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ARTICLE INFO ABSTRACT

Keywords: Carbon based aerogels are special solid-state materials comprised of interconnected networks of 3D nano-
Aerogels structures with high amount of air-filled nanoporous. They expand the structural properties along with physi-
Biosensor ) cochemical characteristics of nanoscale construction blocks to macroscale, and incorporate distinctive attributes
g;sgiﬁ:{igalym of aerogels, like large surface area, high porosity, and low density, with particular features of the different
Biomedicine constituents. These features impart aerogels with rapid response signal, high selectivity, and ultra-sensitivity for
Carbon sensing diverse targets in biomedical media. This has prompted researchers to develop a variety of aerogel-based

sensors with encouraging achievements. Hence, this work outlines sensing applications of aerogel-based sensors
with a comprehensive overview on the carbon aerogel hybrid materials and their analytical performances. Au-
thors tried to list advantages and limitations of the developed approach and introduced more potent research for
possible devices designing. We also point out some challenges and future perspectives related to the improve-

ment of high-efficiency aerogel-based sensors.

1. Introduction
1.1. Aerogels

Aerogels (AGs) are ultra-porous three-dimensional (3D) materials
which have been used for different applications. AGs provide superior
features of low specific weight (3 kg/m?), large surface area-to-volume
ratio (500-1200 m>/g), large porosity (between 90 and 99%) and pore
volume (1.5 crn3/g). Also, AGs show ultra-high thermal insulation
(0.014 W/mK) and thermal stability capacities to be used in the con-
struction of given devices [1,2]. These characteristics make them
promising materials for diverse applications like piezoelectrics [3],
thermal insulators [4], energy storage and conversion [5,6], catalysis
[71, and sensors [8,9]. The first silica aerogel materials were prepared in
1931 by Kistler [10] and then advanced in the 1970s. Thereafter, intense
research had been suggested to reduce the preparation processes,
particularly drying method, for the cost-effective and facile aerogels
preparation. Hence, AGs are a wide range of materials, nor a specific
group, with 3D structure and high-ordered network [11-13].
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Carbon aerogels (CAs) as types of AGs received consideration
attention in the 1990s, after being designed from organic aerogels with
resorcinol and formaldehyde as precursors [12]. Nowadays, the CAs can
be constructed with carbon nanomaterials and nanopores, which in turn
represent materials with a high porosity (90-99%), high active surface
area (usually, 500-800 m?/g, but can reach 2500 m?/g), ultralow den-
sity, and exceptional chemical, thermal and mechanical stabilities
[14,15]. Indeed, CAs as a biocompatible and porous materials, can be
regulated by the physical and chemical properties of the constituent’s
precursors [16].

1.2. Graphene and carbon nanotube aerogels as new forms of carbon gels

In summary, the fabrication of CAs comprises a series of steps: i)
gelation stage is synthesized via sol-gel and aging procedures through
the polymerization of hydroxybenzenes and aldehydes; it should be
noted that the aging process was considered as one step of the gelation
stage, ii) drying, obtaining aerogels by drying them in freezing, ambient
or supercritical conditions, iii) carbonization, the formation of carbon
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aerogel under a nitrogen atmosphere with the following heating pro-
cedure [17]. Indeed, in a typical sol-gel method, sol is a solution con-
tains colloidal particles and gelation process is a phase change from sol
to solid (gel) state [18]. The polymerization stage which includes 3
distinct chemical reactions leads to hydrogel forms by crosslinking and
polymerization of molecules; i) the first chemical reaction for poly-
merization is an addition reaction that leads to the introduction of
aldehyde/hydroxyl derived hydroxymethyl groups by hydrogen
abstraction. For starting the addition reaction alkali catalysts including
calcium hydroxide, potassium carbonate, sodium carbonate, and sodium
hydroxide have been applied. For catalyzing the electrophilic addition,
acidic conditions have been required while for nucleophilic addition
reaction, alkaline catalysts have been employed [19]. The preparation
condition delimits the sol-gel transformation period in both the acid and
alkaline media. As the operating parameters have a large influence on
either polymerization or aging process, a controllable porous structure
for organic gels could be designed. Using proper drying and carbon-
ization process have enabled the transformation of the hydrogel with
customized texture to the final carbon material. ii) Condensation is the
other reaction with hydroxymethyl resorcinol that generates the bridge
of methylene-ether and methylene. iii) The agglomeration and cross-
linking process is the last reaction that leads to the construction of a 3D
hydrogel structure. During the polymerization process, a robust poly-
meric network has been constructed from linear resin. Carbon aerogels
have been conventionally formed via polymerization process of form-
aldehyde and resorcinol using different catalysts [20]. Furthermore,
organic aerogels could be prepared using other pairs of aldehyde-
aromatic like formaldehyde-cresol, furfural-phenol, formaldehyde-
phenol, and formaldehyde-melamine. Templated carbon aerogels
could be synthesized by the assist of ceramic nanoparticles, inorganic
salts, or polymers as a template in the course of the polymerization
process. Templated carbon aerogels could offer high mechanical flexi-
bility, ordered porous structure, and narrow pore size distributions
[21,22]. In these case, the gel phase is formed due to the self-assembling
of nanostructures in aqueous solution, which leads to exceptional ma-
terials with controlled mesoporosis and very low density. Actually, these
highly desirable nanomaterials can be achieved by i) appropriate
dispersion of the carbon nanotubes and graphene sheets, ii) gelling the
dispersion by chemical or physical nanostructures assembly and iii)
drying the gained gel.

The graphene sheets, carbon nanotubes (CNTs) and natural biomass
have recently been proposed as precursors with simpler preparation
than conventional polymers [23,24]. Numerous approaches have been
applied to formulate graphene aerogels, such as spacer support, sol-gel,
self-support, template, and substrate-based techniques [25-27]. CNT-
based aerogels are ideal candidates as electrically conductive mate-
rials [28]. Indeed, the carbon nanotube units have tendency to attach
each other via Van der Waals forces and produce aerogels. Nevertheless,
the direct CNT aerogels formation has major disadvantage like me-
chanical instability, poorly formed 3D frameworks, and limited elas-
ticity [29]. CNTs are inherently hydrophobic, so oxidation or the using
of surfactants will be helpful to facilitate their dispersion and overcome
these challenges [30]. Therefore, extremely dispersed CNTs suspensions
will be obtained by sodium dodecyl benzene sulfonate or poly(p-phe-
nyleneethynylene) s as surfactants [28,31]. The dispersed nanotubes
were able to self-assemble and render a 3D gel construction either by
chemical or physical actions [32]. Thereby, the crosslinking of the car-
bon nanotube units will be increased by declining the concentration of
solvent or by using of chemical binders. The development of self-
assembled graphene nanostructures will also be feasible following the
same overall process that mentioned above. In summary, the 3D porous
constructions can be achieved by cross-linking graphene sheets through
controllable reduction of graphene oxide dispersions.

Cheng and colleagues [33] investigated the effect of various reduc-
tion agents like NapS, NaHSO,, hydrazine and Vitamin C on the 3D
graphene structure, and indicated that the reaction time required for gel

Advances in Colloid and Interface Science 298 (2021) 102550

formation varies as function of the selected reductant. Hence fast gela-
tion times can be achieved with Vitamin C and NayS, however no 3D
constructions created with hydrazine. Besides, Zhang et al. [34] intro-
duced a fabrication technique based on hydrothermal reduction of a
combined CNTs/graphene oxide suspension for the carbon gels forma-
tion without any reducing agent. A hydrothermal treatment leads to the
interconnection of the sheets by the carboxylic and hydroxyl groups
condensation, which are present at the edges or on the defects of the
graphene lattice. Indeed, by regulating the time of hydrothermal treat-
ment, the amount of gelation could differ and diverse textures have also
been attained in the final carbon materials. The total graphene aerogels
texture has intensely depended on the binding conditions and the as-
sembly procedure. In sum up, the textural wet gels characteristics rely
on the evaporation conditions (physical gelation), the initial concen-
tration of building units, the proportion and nature of binder (chemical
nanotubes gelation) or the concentration and nature of reducing agent
(chemical graphene oxide gelation).

