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Abstract The incorporation of nanomaterials into electro-
chemical sensors is an attractive approach towards the im-
provement of the sensitivity of amperometry and also can
provide improved sensor selectivity and stability. This review
(with 137 references) details the current state of the art and
new trends in nanomaterial-based electrochemical sensing of
hydrogen peroxide (H,0,), hydrogen sulfide (H,S) and nitric
oxide (NO) in cells or released by cells. The article starts with
a discussion of the significance of the three analytes, and this
is followed by three sections that summarize the electrochem-
ical detection schemes for H,O,, H,S and NO. Each section
first summarizes the respective physiological roles, and then
reviews electrochemical sensors based on the use of carbon
nanomaterials, noble metal nanomaterials, metal oxide
nanomaterials, and layered doubled hydroxides. The materials
are compiled in three tables along with figures of merit for the
various sensors.
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Introduction

Biologically relevant small molecules including hydrogen
peroxide (H,0,), hydrogen sulfide (H,S) and nitric oxide
(NO), endogenously produced molecules and play key roles
in many biological processes. The expression levels of these
molecules in cells are of great significance, abnormal expres-
sion levels in biological system are associated with many dis-
eases, such as Parkinson’s disease and cancer [1]. For exam-
ple, H,O, is an oxidative stress marker in age-related diseases
including Alzheimer’s disease, cardiovascular disorders and
cancer [2, 3]. Similarly, H,S is a biologically generated, gas-
eous signaling molecule that interacts with a wide range of
physiological functions and is linked to numerous pathologies
ranging from neurodegenerative diseases to hypertension and
diabetes [4, 5]. Further, Unusual concentration of NO can
boost the generation of reactive nitrogen species which can
break down biomolecules like lipids, proteins and DNA [6].
Therefore, from these perspectives, it is worthy to develop
sensitive, specific and fast techniques for these molecules de-
tection from cells.

Currently, research into NM-based sensors has been used
to improve the sensitivity or selectivity. For example, metal
oxide NMs have been widely used for the detection of small
molecules due to their special shapes and extraordinary chem-
ical and physical properties [7]. They not only possess high
surface areas favorable biocompatibilities, and good chemical
stabilities, but also exhibit fast electron transfer.
Semiconductor NMs have also received considerable interest
as electrochemical sensors due to their low costs, variety of
morphologies, high specific surface areas, excellent electro-
catalytic activities, and the possibility of promoting electron
transfer reactions at lower overpotentials [8]. Additionally, it
has been observed that the large surface area and fast electron
transfer of graphene make it an excellent carrier for active
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probes and active domains as well as a fast conductor between
electrodes and probes [9].It seems that the NMs make possible
the potential development of (bio) sensor application in bio-
logically relevant small molecules in cell. To date, several
analytical approaches have been introduced for the determi-
nation of these biologically relevant small molecules in cells,
such as chemiluminescence [10, 11], colorimetric assays [4, 5,
12], fluorescence [13—15], and electrochemical methods
[16-18]. Among them, electrochemical techniques [19-23]
are extremely attractive for the development of simple, inex-
pensive methods for the rapid and on-site monitoring of bio-
logically relevant small molecules in cells. Thus, the combi-
nation of NMs with electrochemical sensors may provide a
promising platform for the biosensing of biologically relevant
small molecules in cells. The intent of this review is to impart
insights into NM-based electrochemical sensors, and to illus-
trate their potential benefits in sensors for H,O,, H,S and NO
detection in cells.

In this review, we aim to present a universal and crit-
ical review of the recent advances in NM-based electro-
chemical sensors for biologically relevant small molecules
in cells. New and significant developments in NM-based
on electrochemical biosensors for the detection of H,O,,
H,S, and NO from cells are first summarized in sections
2, 3 and 4, respectively. Finally, the future research direc-
tions for NM-based electrochemical sensors for sensing
systems are discussed. This review will help further de-
velopments in this hot area.

Electrochemical detection of H,O, from cells
Physiological roles of H,O,

H,0, is the most common representative and stable ROS in
living organisms, and it plays a critical role in normal cellular
function and proliferation [24]. It is a product of a wide range
of biological and chemical processes and it is produced by
external stimuli and intracellular signaling molecules [25].
The long lifetime and chemical stability allow it to penetrate
into other cellular compartment easily, which gives it many
important physiological functions [26]. First, as an intracellu-
lar signaling molecule, it regulates DNA damage, protein syn-
thesis, and cell apoptosis, as well as many other functions
[27]. These functions lead to diverse physiological and bio-
chemical processes, such as immune system, stem cell and
cancer effects. Second, it can produce intracellular thermogen-
esis, which is the basic foundation for life processes [28].
Third, the over production and accumulation of H,O, in cells
give rise to internal sabotage activities and lead to oxidative
stress, which subsequently damages cellular constituents and
causes various diseases such as cardiovascular disease and
cancer [24]. Thus, the dynamic monitoring of H,O, release
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from living cells is of great significance. This information
leads to a perfect understanding of its regulating signal trans-
duction pathways and provide reliable and new therapeutic
strategies for related diseases.

Sensing of H,O, from cells

Considerable efforts have been devoted to developing various
sensing methods and among them, electrochemical biosensors
that contain enzymatic and non-enzymatic electrochemical
H,0, sensors have received considerable attention.
Nanomaterials, which have excellent electrochemical behav-
iors, have been used in promising immobilization matrices,
transduction platforms and mediators in enzymatic and non-
enzymatic electrochemical sensors.

