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Original Research Article

A Graphene Oxide Nanoprobe for Sensitive Fluorescen

Telomerase Activity Analysis

ABSTRACT

A novel fluorescent biosensor with ultra-sensitivjg and selectivity for telomerase detection has
been designed based on oligonucleotide-adsorptiom tgraphene oxide (GO). This PCR-free
method employs fluorescent ssSDNA as a probe, whi@xhibits minimal background fluorescence
in the present of GO. In the test procedure, telome primer DNA was incubated with cancer cell
extract and dNTP molecules for 18 hours and then ated to the fluorescent probe solution. If
telomerase is present and active, this telomeric pner will be elongated and hybridised with the
fluorescent DNA probe, causing strong fluorescenaamission due to the formation of double helix
DNA and its detachment from the surface of GO. If ¢lomerase is absent or inactivee(g. due to
heating in the incubation solution), the telomericprimer will not be elongated, preventing
hybridisation with the fluorescent DNA probe. Therdore, in the absence of telomerase,
fluorescence is quenched by GO, enabling detectiaf telomerase activity with a high signal-to-
background ratio. Using this GO-based fluorescencenethod, the telomerase activity detection
limits were 5 cells and 50 cells under 0.2 mg-riLand 0.5 mg-mL* GO concentration,

respectively.
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1. Introduction

Telomerase is an essential cellular ribonucleoprd®NP) that stabilies telomere length by adding
TTAGGG repeats onto the telomeric ends of the closmmes using reverse transcription and intrinsic
RNA as a template [1-4]. Over 85% of all known huntamours exhibit high telomerase activity
compared to neighbouring normal cells. Therefdres regarded as a biomarker for cancer diagnasis a
well as a therapeutic target [5-7]. To date, maslgnherase analysis protocols have been developed,
including the telomeric repeat extension proto&) felomeric repeat amplification protocol (TRAP)
[9], homogeneous chemiluminescent assay (HPA) [RU}LPCR analysis of human telomerase reverse
transcriptase (hTERT) gene expression [11] andhpltircle mechanism telomeric arrays (RCA) [12].
Among these methods, polymerase chain reaction Y@sed TRAP is the most sensitive and widely-
used telomerase activity detection assay. Althopgwerful, TRAP is limited by its requirement for
expensive equipment and reagents, such as PCRnresttation and Taq polymerases. In addition, it is
susceptible to PCR-derived artefacts, especiallgnvicreening compounds for telomerase inhibition.
Furthermore, the exponential amplification of produincreases the risk of false positives and
complicates the accurate quantification of telorseractivity [13]. In the last decade, the advancgme
of nanotechnologies has facilitated the developnoérnhany other methods for detecting telomerase
activity [14, 15]. These methods include colorinetietection by DNAzyme [16, 17], quartz crystal
microbalance methods [18], electrical and surfackasmon resonance methods [19, 20]
chemiluminescence [21] and electrochemiluminescemecethods [22] based on nanoprobes,
electrochemical impedance spectroscopy (EIS) [@8trochemical methods by using a ligands bound
to tetraplex DNA [24] as well as using Au nanopaes amplification means [25]. These new methods
are PCR-free and most of them incorporate nanostateents. Moreover, in addition to consider the
DNA extension in TRAP, these new methods still rteaimed the unique composition and structure of
telomeric repeat sequences. However, the sengitfithese methods is usually insufficient without

amplification by PCR process. (See supporting mionS1)
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Herein, we report a novel method to detect teloseegectivity using a sensitive fluorescent probe
based on DNA-adsorption to graphene oxide. Graphensists of a single layer of carbon atoms in a
closely-packed, honeycomb two-dimensional latticed possesses exceptional electronic properties and
enormous potential for applications. It has bedively studied as a chemical sensor material since
2004, when it was first isolated [26-31]. In recgadrs, it has shown particular promise as a coeton
in biotechnology applications such as DNA sequendB2]. Yang et al. [33] and Fan et al. [34]
independently proposed that water-soluble grapbeitee (GO) could selectively adsorb single stranded
DNA (ssDNA) probes. This strong adsorption of ssDINAs attributed to the-n stacking interaction
between the ring structures in nucleobases andhéxagonal cells of graphene. In their work, a
graphene oxide (GO)-based multicolour fluoresceNtADnanoprobe was reported. Due to the high
signal-to-background ratio between ssDNA and dsDN#h GO, this nanoprobe allowed rapid,
sensitive, and selective detection of DNA targetshomogeneous solution. Utilising this low cost
unique multifunctional material, they detected was target molecules, such as target DNA2'Hag",
and ATP [35]. Willner et al. also developed mukipéd aptasensors and amplified DNA detection
based on the functional GO by coupling exonucléi&sgéxo Ill, to system, and applied it into logyate
operation [36]. Using the extraordinarily high quenching efficigraf GO, we developed a PCR-free
assay for telomerase activity detection based erctimformational change of a DNA probe from single
strand to double helix after elongation by telomsera his new assay achieves higher sensitivity than

TRAP method.

