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individual graphene sheet. [ 3,4 ]  Therefore, 
constructing novel and promising three-
dimensional (3D) graphene structures is 
highly desired for the realization of perfect 
sheet-to-sheet connectivity of graphene 
fl akes, which would enable important 
advances in the catalysis, electric capaci-
tors and sensors. [ 5–10 ]  

 Many efforts have recently been dedi-
cated in the construction of 3D graphene 
structures, which are mainly based on 
the techniques of the freeze-drying, [ 11,12 ]  
hydrothermal reduction (HR), [ 13–15 ]  elec-
trochemical reduction, [ 16–18 ]  and chem-
ical vapor deposition. [ 19,20 ]  Among these 
approaches, the HR is considered as one of 
the most attractive techniques, because of 
its simplicity, low cost, and especially the 
green reduction without generating any 
contamination, due to the simultaneous 
process of self-assembly and reduction of 
graphene oxide (GO) sheets. However, two 
potential problems are accompanied with 
the HR technique, which would limit the 
extensive applications of the obtained 3D 

graphene. One is concerned on that the pore dimensions in the 
framework of the proposed 3D graphene were usually around 
several micrometers and few hierarchical pore structures were 
observed, which signifi cantly restricted their surface area and 
impaired the availability of the surface. Another involved is that 
the HR approach is now confi ned in the preparation of porous 
graphene monolith, while the in situ fabrication of graphene 
fi lms on the supporting substrates is stimulated by the enor-
mous demand in the applications of micro/nano devices, smart 
membranes and electrochemical sensors. [ 21–24 ]  Therefore, it has 
remained a great challenge to fabricate novel desired 3D gra-
phene fi lms using the HR technique. 

 Electrochemical aptasensors have found many signifi cant 
applications on account of their distinctive properties of high 
affi nity and specifi city toward extensive targets, for example, 
small molecules, biological proteins and cells. [ 25–27 ]  The devel-
opment of promising electrode materials with novel 3D struc-
tures is considered as a critical strategy to construct an excel-
lent electrochemical biosensor. [ 28–32 ]  The huge surface area of 
3D structures would improve immobilization sites for the bio-
logical molecules, provide more interfacial reaction positions 
and make the molecules easily accessible to electrode surface, 
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  1.     Introduction 

 Graphene, a one-atom-thick planar sheet densely packed with 
sp 2 -bonded carbon atoms, has attracted considerable interest 
due to its excellent electrical conductivity, high fl exibility and 
mechanical stability, large theoretical specifi c surface area and 
unique transport properties. [ 1,2 ]  Unfortunately, the unavoid-
able restacking and agglomeration of graphene sheets caused 
by the van der Waals forces diminishes their accessible sur-
face area, breaks the continuous pathway for electron trans-
port and suppresses the intrinsically mechanical strength of 
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which enhanced the signal acquisition and fi nally contributed 
to an increased performance. However, few reports have been 
focused on the 3D graphene based electrochemical aptasensors. 

 In this work, for the fi rst time, in situ fabrication of the 3D 
graphene fi lms (3D GFs) on gold substrates with controllable 
pore structures was realized by the HR technique. The gold 
substrate modifi ed with a self-assembled monolayer (SAM) of 
4-aminothiophenol was served for the growth of porous gra-
phene fi lms. Silica spheres with different diameters, acting as 
new connection centers during the self-assembly process of GO 
sheets, were introduced to regulate the dimensions of frame-
work in the 3D GFs. Meanwhile, secondary pore structures 
were produced once these spheres were removed, resulting in a 
hierarchical pore structures. The advancement of the proposed 
3D GFs enhanced their applicability in potential applications, 
and as examples, novel electrochemical aptasensors were con-
structed based on the 3D GFs, which realized the excellent per-
formance in the assay of ATP and Tob respectively.  

