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Highly sensitive detection of DNA damage in living
cells by SERS and electrochemical measurements
using a flexible gold nanoelectrode+t
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Guanine (G) oxidation products, such as 8-hydroxy-2'-deoxyguanosine (8-OHdG) and 8-oxo-guanine
(8-OXOQG), have been widely studied as promising biomarkers for DNA oxidative damage. In this work, we
develop a new method to detect G oxidative products released from live cells after chromium (vi) ion or
hydrogen peroxide treatments by using a glass nanopipette-based flexible gold nanoelectrode (fGNE).
Specific response to G oxidative products with high sensitivity can be detected from the fGNE tip through
integrated electrochemical measurements and surface-enhanced Raman spectroscopy. The fGNE apex
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can be positioned very close to the cell membrane noninvasively because of its high flexibility and nano-
scale tip size. With the assistance of the electrophoretic force, the fGNEs can effectively collect and
detect the G-derived DNA damage products released from individual cells in the cell culture medium
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Introduction

Reactive oxygen species (ROSs), formed during endogenous
metabolic processes and exposure to environmental factors,
can induce various lesions in nuclear and mitochondrial
DNA."? Among more than 100 types of DNA damage, guanine
(G) oxidative derivatives are the most abundant forms because
G is the one most susceptible to oxidation among the four
DNA bases.>* Fortunately, life has developed various systems
to quickly detect and repair DNA damage.>” The oxidized G
base is mainly repaired through base excision repair (BER) and
the base oxidation products, 8-oxo-guanine (8-OXOG) or its
tautomer 8-hydroxyguanine (8-OHGua), are efficiently removed
from the DNA strand. Meanwhile, their nucleotide forms,
8-ox0-2'-deoxyguanosine  (8-OXOdG) and its tautomer
8-hydroxy-2'-deoxyguanosine (8-OHdG), can also be generated
inside the cell through different repair pathways such as
nucleotide excision repair (NER) or directly from the free
nucleotide pool.>” Both 8-OXOG and 8-OHdG have become
important biomarkers of oxidative stress and reflect the
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dynamic balance between cellular DNA damage and repair.®*°
It should be noted that the tautomer structures are often not
clearly differentiated in the previous literature. Between the
base and nucleoside forms, more analytical methods have
been developed to detect and quantify 8-OHdG outside cells,
which may be related to its better cross-membrane capability.”
8-OHdG is usually detected at an elevated level in the urine or
serum of patients with increased oxidative stress or risk of dis-
eases, including neurodegenerative diseases, cancers, cardio-
vascular diseases and diabetes.""*?

Classical analytical methods have been developed for
8-OHdG and 8-OXOG detection mainly in urine and blood
samples, including high-performance liquid chromatography
(HPLC),'*'*'> gas chromatography (GC)-mass spectrometry
(MS), liquid chromatography (LC)-MS,"*'*'” and enzyme-
linked immunosorbent assay (ELISA).'®'? These methods have
extremely high sensitivity (nanomolar or better) and speci-
ficity, but extensive sample preparations are needed, and only
an ensemble average can be obtained. At the cellular level,
8-OXOG within the cells can often be detected by fluorescence-
based methods.®?® However, the research is still limited to
directly detect the trace amount of 8-OXOG or 8-OHdAG
released from individual living cells,*! which are also critical
for fundamental studies of oxidative DNA damage and early
diagnosis of diseases.*”

In recent years, various new methods have been developed
for living cell sensing and analysis, especially down to the
single-cell level. These new technical developments can
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provide a new solution for the detection of G-derived DNA
damage products. Because 8-OXOG/8-OHGua and their nucleo-
tide forms can be further oxidized and thus be detected elec-
trochemically, well-developed  micro/nanoelectrode-based
electrochemical (EC) techniques can be utilized.**>* For
example, carbon fiber microelectrodes have been utilized for
real-time detection of 8-OHdG released by individual lung epi-
thelial cells after exposure to nicotine.?® In recent years, nanoe-
lectrode (NE) and nanopipette based electrochemical methods
have made great progress for single-cell studies since they can
ensure the integrity and physiological activity of the living cells
during detection.”’*° In addition to micro/nanoelectrode-
based electrochemical techniques, surface-enhanced Raman
spectroscopy (SERS) has been used together with nanoelec-
trodes and nanopipettes in qualitative single-cell analysis
because of its high sensitivity and selectivity at the molecular
level.**? Furthermore, SERS has been successfully used to
differentiate four DNA bases and has been combined with EC
techniques for biosensing.”**" Therefore, an integrated EC
and SERS approach may provide a promising new approach to
probe the trace amount of oxidized G derivatives released from
live cells.