2. Experiment section

2.1. Chemicals and Materials

Water-soluble graphene oxide (GO) was synthesisedjuhe chemical Hummers method [37-39].
The GO product was dialysed in distilled water tompletely remove metal ions and acids. After
centrifugation for 10 min at 8000 rpm, the supeantd containing GO were collected and brought to a

concentration of 1 mg/mL.
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Two kinds of polyacrylamide gel electrophoresis G -purified DNA fragments were used for
telomerase activity detection, both of which wegmtsesised and provided by Sangon. Co. Ltd.
(Shanghai, China). The sequences were as follolws5 ’LCCTAACCCTAACCCTAACCCTAACTC-
FAM-3' (27 bp); P2: 5AATCCGTCGAGCAGAGTT-3 (18 bp). The P1 sequence was used as the
fluorescent probe with a complementary sequendeedelomeric repeat sequence, while P2 was the
telomerase primer. All these probes and primergweepared as ajM concentration in 20 mM Tris-
HCI buffer (100 mM NaCl, 5 mM KCl and 5 mM Mg£ipH 7.4).

All other chemical agents were purchased from Sigidaich (USA) and Sinopharm Chemical
Reagent Beijing Co., Ltd. Ultrapure water with éfec resistance >18 was supplied from a

Millipore Milli-Q water purification system (Billaca, MA, USA).

2.2. Telomerase Extracts

The commercial TRAPeze telomerase detection kiD87iVvas purchased from Millipore and was
used to provide telomerase-positive cells and a HR®ntrol group result. The telomerase was
extracted from positive control cells f1€ells) from the S7700 kit. The cells were brokemd by 200
uL of 1xCHAPS Lysis Buffer, whose sediment was restbby centrifugation (12,000 rpm, 20 min);
next, 160uL of liquid supernatant was repacked asulOof mother liquor and stored at -86 Before
being used, the mother liquor was 20xdiluted by HRES Lysis Buffer, generating 250 célls™ of
telomerase extracts.
2.3. Preparation of oligonucleotide-adsorbing GGbps

Telomeric primer P2 was first incubated in a misetution for 18 hrs. The mixed solution contain

1 Lof dNTP, 14 L 50 u mol L™ of P2 DNA, 5u L of 10X TRAP Reaction Buffer, 2. L of different
quantities of telomerase cell extracts (1, 5, 10,10, 500 cells and 500 cells heat-treated & $&r
10 min), and a number of PCR-Grade Water to binegdtal volume to 5Q: L. The incubated products

were then mixed with fluorescent probe P1 and G@agibus concentrations (1mg-fhL0.5 mg-mL,
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0.2 mg-mL*, 0.1 mg-m[Y) to achieve a final concentration of 50 nM DNAdach solution for 30 min

at room temperature.

2.4 Apparatus

Atomic force microscopy (AFM) was conducted using 3PA400 equipped with an SPI3800N
controller microscope instrument (Seiko Instruments, Japan) in tapping mode to simultaneously
collect the height and phase data from GO. The 3Egtrum of GO was measured using an Axis Ultra
(Kratos Analytical Ltd., Japan), and the Raman spet was collected on a Renishaw inVia system
(Renishaw, UK).

The fluorescence profiles of the DNA probe and primmixtures were obtained using a Hitachi F-
4500 fluorometer (Hitachi Co. Ltd., Japan) withextitation wavelength of 480 nm.

PCR was carried out in a Mastercycler (Eppendorf 0d., Germany). Electrophoresis was
performed in a Hoefer Minive (Pharmacia Biotechpailg and was used for the detection of PCR
products in order to compare our method with TRA¥BR Green | used in electrophoresis was
purchased from Invitrogen Ltd, while Taqg DNA Polyimse ET101 (5 unjil) and DNA Ladder

Marker MD100 were purchased from Tiangen Biotechij{Bg) Co., Ltd.