The drying step is also importance for maintaining of the porosity
produced during tridimensional gel formation. The inert nature of the
used “building blocks” (either graphene or CNTs) decreases the inter-
connection of the constructions as regards conventional aerogels which
are expected to collapse. Thereby, both freeze drying and supercritical
drying are mainly utilized to stabilize carbon nanotube or graphene gels
[35,36]. A proper selection of the binding and gelling conditions along
with careful drying, permits the synthesis of ultra-low density carbon
gels with controllable porosity and very ordered carbon walls.

Nowadays, various types of CAs are commercially accessible that can
be categorized by their structures, compositions, characteristics, and
even applications and used in real scenarios. Herein, according to their
compositions, various scaffold has been designed based on the graphene
carbon aerogels (GCAs), polymer carbon aerogels (PCAs), carbon
nanotube carbon aerogels (CNCAs), composite carbon aerogels (CCAs),
and biomass carbon aerogels (BCAs). On this ground, the next section
accentuates current progress in CAs-based nanoprobes for sensing of
biomarkers, glucose, neurotransmitters, hydrogen peroxide, pharma-
ceuticals and DNA segments.

1.3. Why are aerogel-based sensors superior?

Recently, tremendous studies on industrialization and application of
the aerogels, especially CAs sprang up, indicating high application po-
tential of them. Among the various fields, sensors which are crucial in
industry, public safety, health care, and environmental monitoring, have
drawn further attention, and CAs can be one of the superb nanomaterials
for the sensors [37].

When talking about CAs as sensing materials, usually, the high spe-
cific surface area and extremely interconnected porous construction of
CAs (generally all AGs) can provide high accessible sites to be func-
tionalized, inhibit aggregation of sensing materials, increase the elec-
tron transfer, and supply suitable channels for the adsorption and
transport of target analytes, thus providing the sensing probes with high
sensitivity and fast response rate. Besides, antifouling ability of CAs,
provides interfering platforms for sensing and thus enhancing the
specificity [38-40].

In the past few years, more and more efforts have been concentrated
on the developing of high-performance aerogel-based sensors, and many
hopeful accomplishments have been realized. Even though, nano-
structured materials like graphene based aerogel for stretchable and
flexible physical and gas biosensors have been discussed [41-43], the
more in-depth study on the CAs based sensors is still missing. Herein,
this study will focus on the most recent progresses of the carbon-based
aerogels in bio-sensing and their applications in biomedical media.
Carbon-based hydrogels with biocompatible nature were applied in bio-
sensing of cancer markers, glucose, neurotransmitters, hydrogen
peroxide, pharmaceuticals and DNA segments. We tried to report all
biomedical related agents to provide a comprehensive reference for
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future aerogel based studies. The sensing mechanism of the reported
works were explored and their analytical performances and superior
material feature were highlighted. In addition, the most potent ap-
proaches for future sensor deign application was emphasized. Moreover,
the challenges and perspectives on the designing of carbon aerogel-
based sensors are also explored.

2. Carbon based aerogels for biomedical sensing
2.1. Cancer biomarkers sensing

Nowadays, cancer biomarkers have significant roles in the screening,
early diagnosis, monitoring of diverse cancers and subsequent treatment
[44]. For example, prostate specific antigen (PSA) is an accepted
worldwide biomarker for clinical follow-up of prostatic cancer. The PSA
concentration in blood serum can offer importance information from
early detection of prostate cancer and predicting recurrence of them
after curative surgery [45]. Till now, lots of approaches were used to
PSA determination in human serum such as electrochemical sensor [46],
photoelectrochemical immunoassay [47], enzyme-linked immunosor-
bent assay [48], fluoroimmunoassay [49], and so forth.

Owing to the exceptional specificity, high sensitivity, low back-
ground noise and fast dynamic concentration response, different elec-
trochemiluminescence (ECL) analysis have been broadly established,
even some ECL systems are commercialized in clinical analysis [50]. As
well known, the analytical performance of the biosensors is intensely
based on the engagement of advanced nanomaterials, which in turn can
promote the charge transfer and increase the active chip area for
attaching biomolecules.

In this regard, the graphene aerogel (GA) and GA-based nano-
materials can be used as electrocatalytic support in ECL systems owing
to their high porosity, promising electrical conductivity and high surface
area [51,52]. Indeed, GA with 3D porous construction can enhance the
accessibility of catalytic active sites and accelerate the mass transfer rate
to an upper level. After electrodes modification using these nano-
materials and immersion in the electrolyte solution, the mass transfer
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would be facilitated between surface and coreactant, which is favorable
to the redox between coreactants and luminophores for stronger emis-
sion of ECL. In the light of that, a sandwich-type method was described
by Yang et al. [53], who utilized palladium (Pd) modified GA for
detection of PSA with a detection limit (DL) of 0.056 pg/mL. The
developed ECL based immunosensor was fabricated using Pd NPs for
functionalization of GA supported by Fe3O4 (FGA—Pd) and then
assembling of antibody (Ab1) 1, while Ab2 was attached on the surface
of gold nanoparticles (Au NPs) improved Fe;Os nanodendrites (Au-
FONDs) structures. Ru(bpy)32+ was added as luminophore to enhance
the ECL signal. The dynamic range of this sensor was reported as
0.0001-50 ng/mL which mainly caused by favorable electrical con-
ductivity of AuNPs (Fig. 1A).

Recently, incorporation of graphene with polymers to create 3D
porous graphene-polymer composites (3DGPCs) has appealed signifi-
cant attention for both fundamental studies and technological applica-
tions. In general, the composite gels are commonly formed via
assembling of GO sheets with polymers as the cross-linker, which
depend on the cross-linking effect between GO sheets and polymer
chains by covalent or noncovalent interactions. As shown in Fig. 1B, the
synthetic approaches of 3D graphene-polymer composites with GO as
the precursor can be summarized into three main categories: (i) the
direct integration of polymers during the GO sheets reduction self-
assembly procedure; (ii) the assembly of GO sheets by polymers as the
cross-linker; (iii) the polymers integration into the pre-synthesized 3D
graphene structures [54].

The integration of GO with cyclodextrins as polymers displayed anti-
corrosion and self-healing properties when exposed to external stimuli-
like temperature, moisture and light as a result of the covalent in-
teractions, leading to mechanical strength, higher impermeability,
excellent electrical conductivity with higher selectivity and sensitivity
(Fig. 1C) [55]. For instance, Jia et al. [56] introduced an aerogel-based
immunosensor that comprises of capture antibody immobilized onto the
B-cyclodextrin ($-CD) polymer modified surface of GA. -CD polymer/
GAs based immunosensor was applied to detect carbohydrate antigen
15-3 (CA15-3) from 0.1 mU/mL to 100 U/mL with a limit of detection

R b 2+
u(bpy)s & Y kW

graphenes \“/w.

