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ABSTRACT: Flap structure-specific endonuclease 1 (FEN1) is overexpressed in various types of
human cancer cells, and has been recognized as a promising biomarker for cancer diagnosis in
the recent years. In order to specifically detect the abundance and activity of this cancer-
overexpressed enzyme, different types of DNA-based nanodevices were created during our
investigations. It is shown in our studies that these newly designed biosensors are highly
sensitive and specific for FEN1 in living cells as well as in cell-free systems. It is expected that
these nanoprobes could be useful for monitoring FEN1 activity in human cancer cells, and also

for cell-based screening of FEN1 inhibitors as new anticancer drugs.

KEYWORDS: Nanodevices; Biosensors; Fluorescent probes; DNA repair enzymes; Graphene

oxide

Flap structure-specific endonuclease 1 (FEN1), as one of the most crucial enzymes in
eukaryotic cells, catalyzes removal of 5° overhanging DNA flaps in both long-patch DNA base
excision repair (BER) pathway and Okazaki fragment maturation during DNA replication.'™
Besides playing essential roles in the abovementioned cellular processes, FEN1 has been
identified as a reliable biomarker for cancer diagnosis and monitoring over the past few years
owing to its overexpression in various types of cancer cells such as testis, lung, breast, prostate
and brain cells.”® In addition, since FEN1 was involved in tumor progression and development,
and the levels of its expression were correlated to cancer cell survival, proliferation, function and
apoptosis, this enzyme has been considered to be a validated therapeutic target of anticancer

drugs in the recent years.”"

To the best of our knowledge, however, there is no existing
diagnostic platform that allows real-time and direct detection of enzymatic activity of FEN1 in

live cells. Although some traditional approaches have been developed for detection of other
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protein biomarkers, most of these techniques (e.g. SDS-PAGE, Western blotting analysis,
ELISA-based immunological methods, electrochemical and electrical methods) are limited to
fixed cells, cell lysates, or other cell-free systems.">” Even today, the development of precise
and real-time diagnostic platforms still faces multiple challenges, which includes (1) poor target
accessibility in living cells, (2) relatively low sensitivity and specificity in crowded cellular
environments, and (3) low accuracy due to external interferences introduced by the diagnostic
methods themselves. Despite the many challenges we are facing, when new biosensors are
designed and fabricated, their sensitivity, specificity and accuracy are basic requirements that
should be taken into account.

For the current study, in consideration of the facts that (1) FEN1 is well recognized as a cancer
biomarker as well as a target of anticancer drugs, and (2) specific biosensors for real-time
monitoring of the FENT1 activity of live cells have not yet been developed, we reported here a
new series of nanobiosensors based on target-responsive nanocomposites. Our investigations
demonstrated that these newly designed nanoprobes are highly sensitive and specific to the level
of FENI1 in cell-free systems. In addition, with the help of graphene oxide nanoflakes, the DNA-
based probe can readily enter living cells and thus be turned on by the catalytic action of cellular
FENI1. Because of the responsive design, these nanobiosensors, different from traditional
approaches, can be used for real-time analysis in both living cells and cell-free systems without
affecting the activity and abundance of the analyte. Moreover, due to the high turnover number
of the target enzyme FENI1, high signal amplification and rapid response times can be easily

achieved within cellular environments.
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Figure 1. Schematic illustration of catalytic actions of FEN1 on duplex DNA that possesses 5'

flap structure.

Over the last few decades, a number of functional nanomaterials with well-controlled size and
shape have been created and developed for diagnostic as well as therapeutic applications such as
gold nanoparticles, quantum dots and carbon nanotubes.'®* Among them, graphene oxide (GO)
which is one of the emerging star building materials was used in our studies due to its (1) strong

interaction with single-stranded DNA?*°, (2) distance-dependent fluorescence quenching

31-36

property 37, 38

39, 40

, (3) high water solubility’” ", (4) high surface area and high loading capacity™™ ™,

