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ABSTRACT: In situ detection of nitric oxide (NO) released
from living cells has become very important in studies of some
critical physiological and pathological processes, but it is still very
challenging due to the low concentration and fast decay of NO. A
nanocomposite of Au nanoparticles deposited on three-dimen-
sional graphene hydrogel (Au NPs—3DGH) was prepared
through a facile one-step approach by in situ reduction of Au**
on 3DGH to build a unique sensing film for a strong synergistic
effect, in which the highly porous 3DGH offers a large surface
area while Au NPs uniformly deposited on 3DGH efficiently
catalyze the electrochemical oxidation of NO for sensitive
detection of NO with excellent selectivity, fast response, and
low detection limit. The sensor was further used to in situ detect
NO released from living cells under drug stimulation, showing

3DGH Au NPs alone AuNPs-3DGH

significant difference between normal and tumor cells under drug stimulation.
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1. INTRODUCTION

Nitric oxide (NO) plays various important roles in biological
systems. Besides its physiological characters in neurotransmis-
sion," > immune defense function,*® and vasorelaxation,® NO
is also critical in pathology related to carcinogenesis promotion
and conductive or detrimental tumor progression,” as well as
the pathogenesis of some diseases.” In situ detection of NO is
important to understand the mechanisms of some fatal diseases,
such as atherosclerosis occurring in blood vessels,'**? and has
been extensively developed in recent years to investigate
physiological and pathological progress involving NO, while
also being used for clinic diagnosis, thus rendering it of great
significance in both science and medical applications.'?
However, nitric oxide is a very chemically active species that
can be quickly oxidized by oxygen or superoxide NO,™ or
NO;™ ions. It has a short half-life of 6 s in physiological
solutions.'#"* Therefore, it is difficult to sensitively detect nitric
oxide, even with an in situ detection approach for living cells,
which have very low concentrations and too many interference
species.

Different methods, including chemiluminiscence,'®'” fluor-
ometry,"®" electron spin resonance (ESR),***' and electro-
chemistry,”>>® have been developed to in situ detect nitric
oxide in tissues or cell cultures. However, chemiluminescence
requires additional reagents to react with NO as a luminous
source®* and a fluorescent® or a spin-trapping NO
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compound®® for generating detectable signals and has poor
selectivity.”” Fluorometric assays are not reproducible, and
some probes are pH-sensitive, affecting the sensitivity of the
method.”®** ESR needs special handling and specific
experimental conditions, such as low temperature operation
and long recording time.?%% In contrast, the electrochemical
method is simple, sensitive, portable, selective, fast, and
miniaturizable; >3
achieve real-time and in situ monitoring of nitric oxide in
biological samples.*”>"*?

To in situ detect NO in living cells, a miniaturized probe is
critical to allow penetration into a single cell. Various
microelectrodes, such as carbon fiber®** or a platinum®®
gold microelectrode,”” have been developed to detect nitric
oxide, since the first electrochemical detection of NO was based
on a Clark-type platinum electrode.®® Nevertheless, micro-
electrodes still suffer from strong interferences, low signal-to-
noise ratio (S/N ratio), and poor reusability.””*” The
miniaturization of a microelectrode also trades out its detection

thus, it is an advantageous method to

or

sensitivity.”> Recently, with the advances of nanoscience,
electrochemical sensors with superior nanostructure, high
surface area, good conductivity, biocompatibility, high catalytic
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Figure 1. SEM images: (a) graphene, (b) 3DGH, (c) Au NPs—G, (d) Au NPs—3DGH, and (e) Au NPs alone.

activity, and unique chemical modifications have been used to
in real time and in situ detection of NO,>****" but highly
sensitive and selective electrochemical sensors are still highly
desired.