Enzymatic H,0, electrochemical sensors

Enzymatic electrochemical sensors have proven to be an ef-
fective method for detecting H,O,. Many redox proteins in-
cluding cytochrome C, myoglobin, hemoglobin, ferredoxin,
and horseradish peroxide (HRP) have been used to fabricate
enzymatic H,O, electrochemical sensors [2]. Their operation
principles are based on direct electron transfer from pro-
teins. The redox state of the analyte or associated species
was altered by intermediately storing the redox equiva-
lents in a redox protein-integrated prosthetic group or
the transfer of electrons between a suitable co-substrate
within the active site. Thus, these enzymatic electrochem-
ical sensors exhibit low detection limits, fast response
times, good long-term stabilities and low costs.

In particular, the enzymes HRP and cytochrome ¢ have
received considerable interest. They are the most commonly
used enzymes in enzymatic H,O, electrochemical sensors due
to their efficient catalysis of the oxidation reactions of several
substances with H,O,. Furthermore, tremendous efforts have
been made to detect extra-cellular or intra-cellular H,O5.
However, only a few sensors satisfy the abovementioned re-
quirements for H,O, sensing in cells due to their insufficient
stabilities, lower reproducibility and oxygen limitations. For
example, in 2005, Kasai et al. reported a H,O, electrochemi-
cal sensor array that is fabricated by modifying a 64-channel
ITO electrode array with HRP and an electron transfer medi-
ator [29]. In this way, the H,O, release from a rat hippocampal
slice culture at multiple positions was monitored using this
H,0, electrochemical sensor.

To overcome this problem, various strategies were
employed to immobilize enzymes on electrode surfaces, such
as polymer entrapment, electropolymerization, sol-gels, layer-
by-layer techniques and covalent linking [30-33]. However,
the sensor cannot be applied for tracing the extracellular H,O,
released from cells due to the limited electron transfer reactiv-
ity and activity of the immobilized enzyme, which is attributed
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to the lack of orientation of the immobilized enzymes on the
electrode surface. Li et al. presented an amperometric biosen-
sor for the detection of hydrogen peroxide released from hu-
man breast cancer cells based on a sequence-specific peptide
[34]. The favorable orientation of the immobilized HRP on the
electrode surface due to the strong affinity between the peptide
and the HRP promotes the catalytic activity of the
immobilized enzyme towards the reaction of o-
phenylenediamine and H,O,. The amperometric current is
highly linear over the range from 0.1 to 100 uM with an
LOD of 0.03 uM. Finally, the biosensor was used to monitor
extracellular H,O, released from MCF-7 human breast cancer
cells. Similarly, Suarez et al. developed a novel third genera-
tion biosensor based on one-shot adsorption of chemically
modified cytochrome ¢ on bare gold electrodes, as shown in
Fig. 1 [35]. The introduction of thiol derivatives on the cyto-
chrome c leads to quasireversible electrochemical behavior
and fast direct electron transfer. The electrode showed good
analytical performance for sensing H,O, and, thus, was ap-
plied to detect and non-invasively detect H,O, produced by
phytoplanktonic cells in response to Cd(II) exposure non-
invasively and in real time.

The stabilities of directly used enzymes in solution are
poor. Thus, another effective method is selecting an appropri-
ate carrier for immobilizing enzymes. NMs have exceedingly
large surface areas, which make them excellent carriers for
immobilizing enzymes. They will preserve the intrinsic struc-
tures of the enzyme through higher number of active site ex-
posed to NMs [36] and enhance the efficiency of the biosen-
sor. Due to these properties, various NMs have been employed
to immobilize enzyme. Cai’s group reported a new ampero-
metric H,O, biosensor based on HRP-attapulgite that was
prepared by self-assembling HRP on the surfaces of natural
mineral attapulgite nanostructures [36]. The nanosize of the
attapulgite greatly facilitates direct electron transfer between
the HRP and the electrode surface. Therefore, the biosensor
was employed to measure the H,O, flux from RAW 264.7
macrophage cells. Similarly, they also presented an electro-
chemical biosensor based on HRP-hydroxyapatite
nanohybrids for the detection of extracellular H,O, released
from RAW 264.7 murine macrophage cells. A rapid response
(less than 2 s), a low detection limit (0.1 uM), and a wide
linear range (5 pM-0.82 mM) were presented. Tian et al. fab-
ricated cytochrome c/hexagonal ZnO nanosheet electrochem-
ical biosensors via an electrodeposition and immersing meth-
od [37]. The resulting ZnO nanosheets not only retain the
intrinsic activity of cytochrome ¢ but also exhibited a more
positive formal redox potential than previously reported
metal-oxide and zeolite-surface-modified biosensors.
Experimental data demonstrate that the biosensor possesses
an excellent selectivity. Thus, it is a promising method for
the detection of extracellular H,O, released from human hep-
atoma cell line HepG2.
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Fig. 1 Schematic representation of the extracellular detection of H,O,
released by C. reinhardtii upon Cd(Il)-induced oxidative stress using the
MPA-cyt ¢/Au biosensor
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As society progresses, the miniaturization, integration and
portability of chemical analysis equipments are some of the
most crucial trends. For this purpose, Tian’s group explored
miniature microarrays that were successively decorated with
Au-TiO, micropatterns, L-cysteine, and cytochrome ¢ [38].
The construction process of the biosensor is shown in Fig. 2.
Experimental results revealed that the enzymatic activity of
cytochrome ¢ was maintained and that the direct electron
transfer of cytochrome ¢ was enhanced. Under the optimum
conditions, it was used to electrochemically monitor cellular
H,0, in the range of 107 to 10> M in real-time.