41-43

(5) robust chemical and mechanical stability 44,43

, (6) low cytotoxicity’ and (7) low-cost and
ease of preparation®® *’. Furthermore, it has been reported that graphene oxide nanoflakes with
certain size are able to pass through cell membrane via endocytosis.**”” Based on these
biochemical properties of graphene oxide, different types of GO-based nanobiosensors were
originally designed and examined in our studies for their susceptibility to FEN1. Figure 2 depicts
structures of these five types of DNA-GO nanocomposites (Probe 1 to Probe 5) and their
anticipated responses toward catalytic action of FEN1. Each of the five probes is composed of
DNA segments and graphene oxide respectively. The DNA segments in these probes on the one
hand act as fluorophore carriers, and on the other hand serve as substrates that are responsible for

interacting with the target analyte FEN1.”" ** Graphene oxide is responsible for transporting
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fluorescent FEN1 substrates across cell membranes and causing alteration of fluorescence
intensities upon the action of FEN1. Cyanine 3 as a water soluble and pH-insensitive fluorescent
dye enables simple and efficient labeling of our DNA structures at various positions.” >

More specifically, the DNA portion of Probe 1 is a unimolecular dumbbell-shaped structure
with a fluorophore (Cy3) at it 5’ end and two hairpin loops at both sides of its duplex region. One
of the two single-stranded loops in Probe 1 possesses comparatively large size (25 bases), which
is specially designed for its adsorption on the surface of graphene oxide. These adsorbing
interactions will bring the entire DNA segment close to the surface of graphene oxide, thus
leading simultaneously to the quenching of Cy3 fluorescence signals. In addition, as a substrate
of the target analyte FEN1, the DNA portion of Probe 1 should be cleavable by the action of

FENI. This will sequentially cause the release of 5’ flap and regeneration of fluorescence signal

from Probe 1 (Figure 2A).
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Figure 2. Illustration of structural organizations of our newly designed five DNA-based
nanobiosensors (A, C, E, G and I) and their responses to the actions of FEN1 (B, D, F, H and J).
Reaction mixtures containing 100 pM of FEN1 and 100 nM of Probe 1 (A and B), Probe 2 (C
and D), Probe 3 (E and F), Probe 4 (G and H), Probe 5 (I and J) respectively were incubated in
the presence of 50 mM Tris-HCI (pH 7.0), 10 mM MgCl,, 1 mM DTT and 100 pg/ml BSA at
37 °C for 2 hours, followed by fluorescence spectroscopy at an excitation wavelength of 510 nm.

Detailed experimental procedures were described in Supporting Information.
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Different from Probe 1, the sizes of both loops in Probe 2 are standardized (3-4 bases), to one
of which a single stranded DNA segment is covalently linked by click chemistry. Once this
single stranded DNA binds to the surface of graphene oxide, fluorescence signals of Cy3 in the
hairpin duplex DNA will be quenched by graphene oxide nanosheets and in turn be regenerated
by the catalytic action of FEN1 (Figure 2C). Additionally, in contrast to the other four DNA
probes shown in Figure 2, poly(sodium 4-styrenesulfonate) (PSS) is adsorbed on the surface of
graphene oxide in Probe 3 through non-charged portions of this organic polymer. At the same
time, the positively charged side chains of polyethylenimine (PEI) form electrostatic interactions
with PSS and thus make the surface-coated graphene oxide polycationic.”® In this case, the
polyanionic duplex DNA entity is able to form electrostatic interactions with PSS/PEI-coated
graphene oxide, which will make the sequential quenching and regeneration of Cy3 upon action
of FENI feasible (Figure 2E). Furthermore, since the 5’ flap in FENI1 substrate is a single-
stranded overhang, this flap structure is distinctively utilized for its binding interaction with
graphene oxide in Probe 4. Unlike the rest of probes shown in Figure 2 where fluorophores are
connected to 5° flaps, the Cy3 fluorophore in Probe 4 is covalently linked to the loop region. As
a result, upon the action of FEN1, the released product from graphene oxide in Probe 4 will be
duplex DNA segments rather than single-stranded flap structures (Figure 2G). Lastly, different
from the aforementioned Probes 1-4, fluorescence-labeled DNA segment and graphene oxide in
Probe 5 are separate entities instead. It is the adsorption of generated single DNA fragments that
leads to variation of fluorescence signals in this probe (Figure 2I).