Graphene (G), structured by a single layer of carbon atoms
patterned in a hexagonal lattice, has attracted much attention.**
Three-dimensional graphene hydrogel (3DGH) can be
expected to further improve the physical and electrochemical
properties of graphene for various important electrochemical
applications due to its flexible, porous, and 3D-networked
structure,*® which enjoys excellent conductivity, high specific
surface area, and fast charge mobili'cy.44 Moreover, the central
hollow cores and the outside walls of 3DGH could efficiently
adsorb and store gases. Nevertheless, 3DGH has poor intrinsic
electrocatalytic activity due to its carbon nature. Since gold
nanoparticles (Au NPs) have been recognized as an efficient
electrocatalyst toward the oxidation of NO, for the first time, a
facile one-step in situ reduction approach is developed in this
work to produce a functional Au NPs—3DGH nanocomposite
for synergistic enhancement of the electrocatalytic performance
toward NO oxidation. The as-prepared material was further
used as a NO sensor to detect highly sensitively and selectively
in situ NO released from living tumor cells. The difference
between NO released from the normal and tumor cells was
studied to provide fundamental insights toward the under-
standing of the progress of melanoma.

2. EXPERIMENTAL SECTION

2.1. Preparation of Au NPs—3DGH Composite and Its
Modified Electrode. 3DGH was prepared first by a one-step self-
assembling process, in which an aqueous dispersion of homogeneous
graphene oxide (GO) (2.5 mg/mL) was sealed in a Teflon-lined
autoclave and heated at 180 for 12 h.* Then the 3DGH was obtained
by freeze-drying the product while its high flexible structure was
maintained. Graphene (G) was synthesize by adding vitamin C (2
mM) in a 0.1 mg/mL GO solution of pH 10.5, followed by heating to
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90 °C with stirring until the GO solution turns brown or black. Then
the product G was centrifuged and dried.

Then Au NPs—3DGH was prepared through a simple one-step in
situ reduction of Au** constructed on the 3DGH, in which 3DGH
acted as an excellent conducted matrix, while Au NPs were directly
grown on the 3D surface of the graphene hydrogel. The freeze-dried
3DGH was added to chloroauric acid solution (1 mM) with stirring
for 15 min followed by adding 0.01 M ice-cooled NaBH, with stirring
until the light-yellow solution turned to wine red, upon which it was
filtrated to obtain the Au NPs—3DGH composite. For comparison,
grapheme is used instead of 3DGH to prepare Au NPs—G with the
same procedure.

Au NPs—3DGH was dissolved in Nafion solution (0.05%) for
preparation of a S mg/mL solution, and the as-prepared solution (3.5
uL) was dropped and dried on a glassy carbon electrode (GCE)
surface by surface immobilization.

2.2. Materials Characterizations. The morphologies of the as-
prepared materials were investigated by scanning electron microscopy
(SEM; JSM-6S10LV). Their crystal structures were studied by
transmission electron microscope (TEM; JEM-2100) and X-ray
diffraction (XRD; XRD-7000).

All electrochemical measurements were carried out with a CHI
660C electrochemical analyzer (Shanghai Chenhua Co.) in a three-
electrode system having a silver/silver chloride (Ag/AgCl), platinum
filament, and GCE as reference, counter, and working electrode,
respectively.

2.3. Preparation of Saturated NO in PBS. The saturated NO in
PBS solution was prepared according to the reported procedure.” NO
gas was generated by slowly dropping H,SO, (2 M) into a glass flask
containing saturated NaNO, solution after the devices was set up and
degassed meticulously with nitrogen gas for 30 min to remove O,.
Then NO gases were sequentially passed through saturated potassium
hydroxide solution and 10% (w/v) and 2.5% (w/v) potassium
hydroxide solution to remove oxygen and other nitrogen oxides. The
NO saturated concentration in solution was about 1.8 mM at 20 °C.

