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Abstract
Small molecules are key targets in molecular biology, environmental issues, medicine and food industry. However, small
molecules are challenging to be detected due to the difficulty of their recognition, especially in complex samples, such as in
situ in cells or animals. The emergence of graphene/aptamer probes offers an excellent opportunity for small molecule quanti-
fication owing to their appealing attributes such as high selectivity, sensitivity, and low cost, as well as the potential for probing
small molecules in living cells or animals. This paper (with 130 refs.) will review the application of graphene/aptamer probes for
small molecule detection. We present the recent progress in the design and development of graphene/aptamer probes enabling
highly specific, sensitive and rapid detection of small molecules. Emphasis is placed on the success in their development
and application for monitoring small molecules in living cells and in vivo systems. By discussing the key advances in this field,
we wish to inspire more research work of the development of graphene/aptamer probes for both on-site or in situ detection of
small molecules and its applications for investigating the functions of small molecules in cells in a dynamic way.
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Introduction

Small molecules have been considered as important targets in
molecular biology, environmental issues, medicine and food
industry. They can act as harmful toxins and carcinogens, or
serve as nutrients, drugs or cell signaling molecules. Small

molecules are traditionally detected by the methods including
high-performance liquid chromatography (HPLC) [1], high-
performance liquid chromatography (HPLC-MS), capillary
electrophoresis (CE), enzyme-linked immunosorbent assay
(ELISA). HPLC and HPLC-MS are the gold methods for de-
tecting small molecules, nevertheless, still suffering from some
defects like the requirement of expensive equipment and time-
consuming. CE can both allow the detection with few samples
and high separation efficiency while lead to poor reproducibil-
ity. As a rapid detection technology based on antibody, ELISA
has the advantage of high sensitivity, operation simplicity and
rapidness [2]. However, small molecules are low-antigenicity,
thus it is difficult to obtain their antibody [3–5]. Besides, the
complex pre-process, high cost and difficult preservation of
antibody may limit the widely application of ELISA.
Althoughmany analysis tools are available above, there are also
analytical challenges in small molecules detection. Hence, to
circumvent the limitations of above methods for small mole-
cules detection, it is imperative to exploit appropriate methods
for quantitative detection in a more direct and simpler manner.

Alternative to antibodies, aptamers, species of chemically
synthesized recognition molecules, have inherently
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programmable nucleic acid nature and can be designed into
various structure-switching oligonucleotide probes [6–9].
Remarkably, the antigenicity-independent selection process
for aptamers makes them well fit for serving as recognition
components for low-immunogenic small molecules. Besides,
compared with protein-based antibody counterparts, aptamers
exhibit the advantage of better chemical stability, synthesis
simplicity, convenient regeneration, easy storage and modifi-
cation [10–14]. Aptamers have exhibited potent applications
in fabricating plenty of facile, rapid, robust, and inexpensive
detection platforms such as fluorescent assay, electrochemical
assay and colorimetric assay for small molecules [3, 13–20].
Furthermore, aptamers are demonstrated to not cause an im-
mune response. Thus, it would be a competing candidate for
probing small molecules in living systems. Meanwhile, these
are a considerable amount of aptamers being selected for small
molecules including mycotoxin, antibiotic, pesticides, hor-
mones, vitamins, pigments and amino acids [6, 21, 22].
Therefore, aptamers for small molecules detection can be
widely used in agriculture, medicine, food industry and envi-
ronmental analysis [23–31].

Graphene is a two-dimensional (2D) nanomaterial com-
prised of a single layer of carbon atoms that form an ordered
hexagonal flat [32, 33]. The flat two-dimensional nanostruc-
ture and high surface area of graphene provide abundant of
space for binding biomolecules [34, 35]. And graphene oxide
(GO) is derived form of graphene [36, 37]. GO is with the
addition of oxygen atoms bound with the carbon scaffold.
Graphene is hydrophobic in nature while GO is hydrophilic.
In addition, GO contains both aromatic (sp2) and aliphatic
(sp3) domains, further expanding the types of interactions that
can occur with the surface. For simplicity, only the methods
using GO were specifically stated, while graphene/aptamer
probes imply both graphene/aptamer probes and GO/
aptamer probes. Graphene plays key roles in material science
and biotechnology, which has attracted much attention for
constructing bioassays [38, 39]. They are suitable for the uti-
lization in biosensing system due to their good biocompatibil-
ity and low toxicity [39, 40]. Besides, the excellent electronic
and optical properties lead them feasible to make a variety of
electronic- and optical-based assays [41–43]. Moreover,
graphene and GO can conjugate with biomolecules by cova-
lent or noncovalent bindings, thus it is easy to be modified
[44].

DNA sequences can adsorb onto the graphene surface by
the electrostatic interaction between DNA bases and the
graphene surface, or the noncovalent π-π interaction [39, 45,
46]. Graphene is demonstrated to be able to bind well with
aptamers like single-stranded DNA (ssDNA) and a hybridized
double-stranded DNA (dsDNA), and has been adopted to de-
tect small molecules with high selectivity and sensitivity [43,
47]. Specifically, graphene can serve as the carrier for
aptamers to enter cells [48]. Thus, the incorporation of

graphene would potentially allow aptamer-based probes to
detect small molecules in living cells, even living animals.

In general, graphene is well suitable to combine with
aptamers to construct graphene/aptamer probes and to fabri-
cate the sensor platform or assays for small molecules. In
addition to in vitro detection, graphene/aptamer probes are
of great promise for small molecule detection in living cells.
There is still no review summarizing the development of
graphene/aptamer probes focusing on small molecules. In this
review, we will present a brief discussion about how
graphene/aptamer probes achieve highly specific, sensitive
and rapid detection of small molecules in vitro based on dif-
ferent detection platforms, and emphatically highlight the key
success in their development for monitoring small molecules
in living cells and in vivo systems.