...J ‘ [ ’.*‘ ‘ ;,

3D GOJpolymer

~/~ i

Gorpolymer dspersnon Ny~

Au NPs Y Ab,

@ PANPs Y Ab,

L ] - - 2
f‘i- "t}:.g‘ Ru@FGA-Pd
FGA
;ﬁ%h‘ “ M ¢ w
FONDs GER &

| E%E

0160 30 1GOMpolymer

Assembly GO with polymers

m. 1) EDC, NIIS, | hr
SIE = - /\(' CD-(NH:),
Gom B-CD: GO (11)

NoH: | 95°C,3hrs

B-CD: /GO (111

Fig. 1. (A) The preparation mechanism of the suggested ECL immunosensor, (B) Schematic drawing of the construction methods for 3DGPCs started from GO
precursor. (C) Schematic illustration of the p-cyclodextrin-reduced graphene oxide. (Reprinted (adapted) with permission from ([53], [54] and [55]). Copyright
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of 0.03 mU/mL. Unlike sandwich-type immunoassays, these type
immunosensors involve capture antibody and there is no need to the
secondary antibodies. Generally, these type of immunosensor can pro-
vide fast and high-efficiency detection of analytes, however, the selec-
tivity of the sandwich type assays are high.

The poly(3,4-ethylenedioxythiophene) (PEDOT) and its nano-
composites can be considered as one of the most hopeful conducting
materials for the designing of electrochemical sensors owing to their
high electrical performance and superb chemical and physical stability
[57,58]. The PEDOT-GA nanoprobe show synergistic characteristics
such as good dispersibility and conductivity and high electroactivity to
target molecule. In this regard, Jia et al. [59] introduced an electro-
chemical immunosensing assay to precisely detection of PSA in biofluids
sample. They immobilized capture antibodies on 3D Au NPs/nano-
PEDOT-GA nanocomposite to improve the DL of PSA recognition to 0.03
pg/mL (Fig. 2A). The linear range of this method was reported from
0.0001 to 50 ng/mL in which can detect PSA in serum samples without
interfering effect from the possible coexistences. As authors declared the
reported nanoprobe can detect PSA in clinical sample with relatively
high reproducibility.

Although immunosensor-based approaches are extremely specific
but their experimental detection steps are high-cost, slow and also more
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complicated condition are needed for the sensor components storage.
However, targeted chemical detection approaches provide more simple,
cheap and fast detection of the analytes. Cell surface receptors are the
surface anchored protein which are required for cell growth and de-
velopments. Folate receptor (FR) is overexpressed on the surface of
about all cancer cells which was utilized for various purposes [60-66].

High affinity between FR and folate functionalized materials supplies
ultra-high interactions. In this regard, Ruiyi et al. applied FA and octa-
decylamine (OA)-assembled GA (FA-GA-OA) for the detection of HepG2
live cancer cells (Fig. 2B). According to this report, the electrochemical
signal of FA-GA-OA based probe was decreased as the cancer cells pre-
sented and attached to the FAs. The decreased electrochemical current
was linear from 5 to 105 cell/mL with the DL of 5 cells/mL. High
specificity of receptor based approaches was achieved even in the
presence of FR-negative cells as nonspecific interfering cells. This FA-
GA-OA based electrochemical sensor associates favorably feature to
the immunosensors [67].

In summary, while recent studies have focused almost exclusively on
enhancing detection

sensitivity and specificity, it’s important to understand that the
effective sensing of cancer biomarkers in order to suitable analysis goes
beyond singular diagnostic events. Typically, relative concentration
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Fig. 2. (A) Schematic illustration of D AuNPs/nano-PEDOT-graphene aerogel nanocomposite immunosensor for PSA, (B) Diagram procedure for the preparation of
FA-GAM-OA. ((A) Reprinted from [59] with permission license of 5037421225179 and (B)) reprinted from [67] with permission license of 5037421318841).
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variations should be monitored in real time and compared against
numerous types of the biomarker or in parallel with other biomarkers, in
return for identifying the sole biomarker concentration. To satisfy this
requirement, carbon based aerogels sensors and other aerogels-based
techniques need to undergo additional works to analysis of multiple or
an ensemble of measurement signals.

2.2. Glucose sensing

Continuous and rapid monitoring of glucose is an indispensable part
of diabetes management, and glucose control with efficient manner is
imperative for long-term health outcomes. In the past decade, compre-
hensive efforts have led to important scientific and technological in-
novations toward glucose recognition [68].

To date, the electrochemical biosensors has attracted enormous
attention in terms of glucose sensing because they can be amalgamated
into portable electronic tools like smart phones, allowing users to access
them for real-time sensing [69]. To reach this outlook, the probe per-
formances must be further enhanced in terms of response time, sensi-
tivity and selectivity. Glucose probes utilize aerogels as the basic
materials for developing and designing of various types of sensors
because of their favorable features like high and tunable porosity, high
pore volumes and surface area. These properties can result in sensing
novel probes with high sensitivity and lower background signal from
interfering agents. For example, Jeong et al. [70] established an elec-
trochemical approach to determine glucose using graphene and 2D-
MoS; nanocomposite to provide a 3D aerogel. This platform was utilized
toward enzymatic recognition of glucose. High specific area of the aer-
ogel aids opportunity to capture high level of glucose oxidase (GOx) on
the porous pore of the gel. The developed flow-injection-based electro-
chemical sensor can measure glucose from 2 to 20 mM with a low DL of
about 0.29 mM. As reported, the developed method was free from in-
ferences effects because of the fact that the constructed electrode pro-
vides operating potential of —0.45 V. The typical process for 3D MGA
preparation was characterized by SEM, TEM, and Electron mapping
images (Fig. 3A). CV and EIS techniques are usually employed to eval-
uate the electrochemical behaviors of sensor. In order to fabricate more
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sensitive detection system for glucose, Wang and colleagues [71] used
graphene/AuNPs hybrid aerogel in a similar approach reported by
Jeong et al. In this case, AuNPs stabilized on the structure of AGs and
enhanced the electrical conductivity of the electrode and thus improved
the DL to about 0.597 pM which the sensitivity was enhanced about 10
orders of magnitude. High surface area of AuNPs is another factor that
enhanced the sensitivity of the probe. In a similar investigation, Sun
et al. [72] wused polyethyleneimine (PEI)-assisted hydro-
thermal-tungsten oxide nanocomposite aerogel which was functional-
ized with glucose specific enzyme. The DL of the enzyme sensor was10
pM. It is noteworthy that the most reported approaches for glucose
detection was based on enzymatic reactions. However, owing to some
disadvantages of the glucose oxidase based nanoprobe such as
cumbersome processes for enzyme anchoring, sensitivity to the envi-
ronmental conditions and high cost [73], the enzyme-free glucose
probes has drawn remarkable academic and commercial attention.
Recently, metal oxides like Co304, CuO, Fe303, NiO, and WOs3, have
been suggested to design of these type nanoprobes [74,75]. As a kind of
p-type transition metal oxides with a narrow band gap of 1.2 eV, CuO
has been extensively applied as electrode materials in electrochemical
sensors [76], batteries [77], and supercapacitors [78]. Nevertheless,
these material are simply oxidized or aggregated in the ambient atmo-
sphere and have restricted catalytic activities, which significantly lower
the analytical performance of the sensor. As paradigm, Yang and co-
workers [79] was developed enzyme-free based sensor using CuO NPs
functionalized N-graphene aerogel (N-GA). The developed ampero-
metric probe can detect glucose in serum samples from 0.01 to 6.75 mM
with a DL of 2.7 pM. The synergistic effect of CuO NPs and N-GA en-
hances considerably the electrical activity of the as-synthesized NGA-
CuO probe, which aids high specificity, sensitivity, and reproducibility.
In order to enhance the sensitivity and stability of glucose detection, Gao
et al. [80] modified the glassy carbon electrode (GCE) with Cu@Cuz0
aerogels. Porous nature of the aerogel makes promising effect on the
analytical performance of the probe, in addition, large surface area of
the produced aerogel can promote the electrocatalytic activity of the
modified electrode. Generally, metal collaborated aerogels are espe-
cially favorable in the electrochemical sensor designing because of their
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marvelous features such as high electrical conductivity, high surface
area, high porosity and adaptable structure.