Non-enzymatic H,O, electrochemical sensors

As described above, to meet the requirements of H,O, sensing
in cells, various electrochemical biosensors based on the im-
mobilization of enzymes on electrodes were used. However,
the insufficient stability and lower reproducibility limited the
wide application of enzyme sensors. Thus, non-enzymatic
electrochemical H,O, sensors were ideal substitutes [39].
Nanomaterials (NMs) are now being applied in more and
more fields [40—44]. The excellent electrochemical behaviors
of NMs indicate that NMs are promising electrocatalysts and
can be used as electrode materials in the fabrication of non-
enzymatic electrochemical sensors. Several classes of NMs,
such as metals, metal oxides, alloys, carbon-based materials,
and layered double hydroxides, have been employed as
electrocatalysts in the fabrication of non-enzymatic electro-
chemical H,O, sensors based on their strong electrocatalytic
abilities. In this section, we present the application of these
NMs in non-enzymatic electrochemical H,O, sensors.
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Fig. 2 Illustration of miniature enzyme-based electrodes

Carbon-based sensors

Carbon-based NMs with different dimension have a unique
place in theoretical scientific communities for practical appli-
cations due to their exceptional electrical, thermal, chemical
and mechanical properties. The advances in electrochemical
sensors based on graphene NMs for the detection of H,O, are
summarized in Table 1. Since they were discovered by Iijima
in 1991, carbon nanotubes have been the most widely studied
NMs for electrochemical sensors [45]. Their superior elec-
tron transfer capabilities make them excellent
electrocatalysts for non-enzymatic H,O, electrochemical
sensors. Rawson’s group presented a novel, non-enzymat-
ic, vertically aligned single-walled carbon nanotube
(SWCN) sensor integrated onto an indium tin oxide
conducting substrate for the detection of glucose [46].
Here, osmium bipyridine (Osbpy) was modified on the
surface of SWCN and used as a bioelectrocatalyst. It of-
fers unprecedented detection of local intracellular H,O,
‘pulses’ on a short second time scale in response to bac-
terial endotoxin stimulation. Furthermore, the results in
this paper have the benefit of shedding new light on the
effects of ROS in cell function.

In addition to carbon nanotubes, graphene is common, and
a pioneering approach was introduced by Geim’s group in
2004 [47]. These materials have attracted extensive interest
and shown great promise for energy storage and conversion,
biomedical devices and biosensors [48—53] due to their unique
properties including high Young’s moduli, high surface areas,
excellent thermal and electrical conductivities, outstanding
optical transparencies, and strong thermal conductivities
[54-57]. In particular, their large surface areas and fast elec-
tron transfers make graphene materials excellent carrier for
more active probes and active domains as well as fast conduc-
tors between electrodes and probes for the electrochemistry
community [9]. These features will facilitate signal amplifica-
tion and thus achieve high sensitivity for electrochemical bio-
sensors. Advances in electrochemical sensors based on
graphene for the detection of H,O, in cells are summarized
in Table 1.

Chemical doping with heteroatoms, such as nitrogen (N),
boron (B) or sulfur (S) atoms, has been proven to be an effec-
tive strategy for modulating the chemical and physical prop-
erties of graphene and thus enhancing the performance of
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doped graphene in electrochemical biosensors [73]. In 2011,
Cai et al. presented an electrochemical biosensor for measur-
ing the dynamic process of H,O, release from living cells
based on N-doped grapheme, which suggesting a pronounced
electrocatalytic activity of N-graphene for H,O, reduction.
[26]. At —0.4 V, the biosensor revealed a good relationship
in the range of 0.5-1200 uM with a detection limit of ca.
(0.05 £ 0.01) mM (S/N = 3). Zhu’s group proceeded to syn-
thesize N and B co-doped graphene with a hierarchical frame-
work via a microwave-assisted strategy [58]. Compared with
graphene solely doped with N or B atoms, the N and B co-
doped graphene showed an improved electrochemical perfor-
mance due to a synergistic effect between the heteroatoms.
Thus, it was used to fabricate an electrochemical biosensor
for real-time quantitative detection of H,O, from living cells
at the nanomolar level.

The combination of graphene and inorganic NMs was an-
other promising approach to improve the signals from electro-
chemical biosensors. Jiang et al. presented a novel Copper
Sulfide (CuS)-decorated reduced graphene oxide (rGO)-based
sensor for the reliable detection of H,O, [8] (see Fig. 3). The
innovative electrocatalyst CuS/rGO was prepared by heating
the mixture of CuCl, and Na,S aqueous solutions in the pres-
ence of poly(vinyl pyrrolidone)(PVP)-protected rGO at
180 °C,which possess good electrocatalytic activity towards
the redox of H,O,. As shown in Fig. 3, satisfactory results
were presented in monitoring the concentration of H,O, in
biological samples including human serum, urine samples
and H,O, released from human cervical cancer cells.
Similarly, Pt nanoparticles [8, 59], Fe30,4 nanoparticles [60],
Co0504 nanowires [61], Au@Pt@ Au core-shell nanoparticles
[62], MnO, nanowires [64] and their decorated rGO can pro-
mote the electron transfer reactions of H,O, at a low
overpotential. To improve the sensitivity of the H,O, electro-
chemical sensors, slices of the metal-metal oxide nanostruc-
tures were introduced into graphene systems. A new type of
flexible electrochemical sensor fabricated by depositing high-
density Pt nanoparticles on freestanding rGO paper carrying
MnO, nanowire networks has been reported by Duan’s group
[65], as shown in Fig. 4. The sensitivity was greatly improved
to 129.5 pA cm * mM ! based on the metal-metal oxide de-
sign, which integrates the mechanical and electrical properties
of rGO, the large surface area of MnO, networks, and the
catalytic activity of well-dispersed small Pt nanoparticles.
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Table 1 Summary of graphene-