In vitro detection

Fluorescent assay

Fluorescent assays have attracted considerable attention be-
cause of the advantages including rapidness, non-destructive
and homogeneous reaction conditions. The novel feature of
aptamers as a recognition module lies in their programmable
and responsive nucleic acid nature. And the structure-
switching process of aptamer triggered by the binding of tar-
get leads to the change of its affinity towards graphene.
Besides, as an excellent energy acceptor in fluorescence reso-
nance energy transfer (FRET) process, graphene can act as
superb fluorescent quenchers. The graphene/aptamer probe-
based fluorescent assays can confer ultrafast response to target
small molecules, and detection proceeds in homogeneous so-
lutions in a test tube. This eliminates the need for complex
separation. Based on this principle, graphene/aptamer probe-
based fluorescent assays have been constructed for detecting
plenty of small molecule species including ATP, ochratoxin A,
adenosine, zeatin and so on [53–58].

Xia group [49] designed a label-free fluorescent assay for
the detection of aflatoxin B1 in food samples using
aggregation-induced emission luminogen and GO (Fig. 1a).
Fluorescence increased linearly in the 0–3 ng/mL aflatoxin B1

concentration range with a detection limit of 0.25 ng/mL. The
binding of one target molecule, however, only triggers the
release of one fluorophore, which may result in relatively
low sensitivity. The incorporation of nanomaterials and en-
zyme catalysis would significantly improve it. Quantum dots
(Q-dots), nanocrystals with great photostability, broad excita-
tions and narrow emissions, are frequently used to develop
sensitive methods based on GO fluorescence assay. Li et al.
[50] developed an aptamer based fluorescence recovery assay
for aflatoxin B1 using a quencher system composed of Q-dots
and GO (Fig. 1b). The assay possessed a wide dynamic range
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(from 3.2 nM to 320 μM) and a low limit of detection
(1.0 nM).When performed in peanut oil solution, the dynamic
range was 1.6 nM-160 μM, and the limit of detection was
1.4 nM. This was a simple, sensitive and selective method
for the determination of aflatoxin B1. To further improve the
sensitivity of fluorescent assay, Yu et al. [59] designed a dual
strategy for constructing a graphene/aptamer probe. The in-
duce of highly fluorescent nitrogen-doped graphene quantum
dots (Q-dots) (with a fluorescence quantum yield up to 30%)
and the obtaining of the polarization signal of Q-dots dropped
the detection limit down to be 0.029 pM for omethoate detec-
tion. Nanomaterials need complex synthesis procedures and
are potentially unstable. As an alternative strategy, the cycling
of targets by adding enzymes would also attribute to higher
sensitivity for small molecules detection with low cost. Cui
et al. [51] designed a cyclic fluorometric method for sensitive
detection of analytes using aptamers (Fig. 1c). It was based on
the usage of GO and cryonase-assisted signal amplification.
This cyclic reaction will light-up multiple fluorophore-labeled
aptamer probes upon one-target molecule, resulting in signif-
icant fluorescent signal amplification. The detection limits
were 47 nM for theophylline and 22.5 nM for ATP.

Furthermore, Qin group [52] described a fluorometric aptamer
based determination of ATP (Fig. 1d). It was based on deoxy-
ribonuclease I-aided target recycling and signal amplification
using GO as a quencher. The detection limit was as low as
0.2 nM, and the calibration plot was linear in the 10 nM to
400 nM ATP concentration range. However, the involvement
of nanomaterials and enzyme catalysis steps would complex
the detection process, which may be detrimental to the accu-
racy of these assays. Besides, the modification of aptamer
probes would further improve the cost and reliability of the
detection process. On the contrary, the adoption of DNA in-
tercalation dye would allow label-free fluorescent detection of
small molecules [60, 61], obviating the utilization of modified
aptamers. There is a summary of fluorescent graphene/
aptamer-based probes for in vitro detecting small molecules
showing in Table 1.

Electrochemical assay

Attributed to the high electrical conductivity, a large surface
area, biocompatibility, and electrocatalytic activity, graphene
usually acts as sensitive electrode, signal or nanocarrier

Fig. 1 Graphene/aptamer probe-based fluorescent assays for in vitro de-
tecting small molecules. (a) Fluorescence detection of aflatoxin B1 based
on aggregation-induced emission luminogen and GO. Reprinted with
permission from Ref. [49]. Copyright 2019 Elsevier; (b) Aflatoxin B1

assay using a quencher system composed of quantum dots and GO.
Reprinted with permission from Ref. [50]. Copyright 2019 Springer. (c)

A cryonase-assisted signal fluorescent assay for detecting of theophylline
and ATP. Reprinted with permission from Ref. [51]. Copyright 2019
Springer; (d) A deoxyribonuclease I-aided target recycling and signal
amplification fluorescent assay for determining of ATP. Reprinted with
permission from Ref. [52]. Copyright 2017 Springer
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materials. Coupling with the highly specific aptamer,
graphene/aptamer probes allow to gain sensitive and selective
electrochemical signal responding to target small molecules
[79] (Table 2). Electrochemical techniques including differen-
tial pulse voltammetry (DPV), square wave voltammetry
(SWV) and electrochemical impedance spectroscopy (EIS)
have been used to fabricate aptasensors. These utilization hold
great promises for the development of cost-effective, portable,
sensitive, selective and disposable electrochemical assays
targeting small molecules for diagnostic, biomedical, environ-
mental, and food safety monitoring applications.