2.4. Cell Culture. The mice normal skin cells JB6-C30 and tumor
cells B16-F10 were obtained from Chongqing University and
Chongging Medical University, respectively. The B16-F10 cells were
maintained in complete Rosewell Park Memorial Institute medium
(RPMI-1640) supplemented with 10% fetal bovine serum (FBS) and
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Figure 2. TEM images: (a) Au NPs—G, (b) Au NPs—3DGH, and (c) Au NPs alone.
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Figure 3. (a) XRD patterns of GO, graphene, 3DGH, Au NPs—G, and Au NPs—3DGH. (b) EDS image of 3DGH—Au nanocomposite.
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Figure 4. CV curves of different electrodes in 0.01 M PBS (pH 7.4) solution, at a scan rate of 50 mV/s: (a) Au NPs—3DGH modified electrode in
the absence (black) and presence (red) of 0.5 mM nitric oxide. (b) Different modified electrodes in the presence of 0.5 mM nitric oxide: bare
(black), Au NPs (magenta), G (light blue), 3DGH (gray), Au NPs-Graphene (blue), Au NPs—3DGH (red). (c) Response of the five different

modified electrodes corresponding to part b.

1% mycillin, while JB6-C30 cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) containing 10% FBS and 1% mycillin, and
both were kept in a water-jacketed CO, incubator (Forma Series II) at
37.8 °C.

3. RESULTS AND DISCUSSION

The SEM images of the as-prepared materials G (a), 3DGH
(b), Au NPs—G (c), Au NPs—3DGH composite (d), and Au
NPs alone (e) are shown in Figure 1 for comparison, and they
clearly revealing that the 3D graphene hydrogel has a three-
dimensional (3D) porous networked structure and is flexible
and fluffy. Au NPs can only deposit on the outer surface of
graphene when they have large particle sizes, while Au NPs
alone are conjugated together to form large aggregates. In
contrast, the Au NPs—3DGH composite is much more porous
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with uniformly distributed, much smaller Au NPs in both the
inner and outer networked surface in a diameter range over 5—
40 nm. This should be mainly attributed to the porous, fluffy,
networked structure of 3DGH and its highly concentrated
surface active sites, which strongly absorb Au(III) complex to
grow small Au NPs via reduction by NaBH,.

The transmission electron microscopy (TEM) images of Au
NPs—G (a), Au NPs—3DGH composite (b), and Au NPs alone
(¢) in Figure 2 show that the lattice spacing of Au NPs of all the
materials is near 2.3 A, which is in good agreement with that
(2.34 A) of the (111) plane of Au NPs, corresponding to the
peak at 38° in the XRD pattern (Figure 3a). However, Au
NPs—3DGH composite (b) has a more uniform distribution of
small Au NPs (5—40 nm diameter) with retention of the
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porous structure of 3DGH after Au NPs incorporation, while
Au NPs—G (a) has much fewer and nonuniformly distributed
Au nanoparticles (15—50 nm). Au NPs (c) alone just
completely coagulated together. The TEM results are in good
agreement with the SEM ones.

Figure 3a shows X-ray diffraction (XRD) patterns of GO, G,
3DGH, Au NPs—G, and Au NPs—3DGH nanocomposite. The
reflection peak (001) of GO at around 20 = 10.8° has
disappeared and new peaks at around 260 = 25.9° and 43.5°
corresponding to graphene are observed in both the G and
3DGH samples, confirming that both of them were effectively
reduced. The peaks around 26 = 38°, 44°, 65°, and 78° can be
assigned to (111), (200), (220), and (311) planes of cubic-
structured Au, respectively. It confirms that Au NPs—3DGH
and Au NPs—G have the same composition and lattice
structure, but with a stronger peak intensity for the former.
The EDS image of 3DGH—Au nanocomposite (b) also shows
that the composite is composed of carbon and Au.

To compare the electrocatalytic behaviors of different as-
prepared electrodes, including bare/GCE, Au NPs/GCE, G/
GCE, 3DGH/GCE, Au NPs—G/GCE, and Au NPs—3DGH/
GCE, toward NO oxidation, cyclic voltammetry (CV) was
performed, as shown in Figure 4, which demonstrate that for
NO electrooxidation the plain G and 3DGH do not have
significant oxidation current, while Au NPs, Au NPs—G, and Au
NPs—3DGH electrodes exhibit high peak current in the order
of Au NPs < Au NPs—G < Au NPs—3DGH; obviously, the Au
NPs—3DGH nanocomposite electrode has the highest peak
current.