2.5.Characterisation of GO

An AFM image and XPS spectra of the synthesiseda@3hown in Fig. 1. It can be seen that the
GO sheet size was less thamrh, with a height of 1.19 + 0.11 nm, demonstratihgttthe GO is a
single-layer carbon material. The GO was also dtarged by Raman. (See Figure S-1 of supporting

information for more details)
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118 Fig. 1.(a) AFM image of GO on mica; (b) the cross-sewiqrofile of the AFM
119 image along the black line; (c) XPS spectra of &ligws the C-C bond, C-O bond
120 and C=0 bond.
121 XPS is a powerful surface technique that can peunformation about the state and environment
122  of atoms in a sample. The C1s core level of XPShlees used to distinguish? andsp® hybridisation
123 in carbon nanomaterials [40T'The C1s XPS spectrum of GO clearly indicates aic@nable degree of
124

oxidation with three components that corresponcarton atoms in different functional groups [4hp t

125 non-oxygenated ring C (284.80 e§y? hybridised), the C in C—O bonds (287.01 eV), dreldarbonyl

126 C (288.62 eV). D and G bands of GO were found emRlaman spectrum ( See Figure S-1 of supporting

127 information). The D band at 1320 €naris from sp*-hybridised carbon, and the peak at 1602*cm

128 represents the gzone centre mode of the crystalline graphite [42lere was also a 2D band at 2600
129 cm™. The relative intensity ratio of the D and G lir(gsll ratio) was 1.005, which was proportional to

130 the number of defect sites in graphite carbon.tid information above indicated that these graphite
131

materials were GO sheets with significant edgegléee defective sites on the surface [43-47].
132 3. Results and discussion

133 3.1. Fluorescence emission spectra of differenechisystems
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Fig.2. Fluorescence emissions of FAM of 50 nM P1 DNA iiifiedent systems: lina: only P1
DNA; line b: P1 and GO,; line: P1 and P2 DNA; linel: P1 with 500 cell extracts and GO,;
line e P1, P2 DNA and GO,; line P1 and P2 incubated with inactivated 500 celtaets for
18 hrs and GO; ling: P1 and P2 incubated with 500 cell extracts forhi8 and GO. The

excitation wavelength was 480 nm.

Figure 2 displays the fluorescence emission spedtmifferent mixed systems for 0.5 mg-hL
GO. Spectruna is the fluorescence emission of the P1 probefjtadlile spectrunb shows that GO
can totally quench the fluorescence of P1. Specttundicates that the P2 primer can enhance the
fluorescence of the P1 probe by diluting the cotregion of P1 and reducing the probe’s self-quemghi
effect. Spectra ande show that GO can also quench the ssDNA probetsdkcence in the presence of
P2 primer or cell extracts (telomerase) separaféigse results suggest that these two elements were
both necessary for fluorescence recovery in théurexsolution. Even in the presence of P2 primtraf
incubation with inactivated 500-cell extracts, aedrumf shows, the system’s fluorescence was still
quite weak. Only when P2 primers were incubatech via@0-cell extracts, the P1 probe could be
hybridised with the extended primer forming a dsDaid released from the GO surface, resulting in a
high fluorescence signal (Fig. 2. lirg). The experiment described above can clearly ndjaish

differences in telomerase activity based on flucgase recovery levels.
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This PCR-free method harnesses the special olideotide-adsorption properties of GO by
employing fluorescent ssDNA P1 as an analysis prohes probe was adsorbed in the presence of GO
and exhibited minimal background fluorescence.dntiast, when the primer DNA P2 was extended by

telomerase in cell extracts after incubation andeddto the probe solution, strong emission was

observed (see Scheme.@). In other experimental conditions, for exampléhaut incubation of cell
extracts or incubation with inactivated telomerage95C, fluorescence emission was weak (see

Scheme. 1(D). Therefore, only when P2 primer was extend bivadelomerase and hybridize with P1

probe to a double-helix DNA and that broke awayfrbe surface of GO, which gives rise to the strong
fluorescence. The quenching of fluorescence froemRf probe by GO in the absence of telomerase

provides a high signal-to-background ratio for teéwase activity detection.

b
; i o Frd 1 [req
‘1) without Telomerase PRI = = & £ PZ Primer
Trrr.
I

P1 Probe GO s ssDNA

Telomerase

— —~—,
P2 Primer Extended P2
i I S
‘‘‘‘‘‘‘ r i o
1Y et e - " '.'_JF,_._JTJ-\. l. ‘,I_i: Yrrl
(2] with Telomerase iz ’_':jr L5 - T .

