye and UV Light at 254 nm. From left to right: 1: PDI-
HIS, 2: PCG + AMP, 3: PCG + ADP, 4: PCG + ATP, 5: PCG + GTP, 6: PCG + CTP, 7: PCG
+ TTP, 8: PCG + H,PO", 9: PCG + HPO,*", 10: PCG + PO, and 11: PCG + PPi. (B) The
yellowish orange fluorescence color was observed for PDI-HIS+PVA hydrogel films (UV
Light at 254 nm). A nonfluoresent hydrogel film was observed for PCG+PVA and the
fluorescence color reappeared for PCG+PVA hydrogel film in presence of PPi anions (UV
Light at 254 nm).

4. Conclusion Sir, please reduce the conclusion
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In summary, we have developed an amino acid based PDI-HIS-Cu-GO nanocomposite probe
for the fluorescence “turn-on” detection of PPi in vitro and in BI16F10 cells. This
nanocomposite platform shows remarkable sensitivity in vitro conditions with a limit of
detection of 0.60 x 107 M and can be used as a biomarker for early cancer diagnosis via PPi
detection. The probe was found to be remarkably selective for PPi among all other
biologically important phosphates including the highly interfering ATP, producing a
fluorogenic “turn-on” signal response of ~100% thereby eliminating false and erroneous
signals that are usually associated with assays operating on the fluorescence “turn-oft”
principle. This study sets the basis for the development of a new generation of probes for
detection of important markers for critical diseases such as cancer by using simple and
economic graphene oxide composite materials and readily available biomolecules such as
amino acids appended to signal amplifying molecules thereby avoiding tedious synthetic
steps for the detection of specific biological analytes that have highly competing and similar
molecules in the same environment. We believe that this model PDI-HIS-Cu-GO composite
sensor represents a promising sensing strategy for the detection of the biologically important
phosphates and “turn-on” fluorescence response with a good linear relationship towards PPi.
In a broader context, this water-soluble platform can be directly used to monitor and detect
cancer and its progression via low level competitive detection of PPi. Furthermore, the
fabrication of PDI-HIS and PCG with PVA hydrogel films and on TLC plates demonstrated

the practical applications to detect PPi anions by “off-on” response on a solid platform.
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TOC

Highlights

A new biosensing platform for detection of copper(ll) ion and cancer biomarker
pyrophosphate (PPi) is constructed.

Histidine functionalized perylene diimide (PDI-HIS) with Cu®* and graphene oxide (PCG)
was used as the recognition element.

Intracellular detection of PPi using PCG was also carried out in B16F10 cells.

The fabrication of PDI-HIS and PCG with PVA hydrogel films and on thin layer
chromatography plates was also demonstrated in label-free manner.
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