In this report, we have explored an integrated EC and SERS
approach for extracellular detection of oxidized G derivatives
in the cell culture medium at the single-cell level. The
measurements were achieved by using a glass nanopipette-
based flexible gold nanoelectrode (fGNE). In the live cell
experiment, the nanoscale and flexible tip of the f{GNE can be
positioned very close to the cell membrane with minimal
damage to the cell. Without further chemical modification,
the oxidized G base and nucleotide can attach to the exposed
gold surface of the fGNE mainly through the strong Au-N
interaction.*®?* After treatments with the often-used DNA
damage agents chromium(vi) ion®**® or hydrogen peroxide
(H,0,),2%°7% increased amounts of oxidized G derivatives are
released from individual cells and can be effectively collected
by the fGNE positioned very close to the cells. The fGNE shows
good responses to G oxidative products, including 8-OHdG
and 8-OXOG, in differential pulse voltammetry (DPV) and
SERS measurements. By comparing with spiked 8-OHdG in a
controlled environment, we conclude that the fGNE-based
method can detect about 0.1 nM concentration of G oxidative
products in the cell culture medium.

Experimental

Reagents and materials

NacCl, KCl, Na,HPO,-2H,0, KH,PO,, trypan blue and H,SO, of
ACS grade or better were purchased from Shanghai Aladdin
without further purification. 1xPBS was prepared from de-
ionized water (~18.2 MQ cm, Millipore). AgNO;, Ru(NH;)sCls,
DNA bases (A, T, G, C), 8-hydroxy-2'-deoxyguanosine (8-OHdG),
and K,CrO, were purchased from Sigma-Aldrich. HAuCl,-4H,0
and H,0, were purchased from Shanghai Macklin and Beijing
Chemical Works, respectively. Silver nanoparticles (AgNPs,
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~59 nm) were synthesized as previously described.’® The
characterization of AgNPs is described in the ESL{

Fabrication of the fGNE

The details of f{GNE fabrication can be found in the ESL{ In
brief, a clean quartz capillary (QF100-70-7.5) was pulled by
using a laser pipette puller (P-2000, Sutter Instrument) with
the following parameters: HEAT = 650, FIL = 4, VEL = 60, DEL
=170, and PUL = 180. The nanopore size was determined by
ionic current measurements. Then CNEs were formed inside
the nanopipette barrel by the pyrolysis of butane gas, which
flows through the nanopipette barrel with controlled
pressure.*’ The fabricated CNEs were then placed in 1xPBS
solution with 10 mM HAuCl,. Gold was electrochemically de-
posited on the CNE apex as well as the nearby glass surface at
a constant —70 mV bias for 8 min (see Fig. S3).*" The elec-
trode surface area was determined by the diffusion-limited
current of cyclic voltammograms (CVs). The nanopipette, CNE
and fGNE were also imaged by SEM (JEOL JSM-7610F).

Characterization of nanopipettes, CNEs, and fGNEs by
electrochemical measurements

The electrochemical measurements of G and 8-OHdG were
conducted using a potentiostat (CHI 852D). An Ag/AgCl wire
electrode was used as the quasi-reference electrode (0.2 mm in
diameter) and a Pt wire (0.5 mm in diameter) was used as the
counter electrode. For the measurements in the controlled
environment, the DPV measurements were performed in
10 mM PBS (pH 7.0-7.5) with various G or 8-OHdG concen-
trations. The DPV measurement of 8-OHdG was also con-
ducted in the cell culture medium. To study G oxidation, CVs
were obtained continuously with two different potential sweep
rates (20 Vs~ and 0.05 V s7") for 50 cycles in 10 mM PBS solu-
tion with 10 pM G to obtain the oxidation products of G on the
fGNE surface. Subsequently, DPV measurements were per-
formed using fGNEs with the adsorbed oxidation products of
G in 10 mM PBS solution.