  2.     Results and Discussions 

  2.1.     In Situ Fabrication of the 3D GFs on Gold Substrates 

 Self-assembled monolayers (SAMs) were extensively applied 
in the interface chemistry and considered as an effective 
approach to address the interfacial binding issues. [ 33–35 ]  Here, 
a SAM of 4-aminothiophenol was introduced for the growth of 
the porous graphene fi lms on the gold substrate. As shown in 
 Figure    1  A, the SAM was formed on the gold surface through 
the Au-S bond, while the -NH 2  groups at another terminal of 
SAM would interact with the -COOH groups in GO. The modi-
fi cation time of the gold substrate with 4-aminothiophenol was 
optimized because the redundant 4-aminothiophenol anchored 
onto the substrate would increase the transfer resistance of 
electron. Here, the modifi cation time of 1 h was introduced, in 
which a subtle decrease in current compared with that of bare 
gold substrate was observed (shown in Figure S1, Supporting 
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 Figure 1.    A) Schematic illustration of the fabrication process for 3D GFs. B) Schematic illustration of the 3D GFs based electrochemical aptasensors 
for the assay of ATP and Tob.
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Information). Besides, as the partial overlapping of fl exible 
graphene sheets resulting in the formation of physical cross-
linking sites in the framework of porous graphene, [ 15 ]  the pore 
dimensions of the framework were dependent on the formed 
cross-linking sites. Therefore, it would be feasible to adjust the 
pore sizes through introducing more cross-linking sites. Silica 
spheres, serving as new connection centers, were adopted in 
this work. When graphene sheets enwrapped the homogene-
ously dispersed silica spheres, additional cross-linking sites 
were created, which effectively reduced the pore dimensions in 
the framework. Furthermore, secondary pore structures were 
produced once the spheres embedded in the graphene fi lms 
were removed. Finally, a hierarchically porous graphene fi lm 
with signifi cantly enhanced surface area was obtained.   

  2.2.     Characterization of the Fabricated 3D GFs 

 As shown in  Figure    2  , large-scale and homogeneous 3D GFs 
were successfully fabricated on the gold substrates, which pos-
sessed well-defi ned and interconnected 3D framework. Particu-
larly, the pore walls consisting of thin layers of stacked graphene 
sheets were produced, which was essential for realizing the 
excellent electron transfer in the 3D GFs. [ 2 ]  In the absence of 
silica spheres, the obtained pore dimensions in the framework 
of the GF-1 were up to several micrometers (Figure  2 B,C). With 
the addition of silica spheres of 500 nm, a compact silica-gra-
phene hybrid fi lm was observed (Figure  2 D), demonstrating 
the reliable function of silica spheres as connection centers. 
While removing the silica spheres, the GF-2 with obviously 

diminished pore dimensions in the framework was created 
(Figure  2 E,F). Moreover, when silica spheres with a smaller 
diameter of 250 nm were introduced, the amount of connec-
tion centers increased and thus a more compact silica-graphene 
hybrid fi lm was produced (Figure  2 G). In this case, as more 
cross-linking sites were formed, the pore dimensions in the 
framework of the GF-3 were further decreased (Figure  2 H,I). 
The results exhibited that the present silica spheres could effec-
tively adjust the pore dimensions of the 3D GFs. Furthermore, 
because the wettability of the porous structures plays a critical 
role in their interfacial behaviors, [ 36,37 ]  the contact angle meas-
urements were implemented in this work. As shown in insets 
of Figure  2 C,F,I, with the decrease of the pore dimensions 
in the framework, obvious increments in the contact angles 
ranging from 98.2°, 106.1° to 116.2° were observed. It may be 
due to that the porous surface with smaller pore dimensions 
would provide more interspaces for trapping of the air and thus 
contributed to the larger contact angle. [ 38 ]  The increased contact 
angles implied different interfacial micro-environments on the 
surface of the porous structures. A large contact angle would 
decrease the accessible surface area and not facilitate the mass 
transfer at the interfaces, especially in the condition of mole-
cules with large dimensions.  