The half-potential of an electrochemical reaction wave is
often used to measure the electrode catalytic activity. The half-
potentials of the electrooxidation peaks for various electrodes
determined from Figure 4b are listed in Table 1, indicating an

Table 1. Catalytic Performance of Electrodes Modified with
Different Materials toward 0.5 mM NO in 0.01 M PBS (pH
7.4) Solution

order of bare electrode (GC) = Au NPs > Au NPs—G > Au
NPs—3DGH (the oxidation peaks for G and 3DGH are not
well defined enough for calculation, showing their poor
electroactivity toward NO oxidation). For an electrooxidation
reaction, a more negative half-potential indicates that an
oxidation peak possesses higher electrocatalytic activity.
Apparently, Au NPs have almost the same intrinsic catalytic
activity as GC, but their much higher peak current may indicate
that Au NPs have more active reaction surface area than GC.
Au NPs—G not only further enhances the electrocatalytic
activity evidenced by its more negative half-peak potential but
also shows higher peak current than both GC and Au NPs.
More interestingly, Au NPs—3DGH results in dramatically
increased anodic peak current and negatively shifted peak
potential (red); the peak current is about 3 times larger than
that of Au NPs—G and 4.5 times that of Au NPs alone, as
shown in Figure 4c. This clearly indicates that Au NPs—3DGH
nanocomposite offers a strong synergistic effect on the
electrocatalysis toward NO oxidation rather than a simple
sum of advantages from both composites.

The effect of Au®* (HAuCl,) concentration on the sensing
performance of the as-prepared Au NPs—3DGH composite
electrode was studied by CV in a concentration range of Au**
over 0—10 mM. The plot of peak current versus concentration
of Au*" in Figure Sa shows that a Au®* concentration of 1.2 mM
is the optimal one to produce the best Au NPs—3DGH
composite for the highest peak current. The effect of pH on Au
NPs—3DGH modified electrode was also investigated to
optimize the composite electrode performance for NO
oxidation in 0.1 M PBS solutions containing 0.5 mM NO in
a pH range of 6.5—8.5, as shown Figure Sb. It is found out that
peak current increases with increasing pH, achieves the
maximum at pH 7.0, and then decreases. Since pH 7.4 was
close to the biological environment, all further electrochemical
measurements were performed in PBS solution with pH 7.4.

In order to further understand the catalytic mechanism of the
as-prepared material toward NO oxidation, CV for different

electrode half-wave potential (V eak current (uA
P W) P (wA) modified electrodes was carried out at different scan rates from
E\areNP g;;i 1?222 2 to 150 mV/s in 0.01 M PBS (pH 7.4). Figure 6 shows that
Gu : 0'781 4'594 the relation of the anodic peak current to the square root of
3DGH 0'779 5'134 scan rate for both Au NPs—2DG and Au NPs—3DGH modified
Au NPs—G 0'7 4 17.98 s electrodes is linear, indicating a diffusion-controlled process
Au NPs—3DGH 0750 s16m0 toward NO electrooxidation. It is known that during NO
electrochemical oxidation, NO loses an electron to form NO*,
70 4
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Figure S. (a) Profile of the dependence of peak current on Au NPs—3DGH composite prepared with different Au concentrations. The Au
concentrations ranged from 0 to 10 mM. (b) Plot of the dependence of the peak current on pH (from 6.5 to 8.5). Inset: CV curves of a Au NPs—
3DGH modified electrode in 0.01 M PBS solution with different pH values containing 0.5 mM NO.
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Scheme 1. Diagram of the Catalytic Mechanism of the Au NPs—3DGH Nanocomposite toward NO

3DGH

AuNPsalone

AuNPs-3DGH

followed by converting NO* rapidly to NO,™ via a chemical
reaction:**

NO — e — NO' (1)

)

The CV for both Au NPs—2DG and Au NPs—3DGH
modified electrodes clearly shows that the NO reactions are
irreversible, while they possess a diffusion-control nature, and
the relation of peak current vs v'/? is expressed as®