DPV, an electrochemical voltammetric technique, allows
analysis with high sensitivity. Benefit from the large surface
area, graphene can be loaded with plenty of nanomaterials
such as Ag nanoparticle, Au nanoparticle, Fe3O4-AuNPs and
PtCu alloy. It can lead to the amplification of the electrochem-
ical signal, in turn improving the sensitivity for small mole-
cules detection [63, 64, 77, 80, 91]. Imani et al. [76] designed
an electrochemical assay for staphylococcal enterotoxin B de-
tection based on rGO/AuNUs composition. The assay
achieved a wide linear range from 5 fM to 500 fM with the
detection limit of 0.21 fM. The assay can be used in spiked
food samples with no significant difference compared to the
synthetic samples (Fig. 2a). Besides Au nanoparticle, alloy
could serve as biosensing substrates, potentially improving
the sensitivity of graphene/aptamer probe-based assay. Pei
etc. [77] proposed a signal amplification strategy of an ultra-
sensitive electrochemical assay for the quantitative detection

of kanamycin antibiotic based on thionine functionalized
graphene/PtCumaterial. The assay exhibited a high sensitivity
and a wider linearity to kanamycin in the range 5 × 10−7 μg/
mL-5 × 10−2 μg/mL. The detection limit was down to 0.42 pg/
mL (Fig. 2b). Similar to the DPV sensors, graphene-based
SWV assays were utilized to modify the surface of the
graphene electrode. The assays have also been used for de-
tecting drugs and toxins [92]. Besides, EIS sensors can also be
fabricated by all kinds of graphene nanomaterials (including
GO and modified GO) [64]. To date, EIS sensors have been
utilized for detecting small molecules including acetamiprid,
ochratoxin A and tetracycline. There still exists one concern
that many electrochemical assays performed in “turn-off”
mode [65, 77, 80], thus new strategies should be constructed
“turn-on” assay to increase their robustness. Qu et al. [67]
constructed a “turn on” electrochemical assay using the prox-
imity of two split aptamers. The electrochemical assay
allowed for highly sensitive detection of adenosine triphos-
phate (ATP) and adenosine deaminase (ADA) activity using
functionalized graphene as efficient electrochemical label
(Fig. 2c). The detection limits for ATP and ADA activity were
13.6 nM and 0.01 U/mL (1.2 nM), respectively. Alternatively,
Marty group [78] directly use the conformation response of
aptamer to design a “turn-on” assay. Besides, the assay uti-
lized functional graphene oxide (FGO) as the signal-enlarging
platform to amplify probe signal (Fig. 2d). In the assay, afla-
toxin B1 was permitted to detect in the linear range of 0.05 ng/
mL-6.0 ng/mL with a very low limit of detection of 0.05 ng/

Table 1 Summary of the detection performance of graphene/aptamer probe-based fluorescent assay for in vitro detecting small molecules

Analyte Probes LOD Dynamic range Samples Ref

Aflatoxin B1 GO/QDs 1.0 nM 3.2 nM-320 μM Peanut oil [50]

Theophylline/ATP GO/aptamer 47 nM/22.5 nM 50 nM-5 μM/0–1.0 μM Serum [51]

ATP GO/aptamer 0.2 nM 10 nM–400 nM MRSA cells [52]

Ochratoxin A PVP-coated GO/aptamer 1.9 μM 2 μM–35 μM Red wine [53]

ATP GO/carbon dots 0.08 nM 0.10 nM–5.0 nM Yogurt [61]

ATP GO/aptamer with DNase I 40 nM – – [62]

Digoxin GO/AgNPs /aptamer 0.3 pM 1 pM-100 nM Plasma [63]

ATP GO/AuNPs/aptamer 10 pM 10 pM-100 nM Cell lysate [64]

Hemin graphene/hemin-bound aptamer 0.64 nM 1 nM −150 nM Serum [65]

Microcystin-LR graphene/hemin-binding-aptamer 1.9 pM 0.1 pM −1 nM Fish extract, Water [66]

Acetamiprid MWCNT-rGONR/aptamer 17 fM 50 fM-10 μM Water [67]

Tetracycline GO/aptamer 29 fM 0.1 pM-10 μM Tablet [68]

Ochratoxin A rGO/aptamer 0.03 ng/mL 0.1 ng/mL-200 ng/mL Red wine [69]

Ochratoxin A AuNPs–rGO/aptamer 0.3 pg/mL 1 pg/mL-50 ng/mL Wine [70]

Carcinoembryonic Antigen GO/2-aminopurine 0.03 ng/mL 0.05 ng/mL-2 ng/mL Serum [71]

Salmonella GO/aptamer 25 cfu/mL 102 cfu/mL-107 cfu/mL Spiked milk [72]

Lysozyme GO/CuInS2/ aptamer 3 pg/mL 0.01 ng/mL-1.8 ng/mL Serum [73]

Patulin GO/aptamer 0.28 μg /L 0.5 μg/L-30 μg/L Apple juice /grape juice [74]

Zearalenone GO/aptamer 0.5 ng/mL 0.5 ng/mL-64 ng/mL Beer/wine [75]
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mL. Electrochemical graphene/aptamer-based assays for
in vitro detecting small molecules were listed at Table 2.
These existed graphene/aptamer-based electrochemical assays
would allow sensitive detection of small molecules, and may
potentially be applied for on-site detection.

Colorimetric assay

Due to the appealing attributes such as simplicity, rapidness,
low-cost and easy to read-out, colorimetric assays are pre-
ferred in the application of on-site detection. In the beginning,
due to the unique size-dependent surface plasmon resonance
properties, gold nanoparticles have been widely used for fab-
ricating colorimetric assays [95]. Later on, some researchers
found that hemin andmetallic nanoparticle modified graphene
can exhibit an intrinsic peroxidase-like catalytic activity, and
were utilized as artificial enzymes for detecting small mole-
cules [96, 97]. And the coupling of the graphene
nanocomplexes with aptamers allowed the fabrication of col-
orimetric assays [94, 98]. Wang et al. [98] proposed a colori-
metric assay based on the hemin-loaded reduced GO. The
hemin-loaded reduced GO would exert high activity for cata-
lyzing 3,3,5,5-tetramethylbenzidine to be with blue color, and
be stabilized by acetamiprid aptamers. The binding of
acetamiprid would hinder the adsorption of aptamers to GO,
leading to its coagulation and lower catalysis activity. The
constructed colorimetric assay enabled label-free detection
of acetamiprid with a detect ion limit of 40 nM.
Alternatively, platinum/gold nanoparticles were decorated on
graphene to endow it with a superior catalytic activity. Wang
etc. [93] developed a detection method for patulin based on an
enzyme-chromogenic reaction between glucose oxidase and
squaric acid. The colorimetric assay exhibited a linear range