Likewise, He et al. [81] took advantages of chemical approaches to
detect glucose in an electrochemical probe. They casted rGO/CNT/ionic
liquid (IL) aerogel on a graphene paper (as a flexible electrode) and then
Au and Pt NPs loaded onto the paper. As presented in Fig. 3B the CNT
and graphene nanosheets are simultaneously assembled in a 3D porous
CNT/graphene cylinder aerogel. In fact, the CNTs integration into gra-
phene matrix not only successfully prevents the reassembling of gra-
phene sheets into tightly packed layered constructions, but also
enhances its mechanical robustness and electronic conductivity. Owing
to the cation-n interaction between the n-bonded surface and the imi-
dazolium ring of IL, the CNT /graphene nanohybrid mixes with IL binder
to form viscous fluid, which in turn can be applied as a conductive ink
for printing on graphene paper. Thereby, in order to improve the elec-
trocatalytic activity toward the direct oxidation of glucose, Pt Au alloy
nanoparticles were decorated into 3D porous aerogel. The developed
approach provides dynamic range and DL of 0.1 mM to 11.6 mM and 8
uM, respectively. High selectivity for glucose was found even in the
presence of 5 mM of coexisting molecules, such as dopamine, uric acid
(UA) and ascorbic acid (AA). High specificity of the developed sensor is
mainly as a result of GO and CNTs sheets which limit the interfering
agent to reach and subsequently destroy the surface on the electrode
[82]. The future investigation on aerogels-based sensors is also esti-
mated to continue toward determining infinitesimally glucose concen-
trations through various bodily fluids and in designing scaffold that can
be coupled into portable, subcutaneous, and miniaturized implantable
tools.

2.3. Neurotransmitters sensing

Aerogels based sensors have also been utilized for the determination
of neurotransmitters. In the aerogel-based platforms, the functionaliz-
able sites are increased upon through the boosted specific surface area of
porous aerogel compared to other advanced materials. For example,
Zhang et al. [40] detected dopamine through an electrochemical strat-
egy using FeyOs/graphene/polyimide (PI) carbon aerogel. The as-
constructed FepOs/graphene-PI carbon aerogel probe determined
dopamine molecules with a DL of 0.109 pM and wide dynamic range of
5-500 pM. The enhanced properties of probe are mainly caused by
synergetic effect of high electron conductivity of carbon aerogels and
electrocatalytic activity of FeoO3 NPs. While, porosity of aerogel added
to the properties, a highly potential sensor could be fabricated which can
be a candidate for specific and sensitive detection of DA in biomedical
media. Dopamine was determined using another mesoporous GA in
which the graphene substrate was modified by palladium, gold, nitrogen
and sulphur to provide a multiple component composite of Pd@Au/N,S-
GA. The Pd@Au/N,S-GA provides a distinct 3D mesoporous structures.
Electrocatalytic behavior PdA@Au NPs and N,S-GA on the structure of
sensor brought about ultra-high sensitivity which can detect dopamine
from 1.0 nM to 40.0 uM with a DL of 0.36 nM [83].

Chemical heteroatom doping in graphene can lead to a local change
in the initial graphene composition, and optimize the electronic prop-
erties and surface structure of graphene [84]. Nitrogen is extensively
applied to dope the graphene-based materials. Since, nitrogen-doped
graphene (NG) has been stands out due to their good chemical stabil-
ity and high electrical conductivity, it can be predicted that the inte-
gration of nitrogen element with graphene aerogels (N-GA) could adjust
the electrical property and chemical nature, leading to the enhancement
in N-GA performance. In light of that, Wang et al. [85] were applied N-
GA to fabricate an electrochemical amperometric probe. As reported,
the developed probe is specific toward dopamine molecules with DL of
0.1 pm and dynamic range of 1-200 pm in the presence of various
interfering agents. The question of how such a specificity is obtained
remains unclear. However, the 3D structure of aerogels may be effec-
tively decrease the immigration of the interfering agents to the surface of
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the electrochemical electrode.

Interestingly, GA-based probe where the transduction was carried
out through voltammetric method for the recognition of dopamine. The
GA was modified with histidine-functionalized graphene quantum dots
(GQDs) through thermal pyrolysis of histidine and citric acid coupled
with Zn ions to create ZnHis-GQD complex (Fig. 3C). Then, this complex
has been utilized as a solid surfactant for stabilizing of toluene-in-GO
aqueous dispersion emulsion. Indeed, GO in the emulsion was gradu-
ally reduced by hydrazine addition until graphene micro-gel designed.
The hybrid His-GQD-graphene micro-aerogel obtained after freeze-
drying, acid washing and thermal annealing. The prepared hybrid ren-
ders a 3D framework with well-defined nanoporous constructions,
where in the His-GQDs have well dispersed and anchored on the gra-
phene sheets. The final hybrid material offers superb electro-catalytic
activity, electron/ion conductivity, and mechanical stability. The
sensor was utilized to determine dopamine molecules in rat brain tissue
samples from 0.001 to 80 pM with a DL of 0.29 nM. The sensitivity of the
sensor is mainly contributed to high surface area to volume ratio and
mechanical strength of GA [86].

Like GA, CAGs have 3D structure with fascinating sensing capabil-
ities. CAGs have high electrical conductivity which provide sensors with
high sensitivity. Also porous nature of CAGs can increase their specific
surface area, providing more site for the secondary surface modifica-
tions [87]. The nanocomposite aerogel consisting of CNTs and phrag-
moid chitosan has been prepared using ice-templating technique, and
displayed excellent flexibility, catalysis and absorption capacities. This
biosensor can detect dopamine with broad dynamic range from 17 nM to
30 pM and DL of 0.3 nM. The influence of UA and AA as interfering
agents on the electrochemical response was studied and obtained results
showed that the amperometric current did not considerably alter upon
exposure to the equal concentration of dopamine. The interconnected,
porous, incorporated 3D framework with crinkly, multiform nanosheets
as walls has been characterized by SEM and TEM images (Fig. 4A) [88].
Also, Rajkumar and colleagues [89] modified CAGs with Pd metal ions
to develop the electrocatalytic activity of CAGs. The Pd-doped carbon
aerogel was designed through mixing the resorcinol-formaldehyde gel
gained from sol-gel procedure with the Pd precursor, followed by a
carbonization in nitrogen atmosphere. Then, the ink of the Pd-doped
carbon aerogel has been dropped on the electrode surface to get a
nanoprobe after drying. This sensor was used for simulations detection
of dopamine and melatonin where the dynamic ranges were 0.01-100
pM, 0.02-500 pM with DL of 2.6 and 7.1 nM for dopamine and mela-
tonin, respectively. What the influence of the Pd is to accelerate the
electron conductivity and subsequently to enhance the sensitivity of the
probe. To improve the selectivity of the dopamine probes, Yang et al.
[90] functionalized the CAGs with molecularly imprinted polymers
(MIP). As a result of use of MIPs, the DL has been reduced at concen-
tration as low as 0.4 nM where the electrochemical response of the
sensor was linear from 7 nM to 35 pM. Compared with the Pd, MIP based
CAG was more influenced the sensitivity and selectivity, proposing the
detection dopamine in urine and serum samples at even 7 nM levels.
Fig. 4B represents the sensor preparation steps for simultaneous detec-
tion of dopamine and melatonin.