NO' + OH™ — HNO, - H* + NO,~

I, = (299 x 10°)a'?AC,D,' /0 ? G)

where «a is the transfer coefficient, A is the electrochemical
active surface area (EASA, cm?), C, is the bulk concentration of
NO (mol/L), D, is the diffusion coefficient of NO in solution
(em® s71), and v is the scan rate (V/s). The slope (k) of I, vs
0"2(2.99 X 10%)a'’?ACyDy"*) can be obtained by fitting eq 3.
The fitted k values are 280.41 and 44.56 respectively. Since the
a, Cy, and D, parameters in the k expression are constants for
both the modified electrodes, the difference in k is apparently
contributed by A, the electrochemical active surface area. Thus,
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the electrochemical active surface area of Au NPs—3DGH is
much larger than that of Au NPs-2DG’s by ~6 times, resulting
in the much higher peak current. The larger reaction surface
area should be mainly attributed to the 3D graphene hydrogel
allowing growth of a large amount of uniformly distributed Au
NPs on its surface to electrocatalyze NO oxidation. The
mechanism to enhance the NO oxidation on Au NPs—3DGH is
schematically shown in Scheme 1, which illustrates that 3DGH
has poor intrinsic electrocatalytic activity due to its carbon
nature, but it offers huge active specific surface area, allowing
Au NPs to load with a larger amount, smaller diameters, and
more uniform distribution for effective electron transport and
active sites toward NO oxidation. Thus, the unique Au NPs—
3DGH nanocomposite structure can allow a large amount of
NO molecules to absorb on the large amount of Au
nanoparticle active centers, followed by fast electron loss to
form NO" in terms of eq 1. Due to the highly porous Au NPs—
3DGH nanocomposite structure, a high mass transport of NO*
can be expected to meet OH™ to produce NO,~, as eq 2, for
completion of the NO oxidation process. Apparently, the
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injected with 2 yL (0.2—6 uM), 10 uL (6—34 uM), and 100 uL (30—120 uM) of NO (1 nM) each time, respectively. (b) Linear calibration plot of
the response current vs the nitric oxide concentration. (c) The response time.

synergy of Au NPs and 3DGH in the nanostructure bestows
the excellent performance.

Differential pulse voltammetry (DPV), which can suppress
the noise to improve the signal-to-noise ratio (S/N), was used
to investigate the amperometric responses on the Au NPs—
3DGH modified electrode toward NO oxidation (Figure 7a),
and DPV showed a linear relation of peak current versus NO
concentration (inset of Figure 7a) in a range of 0.05—0.4 mM.
The selectivity of Au NPs—3DGH modified electrode for NO
oxidation was studied with common interfering species in a
biological system, such as NO,, ascorbic acid, dopamine, and
various ions (Figure 7c,d), showing that the Au NPs—3DGH
modified electrode has a remarkably larger current response for
NO oxidation (1 yM NO) than that resulting from these
interfering species with the same concentration of 1 M and
thus offering excellent selectivity.

To characterize the sensing performance of the Au NPs—
3DGH electrode toward NO oxidation, time-based ampero-
metric measurement by successive additions of nitric oxide-
containing solution at 0.81 V, as shown in Figure 8a, was
performed, and it showed a significant increase of the oxidation
current upon addition of NO solution. The response time
determined from Figure 8c is 2.92 s. The relation of the
oxidation peak current vs the concentration of nitric oxide is
linear over a range from 0.2 to 6 #M with a detection limit of 9
nM NO (S/N = 3) (Figure 8b).