from 50 pg/mL to 2500 pg/mL, and the limit of detection was
found to be 48 pg /mL (Fig. 3a). Sun group [94] developed an
ATP assay based on the sandwich structure of GO-platinum/
AuNPs (Fig. 3b). The detection limit was low to 0.2 nM,
which is superior over many reported visual sensors for ATP
detection. The sensitivity of colorimetric assay is highly de-
pendent on the catalytic activity of graphene nanocomplex.
And its utility is still hindered by the stability of nanomaterials
and its reproducibility. Typical colorimetric graphene/aptamer
probes-based assays for in vitro detecting small molecules are
listed in Table 3.

Chemiluminescence and electrochemiluminescence
assay

Compared to the fluorescence, chemiluminescence (CL) is
much cheaper due to its no requirement for an external light
source in equipment. Graphene is demonstrated to be able to
act as a superb luminescence quencher. Similar to graphene-
based FRET assays, the chemiluminescent resonance energy
transfer (CRET) assays can be constructed by the adoption of
the structure-switching aptamers [108, 109]. Alternatively,
Song etc. [104] utilized GO-based instantaneous derivatiza-
tion to construct a CL assay (Fig. 4a). A CL reagent
phenylgyoxal can serve as the signal reporter specifically
reacted with guanine bases of aptamers. At the initial state,
aptamers adsorbed onto the surface of GO, leading to a strong
CL signal. In the presence of ATP, the aptamers binding with
ATP molecules would confer a weak binding affinity to GO,
resulting in a significant decrease of CL signal. The graphene-
based CL assay was applied for ATP detection, achieving a
detection limit of 1.4 nmol and a dynamic range of 2 nmol to
80 nmol. Benefited from the utilization of guanine bases

Table 2 Summary of electrochemical graphene/aptamer-based assays for in vitro detecting small molecules

Analyte Probes LOD Dynamic range Samples Ref

Streptomycin GR–Fe3O4–AuNPs/PCNR 0.028 ng/mL 0.05 ng/mL–200 ng/mL Milk [80]

Kanamycin GR-TH/aptamer 0.42 pg /mL 0.5 pg/mL-50 ng/mL Pork/chicken [77]

Angiogenin Graphene/AuNPs 0.064 pM 0.1 pM −5 nM Cancer [81]

Interferon-γ Grapheme/aptamer 0.065 pM 0.1 pM- 0.7 pM Cell media [82]

Aflatoxin B1 GO/aptamer 0.05 ng /mL 0.05 ng/mL–6.0 ng/mL Beer/wine [78]

TET rGO-Fe3O4/aptamer 0.6 nM 6 μm-5 mM [83]

Thrombin GO/ hemin 0.062 pM 0.0001 nM–40 nM Blood/serum [84]

Alpha-fetoprotein GR-TH/aptamer 0.050 μg/mL 0.1 μg/mL - 100.0 μg/mL Human serum [85]

Staphylococcal enterotoxin B GO/AuNu 0.21 fM 5 fM–500 fM Milk/meat [76]

Dopamine Grapheme-polyaniline 0.00198 nM 0.007 nM–90 nM Serum [86]

Bisphenol A Graphene /GNPs 5 nM 0.01 μM – 10 μM Milk [87]

Carcinoembryonic antigen Graphene/hairpin 80 ag/mL 80 ag/mL − 950 fg/mL Serum [88]

Thrombin Graphene/GPD/aptamer 200 fM 0.001 nM–40 nM Serum [89]

PDGF/ thrombin Graphene/PtNPs 8 pM/11 pM 0.01 nM–35 nM/
0.02 nM −45 nM

[90]
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specific CL reagent, the aptamer-based assay proceeded in a
label-free manner. Aptamer composites containing magnetic
nanoparticles can exhibit excellent merits for higher selectiv-
ity, better stability, and easier separation. To further improve
the sensitivity, Luo et al. [105] designed a CL assay for dopa-
mine (DA) detection based on aptamers modified magnetic
m e s o p o r o u s s i l i c a @ G O p o l y m e r s
(Fe3O4•mSiO2•nSiO2@GO). DA could be measured with
the linear concentration range of 2.5 × 10−13 mol/L to 2.0 ×
10−9 mol/L with a detection limit of 3.9 × 10−14 mol/L (Fig.
4b).

Electrochemiluminescence (ECL) has also been widely
used to construct biosensors due to its remarkably high sensi-
tivity and wide dynamic ranges. Graphene can act as both
luminescent materials and nanocarriers in graphene-based
ECL aptasensors or assays (Table 4). Cui group [106] con-
structed a bilayer structure of luminescence functionalized

graphene hybrids, further increasing the loading of ECL signal
molecules, enabling label-free detecting of 2,4,6-trinitrotolu-
ene (TNT) with a very low detection limit of 6.3× 10−13 g/mL
(Fig. 4c). The graphene/aptamer-based ECL assay has been
successfully applied to the detection of TNT in environmental
water. Gao etc. [107] developed a tun-on assay for ATP de-
tection in which GO was employed as an indicator for ECL
signal generation. The assay was fabricated by self-
assembling the ECL probe of a thiolated adenosine triphos-
phate binding aptamer tagged with a Ru(bpy)32+ derivatives
onto the surface of AuNP modified glassy carbon electrode.
The ECL intensity versus the logarithm of ATP concentration
was linear in the wide range from 10 pM to 10 nM with an
ultra-low detection limit of 6.7 pM to 4.8 pM, respectively
(Fig. 4d). Graphene can pose large amounts of sites for bind-
ing with CL or ECL report molecules, thus allow to construct
sensitive assays using either nanomaterials or small molecules