Recently, significant efforts have been imparted to design the CAs
which are derived from the biomass wastes [91]. These type of CAs not
only have the benefits of high specific surface area, high porosity, and
good chemical stability, but also possess the specific sustainable, cost-
effective and ecofriendly characteristics. These specificities make the
biomass wastes derived CAs desirable for a diverse range like electrode
materials for electrochemical energy storage [92]. In this prospect, Sha
et al. [93] synthesized hierarchical carbon nanoballs based aerogel with
superior specific area (446.39 m2/g) to determine dopamine in urine
and serum samples. Despite the high surface area, the developed elec-
trochemical sensor is able to detect dopamine concentrations from 5 to
1760 pM with a low DL of 3.53 pM. As an advantage, aerogel was
basically produced from waste biomass.
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Fig. 4. (A) Microscopic constructions of the 3D CCA, SEM images of the CCA with diverse magnification and TEM images of the soft nanosheets, (B) Schematic
representation for the fabrication of the MIPPy/CA electrode, (C) Diagram procedure for the construction and electrocatalysis processes for 3D-NGA, (D) scaffold for
3DGA-AuNPs/Cyt ¢/GCE with 2 mM H0,. ((A) Reprinted from [88] with permission license of 5037430060507, (B) reprinted from [90] with permission license of
5037430149898, (C) reprinted from [99] with permission license of 5037430236035 and (D) reprinted from [102] with permission license of 5037430307193).

Hierarchical materials are well-organized structure substances with
high porosity. Taking several advantages of hierarchical materials,
Weng and coworker [94] fabricated a sensing probe using nafion
modified CAs to the specific detection of dopamine inhuman serum
samples. In the system, the Nafion addition improved the mechanical
strength of NECAGs and successful control of the cellular morphology
and pore size has also been realized. This probe can determine dopamine
from 0.1 to 10 pM in the presence of AA and UA as possible interfering
agents. The same materials i.e. GO, nafion and MWNTs, with different
approach, was reported by Ding et al. [95] as a sensing platform with
mean size about 10-20 pM for dopamine detection. The developed
electrochemical system detects dopamine concentrations as low as 30
nM in serum real samples. Beyond utilizing nanoparticles, macro-sized
materials could also provide sensitive detection approaches.

Although important successes were made on the aerogels materials
construction and sensor demonstration, there are still some challenges to
actual monitoring of neurotransmitters in biological fluids like analysis
of multiple target with efficient spatiotemporal resolution in real-time
continuous, durable stability of sensing material, fouling problems and
lower DL with high selectivity, and reproducibility. Likewise, the
aerogels-based sensors have increasingly been used to detect dopamine,
but, we expect that further efforts to develop aerogels-based nanoprobes
could offer a hopeful perspective for monitoring of various neurotrans-
mitters with enhanced sensitives and cost of benefit in the near future.

2.4. Hydrogen peroxide sensing

Reactive oxygen species (ROS) has been considered as an imperative
intracellular signaling molecules that could control the DNA damage,
protein synthesis, cell apoptosis, and other living activities. It also par-
ticipates in numerous physiology actions like immunity activity and
signal transition [96]. Nevertheless, the excessive amount of ROS in cells
can disturb the intracellular activity and cause oxidative stress.

Hydrogen peroxide (H203) as a member of ROS, is excreted from
mitochondria due to the enzyme actions. Hydrogen peroxide is a highly
reactive agent and the extreme amount of hydrogen peroxide could be
resulted in deformation in biological molecules [97]. Since high con-
centration of hydrogen peroxide is an inductive of various cell
dysfunction [98], therefore, its sensitive and specific detection possesses
excessive importance. Porous 3D graphene materials have presented a
thriving progress owing to their excellent properties like large active
surface area, unhindered substance diffusion and multiple electron
transfer channels, which can facilitate the electro transfer between an-
alyte and the electrodes. As paradigm, Wang et al. [99] designed high-
performance non-enzymatic platform toward H,O5 detection using 3D
nitrogen (N) doped graphene aerogel. Such novel fabrication
approaches of graphene electrode could well maintain the 3D
configuration and corresponding characteristics, presenting interesting
potentials in sensing (Fig. 4C). Likewise, Lu et al. [100] reported the
direct application of AuNPs modified reduced graphene (AuNPs/rGO)
aerogels film as non-enzymatic sensor for the detection of HyOy con-
centration through an electrochemical method. The AuNPs/rGO elec-
trode used to detection of H,O5 in a wide range of 0.056-0.105 mM with
a DL of 0.17 pM. Importantly, an increase in the electron transfer
capacitance was provided due to use of the highly-channeled graphene
based aerogels. The same materials have also utilized with different
synthesis approach. However, the obtained analytical performance of
the developed sensor was not favorable (i.e. dynamic range of 1.5 to 7.6
Mm and DL of 19 uM). The sensitivity of this platform is not likely to be
satisfactory for the monitoring of HyO» in biological media. Despite the
not good sensitivity of the probe, its specificity was acceptable [98].
Interestingly, Peng et al. [101] modified carbon aerogels with
AuNPs, IL and hemoglobin to electrodeposit on the surface of carbon
paste electrode. Porosity of the produced aerogel not only enhance the
sensitivity of the probe but also can enhance the stability of hemoglobin,
amplifying the electron conductivity. This sensor is able to detect HyO4
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as low as 2.0 pM (dynamic range 5.0 to 950 pM). Moreover, Zhao and
collaborators [102] utilized another biomolecule i.e. cytochrome ¢ (Cyt
¢, as an electron transfer protein) to improve the surface of GCE to
determine Hy0, released from live cells and serum samples (Fig. 4D).
They decorated AuNPs on the surface of GAs and the Cyt ¢ macromol-
ecules immobilized to fabricate an enzyme-based electrochemical sensor
(GA/AuNPs/Cyt ¢/GCE). As prepared electrode with Cyt c component is
familiar to catalyze redox pair of Fe*2/Fe™ which showed an electro-
catalytic activity toward HyO3 from 10 pM to 740 pM with a DL of 1.1
pM. Xu et al. [103]functionalized GAs with PtNPs and Cyt c to construct
an enzyme based sensor (GAs/PtNPs/nafion/Cyt c) to enhance the
sensitivity of HyO; detection as low as 1.67 pM. Wide dynamic range of
the sensor from 5 to 1175 pM can relatively cover higher biological
concentration of hydrogen peroxide. It is noteworthy that Cyt ¢ not only
serves as specific agent for hydrogen peroxide detection but also can
catalyze the electrochemical reduction of hydrogen peroxide.

In recent years, hybrid nanomaterials have been increasingly utilized
in the electrochemical recognition of various analytes. Especially, noble
metals i.e. Ag, Pt and Au are frequently applied in combination with
other nanoparticles, proposing tunable properties upon changes on their
composition, size and shape. The 3D-rGO/AgNPs composite coated on
the GCE electrode by an in-situ method and directly used as a biosensor.
This platform has excellent

sensing performance than the Ag/graphene sheet for the electro-
chemical determination of HyO, (Fig. 5A), indicating the superiority of
the 3D highly porous building [104]. Likewise, Yang et al. [105] have
been used the Ag nanowires to modify carbon fiber paper as sensing
electrode for a microfluidic chip HpO5 at DL of 2.1 pM (dynamic range,
0-0.8 mM) though an electrochemical approach. Indeed, Ag NPs can
enhance the catalytic activity of the modified electrodes toward target
due to its high electrical conductivity.