SERS measurements for products of DNA oxidative damage on
the fGNE

Before the SERS measurements, the fGNE tethered with pro-
ducts of DNA oxidative damage was placed in 10 mM PBS with
about 80 pM of 59 nm size AgNPs for 5 min to enhance the
SERS signal. SERS measurements were performed using a con-
focal Raman microscope system (Horiba LabRAM HR evol-
ution). The samples were excited with a 532 nm laser with
20 mW power, and a x50 objective was used in the measure-
ments to focus the laser beam spot (about 2 pm size) on the
fGNE tip. The typical exposure time was 10 s. The Raman spec-
tral resolution was 0.3 cm™". The acquired Raman spectra were
smoothened by a moving average method (neighboring 5
points) using Origin software (OriginLab).
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Cell culture, DNA damage treatment, and DNA oxidative
damage product collection

Three types of cells, human lung cancer cells (A549), human
cervical cancer cells (HeLa), and African green monkey kidney
cells (Vero), were purchased from the Institutes of Biological
Sciences (Shanghai, China). A549 and HeLa cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM), and Vero
cells were cultured in minimum Eagle’s medium (MEM). Each
type of medium was supplemented with 10% fetal bovine
serum, penicillin (100 pg mL™"), and streptomycin (100 pg
mL™"). The cells were cultured at 37 °C in a humidified incuba-
tor containing 5% CO,. The cells were subcultured until 80%
of the Petri dish was covered by cells. For DNA damage treat-
ment, concentrated K,CrO, or H,O, solution was added into
the Petri dish to reach a final concentration of 20 pM, and the
treatment time was always 2 h. Before measurements, cells
attached to the glass slides were washed with 1xPBS and
rinsed with the medium. A micromanipulator (TransferMan
4r, Eppendorf) was used to precisely control the distance
between the fGNE and the cell membrane surface. The fGNEs
collected the DNA oxidative damage products at an applied
bias of —70 mV for different times. In the experiments of col-
lecting DNA oxidative damage products, a temperature control
system (Warner Instruments, TC-344C) maintained the temp-
erature at 37 °C.

DFT calculation

Gaussian 09 software was used for geometric optimization
and Raman spectra calculation of all four DNA bases and

View Article Online

Paper

8-OHdG. The Raman spectra calculations were conducted
by using the functional B3LYP and the basis set 6-311+G**.
A scaling factor of 0.963 was used for all the vibrational
bands.

Results and discussion

Experimental setup for detecting the DNA oxidative damage
products

The fabrication of f{GNEs has been reported previously.*> The
details are also shown in Fig. S1.} In brief, the empty barrel of
the single-barrel nanopipette was filled with a carbon nanoe-
lectrode (CNE) after the pyrolysis of butane gas. Then, gold
was electro-deposited on the exposed CNE at the orifice.
Fig. 1A shows the optical microscopy images of the side view
of the nanopipette (i) and fabricated fGNE tip (ii) and SEM
images of the apex of the nanopipette (iii) and fGNE (iv). The
mean diameter of the nanopore is about 102 + 16 nm as deter-
mined by ionic current measurements (Fig. S21). The cross
section of the fGNE shows gold plating at the apex of the CNE.
After gold deposition on the CNE, the diffusion-limited
current in the CV increased by about 6-fold (see Fig. S3AT).
Accordingly, the mean effective surface area increased from
0.78 + 0.41 pm? for the CNEs to 5.06 + 0.89 um? for the fGNEs
(Fig. S3B and Cf). A stable and pronounced gold reduction
peak appeared in the CV during the repeated potential scans
in 0.5 M H,S0, (Fig. S47), confirming the successful fabrica-
tion of stable fGNEs.
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Fig. 1 Schematic diagram of the experimental setup. (A) Optical (left) and

SEM images (right) of the nanopipette (i and iii) and fGNE (ii and iv). The

orifice pointed by the red circle indicates the successful deposition of gold on the carbon nanoelectrode. (B) Diagram of the fGNE collecting DNA
damage products (only the 8-OHdG structure is shown here) from individual cells. (C) Illustration of SERS detection of cellular DNA damage pro-

ducts on the fGNE with AgNPs.
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In single-cell analysis, we used a micromanipulator to posi-
tion the f{GNE apex near the membrane surface of individual
live cells that have been treated with the DNA damage agents
K,CrO, or H,0, for 2 h (see Fig. 1B). Both reagents have often
been used to induce cellular DNA damage. Fast release and
increased levels of an oxidized G base and a nucleotide,
including 8-OHdG and 8-OXOG, were reported.”>*® A negative
bias (-70 mV) was applied on the fGNE to help attract the
negatively charged DNA damage oxidative products on to the
fGNE through the relatively strong Au-N interaction.*>** The
strong interaction between 8-OHdG and gold was also con-
firmed by the AuNP experiment using UV-vis spectroscopy
(Fig. S57).