Fig. 2 Graphene/aptamer probe-based electrochemical assays for in vitro
detecting small molecules. (a) An electrochemical assay for staphylococ-
cal enterotoxin B detection based on reduced GO and gold nano-urchins.
Reprinted with permission from Ref. [76]. Copyright 2019 Elsevier; (b)
An amplification strategy of an electrochemical assay for kanamycin
based on thionine functionalized graphene/PtCu composition. Reprinted

with permission from Ref. [77]. Copyright 2016 Elsevier; (c) Turn-on
electrochemical assay using split aptamer for ATP and ADA activity.
Reprinted with permission from Ref. [67]. Copyright 2014 Elsevier; (d)
An electrochemical aptasensor based on GO assisted electrocatalytic sig-
nal amplification of methylene blue for aflatoxin B1 detection. Reprinted
with permission from Ref. [78]. Copyright 2017 Elsevier
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serving as CL or ECL reporter. CL and ECL assays based on
graphene/aptamer are summarized at Table 4.

In situ or in vivo detection

Probing small molecules in living cells

Graphene presents appealing attributes such as the excellent
photoluminescence, biocompatibility, leading to plenty appli-
cations in biological and medical areas [39, 40, 118].
Specifically, graphene can serve as the carrier of aptamer to
enter cells, making it possible to be utilized to detect small
molecules in living cells [119–121]. Therefore, the potential
for small molecule probing in living cells was explored. In
recent decade, the utilization of graphene for the intracellular
monitoring and in situ molecular probing has made a certain
progress [48]. And graphene/aptamer sensoring platforms
have been fabricated for small molecules recognition and in
situ fluorescence monitoring in living cells [120–123].

Lin group pioneered to construct graphene/aptamer probes
for small molecule imaging [124]. A graphene oxide nano-
sheet (GO-nS) based aptamer-carboxyfluorescein (FAM)
nanocomplex was fabricated to explore its ability for ATP
detection in living cells. In vitro, the aptamer probe could
detect ATP with high specificity and recovered nearly 85.7%
of fluorescence quenched by GO-nS. The significant fluores-
cence of the FAM-labeled aptamer has be found in mice epi-
thelial cells (JB6 Cl 41-5a) after being incubated with
aptamer-FAM/GO-nS for 8 h, manifesting the ability of
aptamer-FAM/GO-nS for molecular probing in living cells.
Later on, PEGylated graphene nanosheets based aptamer sen-
sor with folate labels has been built for the detection of
Cytochrome c (Cyt c) releasing from mitochondria in Hela
cells (Fig. 5). This aptamer assay was used as fluorescence
imaging tools, allowing the direct visualization of Cyt c trans-
location in living cells [125]. Although graphene/aptamer
probes have been demonstrated to be able to image small
molecules in living cells, concerns about the non-specific sig-
nals or background and the quantification performance still

Table 3 Summary of colorimetric graphene/aptamer probe-based assays for in vitro detecting small molecules

Analyte Probes LOD Dynamic range Samples Ref

Patulin GO /aptamer 48 pg/mL 50 pg/ mL-2500 pg/ mL Food [93]

Acetamiprid hemin-functionalized GO/aptamer 40 nM 100 nM-10 μM Water [99]

ATP GO/PtAuNPs/aptamer 0.2 nM 0–100 nM Serum [94]

Folic acid GO/PtNPs 0.17 μg/mL − 6.7 μg/mL Cancer cell [100]

TMB rGO/hemin 40 nM 100 nM-10 μM Acetamiprid [98]

Leucine-arginine GO/Hairpin/Methylene Blue 219 pM 0-1000 nM Water/serum [101]

Thrombin Graphene/Hemin/aptamer 2.5 nM 0–20 nM [102]

Chloramphenicol GO/AuNPs/aptamer 451 pM 1 nM–120 nM Milk/serum [103]

Fig. 3 Graphene/aptamer probe-based colorimetric assays for in vitro
detecting small molecules. (a) Colorimetric detection of patulin using
AuNPs. Reprinted with permission from Ref. [93]. Copyright 2016

Elsevier; (b) Highly efficient colorimetric detection of ATP utilizing
GO Pt/Au nanoparticles. Reprinted with permission from Ref. [94].
Copyright 2015 Royal Society of Chemistry
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Fig. 4 Graphene/aptamer probe-based chemiluminescence and
electrochemiluminescence assays for in vitro detecting small molecules.
(a) A graphene/aptamer-based ATP chemiluminescence assay based on
graphene oxide and an instantaneous derivatization of guanine bases.
Reprinted with permission from Ref. [104]. Copyright 2014 Elsevier;
(b) A chemiluminescence assay for dopamine detection based on
aptamers modified magnetic mesoporous silica/GO. Reprinted with

permission from Ref. [105]. Copyright 2018 Elsevier; (c)
Electrochemiluminescent detection of 2,4,6-trinitrotoluene using bilayer
structure of luminescence functionalized graphene. Reprinted with per-
mission fromRef. [106]. Copyright 2015American Chemical Society. (d)
An efficient signal-on aptamer-based assay for ATP detection using GO
as an electrochemiluminescence signal indicator. Reprinted with permis-
sion from Ref. [107]. Copyright 2015 Royal Society of Chemistry