Numerous efforts have been done to use of easy accessible and cheap
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elements such as Ni, Fe, Cu, to fabricate various enzyme-free sensing
probe. However, Ni-based hybrid materials are widely applied in
sensing. For example, Yin et al. [106] functionalized GAs with nickel
nitride (Ni3N) NPs to determine H,05 using hydrothermal process cum
freeze-drying and calcination in NH3 atmosphere (Fig. 5B). In this
report, the effect of structural features on the sensing performance of
Ni3N/GA nanocomposite has been successfully investigated. Indeed, 3D
aerogel offers multifunctional ionic or electronic pathways through their
interconnected macroporous configuration and facilitate electrons and
ions transportation. Moreover, the aerogels can impede the aggregation
of Ni3N and enhance the active sites for electrocatalysis. In sum up, the
results proved that the designed probe with an effective conductive
nature is appropriate for charge transfer and agglomeration problems,
which is an enormous profit for non-enzymatic electrocatalytic appli-
cation. The electrochemical sensor response was linear from 5 pM to
75.13 mM with a DL of 1.8 pM. High ratio of Ni on the aerogel composite
provides relatively high sensitivity for the H,O5 detection.

Despite considerable development has been made in designing and
applying carbon based aerogels for electrocatalytic HoO, detection, the
expansion of newfangled methods for synthesizing aerogel -based elec-
trocatalysts with new construction and exceptional activity is still
imperative and need continuous studying. We hope that the use of
multicomponent carbon based aerogels in biosensing will open a new
horizon for direct detection of small molecules such as HyO».

2.5. Pharmaceutical monitoring

Abuse of pharmaceutical drugs have different unwanted side effects
to the human body organs. Thus, the monitoring of drugs is essential to
adjust the proper concentration of drugs to control possible side effects.
The main problem on the detection of pharmaceutical drugs in biolog-
ical media is the spectral inferences of the coexisting agents. This

-
F A \.‘:o‘.."\ }8: A
V! Wl )
\ 7‘&-’_‘»\’ : o;o : Mixture of
N8 0Te 0 GO and AgNO,
i 3ID-rGO/AgNP
‘ NaOH acrogel
Further
Dip in Freeze reduced
NaOH drying by N;H,
4h 120C, 1 h
| | | |
. Glucose
. : K\aﬂlucolactone
Hydrothermal @ Freeze-drying
¢ W o
S‘ e - d d D H,0,
FU T ® 400 °C 3h NH
180 °C 2h 3 r H.0

Ni**/GO precursor

Fig. 5. (A) Drawing of the preparation procedure for the fabrication of a GCE

Ni2*/RGO hybrid hydrogel

Ni,N/GA  Ni,N nanoparticles

modified by 3D-rGO/AgNPs aerogel, (B) Illustration of the preparation of NisN/GA

samples. ((A) Reprinted from [104] with permission license of 5037430387925, and (B) reprinted from [106] with permission license of 5037431476887).



M. Mahmoudpour et al.

problem is more obvious in optical based approach in which various
pretreatment approaches such as protein precipitation and extraction
methods are needed to delete or decrease the effect of the coexisting
agents on the signal. As clear, the pretreatment approaches are usually
resulted in the loss of the analyte [107].

Aerogels with their 3D structure, as potent advanced materials, could
considerably prevent the interfering effect of the coexisting bio-
molecules. For example, Sun et al. [108] introduced an ECL aptamer
based probe toward streptomycin detection. They anchored aptamer
and G-DNAzyme on the surface of B-cyclodextrins and ionic liquids
functionalized GO aerogel (Fig. 6A). The ECL analytical signal of the
probe increased linearly from 1.4 pM to 2.8 nM with a DL of 9.2 pM,
confirming the enhanced sensitivity of specificity of the probe using
aerogel (Fig. 6B). Although, aptamers can considerably increase the
specificity, GO aerogels are doubly enhanced the interference filtering of
the fabricate nanomaterial. While QDs are famous for favorable optical
properties but QDs have also been utilized in the designing of electro-
chemical sensing probes. Beyond using QDs as fluorophore, Ruiyi groups
functionalized GAs with carbon quantum dots (CQDs) to achieve a trace
level of acetaminophen in pharmaceutical tablets. This system i.e.
GA@CQDs is able to quantify acetaminophen from 1 nM to 10 pM with a
low DL of 0.38 nM [109].

Niu et al. [110] were used reduced graphene oxide aerogels to syn-
thesize 3D-rGA via a one-step

hydrothermal process for quantification of quercetin. The rGA
modified electrode is determined quercetin from 0.1 pM to 100 pM. The
specific nature of the probe is mainly endowed by 3D structure of rGA.
An electrochemical sensor based on rGO microaerogels have excellent
performance and sensitivity for sensing of diverse target in respect of
graphene and GO aerogel. This is because these rGO micro-aerogels
were synthesized using a multiple emulsion as a soft template and
thus presented well-defined porous construction, specific surface of
1253 mz/g, and an electrical conductivity of 3250 S m~! [111]. The N-
doped GAs were synthesized through an on-pot thermal procedure. The
produced N-GAs has prominent sensing performance toward mid-
ecamycin determine in urine sample (Fig. 7A). As the other developed
probes, in this system, the porosity and large surface area of the aerogels
paly main role in enhancement and specificity of the developed method.
The fabricated probe can detect midecamycin as low as 10 nM with
dynamic range of 20 nM-21 pM [112].

Based on the aforementioned, nanocomposites comprised of carbon
aerogels and other nanomaterials like functionalized nanostructures,
metal nanoparticles and polymers, have a hopeful trend to further
improve the DL and sensitivity for target analytes through synergistic
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effects. Indeed, descriptions of approaches based on the aerogel based
sensors, which are tuned for particular targets, aim to offer scientists and
readers with a comprehensive toolbox for the identification of a varied
array of pharmaceuticals.

2.6. DNA monitoring

Divers studies have proved that there is an enormous type of DNA
including double-stranded (dsDNA) and cell-free DNA (cfDNA) in blood
in the tumor necrosis development [113]. At present, the improvement
of a specific, sensitive and cost-effective DNA/RNA sensing technique is
highly demand for the early stage identification of genetic diseases.
Likewise, specific and sensitive recognition of DNAs is an important
issue in many fields of science (such as pathology, food safety, etc.)
[114].

To date, the construction of DNA based biosensors become a prac-
tical research topic and numerous methods were engaged for DNA
analysis [115,116]. Nowadays, electrochemical technique is a popular
one owing to its fully compatible with nanoelectronics and appropriate
for miniaturization. More importantly, the surface modification of the
electrodes with multiple GA and nanoparticles play essential roles in
designing of DNAs sensing probe. In light of that, Ruiyi and coworker
[117] used gold nanostars (AuNSs) to functionalize N-doped GAs to
fabricate an electrochemical sensing platform. The reported system
determined circulating free DNA in the range of 1.0 x 1076 fg/mL to 0.1
fg/mL in the presence of Fe(CN)¢ >/~ as a redox pair. The DL was highly
promising with a value of 1.0 x 1077 fg/mL. This is the lowest DL
realized and was as a result of the important synergy between AuNSs,
nitrogen-doped multiple GA, and dsDNA. The same group functionalized
multiple GAs with thionin and AuNSs to determine circulating free
dsDNA of serum samples. This method has better electrochemical per-
formance regarded to the classical GA. The performance could be further
enhanced via increasing amount of the GA gelation cycles. The pore size
control during the fabrication of GAs was imperative for producing high
surface area and open pore constructions for GA interfaces. The syn-
thesized thionin/GAs/AuNSs was utilized to modify the surface of GCE
electrode for the direct determination of dsDNA. The specific electro-
chemical response best at a working voltage of —228 mv has obtained
via thionin and dsDNA interaction. The developed platform is able to
detect dsDNA from 100 fg/mL to 10 ng/mL with a DL of 39 fg/mL [118].
The reported two works by Ruiyi et al. obviously show the influence of
the proper selection of redox pair, where, upon using the same materials
and sensing approaches. These results propose that there is significant
affect in using the appropriate redox pair in the sensing. Ferro/ferric