The Au NPs—3DGH modified electrode was used to in situ
to detect NO released from both normal skin cell JB6-C30 and

tumor cell B16-F10 by measuring the amperometric response at
a constant potential of 0.81 V vs Ag/AgCl in the cell culture
medium. To study the essential roles in the important
biological process, acetylcholine (Ach) has been reported as a
stimulus in living cells to generate NO by activating nitric oxide
synthase (NOS), while hemoglobin (Hb) is one of the typical
drugs to inhibit NO release.***” The action of Au NPs—3DGH
modified electrode toward different concentrations of Ach and
Hb was investigated, as shown in Figure 9, in which the arrows
indicate the injecting time of the drug. Figure 9b,e shows that
there were no significant current changes (black) when 1 mM
Ach was added in the culture medium but without culture cells.
However, when 1 mM Ach and 1 mM Hb were simultaneously
injected into a culture medium with a density of 1 X 10* cells
[(b) JB6-C30 cells and (e) B16-F10 cells], the current only
increases insignificantly, followed shortly by decreasing,
indicating that Hb can effectively inhibit NO generation, even
when adding the stimulus (light blue). In contrast, a sharply
increased current upon Ach stimulation (blue and red) can be
observed in JB6-C30 cells and B16-F10 cells medium,
respectively, and the released NO is proportional to the
concentration of the stimulus (Figure 9¢,f). The nitric oxide
releases from both JB6-C30 and B16-F10 living cells are also
drug-concentration dependent, where the released NO
concentration from JB6-C30 normal cells is 0.2705 and
0.4107 uM at 0.5 and 1 mM Ach stimulation, respectively,
while for B16-F10 tumor cells, released NO is 1.3147 and
2.9255 pM at 0.5 and 1 mM Ach stimulation, respectively. Most
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importantly, the concentration of released NO from the skin
tumor cell is remarkably higher than that of the normal skin cell
by 1 order of magnitude. It is noted that a first sharp, capacitive-
like peak occurs followed by second prominent wave for both
JB6-C30 and B16-F10 cells after addition of the stimulus. A
similar result has been reported in the in situ detection of
glutamate*®* and NO® released from brain cells. It is
suggested to be attributed to some electroactive side products
(such as serotonin and dopamine) being coreleased from the
cell after the stimulation rather than NO. Despite the good
selectivity, the side products released temporarily and suddenly
with very high concentration; however, they do not interfere
with the NO oxidation signal. Thus, it is reasonable to use this
explanation for the results we observed as in Figure 9b,e.
Nitric oxide released from normal and tumor cells under the
drug stimulations with the same concentration was in situ
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detected to investigate the essential role of NO in the disease
pathology process (Figure 10). When 1 mM Ach was added to
the culture medium with a density of 1 X 10* normal cell JB6-
C30 and tumor cell B16-F10, respectively, the response
currents changed differently (Figure 10a). The tumor cell
B16-F10 (red) has a response ~$ times as large as that of
normal cell JB6-C30 (blue) (Figure 10b). Such a large
difference in response of NO release between the normal and
tumor cells is because the NOS in tumor cells has a much
higher expression than in normal ones,”’ so then more NOS
molecules can be activated by Ach to generate more nitric oxide
molecules. It is understandable that the higher expression of
NOS in tumor cells is due to the vital role of nitric oxide in
promoting the tumor progression and metastasis directly by
inducing the proliferation, migration, and invasion and
indirectly by expressing angiogenic and lymphangiogenic
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factors.>>* Therefore, when the same concentration of Ach

was injected, the NO release in tumor cells was much higher
than in the normal ones. The results indicate that the NO
released from cells could be directly related with the progress of
melanoma formation, thus holding great promise for us to
understand the critical pathological process of melanoma
through in situ detection of NO, while a simple approach for
clinic diagnosis and prognosis of tumors is rendered.

4. CONCLUSIONS

We successfully developed a facile approach to grow Au
nanoparticles on highly porous 3D graphene hydrogel with
large electroactive surface area and high electrocatalytic activity
toward NO oxidation, showing a low detection limit, fast
response time, and excellent selectivity for NO sensing. The Au
NPs—3DGH also demonstrates excellent ability to in situ
detect nitric oxide released from living cells, revealing that the
tumor cell B16-F10 releases S times more NO than the normal
cell JB6-C30. The in situ detected nitric oxide from living cells
offers critical information for us to understand the melanoma,
while can be used as an indicator for diagnosis and prognosis of
skin cancers.
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