Table 4 Summary of CL and ECL assays based on graphene/aptamer

Assay Analyte Probes LOD Dynamic range Samples Ref

CL Thrombin GO/aptamer 0.083 mol/L 0.25 mol/L- 1 mol /L Serum [108]
Dopamine Fe3O4·mSiO2·nSiO2@GO 3.9 × 10−14 mol/L 2.5 × 10−13 mol/L-2.0 × 10−9 mol/L Urine [105]
ATP rGO/SnO2-QD 0.025 pM 0.1 pM-100 nM, Serum [110]
Staphylococcus aureus GO nanosheet 15 cfu/mL 50–1.5 × 105 cfu/mL Pork [111]
Adenosine HKUST-1/QDs/aptamer 2.1 × 10−13 mol/L 1.0 × 10−12–2.2 × 10−10 mol/L Urine [112]
Escherichia coli O157:H7 GO/aptamer 4.5 × 103 cfu/mL 104 cfu/mL–107 cfu/mL Skim Milk [113]
Hg2+ GO/aptamer 2 nM – Stream [114]

ECL TNT Graphene /aptamer 0.63 pg/mL 1 pg/mL-1 ng/mL Water [106]
ATP GO/aptamer 4.8 pM 10 pM-10 nM Serum [107]
Thrombin Magnetic GO/aptamer 1.3 × 10−9 mol/L 2.0 × 10−9 mol/L − 5.0 × 10−8 mol/L Serum [115]
Cholesterol MWCNTs-GO-Thi-Au 50 nM 0.15 μM–828 μM Serum [116]
V. parahaemolyticus GO/ hairpin aptamer 2230 cells/mL 4375 cells/

mL-70,000 cells/
mL

– [117]
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remain. Besides, the success of entrance into the cytoplasm is
the key step for imaging of small molecules, as large parts of
target small molecules locate in the cytoplasm. The modifica-
tion of cell-penetrating peptides or the construction of the
graphene nanocomponent with positively charged coating
may facilitate the entering of probes into the cytoplasm [119,
126], potentially improving the detection efficiency.

Probing small molecules with reduced background

Non-specific desorption of aptamers from graphene oxide
(GO) by competitively binding of non-target biomolecules
would occur in a complex system. And the non-specific

desorption may result in a false-positive signal [127].
Therefore, the non-specific effect should be paid more atten-
tion when the aptamer/GO probe is applied in a complex sys-
tem containing high concentrations of non-target proteins,
such as living cells. Liu group [123] proposed a strategy that
a dual-modified aptamer with a fluorophore and an amino
group was covalently linked to the carboxyl group on GO
(Fig. 6). The coupling efficiency for aptamer reached 50%.
Attributed to the covalently binding of aptamers, this dual-
modified aptamer/GO probe significantly reduces the non-
specific desorption from GO by non-target cellular proteins,
in turn enhance the intracellular signal (Fig. 6b). This covalent
aptamer probe was used for intracellular ATP imaging in

Fig. 5 Imaging Cyt c release in
living cells. (a) Working principle
for graphene/aptamer probes for
probing Cyt c; (b) Fluorescence
imaging of HeLa cells (FR+) in-
cubated with nanoassembly: 1) no
treatment, 2) 0.1 μM STS for
1.5 h, 3) 0.5 μM STS for 1.5 h, 4)
1 μM STS for 1.5 h, 5) pretreated
with 100 μM pepstatin A for 24 h
and incubated with nanoassembly
for 1 h followed by 1 μMSTS for
1.5 h, 6) incubated with non-
aptamer nanoassembly for 1 h
followed by 1 μM STS for 1.5 h.
The below is the western blotting
assay for plasma extracts from
corresponding cells. Reprinted
with permission from Ref. [125].
Copyright. 2015 American
Chemical Society
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SMMC-7720 cells. Nevertheless, the covalent modification of
graphene demands the dual-modified aptamer probe, signifi-
cantly increased the cost, and the modification efficiency is
limited by the amount of functional groups on the planes of
graphene. Alternative to the covalent attachment, the discov-
ery of high binding affinity of poly-T and poly-C to graphene
would shed light on the strategy for the non-covalent strong
modification of aptamer to graphene [128]. The modification
of aptamer on graphene may be achieved by simple mixing
process, and may also confer the ability to resist the non-
specific binding of proteins and other non-target molecules
[127]. Besides, Tan et al. [122] found that the serum-free me-
dium can also help overcoming the problem caused by non-
specific desorption.

Quantification of small molecules in living cells

The quantification of small molecules in living cells using the
graphene/aptamer probes would be challenging due to the
uncertainty of the probe concentrations and the varied back-
ground in cells. To conquer these problems, Tan group pro-
posed an aptamer molecular beacon probe coupled internal
reference to semiquantify ATP in living cells (Fig. 7) [129].
Coupling with the binding of graphene, the aptamer molecular
beacon (AAMB) would lead to double quenching platform,
thus leading to efficient suppression of the background. A
control ssDNA, which may release nonspecifically from GO
by nontarget binding, would serve as an internal reference.

The intensity ratio of the fluorescence of AAMB and the in-
ternal ssDNAwas utilized as the signal response to the target,
allowing the quantitative analysis of ATP in living cells.
Therefore, benefited from the high loading capacity of
graphene for probes, the ratiometric graphene/aptamer probes
may be constructed by attaching different DNA sequences.
However, DNA sequences (including aptamers and internal
ssDNA) with different structures may present different bind-
ing affinity to graphene. The effects of different binding affin-
ity on the ratiometric quantification performance should fur-
ther be investigated. On the other hand, motivated by the
loading ability of graphene, the ability of multiplexed probing
small molecules of graphene/aptamer probes may potentially
be achieved by attaching different aptamers onto graphene.