STR/S-Apt/B-CD/IL@GOGA

—— Luminol-H:0:-G-DNAzymd
- :03-KMnO:
- :0:

G-DNAzyme/S-Apt/p-CD/IL@GOGA

g. 3000
g 2000 Luminol - H:01 &
~N <
3 1000 @g @?3
$
G-DNAzyme

K
&
g
.
3
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cyanide pair can enhance the sensitivity about 100 billion orders on
magnitude. Such a high sensitivity was provided not only using the
proper redox pair but also the GAs structure, providing infinite sites for
further functionalization. A brief list of such commonly aerogel-based
biosensors and their performance in biomedical media has been
selected and summarized in Table 1.

2.7. Other biomolecules sensing

Fluorescent aerogels are secondary functionalized advanced mate-
rials which have been used for various applications [119,120]. Struc-
turally, fluorescent aerogels are hybrid materials with fluorescent agents
assembled on their highly porous structure. In this prospect, Wu et al.
[121] introduced fluorescent aerogels with CDs and CNF that could be
further applied as a gas biosensor for nitric oxide (NOx) identification
since the fluorescence can be rapidly and entirely quenched via NOx.
CDs bonded on the surface of CNFs which further aids as a stabilizer to
provide shape recovery properties of the produced fluorescent aerogel in
water. The fluorescence quenching can be attributed to the inhibition of
radiative rebinding of electrons from NOx and CDs interaction. Again,
the porous building of aerogel assists the trapping and adsorption of gas
molecules. This system was successfully utilized for the determination of
glutaraldehyde with high sensitivity. Aerogels have also been utilized in
the fabrication of a sensing probe for endogenous nitric oxide (NO)
released from cells. Zhu et al. [122] developed a high performance
electrochemical nanoprobe via integration of COF-366-Fe as a greatly
specific electrocatalysis with the 3D GAs network (Fig. 7B). The
extremely interconnected flexible network of graphene in COF-366-Fe/

10

GA provides excellent inherent conductivity for fast electron transport,
macroporous channel network toward smooth electrolyte diffusion and
gas liberation and large surface area for enhancing reaction interface.
Indeed, this platform can successfully improve the electrochemical
catalytic ability, rendering a practicable tactic for the development of
real-time NO monitoring tools with respect to the wide linear range from
0.18 to 400 pM in HUWEC live cells and high sensitivity.

CAs was produced using facial tissue paper to develop an electro-
chemical probe for detection of ascorbic acid (AA). This sensor offered a
significant response to the AA with dynamic range and DL of 1-2500 pM
and 0.91 pM, respectively. CAs/GCE based sensor showed a favorable
performance to determine AA in various media including vitamin C pills,
orange juice, urine and pharmaceutical injections. As advantages, the
sensor is produced from wastes within a green approach and AA mole-
cules were detected in different media through a platform [123].
Platelet derived growth factor (PDGF) is an important agent in the di-
vision and growth of cells with three isoforms of PDGF-AB, PDGF-BB and
PDGF-AA. PDGF-BB isoform has a close relation with cancers and renal
function in diabetics’ persons. Thus, sensitive and accurate detection of
PDGF-BB is essential. Fang et al. developed a dual aptamer based elec-
trochemical sensor to quantify PDGF-BB markers. Fig. 7C represents
sensing approach of PDGF-BB in human serum samples by proposed
platform. This system detects PDGF-BB in a relatively wide range of
0.001-10 nM with limit of detection of 0.3 pM. The developed probe is
based on MoS,/CA composites which subsequently modified AuNPs and
aptamer 1 to specify the modified GCE to the PDGF-BB molecules. Then,
the sandwich-type was constructed by assembling of PDGF-BB, AuNPs/
aptamer 2 and 6-ferrocenyl hexanethiol (Fc). Fc facilities the electron
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Table 1
Overview of different aerogel-based biosensors and their performance.
Read-out sensor Sensing scheme Analyte Analytical Anti-interference ability Reference
characteristics
ECL Pd NPs-functionalized graphene- PSA DL = 0.056 pg/mL No significant interference by the CEA, AFP and [53]
aerogel-supported Fe3O,. LR = 0.0001-50 BSA
ng/mL
Electrochemical graphene aerogel was loaded with CA 15-3 DL = 0.03 mU/mL without interferents by the PSA, BSA, Glu, AFP, [126]
detection (CV and EIS)  p-cyclodextrin polymer to serve as an LR = 0.1-100 U/ and AA
efficient platform. mL
Electrochemical A sensitive platform using 3D PSA DL = 0.03 pg/mL No significant interference by the AFP, BSA, Glu [59]
detection (CV and graphene aerogel (GA) supported LR = 0.0001-50 and AA
DPV) worm-like PEDOT nanoparticles. ng/mL
Electrochemical This scaffold was developed using folic =~ HepG2 DL = 5 cells/ mL - [67]
detection (CV and acid and octadecylamine LR = 5-10° cell/
DPV) functionalized graphene aerogel. mL
Electrochemical 3D aerogel composed of glucose DL = 0.29 mM The interference response from AA, UA and DP is [70]
detection (CV and EIS)  interconnected 2D MoS; and graphene LR = 2 to 20 mM negligible
sheet have been used
Electrochemical The graphene aerogel/gold glucose DL = 0.597 yM Neither UA nor AA interfered with the response [71]
detection (CV and EIS)  nanoparticle hybrid materials with 3D LR =50t0450mM  current for 1 mM glucose. Besides, the response
interconnected pores were fabricated current unchanged in the DA presence.
Electrochemical CuO nanoparticles decorated N-doped ~ glucose DL = 2.7 pM Negligible interference by AA, UA, DP and chloride [79]
detection (EIS) graphene aerogel was prepared by a LR = 0.01 to 6.75 ions
facile solvothermal technique mM
Electrochemical Self-assembly of carbon nanotubes glucose DL = 8 yM the changes of the amperometric response of [82]
detection (CV and and graphene nanosheets into 3D LR = 0.1 mM to glucose are less than 10% with the addition of
CHA) porous nanohybrid material 11.6 mM different concentrations of DA, AA, UA and NaCl.
Electrochemical As-constructed Fe,O3/graphene-PI dopamine DL = 0.109 uM The interference of UA and AA is negligible [40]
detection (CV and carbon aerogel probe determined LR = 5-500 pM
DPV) dopamine
Electrochemical Platform were designed using PdA@A/  dopamine DL = 0.36 nM Negligible interference in Ca®*, Mg?*, Na*, K™, [83]
detection (DPV) nitrogen and sulphur-functionalized LR = 1.0 nM to Cl, CO3%%, PO or SO4%7, Cu?*, Fe®*, Zn?",
multiple graphene aerogel 40.0 pM urea, and AA; average recovery of 96.0% to
100.9% in serum and brain tissue.
Electrochemical The platform was designed with dopamine DL = 0.29 nM No significant effect on the detection of 1.0 x 107> [86]
detection (CVDPV and  histidine-functionalized graphene LR = 0.001 to 80 M of dopamine in the presence of Ca®>", Mg?", Na*,
EIS) quantum dots (GQDs) M CI-, CO3%~, PO4®~ or SO4%~, AA, and urea
Electrochemical 3D chitosan/carbon nanotubes dopamine DL = 0.3 nM The interference of UA and AA is negligible [88]
detection (CV) aerogel has been synthesized through LR = 17 nM to 30
an ice-template technique. uM
Electrochemical CAGs was modified with Pd metal ions ~ dopamine and DL = 2.6 and 7.1 No significant interference by the Ca*, Mg?*, [89]1
detection (CV and to develop the electrocatalytic activity =~ melatonin nM Na't, CI", CO3%~, PO,>~ or SO427, AA, and urea, an
DPV) of CAGs LR = 0.01-100 uM average recovery of ranging from 98.6-99.6%
and 0.02-500 pM
Electrochemical Functionalized the CAGs with dopamine DL = 0.4 nM No discernible interference of 20 pM DA response [90]
detection (DPV) molecularly imprinted polymers (MIP) LR =7 nM to 35 by NE, EP, AA and UA
pM
Electrochemical Nanocomposite was based on carbon dopamine DL = 3.53 uM It was found that DA, UA, AA, CA, GLU and APAP [93]
detection (CV and nanoballs aggregation networks-based LR =51t01760 pM  did not give obvious interferences
DPV) aerogels
Electrochemical fabricated a sensing probe using dopamine LR = 0.1 to 10 pM The interference of UA and AA is negligible [94]
detection (CV and nafion modified CAs
DPV)
Electrochemical A novel 3D nitrogen (N) doped H,0, DL = 0.05 mM No significant interference by the AA, DA, UA and [99]
detection (CV) graphene aerogel has been applied as a LR=0.2to35mM  glucose
direct electrode for electrochemical
sensing
Electrochemical Graphene-based aerogel decorated H,0, DL = 0.17 pM - [100]
detection (CV) with Au NPs LR = 0.056-0.105
mM
Electrochemical carbon aerogels modified with AuNPs, H,0, DL = 2.0 pM No significant effect on the detection of 20 M H,0» [101]
detection (CV and EIS)  IL and hemoglobin to LR=5.0t0950 pM in the presence of AA, DA, and glucose
Electrochemical The 3DGA-AuNPs/cytc/GCE has been H,05 DL =1.1 pM - [102]
detection (CV and EIS)  successfully developed LR = 10 pM to 740
pM
Electrochemical Ag nanowires were used to modify H,04 DL =2.1puM - [105]
detection (CV and EIS)  carbon fiber paper as sensing electrode LR = 0-0.8 mM
Electrochemical Nanoprobe designed based on 3D H,0, DL = 1.8 pM There are no significant current changes after [106]
detection (CV) interconnection networks of NizN/GA LR=5pMto 75.13  addition of AA, UA, DA and KCl
composites. mM
chemiluminescence Aptamer and G-quadruplex DNAzyme  streptomycin DL=9.2 x 107 No significant interference by the TC, CHL, Adr, [108]
modified 3D graphene M BSA, Hb, L-Cys, L-Try, CI~, SO,2~, K" and Na®
LR=1.4x10""to
28 x107°M
GAs have been functionalized with acetaminophen There are no significant interference by caffeine, [109]