The collected G and its derivatives on the f{GNE apex can be
detected and identified by differential pulse voltammetry
(DPV) measurements based on the oxidation peak. We further
used SERS to detect them. Before SERS measurements, AgNPs
with a mean size of about 59 nm (Fig. S6T) were first deposited
on the fGNE surface to enhance the SERS signal, as shown in
Fig. 1C. Fig. S6Ct shows an 8-OHdG-modified fGNE apex
covered with AgNPs.

Electrochemical detection and oxidation of G and 8-OHdG

To evaluate the sensitivity and selectivity of f{GNEs for detect-
ing G and 8-OHdG, we first use the DPV method, which has a
current noise level of 0.1 pA. Fig. 2A and C show the DPVs with
a pronounced oxidation peak for G and 8-OHdG, respectively.
The oxidation potentials are about 0.72 V for G and 0.43 V for
8-OHAG.*"** We also conducted the DPV measurement in the
solution with both 10 pM G and 8-OHdG. Both peaks of G and
8-OHdG can be observed (Fig. S7At). In addition, the peaks of
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G or 8-OHAG are also lower than the oxidation peaks of other
bases and thus can be clearly differentiated in the mixture
(Fig. S7BY).

The DPV peak height (Alp) increases proportionally with
the concentration of G or 8-OHdG in the range from 0 to 500
nM (Fig. 2B and D). The stepwise increase of Al with increas-
ing concentrations of G and 8-OHdG shows the fast response
and high sensitivity of the fGNE to G and 8-OHdG. The slopes
of the Al vs. concentration plots for G and 8-OHdG in the
range of 0-500 nM are 0.014 pA nM " and 0.018 pA nM ™},
respectively. With a S/N ratio of 3, the limits of detection
(LoDs) for G and 8-OHdG are 5 nM and 10 nM, respectively,
under the conditions of a collection time of a few minutes and
in 10 mM PBS. In the control experiment, the Al values gener-
ated by CNEs at the same concentration of G and 8-OHdG are
lower than the corresponding values acquired from the fGNEs,
indicating the higher sensitivity of the fGNE after gold depo-
sition of the CNE (Fig. S8A and Cf).

It has been demonstrated that the electrochemical oxi-
dation of G can be controlled by the electrode potential sweep
rate.”® As shown in Fig. 2E, when the sweep rate is high (20 V
s7"), G undergoes the two-electron oxidation process, forming
8-OXOG and its minor tautomer 8-OHGua. In contrast, when
the electrode potential sweep rate is low (V = 0.05 V s7"), G
loses four electrons to form 8-OXOG (OX) (Fig. S9Af). As
shown in Fig. 2F, after we sweep the electrode potential on the
fGNE at 20 V s~ for 50 cycles, a clear oxidation peak appears
at +0.42 V in the DPV, which is down-shifted from +0.71
V. This oxidation peak becomes stable in the DPV at 50 mV s~*
and the peak position is consistent with the peak of 8-OXOG
reported before.**® Therefore, the down-shifted oxidation
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Fig. 2 Electrochemical detection of G and 8-OHdG with the fGNE. (A, C) DPVs of G and 8-OHdG at different concentrations (from a to k, 0, 10, 20,
40, 60, 80, 100, 200, 300, 400, and 500 nM, respectively) in 10 mM PBS. The scan rate is 50 mV s~%. (B, D) The peak current (Alp) at different concen-
trations of G and 8-OHdG. The error bars represent standard deviations. (E) Diagram of the two-electron electrochemical oxidation of G on the
surface of fGNEs. (F) The oxidative peaks before (pink) and after (purple) the completion of the two-electron transfer process of G. The error bar

represents the standard deviation.
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peak confirms the two-electron oxidation transformation from
G to 8-OXOG/8-OHGua on the fGNE apex surface. In contrast,
after continuously sweeping the G-modified f{GNE for 50 cycles
with a low sweep rate of 50 mV s, the oxidation peak is up-
shifted from +0.71 V to +0.78 V in the DPV (Fig. S9BTY),
suggesting that the four-electron oxidation occurs and the oxi-
dation product is not 8-OXOG or 8-OHGua. We also noticed
that the 8-OXOG/8-OHGua oxidation peak is very close to the
oxidation peak of 8-OHdG in Fig. 2C. Therefore, we cannot
further differentiate the base or nucleotide forms of oxidative
G from the oxidation peak in the DPV measurements.