 As shown in the cross-section images of the fabricated 3D 
GFs ( Figure    3  ), integrated and uniform GFs were successfully 
formed on the gold substrates, which were modifi ed with the 
SAM of 4-aminothiophenol. However, no obvious graphene 
structures were observed on the substrates in the absence of 
4-aminothiophenol SAM (shown in Figure S2, Supporting 
Information). It was demonstrated that the proposed interface 
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 Figure 2.    FESEM images of A–C) the fabricated GF-1 with different magnifi cations, D) the 500 nm silica sphere-graphene hybrid fi lm, E,F) the fabricated 
GF-2 with different magnifi cations, G) the 250 nm silica sphere-graphene hybrid fi lm, H,I) the fabricated GF-3 with different magnifi cations. Insets in 
(C,F,I) the contact angle measurements of GF-1, GF-2, and GF-3 respectively.
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technique of SAM was critical and feasible to realize the excel-
lent binding strength between the graphene and gold substrate. 
In addition, it could be seen that a porous fi lm with a thick-
ness of around 15 µm was observed in the GF-1 (Figure  3 A), 
while with the decreased pore dimensions in GF-2 and GF-3, 
thinner graphene fi lms of ca. 10 µm and 5 µm were obtained 
respectively (Figure  3 B,C). Especially, with a high magnifi ca-
tion focused on the porous fi lms, secondary pore structures 
of around 500 nm and 250 nm were found in the GF-2 and 
GF-3 respectively (Figure  3 E,F), which were produced after 
removing the silica spheres. In contrast, no similar structures 
were obtained in the GF-1 (shown in Figure  3 D). Defi nitely, the 
created secondary pore structures were propitious to further 
improve the surface area of the porous graphene fi lms.  

 Moreover, the chemical component and physical proper-
ties of obtained 3D GFs were investigated by XPS, XRD, and 
Raman spectroscopy, and various GFs showed similar proper-
ties (not shown here). As shown in  Figure    4  A,B, in the XPS C1s 
spectra, four peaks centered at 284.8, 286.2, 287.7, and 289.2 eV 
were assigned to C–C in aromatic rings, C–O (epoxy), carbonyl 
(C = O), and carboxyl (O–C = O) groups, respectively. [ 39,40 ]  After 
the HR treatment (Figure  4 B), the peak intensity at 284.8 eV 
signifi cantly became stronger, together with the fading of peaks 
at 286.2, 287.7, and 289.2 eV, confi rming the removal of most 
oxygen functional groups and the simultaneous restoration of 
conjugated network. As a result, the atomic ratio of C1s/O1s 
increased from 2.5 in the GO to ca. 5.9 in GFs. In addition, in 
XRD analysis (Figure  4 C), the elimination of functional groups 
led to the decrease of interlayer spacing, from 0.731 nm of GO 
to 0.355 nm of GFs, while slightly higher than that of natural 
graphite (0.336 nm). The broad XRD peak of the GFs indicated 
the poor ordering of graphene sheets along their stacking direc-
tion and refl ected that the framework of the GFs was composed 
of few-layer stacked graphene sheets, which was consistent 
with the results obtained in FESEMs. The results from XPS and 
XRD also confi rmed the presence of residual oxygenated func-
tional groups on GFs. Due to these residual hydrophilic groups, 
the fabricated GFs possessed the improved wettability and rela-
tively smaller contact angles were observed on the GFs com-
pared with those reported in literatures. [ 41,42 ]  Furthermore, the 

Raman spectra of graphite, GO and GFs displayed a D-band at 
1340 cm −1  and a G-band at 1590 cm −1  were shown in Figure  4 D. 
The G-band is attributed to the fi rst-order scattering of the 
E2g mode, and the D-band is associated with the structural 
defects related to the partially disordered structures of graphitic 
domains or created by the attachments of functional groups on 
the carbon basal plane. [ 43 ]  The D/G value of GFs was calculated 
to be 1.03, which was higher than that of GO (0.91), suggesting 
the formation of new quasi-amorphous sp 2 -bonded carbons 
upon reduction.  