carbon quantum dots (CQDs)

codeine phosphate, phenacetin and diloxanide

(continued on next page)
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Read-out sensor Sensing scheme Analyte Analytical Anti-interference ability Reference
characteristics
Electrochemical DL = 0.38 nM
detection (CV and LR=1nMto 10
DPV) HM
Electrochemical The N-doped GAs were synthesized midecamycin DL = 10 nM No significant effect on the detection of 10 pM of [112]
detection (CV) through an on-pot thermal procedure LR =20 nM-21 pM  midecamycin
Electrochemical The substrate was prepared via DNA DL=1.0 x 1077 - [117]
detection (CV and nitrogen-doped multiple graphene fg/mL
DPV) aerogel/gold nanostar. LR=1.0x107°-
0.1 fg/mL
Electrochemical The synthesized thionin/GAs/AuNSs dsDNA DL = 39 fg/mL DPV shown a small decrease in the peak current [118]
detection (CV and was utilized to modify the surface of LR =100 fg/mL to  after addition of 1 ug/mL of BSA.
DPV) GCE electrode 10 ng/mL

exchange between GCE and the coted substrate. AuNPs were not only
applied as immobilization particles but also enhance electro conduc-
tivity of aptasensor [124].

Protease acts as a dressing agents in wounds which its high con-
centration has bad effect of the wound healing. Thus, sensitive and
specific detection of protease is essential to determine the protease
concentration. Edwards et al. [125] have been designed a protease
sensor for its point of care detection in wounds. They applied nano-
cellulose aerogel (NA) to fabricate, showing high sensitivity (0.13 U/
mL) in compared with cellulosic filter paper (CFP) based protease sensor
(0.25 U/mL). However, its sensitivity is lower than cellulose nano-
crystals with 0.05 U/mL. Peptide-Cellulose conjugates other electro-
active species such as anodic interferences dopamine and cathodic
interference oxygen (O3), uric acid and ascorbic acid, avoided interfer-
ence signals and presented satisfied performance like low detection
limit, high sensitivity, as well as fast response time in real-time deter-
mination of Hy04 secreted from cancer cells.

3. Conclusion and future prospects

This review aims to give the reader a timely overview of graphene
and carbon nanotube aerogels, their synthesis processes, and the ach-
ieved recent development on aerogel-based sensors for biomedical ap-
plications. The aerogels were demonstrated to be the ideal candidates
for the high-performance sensors with low detection limit, high sensi-
tivity, rapid response and recovery rate, and some other superb prop-
erties, owing to their highly porous construction, high specific surface
area, and unique feature assisted via interconnected network structure
3-D aerogel. Hence, we can draw a conclusion that the incorporation of
active building blocks in low dimensional with 3D porous configuration
can provide the resultant aerogel with interesting features, thus an
acceptable performance in the application for sensors. Although
important successes have been realized in laboratory research, aerogel-
based sensors still face some challenges that have been addressed as
follow:

i) The large-scale and low-cost production of the high-quality aero-
gels has not yet been fully resolved. Nevertheless, the described studies
show the superiority of aerogel-based sensors over powder materials
based sensors, thus the high-quality aerogel with almost no structural
variation through the drying procedure must own even exceptional
characteristics; ii) preserving porous building of aerogels, particularly
the macroporous construction during the sensors designing is an
important issue. Typically, the aerogels have been dispersed in a solvent
to find a uniform ink and coated on a platform to designed the aerogel-
based sensors. Macroporous aerogel structures can be damaged during
the ink preparation process, which in turn reduces mass transfer in film-
like nanoprobe. Indeed, the introduction of the thin aerogel films as
sensing substrates can somewhat prevent this damage and the well
mechanical aerogels property is precondition for the thin aerogel films
preparation. As well known, application of the supporting nano-
materials into the aerogels is an effective method to enhance their

mechanical features; iii) Precise control of aerogel construction like the
pore building, and morphology, crystallinity, size, defect, composition,
and doping of the aerogel backbone has a significant influence on their
sensing performance.

In sum up, as the micromation trend of devices, the multifunctional
nanoprobes have attracted tremendous attention in recent years, and
presented hopeful prospect in the wearable tools. Since the compound
design and flexible configuration can be simply achieved for the aerogel
material, it is possible to incorporate the multi-characteristics into one
aerogel and thus render the resultant aerogel-based sensors with
multifunction. We envision that aerogel material with the multidisci-
plinary benefits will be further advanced via unremitting efforts of sci-
entific researchers and can be used in the actual biomedical applications
in the near future.
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