SERS detection of G and its oxidative derivatives

G or its derivatives attached to fGNEs were also measured by
SERS. The tip of the f{GNE was first immersed in an aqueous
solution (DI water) with 10 nM G or 8-OHdG for a few minutes.
AgNPs were then introduced to the fGNE apex to enhance the
intensity of SERS spectra, as described in the experimental
methods and shown in Fig. 1C.

The typical Raman results are shown in Fig. 3. The G peaks
can be identified in the normal Raman spectrum of G powder,
as shown in Fig. 3A. The peaks in the SERS spectrum of G are
generally broader and slightly shifted. The most noticeable
peaks in the SERS spectrum of G are at 643, 934, 1342, 1381
and 1529 cm™". The assignments of these peaks are shown in
Table S1.7

The Raman spectrum of the 8-OHdG powder and the SERS
spectrum of adsorbed 8-OHdG on the fGNE tip are shown in
Fig. 3B. For the 8-OHdG powder, four characteristic peaks
appeared at 473, 637, 1443 and 1602 cm™"'. Compared with the
normal Raman spectra, more spectral fluctuations are
observed in the SERS spectra, as shown in three SERS spectra
of 8-OHdG collected from different fGNEs under the same con-
ditions in Fig. S10.f New peaks are observed near 1305 and
1381 cm™'. The peaks at 660, 1381 and 1580 cm™"' almost
always appeared. In particular, the 1580 cm™" peak is down-
shifted from 1602 cm™" in the normal Raman spectrum. These
changes are likely induced by the metal-molecule interactions
on the gold surface.

>
w
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The SERS spectrum of 8-OXOG/8-OHGua is also shown in
Fig. 3B, which is collected after the two-electron oxidation of G
on the fGNE. The major peaks are similar to the ones of
adsorbed 8-OHAG on the fGNE. The 1381 ecm ™" peak shifted
slightly to around 1390 cm™". Other than that, it is generally
difficult to differentiate 8-OXOG/8-OHGua from 8-OHdG in the
SERS spectra. Between the SERS spectra of G and its two-elec-
tron oxidation derivatives 8-OXOG/8-OHGua or 8-OHdG, the
characteristic peak of G at 643 cm™" is much stronger than the
corresponding peak of 8-OHdG/8-OHGua/8-OXOG near
660 cm™'. Therefore, this peak can be used to differentiate G
from its two-electron oxidative derivatives. We also measured
the SERS spectrum of 8-OXOG (OX) after the four-electron oxi-
dation on the fGNE (see Fig. S9Cft). The SERS spectra of
8-OXOG (OX) are noticeably different from those of G or
8-OXOG/8-OHGua/8-OHdG. The SERS spectra of the other
three DNA bases, A, T and C, were also measured on the f{GNE
surface. The characteristic peaks of G and its two-electron oxi-
dation derivatives are quite different from those of the other
three DNA bases and thus can be identified using the SERS
spectra (Fig. S117).>°

To mimic the cell detection experiment (see the next para-
graph), the fGNE was also immersed in MEM with various
8-OHdG concentrations, and a —70 mV bias voltage was
applied for 40 min before the SERS measurements. Fig. 3B
shows the typical SERS spectrum (orange color) for 0.1 nM
8-OHdG. With the applied bias and 40 min collection time,
the intensity of the SERS peaks is obviously higher. Compared
with the SERS spectrum of 8-OHdG adsorbed in DI water, the
peak near 473 cm™" appeared more often. The 1381 ecm™" peak
often splitted into two peaks at 1371 and 1394 cm™". The peak
at 1580 cm ™" is further downshifted to 1560 cm ™. These spec-
tral changes are likely due to the co-adsorbed interfering mole-
cules, which are from the MEM medium, on the fGNE. The
1394 cm™' peak is always the highest peak in the spectra.
Therefore, we used the 1394 peak as the signature peak for
8-OHdG detection in MEM. As shown in Fig. 3C, the intensity
of the 1394 peak (I;394) increased linearly with an increase of
the 8-OHdG concentration in MEM. The corresponding
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Fig. 3 Raman spectra of G derivatives. (A) Raman spectrum of the G powder and SERS spectrum of G. (B) Raman spectrum of the 8-OHdG powder
(red), SERS spectrum of the fGNE after immersing in DI water with 10 nM 8-OHdG (black), SERS spectrum of 8-OHGua oxidized from G on the fGNE
(blue), and SERS spectrum of the fGNE after immersing in MEM with 0.1 nM 8-OHdG (orange). The spectra are offsetted for clarity. (C) The SERS
peak intensity of /1394 for fGNEs that were immersed in MEM solutions with different concentrations of 8-OHdG. The error bar represents the stan-