Multiplexed imaging of small molecules in living cells

Attributed to the high loading ability and full-spectrum
quenching property of graphene, the graphene/aptamer probe
may potentially be utilized to multiplexed image of small
molecules by different fluorescence labelling. Lin group set
to explore the multiplexing ability of the graphene/aptamer
probes [121]. FAM-labeled ATP aptamer and Cy5-modified
GTP aptamer were designed to bind to GO-nS by π-π stack-
ing for fabricating the multiple aptamer/GO-nS sensing plat-
form (Fig. 8a) [120]. The binding of aptamers to GO-nS guar-
anteed the close proximity of dyes to the graphene surface.
Therefore, GO-nS would confer high quenching efficiency for
both FAM and Cy5 fluorophores. The aptamer achieved high
specificity for ATP and GTP identification (Fig. 8b). This
multiple sensing platform can be transported inside the cells
via endocytosis, allowing to interact with ATP and GTP in
cells. The conformation change of aptamer caused by the
binding with target molecules would lead the recovery of the
fluorescence of FAM and Cy5, allowing in situmultiple fluo-
rescence monitoring of ATP and GTP in MCF-7 breast cancer

Fig. 7 Semi-quantification of ATP in living cells. (a)Working principles for aptamer molecular beacon/graphene probes for imaging ATP; (b)ATP
imaging with drug stimulation. Reprinted with permission from Ref. [129]. Copyright 2012 American Chemical Society

�Fig. 6 Graphene/aptamer probes against nonspecific-binding. (a) The
synthesis and sensing principles of graphene/aptamer probes; (b)
Microscopy and flow cytometry results of SMMC-7720 cells: A) medium
only, B) physisorbed sensor (T10-Apt1-FAM), C) covalent sensor with
NH2-T10-Apt1-FAM, D) covalent sensor but with the control aptamer
(NH2-T10-Apt2-FAM) that cannot bind ATP, E) Cells were treated with
Ca2+ before the covalent sensor was added. Reprinted with permission
from Ref. [123]. Copyright 2014 American Chemical Society

Microchim Acta         (2020) 187:179 Page 11 of 18   179 



cells (Fig. 8c). Besides, GO-nS can exert excellent protection
for DNA/RNA from enzymolysis in living cells. Thus, the
graphene-based aptasenors platform has promising capacities
for monitoring of multiple small molecules in living cells,
which may promote it to be utilized for cellular simultaneous
imaging studies of multiple active molecules.

Real-time investigation of the cell apoptosis process

The ability of graphene/aptamer probes for monitoring small
molecules in living cells would provide us with the dynamic
information of cell biological process. Apoptosis is a highly
regulated, programs cell death process. And the abnormal ap-
optosis would trigger serious human diseases such as degen-
erative disorders and cancers [130]. Chu group developed a
graphene/aptamer probe for fluorescence imaging of Cyt c,
and utilized the probe for investigating cell apoptosis.
Firstly, the colocalization of Cyt c with mitochondria was
interrogated to verify that the fluorescence activation was re-
sponsive to Cyt c released from mitochondria during cell ap-
optosis (Fig. 9a). The graphene/aptamer probe was demon-
strated to be with rapid response towards target Cyt c (within
5 min), indicating the feasibility of monitoring the release of
Cyt c in apoptotic cells. The real-time imaging process indi-
cated that the Cyt c release process was very rapid and com-
pleted within ∼10 min. The cell apoptosis was also recorded
using the commercial intracellular caspase-3 probe. The real-
time observation of these two molecules indicated that
caspase-3 activation was followed by the cytosolic transloca-
tion of Cyt c during the cell apoptosis (Fig. 9b). Besides, the
graphene/aptamer probe provided a feasible platform for di-
rectly screening critical regulators of apoptotic signaling via
fluorescence imaging (Fig. 9c). The demonstration of the ap-
plication of graphene/aptamer probes for studying the cell
apoptosis manifested that they can be applied to monitor the
metabolism of small molecules in living cells, thus would be
feasible tools for dynamically investigating the cellular
process.

Probing small molecules in vivo

Graphene can protect the carried RNA/DNA from enzymatic
breakdown, which makes graphene be considered as the ex-
cellent carrier material for study in vivo [48]. Thus, the
graphene/aptamer probes may potentially be constructed to
detect small molecules in vivo. To improve the imaging depth,
and low down the tissue autofluorescence and self-absorption,
Tan group [122] utilized the two-photon imaging method for
tracking the graphene/aptamer probe (Fig. 10). Aptamer
probes were modified with a two-photon dye (TPdye). The
two-day-old zebrafish incubated with GO/ATP aptamer-
TPdye conjugates presented strong two-photon excitation
fluorescence. It indicated that the ATP concentration level

was high in the growing zebrafish, while the zebrafish incu-
bated with GO/R-TPdye conjugates showed no fluorescence
signal. This research served a way of monitoring target bio-
molecules in living tissues. Compared to the detection of small
molecules in cells, the imaging of small molecules in tissues
or living animals would be more challenging. Firstly, the
graphene/aptamer probe must be designed to be stable enough
to be delivered to the tissues/cells of interest. Besides, the pass
through the barriers of vessels and extracellular matrix should
be considered if the probes are designed for in vivo living
animal detection. Nevertheless, the demonstration of imaging
ATP in zebrafish implied the likelihood of the application of
graphene/aptamer probes for real-time in vivo detection of
small molecules, which may be utilized to investigate the en-
ergy metabolism in muscle or neural activity in brain. A sum-
mary the applications of graphene/aptamer probes for in situ
or in vivo detection was listed in Table 5.

Conclusions and outlook

Small molecules are widely utilized as antibiotics and other
important drugs in molecular biology, or as pesticides and
preservative in food industry, thus deemed to be key targets.
Among existed methods, graphene/aptamer-based assay is
considered as a potent tool for small molecule detection due
to its high selectivity and sensitivity, speediness and low-cost,
as well as the ability of probing small molecules in vivo.