based and metal (oxide)-based Electrode Linear range Detection Sensitivity Working Year Ref
electrochemical sensors for H,0, ~ composition (LM) limit (M) ~ pAem>mM ' potential
N-graphene 0.5-1200 0.05 -04V 2011 [26]
NB-G 0.5-5000 0.05 - -0.25V 2013 [58]
CuSirGO 5-1500 0.27 26.5 -0.27V 2013 [23]
GO — Pt 0.5-3475 0.2 459 -0.08 V 2014 [59]
Fe;04/rGO 1-20,000 0.17 387.6 -03V 2014 [60]
Co30,1GO 15-675 24 1140 -0.19V 2014 [61]
GO/Au@Pt@Au 0.05-17,500 0.02 +0.5V 2015 [62]
500-110,000 0.25 -03V
Pt/PG 1-1477 0.5 341.14 0.1V 2015 [63]
MnO,~ERGO 0.1-454 mM 10 59.0 -0.5V 2015 [64]
Pt-MnO,/rGOP 2-13,330 1 129.5 -0.15V 2012 [65]
rGO/AuFe;0,/Pt 0.5-11.5 0.1 184.43 ov 2015 [66]
Auw/MnO,/ERGO/CF 50-1000 2 167 -04V 2015 [67]
rGO-PMS @AuNPs 0.5-50,000 0.06 392 -0.75V 2014 [68]
PtPd/IL+GOP 0.1-37.6 0.01 02V 2015 [69]
PtrGO-CNT paper 0.1-25 0.01 1.41 -0.25V 2015 [70]
rGO-Au-PTBO 5-1077.1 0.2 63.39 03V 2013 [71]
1474.5-2536.2  24.52
3D 0.4-660 0.08 169.7 -025V 2013 [72]
graphene/pDA/TH

Other metal-metal oxides, such as AuFe;0,4/Pt [66], and Au/
MnO, [67], were also explored.

In addition, the modification of graphene with small
molecules and polymers opens a new avenue for enhanc-
ing the electrochemical signals from graphene-based bio-
sensors. Wang’s group explored a facile electrochemical
biosensor fabricated via the integration of graphene with
gold nanoparticles and poly-(toluidine blue O) films

Fig. 3 Schematic illustration of
copper sulfide-decorated reduced
graphene oxide composites for
enhanced detection of H,O, in
biological environments

(rGO-Au-PTBO) to assess the oxidative stress elicited
by H,O, in cells [71]. As shown in Fig. 5, the rGO—
Au-PTBO-modified electrode was presented by simulta-
neously depositing AuNP and PTBO films on graphene
via layer-by-layer electrochemical deposition. The exper-
imental results revealed that linear response range for the
rGO-Au-PTBO films was greatly increased, which pro-
vides an opportunity for the evaluation of intracellular
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Fig. 4 Schematic illustration of metal-metal oxide nanostructures on freestanding graphene paper for flexible biosensors

oxidative stress elicited by H,O, from tumor cells. At the
same time, Chen et al. presented a novel three-
dimensional electrochemical sensor, which is fabricated
by immobilizing thionine molecules on graphene via
polydopamine linkers [72]. Under stimulation of N-for-
myl-L-methionyl-L-leucyl-phenylalanine (fMLP), a
bacteria-derived potent pro-inflammatory stimulant, the bio-
sensor can detect the dynamic release of H,O, in real-time
from MD-435 cells. Tonic liquids (ILs) also were used to
modify graphene. Duan’s group fabricated a new type of

Ascorbicacid AA

Cellular flux of H,0, @k
RGO f(L_
Au L J

&ss
C83C€8

RGO/GCE

RGO-Au/GCE RGO-Au-PTBO/GCE

Fig. 5 Schematic of the LBL assembly of graphene, Au and poly
(toluidine blue O) films sensor for tracking H,O, flux from cells
stimulated with AA
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flexible and versatile nanohybrid paper electrode by
ultrasonically-electrodepositing PtPd alloy nanoparticles on
freestanding ILs [69]. The electroactive surface area of the
graphene-based nanohybrid paper electrode was increased,
and the adhesion and dispersion of the metal nanoparticles
on the paper surface was improved. It was also used for real-
time tracking of H,O, secretion in live macrophages cells.
Grapheme quantum dots(GQDs), i.e., the zero dimen-
sional NMs composed of graphene oxide, possess better
performance than micrometer-sized graphene. This mate-
rial has been recognized as a favorable candidate for sens-
ing materials considering its better characteristics as an
electron transporter and acceptor. In Zhang’s work [74],
GQDs were covalently assembled on Au electrodes, and
then the dynamic H,O, release in human breast adenocar-
cinoma cell line MCF-7 was monitored using the prepared
GQDs/Au electrode. The H,O, release was triggered by
injecting phorbol myristate acetate, a compound that can
induce H,O, generation in cells. Due to the high
peroxidase-like activity and small size, the sensor exhib-
ited a wide linear range, low detection limit, and fast
amperometric response to H,O, Subsequently, an electro-
chemical biosensor based on rGO QDs/ZnO hybrids was
reported by Yang et al. [75]. In this work, rtGO QDs/ZnO
hybrids were synthesized via the combination of simple
electrospinning and thermal treatment processes (see
Fig. 6).Then the release flux of H,O, from cells was mea-
sured with the use of the rGO QDs/ZnO hybrids elec-
trode. The results show that the electrodes with rGO
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Fig. 6 (a) lllustration of the
synthetic route of rGO QDs/ZnO
hybrid nanofibers and (b) fabri-
cation of the cell-based intracel-
lular H,O, sensors