dard deviations.
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Table 1 Characteristic Raman peaks (cm™) of 8-OHdG*>#¢
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Calculated Powder SERS (adsorbed in DI water) SERS (adsorbed in MEM) Assignments

453 473 431 473 Wag N7-H, N9-H

646 637 660 650 Whole-molecule ring breathing

1300 1305 1295 Rock N1-H, str C5-C6

1372 1382 1371/1394 Rock N1-H, bend N1-C2-N3, N9-C4, def R5, R6
1455 1443 1468 Str N1-C2, sqz C4-C5, rock NH2

1568 1602 1580 1560 Str N7-C80-N9, C60-C5-C6

R5, five-membered ring; R6, six-membered ring; bend, bending; def, deformation; rock, rocking; sciss, scissoring; sqz, squeezing; str, stretching;

wag, wagging.

spectra of these data points are shown in Fig. S12.7
Considering a S/N ratio of 3, the LOD is about 0.1 nM for the
SERS detection of 8-OHdG by the f{GNE using —70 mV bias and
40 min collection time in MEM. Regarding the LOD, the SERS
method is better than the DPV method.

In Table 1, we have presented the characteristic Raman
peaks of 8-OHdG generated from the DFT calculation and the
8-OHdG powder and the SERS peaks from 8-OHdG-modified
fGNEs with their adsorption in DI water or MEM.

Probing the oxidative DNA damage products in living cells by
the f{GNE

After demonstrating 8-OXOG/8-OHGua and 8-OHdG detection
by the fGNE using electrochemical and SERS techniques in a
controlled environment, we applied the fGNE for detecting oxi-
dation damage products of DNA in live cells. The kidney epi-
thelial Vero cells were exposed to 20 pM K,CrO, or H,0, for
2 h. It has been found that the cells can complete the DNA
damage repair within two hours and maintain the normal
physiological state of the cells.”" The cell viability after the
DNA damage treatment was also tested using the trypan blue
exclusion test, and almost no dead cell was found at the used
dosage (Fig. S13t). Then, the treated cells were placed in a
fresh serum-free medium. Controlled by a micromanipulator,
the fGNE slowly approached toward the cell until a small
movement deformation of the cell membrane was observed in
the optical image under a x20 objective lens, suggesting that
the apex already touched the cell surface (Fig. S147). Then the
tip apex was withdrawn about 2 pm, at which distance the cel-
lular deformation disappeared. We defined this point as d,,
and other f{GNE—cell distances were determined by withdraw-
ing a defined distance from d, (see Fig. 4A). Facilitated by an
applied bias of =70 mV to the fGNE, negatively charged DNA
oxidation damage products were collected and attached to the
surface of the fGNE. During the entire collection process of
40 min, the cells appear in a good condition in the culture
medium MEM, without changes in their shape, volume, mor-
phology, and substrate attachment.

After collecting the damage products, the fGNE was placed
in 10 mM PBS for DPV measurements. A clear peak around a
potential of 0.5 V was observed (Fig. 4B), which is slightly
higher than the oxidative peak of 8-OHdG or oxidized G base
products 8-OXOG/8-OHGua near 0.43 V in the previous charac-
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Fig. 4 Detecting the DNA damage products in living cells. (A) Optical
image of the different distances between the fGNE and cell membrane
controlled by a micromanipulator. (B) The DPV peaks of damage pro-
ducts collected on the fGNE with different distances (do, solid line; dg +
30 pm, dotted line) after treating cells with a final concentration of
20 uM K,CrO,4 (black) and H,O, (red). (C) The probability of observing
DPV peaks of 8-OHdG on fGNEs after collecting the damage products
at distances dp and do + 30 pm (N = 15). (D) SERS of the DNA damage
products on the fGNEs measured at distance dg. The collection time is
always 40 min.