For the purpose of examining susceptibility of Probe 1 to catalytic action of FENI in cell-free
systems, Probe 1 and this target enzyme were incubated together in FEN1 reaction buffer during

our investigations. As shown in Figure 3A, fluorescence signals were generated from Probe 1 in
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the presence of FEN1 whereas their intensities at wavelength of 568 nm increased with the
increase of FEN1’s concentrations from 0.2 to 100 pM. On the basis of these observations, plots
of fluorescence intensity vs. FEN1 concentration were graphed accordingly, which revealed that
the detection limit (LoD) of FENI through using Probe 1 was as low as 0.38 pM (detailed
calculation given Supporting Information). In addition, in order to corroborate that activation of
Probe 1 is indeed FEN1-specific, a series of DNA-related proteins were examined as well in our
studies, which included DNase I, RNase T, DNA ligase 1, topoisomerase I, topoisomerase II,
polynucleotide phosphatase/kinase, DNA polymerase 3 and histones. As seen in Figure 3C, none
of these enzymes and proteins was capable of causing evident amount of fluorescence signals
from Probe 1. In addition, the responsiveness of Probes 2, 3, 4 and 5 towards the catalytic action
of FEN1 were examined as well in our studies. Similar to Probe 1, fluorescence intensities of
these four probes varied significantly with the increase of their concentrations (Figures 2D, 2F,
2H and 2J). These results along with the observations shown in Figure 2B indicate that all of our
newly designed five graphene oxide-based probes are highly sensitive to catalytic actions of
FENI1 in cell-free systems. According to the fluorescence intensity variation of these probes
(Figure 2), the order of their detection sensitivity for FEN1 in cell-free systems was as follows:

Probe 1 > Probe 2 > Probe 3 > Probe 4 > Probe 5.
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Figure 3. (A) Correlation between fluorescence intensity of Probe 1 and concentration of FEN1.

Probe 1 (100 nM) was incubated without FEN1 (blue) or with 0.2 pM (red), 0.5 pM (green), 1
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pM (purple), 2 pM (aqua), 5 pM (orange), 10 pM (light blue), 20 pM (light red), 50 pM (light
green), 100 pM (light purple) of FENT1 respectively in the presence of 50 mM Tris-HCI (pH 7.0),
10 mM MgCl,, 1 mM DTT and 100 pg/ml BSA at 37 °C for 2 hours, followed by fluorescence
spectroscopy at an excitation wavelength of 510 nm. (B) A plot of concentration of FENI vs.
fluorescence intensity at 568 nm. Calculation of LoD is presented in detail in Supporting
Information. (C) Specificity test of Probe 1 towards various DNA-related proteins. Probe 1
(DNA concentration of 100 nM) was incubated with 100 pM of FEN1 (~4 units), DNase I
(~0.006 units), RNase T, DNA ligase 1, topoisomerase I, topoisomerase II, polynucleotide
phosphatase/kinase, DNA polymerase 3, and histones respectively in the presence of 1X FENI
reaction buffer (50 mM Tris-HCI, 10 mM MgCl,, 1| mM DTT and 100 pg/ml BSA, pH 7.0) at

37 °C for 2 hours, followed by fluorescence examination (emission recorded at 510 nm).

In order to examine response of our newly designed nanoprobes towards its intracellular target
FENI1, Probe 1 as the most sensitive one among these five probes was chosen and examined in
our next investigations. In addition, since overexpression of FEN1 has been reported in various
types of cancer cells,”™ a human breast cancer cell line MCF-7, was tested as a representative
example of such cancer cells in our studies. MCF-7 cells were accordingly cultured followed by
treatment with Probe 1 and inhibitors of FEN1. As shown in Figure 4, in the presence of FENI
inhibitors aurintricarboxylic acid (ATA, Row B) and NSC-13755 (NSC, Row C), the Cy3
fluorescence signal in MCF-7 cell images was found to be nearly negligible. This happened
because catalytic activity of FEN1 in MCF-7 cells was suppressed by ATA and NSC-13755,7%¢
which lacked the ability to remove fluorescent 5’ flap from Probe 1 any longer. On the other
hand, the absence of Cy3 signals in MCF-7 cells can also be taken as an indicative that Probe 1 is