Collector
Electric field

RF sputtering

/

’ . N,
Il . (S
P N teh
S
. 0 B
% 2
N

QDs/ZnO have high electrocatalytic activities. The main
reason for the high electrocatalytic activity of rGO QDs/
ZnO composite is synergistic electrocatalytic reduction of
H,0, by rGO QDs, ZnO(Oi /Oi*~ on the surface of ZnO)
and inferred the following reaction:

oF / 0 + Hy0,—0,(g) + H,0 + ¢ / 26
I‘GO-(C-OH)H + H,0,—0, (g) + H,0 + rGO

Similar strides have been made for surfactant-free Au
nanoparticles on nitrogen-doped graphene quantum dots
(NGQDs) [76]. And used for electrocatalytic reduction
and sensing of H,0,, showing a low detection limit of
0.12 uM and sensitivity of 186.22 pA/mM cm?.
Importantly, the Au-NGQDs-based electrochemical bio-
sensor has shown great potential applications for detec-
tion of H,O, released from human cervical cancer cells
with satisfactory results.

In addition to the above-mentioned carbon materials, other
carbon materials such as mesoporous carbon nanocomposite
have also been applied in the field of H,O, electrochemical
biosensors. MnO nanoparticle @mesoporous carbon compos-
ites were grown on conducting substrates via a two-step
coating/calcination approach [77]. The biosensor was reported
to measure H,O, produced by living cells.

Noble metal, non-noble metal NMs and their hybrid
nanomaterial-based sensors

Noble metal nanomaterials (NMs) have attracted consider-
able interest in many fields from fundamental research to
clinical applications due to their unique physicochemical
properties [78]. Their physical and chemical properties of
the hybrid noble metal NMs can be accurately tuned by con-
trolling their size, shape, architecture, and composition [79].
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This property will enhance their potential applications, espe-
cially in biosensors. Thus, considerable effort has been de-
voted to integrating noble metal NMs (Pt, Pd, Ag, and Au)
and their alloys into biosensors because of their high catalytic
activities [80]. This approach will improve the sensitivity and
selectivity of biosensors. In this case, Pt NMs, which possess
high-index facets, complex morphologies or multi-composi-
tions, were regarded as the most widely used catalyzer con-
sidering their high catalytic activities toward small molecule
oxidation [81]. For instance, Huang et al. discovered a novel
sensitive electrochemical sensor by electrochemically depos-
iting Pt nanoparticles on the surface of carbon fiber microdisk
electrodes [82] in 2009. Nafion was chosen as the molecular
template for the deposition and dispersion of Pt nanoparticles,
which makes the formation of nanoparticles uniform. With
the aid of the microelectrochemical sensors, oxidative
bursts from single plant protoplasts were monitored in
real-time. The group subsequently reported a self-supported
nanoporous gold microelectrode decorated with well-
dispersed and tiny platinum nanoparticles that was applied
to monitor the H,O, released from single isolated human
breast cancer cells in real time [83]. The detection limit was
as low as 0.3 nM. Similarly, Yu and co-workers used the same
electrochemical device based on a Pt nanosphere-paper work-
ing electrode to determine the flux of H,O, from SK-BR-3
cancer cells [84].

Another noble metal, silver, was discovered to be the
most valued and precious metal throughout history. Silver
nanoparticles(AgNPs) have been particularly interesting
and extensively applied as biosensors, antibacterial agents
and catalysts since Evanoff and Chumanov reported the
Lee-Meisel method for the synthesis of AgNPs in 1982
[85]. AgNPs are usually stable. However, Loza et al. not-
ed that the dissolution of AgNPs can be enhanced by
adding strong oxidizing species such as H,O, [86]. The
AgNPs modified electrode can be used as the sensing
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interface and H,O, then decompose and generates hy-
droxyl radical and superoxide anion, which finally turn
to O, and H,O. The mechanism is as follows:

Ag, (solid) + 3H,0,+2H"—Ag, , (solid)

+4H,0 4+ 2Ag"+0,

By taking advantage of this behavior, an electrochemical
biosensor modified with AgNPs was explored for tracking
H,0, secretion in live cells [87].

In comparison with monometallic noble metal NMs, bime-
tallic NMs have been drawing significant attention and have
been used as electrocatalysts for H,O, due to their bifunction-
al effects and ligand and/or electronic effect [88]. For exam-
ple, ultrathin AuCu nanowires were prepared via a facile wet
chemical route at room temperature and then used as the mod-
ifying layer for electrodes [89]. The archived biosensor ex-
hibits excellent electrocatalytic activity (the sensitivity was
up to 2,710,000 pA cm 2 mel, which is greater than any
other reported previously) because of the synergetic effect of
Cu and Au atoms. These excellent properties make this plat-
form use for the detection of trace concentrations of H,O,
released by cells.