terization (Fig. 2C). Considering that the DNA damage pro-
ducts were collected in the cell culture medium, we speculated
that other substances adsorbed on the electrode surface
hinder the electron transfer of oxidized G bases and nucleo-
tides and increase their oxidation potential. The electro-
chemical current is also dependent on the collecting distance
between the fGNE tip and cell membrane. The DPV peak
current was higher at a distance d, than that at d, + 30 pm.
This is attributed to the adsorption of more competitive sub-
stances (such as proteins) to the electrode surface. These com-
petitive substances likely suppressed or blocked the electron
transfer of the newly attached oxidized G bases and nucleo-
tides, which is called electrode fouling. Therefore, chemical
modification to the gold surface will be needed to improve the
sensitivity of the DPV method in live cell measurements.
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Although the DPV cannot accurately measure the released
amount of DNA damage products, the DPV results still suggest
that both K,CrO, and H,0, treatments can cause damage to
the DNA of Vero cells and lead to the release of oxidized G
bases and nucleotides. As we have shown in the previous
section, the fGNE also effectively collects them. However, due
to electrode fouling, only a fraction of fGNEs can observe the
DPV peak near 0.5 V. This percentage also depends on the type
of DNA damage agent and the distance between the fGNE tip
and the cell membrane. As shown in Fig. 4C, when the fGNEs
are at d,, the probability to detect the DPV peak near 0.5 V is
20% for K,CrO, and 47% for H,0,, respectively. When the
fGNEs are at d, + 30 pm, the appearance probability is 14% for
K,CrO, and 33% for H,0,, respectively. Between K,CrO, and
H,O0, treatments, the latter always induces a higher DPV peak
at a potential of 0.5 V. This is reasonable considering H,O, is a
stronger oxidant; it causes greater oxidative damage to DNA,
leading to a higher level of released oxidized G bases and
nucleotides after self-repairing.

To further analyze the DNA damage products, SERS
measurements were conducted to detect the attached DNA
damage products on the apex surface of fGNEs. Fig. 4D shows
the typical SERS spectra from fGNEs after collecting DNA
damage products from Vero cells treated with 20 pM K,CrO, or
H,O0, for 2 h. No clear SERS peaks can be identified for
untreated Vero cells. In contrast, clear and almost identical
peaks can be observed after K,CrO, or H,O, treatment. In
both spectra, pronounced peaks appeared at 653, 1394, and
1560 cm™". These peaks are consistent with the SERS peaks of
8-OHdG collected in MEM. Therefore, the SERS measurement
further confirmed the successful collection of 8-OHdG or
8-OXOG on the fGNE apex. The signature peak of G near
643 cm™" cannot be clearly identified in the spectra. Therefore,
the amount of free G or dG and GTP in the extracellular
medium is very low compared with the oxidized G products,
which were released by the cell after various DNA repair
mechanisms. By using Fig. 3C with spiked 8-OHdG as the cali-
bration curve, the amount of oxidized G products released
from a single cell can be roughly estimated by comparing the
intensity of I;394. Although there are cell-to-cell fluctuations in
I 304, the concentration of the released oxidized G products
near the cell surface is generally less than 0.1 nM after K,CrO,
treatment. It is also found that the SERS intensity of the peaks
of the oxidized G products from H,O,-treated cells is always
higher than that of K,CrO,-treated cells, suggesting that more
oxidized G products were released after H,0, treatment. This
is consistent with the DPV measurement.

To optimize the collection of oxidized G products, we first
varied the distance between the f{GNE apex and cell surface. As
shown in Fig. 5A, I 30, increases when the f{GNE apex is moved
away from the cell membrane surface. Interestingly, this is
opposite to the DPV results. When the fGNE is away from the
cell membrane surface, it has the chance to collect more oxi-
dized G products released from nearby cells. However, more
competitive substances are also likely attached to the fGNE.
These interferences made a bigger impact on the electro-
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Fig. 5 The SERS peak intensity /1394 of fGNEs under different con-
ditions. (A) The /1394 value that collects the damage products for 40 min
at different distances from the cell after K,CrO4 or H,O, treatment. (B)
The 1394 value that collects the damage products of cells for different
times with distance dg after K,CrO4 or H,O, treatments. (C) The SERS
spectra of fGNEs that collect the damage products resulting from three
different cell lines at distance dy after treatment with K,CrO4. (D) The
intensity histograms of /1394 for fGNEs that collect the damage products
resulting from three different cell lines at distance do after treatment
with K,CrO4. Two-tailed Student's t-test: *P < 0.05, **P < 0.01.