) dsDINA
Pl Probe G0

Scheme 1.lllustration of the GO-based fluorescence methaddimmerase activity detection.
(1) DNA P1 probe fluorescence emission was weak énsttuation without incubation of cell
extracts or incubation with inactivated telomeras85C; @: When primer P2 was extended
by telomerase in cell extracts after incubation added to the P1 probe solution, strong

emission was observed.

3.2. Telomerasactivity assay under different GO concentrations
In order to find suitable experimental conditions telomerase activity detection, we tested various

GO concentrations, including 1 mg-hL0.5 mg-m[*, 0.2 mg-mL* and 0.1 mg-mt. Adsorption and

8
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guenching efficiency varied under these differemaentrations, as exhibited in the fluorescencetspe
from the P1+P2+GO mixtures. The normalised fluaease factorf is introduced to support the

discussion of telomerastivity detectability under different GO concetias.

f=( K- FP1+P2+G(9/ ( Foups F P1+P2+G): (1)

This factor is defined by equation 1, in whi€k is the fluorescence emission of P1 DNA and P2
primers incubated with specific concentrations @lf extracts at specific GO concentratioRs;+p2+co
is the fluorescence background of P1, P2 DNA atifipeconcentrations of GO anBpi.p;is the
fluorescence emission of P1 and P2 DNA. After somhmalisation, the detection of telomerase activity

using this GO-based fluorescence method can be a@u@t different GO concentrations.

1.2 4 1 cell
| ’r-\ - = 5 cells
1.0 o\
1 ! “ =+ =250 cells
'
0.8 - [ '
0 0, '
1 LRV NI ====500 cells
w 0.6- N . \
\
1 l'/ \\ ‘\
0.4 | !
I’I \\ ‘\
4 ') \
o2 /.= N
St
V4 < PNt
0.0 o~ R

500 520 540 560 580 600 620 640 660
A/mm

Fig.3. Fluorescence factdrof P1 DNA with 0.5 mg-mt GO and P2 primer incubated with
various concentrations of telomerase (1, 5, 10,190, and 500-cell extracts). The excitation
wavelength was 480 nm.

Fluorescence signals were collected while systealfti varying GO and telomerase

concentrations (See Figure S-2 of supporting infdrom for more details). For example, at a 0.2
mg-mL* GO concentration, fluorescence signals were delieafter incubating P2 primer with
telomerase extracted from between 1 and 500 deldgie 3). Figure 4 (a) shows the work curves of

different GO concentrations in tlie Log(cell number) diagram, demonstrating that ®& mL* and
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0.2 mg-mL* were appropriate GO concentrations. Generallypréiscence signals were low when the
GO concentration was too high (such as 1 mg*nlecause of the strong quenching effect. Conversel
the fluorescence background was too high when Bec@ncentration was low (such as 0.1 mginL
generating measuring errors for telomerase actigédtection. When the GO concentration was in
between these two extremes (such as 0.5 mg"-antd 0.2 mg -mt), better and linear working curves
were obtained. Table 1 displays the slopes ahdfRhe work curves at different GO concentrations.
Moreover, inactivated telomerase comparisons warged out at each GO concentration, as seen in

Figure 4 (b). After 10 min of 96 heat inactivation, telomerase is unable to extefawmeric primer P2

and the weak fluorescence signals of P1 can bb elastinguished from activated telomerase.

e za . — h [
B 1 mgdmil _.-"'-.'l' 20 | 1 enli
& 05irg -"| -____.-" | BRI
HH - | R
s e I_'r;"'&! .F_.-""-F 1.5 J I £ el
¥ kb - i B 15 el
| B 5 et
" 1.0 - Al 10 | I 500 cels alier b livatson
|
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(TR == = —a - siid
+ T T 4 = : = ; . i A ———— -
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Fig.4. Calibration curve for telomerase activity detectionder different GO concentrations
(a) and inactivated telomerase control (b). Squaramg-mL?, circle: 0.5 mg-mt, triangle:

0.2 mg-mL?, inverse triangle: 0.1 mg- L

Table 1. Slopes and Rof the calibration curves for telomerase actiwdtection at

various GO concentrations

GO concentration/ mg-mL  Slope R
1 0.0052 0.981
0.5 0.154 0.985
0.2 0.468 0.993
0.1 0.623 0.968