On the other hand, non-noble metals and their correspond-
ing oxides or sulfides with different compositions and micro/
nanostructures have also attracted extensive interest in H,O,
electrochemical biosensors [22] (Table 2) . Their unique prop-
erties including high surface areas and fast electron transfer
rates make them useful as electrocatalysts. Recently, ZnO
nanowires, an inorganic metal oxide NMs, was discovered
to fabricate a sensor based on the piezotronic effect for sensing
H,0, released by Raw264.7 cells at a detection limit of 2 nM

[90]. Du’s group synthesized monodisperse Cu,_S NCs and
found that Al,(SO,); can control the shape and size of Cu,_, S
NCs [95]. The synthesized Cu,_S NCs have activities for the
sensitive detection of H,O, that are comparable with noble
metals and peroxidase enzymes. They have the best catalysis
for sensing H,O, The detection limit of 0.18 M is useful for
the detection of H,O, release from MKN-45 cells.

Moreover, the hybrid NMs by encapsulating noble metal
and non-noble metal presents a new approach to develop new-
style material with high quality and to improve the capabilities
of nanocatalysts for H,O, sensing. Wang and co-workers syn-
thesized ultrafine Pd nanoparticles encapsulated in micropo-
rous Co3;04 and investigated their catalytic activities, as illus-
trated in Fig. 7 [91]. The Pd@Co;0, hollow nanospheres
exhibited greater activity than Pd or Co30, nanoparticles even
when the Pd content is as low as 1.14 wt% because of the
synergy between the permeable microporous CozO4 shell and
the active Pd NPs. Based on these findings, an electrochemical
biosensor was fabricated to detect the secretion of H,O, in
living human cells. Similarly, dumbbell-like PtPd — Fe;0,4
nanoparticles [92], core/shell Au/MnO nanoparticles [93],
and quasi-core/shell-structured TiO,@Cu,O [94] were also
reported for the electrode modification in cells released
H,O, detection.

Electrochemical detection of H,S from cells

Physiological roles of H,S

H,S was recognized as a colorless gas with a pungent rotten
egg taste 300 years ago [3]. In the 1990s, it was regarded as the

Table 2 Summary of metal and metal oxide-based non-enzymatic electrochemical for HO,

Electrode composition Linear range (LM) Detection Sensitivity pA cm > mM Working Year Ref
limit (uM) potential
Pt NPs/CFME 0.01-0.1 0.005 - 0.6V 2009 [82]
NPG/Pt NPs - 0.0003 - 02V 2015 [83]
Pt nanosphere 2014 [84]
AgNPs 1-300 0.5 - - 2015 [87]
AuCuNWs 0.003-0.36 0.002 2,710,000 0484V 2015 [89]
7ZnO NW 0.01-60 0.002 05puAM 'S - 2015 [90]
CuS 5-11,300 5 035V 2015 88
Pd@Co;0, 0.5-1200 0.1 240 06V 2015 [91]
PtPd-Fe;0, 0.005 [92]
Au/MnO 0.02-0.1 0.008 17,850 -028V 2014 [93]
0.1-1111.1 208
1111.1-15,110 530
TiO,@Cu,O 1-15 0.15 2229.1 02V 2015 [94]
15-330 453.7
330-16,600 181.1
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Microporous Pd@Co0304
hollow nanospheres

Electrochemical response

Fig. 7 Schematic diagram of a Pd@Co;0,4 hollow nanosphere modified
electrode. Most recently, a new type hybrid NMs of layered doubled
hydroxides (LDHs) as a class of multi-metal anionic clays with lamellar
structures has attracted considerable interest from researchers due to their
relatively low costs, high redox activities, and environmentally friendly
nature [96]. Their extraordinary intercalation features make them excel-
lent carriers for entrapping nanoparticles. Liu’s group prepared a series of
MgAl LDH nanohybrids loaded with MnO, nanoparticles with fixed Mg/
Al via a facile co-precipitation method (Fig. 8) [97]. The NMs were used
to fabricate an electrochemical biosensor for real-time tracking of H,O,
secreted by live cells. Due to synergistic effect of the good catalytic ability
0ofMnO, and the conductivity of MgAl LDH, a wide linear range of 0.05—
78 mM and lowest detection limit of 5 mM was presented

third endogenous gas signal molecule (following nitric oxide
and carbon monoxide) that mediates the central nervous sys-
tem, cardiovascular system and other biological systems under
both physiological and pathological conditions [98]. The pro-
duction of H,S in the central nervous system can be catalyzed
by cystathionine y-lyase (CSE), cystathionine (3-synthase
(CBS), and 3-mercaptopyruvate sulfurtransferase (3-MST)
[99]. It has important physiological regulation functions in
the nervous system, vascular system, metabolism, erythro-
cytes, and digestive system [100]. At physiological concentra-
tions, H,S plays a key role in the induction of long-term hip-
pocampal potentiation and has some antioxidant, anti-inflam-
matory, and anti-apoptotic effects. It induces the formation of
calcium waves to mediate the signal transmission between
neurons and astrocytes. Finally, H,S is also related to many

clinical diseases including Alzheimer’s disease, Parkinson’s
disease, ischemic stroke, and traumatic brain injury [101].