not responsive to other enzymes that are present in MCF-7 cells. When cells were incubated with
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Probe 1 in the absence of FENI inhibitors, fluorescence signals of Cy3 manifested significantly
(Row A in Figure 4). This manifestation suggests that (1) graphene oxide was able to effectively
transport fluorescent duplex DNA segments across cell membranes, and (2) the duplex DNA
segments on graphene oxide was able to act as substrates of cellular FEN1. In a brief summary,
the observations shown in Figure 4 demonstrate that our newly designed Probe 1 might be a
useful tool for distinguishing the living cells that possess abundantly active FEN1 (Figure 4A)

from those that hold low activity of FEN1 (Figures 4B and 4C).

Hoechst 33342
& CellMask Probe

A1

ATA treated
MCF-7 WT MCF-7

NSC treated
MCF-7

Figure 4. Confocal fluorescence microscopy images of differently treated MCF-7 cells. Cells
that were pre-treated without (Row A) or with 1 uM of FEN1 inhibitor ATA (Row B) or NSC-
13755 (Row C) for 2 hours and then incubated with Probe 1 at 37 °C for 4 hours. Cell
membranes were stained with CellMask™ Plasma membrane Stain (purple) while nuclei were

stained with Hoechst 33342 (blue). Light transmission images (DIC) displayed the morphology

ACS Paragon Plus Environment

10

Page 10 of 19



Page 11 of 19

oNOYTULT D WN =

Nano Letters

of the cells. Merged images showed the overlay of four channels (CellMask, Hoechst 33342,

Cy3 and DIC). Scale bars represent 20 pm.

Three different-sized graphene oxide nanosheets (Figure SA) were prepared next in our studies
in order to find out how dimensions of these nanosheets affect their uptake efficiency by MCF-7
cells. Our confocal examination showed that the graphene oxide with its lateral size of ~0.1 um
displayed highest efficiency when they are passing across plasma membranes of the cells (Figure
5B). In addition, time dependence of cellular uptake of Probe 1 was examined in our studies. As
shown in Figure S1, significant amount of fluorescence signals emerged after incubation of
Probe 1 with MCF-7 cells for 1.5 and 4 hours, which reflects the time periods needed for
graphene oxide to pass across plasma membranes and for FEN1 to remove 5’ flaps from its DNA
substrates. Moreover, an MTT-based cell viability assay was carried out to evaluate the cytotoxic
effect of these DNA-based nanobiosensors. The results shown in Figure S2 demonstrated that no
significant cytotoxic effect was observed in cells incubated with any of the five probes.

Besides the aforementioned studies that were carried out in living cells, a series of experiments
were conducted in cell-free systems during our investigations. Probe 1 was incubated with or
without FEN1 in the buffer solution followed by exposure under UV light with the wavelength
of 302 nm. As seen in Figure S3, these FEN1 reaction products monitored by fluorescence
emission displayed much more intensive color than Probe 1 alone, which implies that Probe 1
could be used conveniently for in vitro screening FEN1 inhibitors from libraries of synthetic and
natural products. With the aim of confirming that fluorescence signals were indeed produced by
the action of FEN1, the DNA portion of Probe 1 alone was examined by gel electrophoresis. As
seen in Figure S4, the reaction products migrated faster than the original DNA portion of Probe 1,

which signifies that lower molecular weight products were formed upon the action of FEN1. In
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addition, morphology of the DNA-GO nanocomposites was characterized by AFM and TEM

(Figure SS5) in order to verify that fluorophore-labeled oligonucleotides were

onto the surface of graphene oxide.

B

B

Figure 5. (A) AFM images of different-sized graphene oxide nanosheets and distributions of
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In conclusion, five different types of nanodevices were created and examined during our

investigations, which consist of graphene oxide nanosheets and fluorophore-containing DNA
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respectively. Since these newly designed FEN1 turn-on fluorescent probes could be used to
detect a limited amount of cells and are highly responsive to cancer-overexpressed FENI, they
could be further developed as a general approach for noninvasive cancer diagnosis, and could

benefit the discovery of future generations of anticancer drugs.
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