The antigenicity-independent selection process for
aptamers makes them well fit for serving as recognition com-
ponents for low-immunogenic small molecules. And the high
specificity of aptamers would accommodate aptasensors to
identify target small molecules in complex sample matrix,
thus may eliminate the complex purification process.
Besides, the biocompatibility and specific interaction with
DNA/RNA, as well as the superb electrical and optical prop-
erty, allow graphene and graphene nanocomposites to fabri-
cate different analysis methods including fluorescent assays,
electrochemical assays, colorimetric assays, CL and ECL as-
says. These platforms have been successfully applied for
quantifying amount species of small molecules such as co-
caine, acetamiprid, theophylline, xanthine, neomycin, folic
acid, zeatin, adenosine, ATP and some amino acids.

Remarkably, attributing to the excellent photoluminescence,
biocompatibility, probe loading and delivery capacities,
graphene/aptamer probes hold great potential for monitoring
small molecules in living cells and in vivo systems. They have
been constructed to image ATP, GTP and Cyt c in living cells.
Continuous effects are paid to suppress the non-specific back-
ground in living cells, in turn to achieve the quantification of
small molecules in situ inside cells. Besides, multiplexed aptamer
recognition would accommodate to simultaneously monitor dif-
ferent target small molecules, which may allow us to obtain the
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Fig. 9 Investigating cell apoptosis. (a) Fluorescence imaging of HeLa
cells using nanoassembly (graphene/aptamer probes) and
Mito@tracker; (b) Real-time fluorescence imaging of cell apoptosis in
HeLa cells using nanoassembly (up) and caspase-3 probe (below); (c)
Fluorescence imaging of apoptotic signaling: a) HeLa cells (FR+) incu-
bating with nanoassembly and caspase-3 probes followed by 1 μM STS
for 100 min; b) Bax overexpressing HeLa cells (FR+) incubating with

nanoassembly and caspase-3 probe; c) Bcl-2 overexpressing HeLa cells
(FR+) incubating with nanoassembly and caspase-3 probe followed by
1 μM STS for 100 min; d) HeLa cells (FR+) incubating with
nanoassembly and caspase-3 probe followed by 100 μM caspase-9 in-
hibitor I for 1 h and then 1 μM STS for 100 min. Reprinted with permis-
sion from Ref. [125]. Copyright 2015 American Chemical Society

Fig. 8 Multiplexed imaging small molecules in living cells. (a)
Schematic illustration of multiplexed molecular probing in living cells
by using the aptamer/GO-nS nanocomplex; (b) Selective response to
ATP, GTP, CTP and TTP based on the aptamer/GO-nS sensing platform,

Reprinted with permission from Ref. [120]. Copyright 2014 Springer. (c)
Simultaneously imaging ATP and GTP in MCF-7 cells. Reprinted with
permission from Ref. [121]. Copyright 2013 American Chemical Society
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relationship of the metabolism between these molecules (such as
ATP and GTP). And the graphene/aptamer probes have been
applied to investigate the cell apoptosis process. The ability of
rapid response to target enabled real-time imaging of the Cyt c
and direct identification of the regulators for apoptosis.
Furthermore, the demonstration of imaging ATP in zebrafish
implied the likelihood of the application of graphene/aptamer
probes for real-time in vivo detection of small molecules, which
may be utilized to investigate the energy metabolism in muscle,
or neural activity in brain.

Despite the noteworthy progress made in developing
graphene/aptamer probes for in vitro and in vivo detection of
small molecules, several problems and challenges still exist,
especially for in vivo detection. Firstly, more attention should
be paid to the uniformity of graphene or graphene derives, as
the variation of graphene (including the size and the modifi-
cation state) may exert side effects on the accuracy of

quantification. Besides, the non-specific binding of other mol-
ecules to graphene would compromise the specificity of
aptamers, which may lead to a higher background. The reli-
able strategy for blocking the surface of graphene is highly
demanded in the case of detection in complex samples, such
as serum and in situ cells.

For the application of in situ detection in living cells, the
delivery efficiency of probes into cytoplasm should be further
improved. The graphene/aptamer probes may be trapped in
endosomes, hindering the recognition of small molecules in
the cytoplasm (such as ATP). The modification of cell-
penetrating peptides or positively charged component may
facilitate the entrance of graphene/aptamer probes into the
cytoplasm. Besides, up to now, only several species of small
molecules such ATP (most probes targeted), GTP and Cyt c
can be probed by graphene/aptamer probes. Their application
will broaden with the extension of targets. For example, the

Fig. 10 In vivo imaging of ATP in
zebrafishes via the two-photon
graphene oxide/aptamer
nanosensing conjugates.
(a)Working principles of the two-
photon graphene oxide/aptamer
nanosensing conjugate;
(b)Bright-field images and fluo-
rescence images of zebrafishes
with the incubation of GO/R-
TPdye conjugates and GO/
Aptamer-TPdye conjugates.
Reprinted with permission from
Ref. [122]. Copyright 2014
American Chemical Society

Table 5 Summary of graphene/aptamer probes for in situ or in vivo detection

Analyte Probes Cell/animal type application Ref

ATP GO-nS/aptamer-FAM mice epithelial (J6B) cells Real-time imaging ATP in JB6 cells [124]

Cyt c Aptamer-GO nanoassembly Hela cells Investigate the cell apoptosis process [125]

ATP GO/AAMB HeLa cells Semiquantification of ATP in Live Cells [129]

ATP/GTP aptamer/GO-nS MCF-7 cells Multiplexing imaging of small molecules [120]

ATP GO/ATP aptamer- TPdye Zebrafishes Real-time imaging ATP in living zebrafish [122]
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utilization of graphene/aptamer probes for real-time imaging
of mycotoxin in living cells would help us to understand the
toxicology of these toxins at the cellular level.

Therefore, the exploration of the full potential of graphene/
aptamer probes for small molecules detection, especially
in vivo detection, requires more attention and continued re-
search support. With these progress, graphene/aptamer probes
would facilitate us to understand the roles of small molecules
in human health, also benefit the proposal of solutions for
environmental issues, medical and food industry.
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