Sensing of H,S from cells

The above studies highlight the potential value of developing
useful methods to monitor the concentration of H,S in biolog-
ical samples. For this purpose, several avenues were explored.
Compared with other methods, electrochemical methods are
comparatively sensitive, fast and simple. Over the past
20 years, scientists presented many electrochemical strategies
including ion sensitive electrodes, polarographic H,S sensors,
and enzyme-based electrodes for sensing H,S [102—109]. In
the chemical industry, solid-electrolyte sensors were the most
widely used method for monitoring H,S, while ion sensitive
electrodes and amperometric H,S sensors were used in bio-
logical samples. Zhang et al. has made an effort to summarize
up-to-date research on the electrochemical detection of H,S in
biological samples, such as plasma, blood, tissues, and mito-
chondria [110]. However, few references focused on electro-
chemical sensors for H,S released from cells, especially in
combination with NMs. We found that Yu [111] built up a
photoelectrochemical sensor for H,S determination. Cd* was
adsorbed and immobilized onto TiO, nanotubes by modified
thioglycolic acid. CdS would be formed on the surface of TiO,
nanotubes after treating with cell-released H,S. Photocurrent
is generated by the grafting of covalently CdS nanoparticles
on the surface of TiO, nanotubes, which is associated with the
H,S released from cancer cells.

Electrochemical detection of NO from cells
Physiological roles of NO

NO, as a short-lived regulatory and soluble gas, is synthesized
in the body from L-arginine with the aid of the family of
enzymes named nitric oxide synthase (NOS), which were dis-
covered in the 1980s [112]. It was identified as the
endothelium-derived relaxation factor (EDRF) by Furchgott,
Ignarro, and Murad, who were awarded the Nobel Prize in
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Fig. 8 Schematic diagram of the MgAl LDH biosensor for the detection of H,O, released from cells
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physiology in 1998 [113]. Many scientists have claimed that it
is an important intracellular and intercellular secondary mes-
senger in the human body that is involved in a wide variety of
biological and cellular functions, such as the regulation of
diverse physiological and pathophysiological mechanisms of
the cardiovascular system and immune system [114]. The
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biological roles of NO have shown strong links to numerous
clinical disorders, including asthma, rheumatoid arthritis, tu-
berculosis, and Alzheimer’s disease [115]. Interestingly, NO is
double-edged, i.e., beneficial or harmful based on its level of
production. For instance, several studies have demonstrated
that a low level of NO was good for tumor growth via
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angiogenesis, while high levels are damaging to tumor cells
[116]. Due to the above mentioned functions, monitoring NO
in biological samples is extremely important. However, this
measurement is an extremely challenging task because of the
short half-life, high reactivity, and low expression of the
molecule.

Sensing of NO from cells

Several attempts have been made to propose new tricks
for the rapid and precise detection of NO, such as chemi-
luminescence [117, 118], paramagnetic resonance spec-
trometry [119, 120], and electrochemical methods
[121-124]. Electrochemistry has aroused received consid-
erable interest due to its high sensitivity, instrumental sim-
plicity, short analysis time, and low cost. Up to now, three
electrochemical sensor styles including Shibuki-style, sol-
id permselective, and solid catalytic have been used to
detect NO. The electrode materials play a crucial role in
the sensitivity and selectivity of the sensor. In recent
years, NMs ranging from carbon NMs to metal NMs have
opened new approaches for sensing NO from cells using
electrochemical sensors due to their “small” sizes, large
surface areas, and unique chemical properties [125].

Carbon nanomaterial-based electrochemical sensors

Since their discovery in 1991, carbon nanotubes (CNT) have
been widely applied in electrochemical sensors due to their
remarkable chemical, physical, electrical, and structural prop-
erties. Their high conductivities and strong electrocatalytic
activities make them attractive substrates for electrochemical
sensors. New CNT based nanomaterials (NMs) were intro-
duced to measure NO from cells, as shown in Table 3. A
single-walled carbon nanotube and Nafion membrane-
modified carbon fiber microdisk was successfully applied
for the measurement of NO release from a single isolated
human umbilical vein endothelial cell [126]. The detection
limit was 4.3 nM, which is lower than those of bare sensors
and most of the earlier reported NO electrochemical sensors.
The interference effects from nitrite and ascorbic acid are
reduced due to the introduction of the Nafion membrane.
Another water-soluble multi-walled carbon nanotube and
polyazocarmine B nanofilm-modified electrode was fabri-
cated via a new noncovalent approach coupled with an
electropolymerization procedure and then used to monitor
NO release from rat liver cells [127]. Subsequently, Shim
et al. reported a highly sensitive and selective electro-
chemical method for NO detection via covalently
immobilizing three enzymes including microperoxidase,
catalase, and superoxide dismutase onto the MWCNT-
poly-5,2",5",2"-terthiophene-3-carboxylic acid (PTTCA)
nanocomposite layer, as illustrated in Fig. 9 [128]. The

co-immobilized enzymes can remove the interference of
H,0, and O, during NO detection. The detection limit
was down to 4.3 nM and can monitor NO release from
real samples containing rat liver, stomach (AGS), and in-
testinal (HT-29) cancer cells.

Graphene is also a promising carbon-based material for
improving the sensitivity of sensors due to its large surface
area and biocompatibility. Li’s group has made many contri-
butions in this field. In 2012, they constructed an RGD-
peptide functionalized graphene biomimetic live-cell sensor
for real-time detection of NO released from live-cells [129].
Here, the existence of RGD can provide favorable conditions
for the attachment and growth of cells.