10
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3.3. Control experiment

To understand the role of GO in this telomerasévictdetection method, control studies were
carried out in the absence of GO. As seen in Fidgunae the supporting information, normalised
fluorescence curves at different telomerase coragons were nearly the same, demonstrating that GO
was the critical element in our fluorescence metfduls effect is attributed to distinction in adston
between ssDNA and dsDNA, which amplify differengaesthe fluorescence signal before and after
telomeric extension and result in a high signakgaound ratio. We conclude that this GO-based
fluorescence method for telomerase activity detecpirovides the best results at 0.5 mg'nur 0.2
mg-mL* GO concentrations. The detection limits of thisagswere 50 cells and 5 cells for 0.5 mg-mL
and 0.2 mg-mt, respectively, which is lower than that of theoflescent QD method [20]. Though 1
cell could be detected at 0.1 mg-MBO concentration, further testing is needed duth¢odeviation

from linearity.

— 1 call
- = = 5 pells
=== 10 celis
=== 50 eolls
-~ 100 cells

1.5+
104
0.5+

0.0+

S00 520 540 580 580 €00 620 B40 880
A'mm

Fig. 5.Fluorescence factdrof control groups in the absence of GO.

Finally, we compared our assay to the TRAP metlotiding the specifications of the S7700 kit.
After PCR and electrophoresis, TRAP product bandsevobserved in the 500 cell extract lane and
guantitation controls, while no products were obsdrin the inactivated control and CHAPS control
(for details, see Figure S-3 in supporting inforim@t The TRAP method requires 5 to 6 hours and has
a detection limit of several hundred cells. Therefahe need for more sensitive and convenient

methods is still an important concern in the fiefdelomerase activity detection.

11
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4. Conclusion

In summary, we have utilised the high fluoresceqaenching ability of GO toward ssDNA to
design a novel fluorescent sensor for multiplexelira-sensitive and specific telomerase activity
detection. This GO-based telomerase sensor hasabeadvantages compared to the TRAP method.
Principally, GO can be synthesised in large quiastiand the DNA probe is only labeled with a single
dye, reducing the cost for telomerase activity cdeta. Secondly, this method is PCR-free and easy t
execute, which can avoid false positive resultardlyy GO-based detection improves sensitivity by
guenching the fluorescence of the probe DNA, mising the background fluorescence and resulting in
an optimised detection limit of several-cell teloase extracts. Although the telomeric primer extans
in this method was time consuming, it is still Higlpromising due to its considerable sensitivity.
Therefore, this GO-based method may provide opptts to develop low cost and ultra-sensitive
telomerase detection protocols using the confoonati changes of DNA probes and the multi-
functional nanomaterial GO. We expect that thid @uide new research and enable important and

widespread applications in many other areas obbioal analysis.

Appendix A. Supplementary data Supplementary data associated with this artiatele found in the

online version at doi:
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Figure captions

Fig. 1. (a) AFM image of GO on mica; (b) the cross-sewl@rofile of the AFM image along the black

line; (c) XPS spectra of GO, shows the C-C bond) 6end and C=0 bond.

Fig. 2. Fluorescence emissions of FAM of 50 nM P1 DNAiiffledent systems, lina: only P1 DNA;
line b: P1 and GO; line: P1 and P2 DNA,; line: P1 with 500 cell extracts and GO,; ligeP1, P2
DNA and GO; lind: P1 and P2 incubated with inactivated 500 celtaets for 18 hrs and GO; lirgg

P1 and P2 incubated with 500 cell extracts for IE8amd GO. The excitation wavelength was 480 nm.

Fig. 3. Fluorescence factdrof P1 DNA with 0.5 mg-mt GO and P2 primer incubated with various
concentrations of telomerase (1, 5, 10, 50, 106,500 cell extracts). The excitation wavelength was

480 nm.

Fig. 4. Calibration curve for telomerase activity detectionder different GO concentrations (a) and
inactivated telomerase control (b). Square: 1 mgmtircle: 0.5 mg-mt, triangle: 0.2 mg-mt,

inverse triangle: 0.1 mg- L
Fig. 5.Fluorescence factdrof control groups in the absence of GO.

Scheme 1llllustration of the GO-based fluorescence methaddtmmerase activity detectioriy DNA
P1 probe fluorescence emission was weak in thetsitu without incubation of cell extracts or

incubation with inactivated telomerase at@®52): When primer P2 was extended by telomerase in cell

extracts after incubation and added to the prohgisn, strong emission was observed.
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