chemical current but contribute much less to the SERS signal.
This result also underscores the importance of combined
electrochemical and SERS measurements. Subsequently, we
varied the collection time while fixing the distance between
the fGNE and cell membrane at d,. As shown in Fig. 5B, ;39,4
increases with the increase of the collection time and reaches
a maximum at 60 min. Interestingly, beyond 60 min, I;394
gradually decreases. One plausible explanation is that the cells
actively repair DNA damage induced by the treatment in the
first 60 min. After 60 min, the level of released oxidized G pro-
ducts gradually decreases. However, the decrease of I;39, may
also be due to the saturation of the electrode. To test this
possibility, we performed control experiments in the cell
culture medium MEM (but without cells) with various concen-
trations of 8-OHdG (Fig. S151). We found that I3, continues
to increase beyond 60 min as the collection time increases.
Therefore, the decrease of the 1,394 peak after 60 min in cellu-
lar measurements should be related to the recovery of cells
after self-repair.

We further performed the measurements on two cancer cell
lines (A549 and HeLa) under the same conditions. Three cell
lines were both treated with 20 pM K,CrO, for 2 h; then the
fGNE was used to collect DNA damage products from individ-
ual cells at d, for 40 min. It can be seen from Fig. 5C that
similar SERS spectra were acquired from all three cell lines.
However, the 1,304 value of Vero cells is slightly higher than
those of the other two cell lines (Fig. 5D), which is attributed
to the higher resistance of cancer cells to environmental
damage.
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Conclusions

In summary, we have successfully prepared a fGNE for col-
lecting and detecting DNA damage products released by
individual live cells. To evaluate its capability to detect DNA
damage products, we first tested the performance of the
fGNE by using the most common DNA damage biomarkers
8-OHdG and 8-OXOG. The base form of G oxidative products
can be acquired by electrochemical oxidation of the tethered
G on the electrode. When the electrode potential scanning
speed is high, G is mainly oxidized to 8-OXOG. f{GNEs show
high sensitivity and selectivity toward oxidative G products
in the integrated electrochemistry and SERS measurements.
By analyzing the oxidation potential of the DPV peak and
the molecular fingerprints in the SERS spectra, we can
confirm that the attached molecules are mainly oxidative G
products instead of G or 8-OXOG (OX) or other non-G inter-
ferences. However, we cannot further determine the detailed
structure of oxidized G products, including whether they are
in base or nucleotide forms and with which tautomer
structures.

In the cellular measurements, the cells were treated with
K,CrO, or H,0,. By controlling the distance between the f{GNE
tip and the cell membrane, the collection time and the applied
bias, we can optimize the collecting conditions and enhance
the detection of released oxidative DNA damage products.
Based on the DPV and SERS results, we can determine that
mainly G oxidative products were released from the cell after
both treatments. We found that at the same treatment dosage,
more oxidative G products were generated by H,O, treatment
than K,CrO, treatment. Similar detection results have been
acquired in three different cell lines, HeLa, A549, and Vero.
However, the cancer cells A549 and HeLa normally generated
less DNA damage products than the normal cells Vero. The
SERS measurement can overcome electrode fouling and show
much better LOD (~0.1 nM) for oxidative G and dG products
than the DPV measurement. The detection limit by SERS is
comparable to or better than a lot of methods for 8-OHdG
detection in biofluids.>***”3 Here, the electrode is not functio-
nalized, and we relied on the strong Au-N interaction between
gold and oxidative G. In recently reported works, aptamer-
involved EC and spectroscopy methods can further improve
the detection limit of 8-OHdG to the picomolar
concentration.>>*® Similar chemical modification strategies, as
well as other nanostructured materials,”> should also be
adopted by the fGNE method to further improve its specificity
and sensitivity and enable real-time detection by the electro-
chemical method. We also envision that the fGNE-based inte-
grated analytical approaches can be applied for both intra-
cellular detection and extracellular detection of other impor-
tant cellular biomarkers at the single-cell level.
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