Their next task was preparing Au nanoparticle — 3D
graphene hydrogel (Au-3DGH) hybrid through a facile one-
step approach via the in situ reduction of Au** on a 3DGH
[130]. Fig. 10 shows that 3DGH exhibits poor electrocatalytic
activity owing to its carbon nature, but it provides large active
surface area, allowing Au to load with a larger amount, small-
er size, and more uniform distribution for active sites and
effective electron transport toward NO oxidation. So, the
unique Au-3DGH hybrid formation can permit much NO
molecules to absorb on the large amount of Au active centers,
followed by rapid electron loss to form NO* (eq. 1). Owning
to the highly porous Au-3DGH hybrids, a high mass transport
of NO™ meet OH ™ and yield NO? (seen in eq. 2).

NO-¢—NO* (1)
NO" + OH'—»HNO,—H* + NO,’ (2)

Due to the strong synergistic effects from the large surface
area of the porous 3DGH and high electrocatalytic activity of
the AuNP, the sensor has excellent selectivity, a fast response,
and a low detection limit. Experimental data also revealed that
the NO released form B16-F10 tumor cell is 5 times greater
than the normal JB6-C30 cells. Subsequently, shape-
controlled ceria-reduced graphene oxide nanocomposites
[131] and gold nanoparticles decorated with reduced graphene
oxide [132] were introduced for the detection of NO released
from cells by Li’s group. Huang’s group has made contribu-
tions to this project, especially at the single cell levels, that
improved the sensitivity to picomolar concentrations [133].
They have presented a reusable biomimetic micro-
electrochemical sensor array for monitoring NO released from
human endothelial cells based on metalloporphyrin and 3-
aminophenyl boronic acid co-functionalized rGO. The sensor
has three advantages: First, the involvement of a
metalloporphyrin improved the sensitivity of the sensor to
sub-nanomolar levels; second, the existent of 3-
aminophenylboronic acid can enhance the cytocompatibility
of the microsensor without reducing the sensitivity; finally, the
reversible reactivity between 3-aminophenylboronic acid and
cell membrane carbohydrates allows practical reusability.
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Table 3 Sensing of NO from

cells by NM-based and metal Electrode Linear Detection Sensitivity Working Ref

(oxide)-based electrochemical range (WM)  limit (nM) (LA/uUM) potential (V)

sensors
SWNTs/CFMDE 0.1-0.8 43 - 0.8 2008  [126]
MWNTs-ACB/PACB/GCE  0.22-120 28 0.25 0.75 2008  [127]
CAS/SOD/MP/MWCNT 1-40 43 1.1 -0.8 2010  [128]
-PTTCA/AuNPs/GCE
RGD-graphene 0.1-100 25 - 0.75 2012 [129]

100-1000

AuNP — 3DGH/GCE 0.2-6 9 - 0.81 2015 [130]
rGO-CeO,/GCE 0.018-5.6 9.6 1.67606 0.8 2015 [131]
AuNP-ERGO/GCE 0-200 133 5.38 0.821 2013 [132]
APBA/FGHNSs /ITO 0-200 0.09 37.6 0.75 2015 [133]

Metal nanomaterial-based electrochemical sensors

Metal nanomaterials (NMs), especially noble metal (Au and
Pt) NMs, have been used in electrochemical sensors due to
their unique electrochemical, electronic, and catalytic proper-
ties. Varatharajan and co-workers have demonstrated that the
combination of gold nanocomposites and hydroxypropyl-3-
cyclodextrin encapsulated soluble ferrocene significantly im-
proves the sensitivity of the estimation of NO in biological
systems including peripheral blood mononuclear cells [134].
Duan’s group reported a new type of flexible electrochemical
biosensor based on graphene paper loaded with closely
packed Au@Pt core-shell nanoparticles as a freestanding cell
culture substrate that was used for the real-time monitoring of
NO cell secretions [135]. The sensor displayed high sensitiv-
ity, a wide linear range, a low detection limit, and good bio-
compatibility. On the other hand, micro-array electrodes have
aroused increasing attention due to their high signal-to-noise
(S/N) ratios because of the smaller the active electrode area,
the higher the S/N ratio [136]. Nano-array electrodes are the
newest development in this field. Jin et al. reported a novel
microporous aluminium anodic oxide film-modified Pt nano-
array electrode for the direct measurement of NO release from
myocardial cells [137].

Conclusion

As nanotechnology has advanced, various NMs including
carbon-based NMs, noble metal NMs, metal oxide NMs,
and layered doubled hydroxides with different structures (par-
ticles, wires, rods, pores, and tubes) have been presented and
used in a wide variety of clinical systems. Due to their inherent
advantages from their electrochemical properties, such as high
surface areas, moderate conductivities, and excellent biocom-
patibilities, NMs have been used to fabricate electrochemical
sensors for a wide range of applications. However, research on
NM-based electrochemical sensors for H,O,, H,S and NO

@ Springer

from cells is still in its infancy, and researchers are making
rapid progress in this area. In this paper, we critically reviewed
the most significant achievements reached in the field of NM-
based electrochemical sensors for H,O,, H,S and NO in cells.
General descriptions of the physiological roles of H,O,, H,S
and NO were presented. Then, examples of electrochemical
sensors for sensing H,O,, H,S and NO in cells were summa-
rized according to the type of NMs. Most research is focused
on the detection of H,O, and NO. NM-based electrochemical
probes to detect H,S are very rare and research in this area is
still in progress. There can be no doubt that respective elec-
trochemical sensors for H>O,, H,S and NO in cells have a
very bright and exciting future.
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