 Besides, CV, CC and EIS were introduced to investigate the 
electrochemical behaviors of fabricated 3D GFs. The GFs were 
fi rstly electrochemically cycled in a 10 m M  K 3 Fe(CN) 6  containing 
3 M  KCl solution. [ 44 ]  As shown in  Figure    5  A, obviously increased 
oxidation peak currents ranging from 19.4 µA (GF-1), 46.1 µA 
(GF-2) to 63.4 µA (GF-3) were obtained, compared with a low 
signal of 6.4 µA on the bare gold substrate. It was undoubted 
that the formed 3D GFs, especially with hierarchically porous 
structures, signifi cantly enhanced their surface area. How-
ever, a decreased peak-to-peak separation of 26.7 µA (from 
GF-1 to GF-2) to 17.3 µA (from GF-2 to GF-3) was observed, 
which may be due to the changed interfacial micro-environ-
ments caused by the increased contact angles. To investigate 
the electrochemically active surface area of proposed 3D GFs, 
the CC curves were implemented. [ 45 ]  As shown in Figure S3, 
with the enhanced surface area from bare gold substrate to 
GFs, the CC curves started at higher charge values due to the 
increased electric double layer capacitance of the GFs modi-
fi ed electrode, and bended at the initial region arising from the 
adsorption of oxidized species. [ 46 ]  According to the slopes of the 
linear region of these curves, the electrochemically active sur-
face areas of GF-1, GF-2 and GF-3 were calculated to be 0.107, 
0.246, and 0.310 cm 2  respectively. Considering the active sur-
face area of bare gold substrate was ≈0.034 cm 2 , the roughness 
factors (R f ) of GF-1, GF-2 and GF-3 were estimated to be 3.1, 
7.2 and 9.1. In addition, to assess the binding stability at the 
interface between the graphene fi lms and gold substrate, the 
fabricated GFs were consecutively scanned for 50 cycles with 
CVs and the corresponding signal responses were recorded. 
As shown in Figure S4 (Supporting Information), only subtle 
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 Figure 3.    Cross-section images of A) GF-1, B) GF-2, and C) GF-3. D–F) Local magnifi cation images of (A–C).
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current changes (ca. 4.5% in GF-1, 3.9% in GF-2 and 2.8% in 
GF-3) were observed in the CVs, demonstrating that an excel-
lent binding strength was achieved in the proposed 3D GFs 
modifi ed gold substrates. Meanwhile, EIS was adopted to inves-
tigate the interfacial electron transfer resistance ( R  et ) of dif-
ferent GFs. As shown in Figure  5 B, compared with a large  R  et  
of 14.6 Ω on bare gold substrate, smaller semicircles of 10.1 Ω, 
6.2 Ω, and 5.3 Ω were obtained from GF-1 to GF-3 respectively, 
indicating that lower electron transfer resistance and high con-
ductivity were produced on the porous graphene fi lms.  

 All of these explorations confi rmed that the proposed 3D GFs 
possessed controllable pore structures, signifi cantly enhanced 
surface area, stable binding on the substrates, and high conduc-
tivity, all of which would make them promising candidates in 

the construction of novel electrochemical aptasensors with high 
performance.  

  2.3.     Construction of the 3D GFs based Electrochemical Aptasen-
sors for the Assay of ATP and Tob 

 ATP and Tob are two important molecules in composing and 
maintaining life activities. ATP plays an essential role in replica-
tion in all known living systems, and it is a critical component 
of many biological cofactors. [ 47 ]  Tob is an extracellular serine 
protease and plays crucial roles in the blood coagulation cas-
cade, thrombosis and haemostasis. [ 48 ]  Meanwhile, it is known 
that ATP is a small linear biomolecule while Tob is a large one 
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 Figure 4.    The C1s XPS spectra of A) GO, B) GFs. C) XRD patterns, D) Raman spectra of graphite, GO, and GFs.

 Figure 5.    A) CVs and B) EIS characteriziaitons of the fabricated 3D GFs.
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analogous with a cube with a diameter of 5 nm. Therefore, it is 
expectative to inspect the responses to the ATP and Tob based 
on 3D GFs with different structures and demonstrate the supe-
rior ability of the proposed GFs in the sensing applications. 

 Accordingly, electrochemical aptasensors were constructed 
for the assay of ATP and Tob respectively. The sensing scheme 
was designed on a facile strategy, which was shown in Figure  1 B. 
The aptamer probes of ATP or Tob were fi rstly immobilized on 
the porous graphene surface through the strong π–π interac-
tion between oligonucleotides and graphene. [ 49–51 ]  In this con-
dition, the electrochemical indicator of Ferrocene (Fc) at the 
terminal of aptamer probes was fi xed approximately on the 
graphene surface and an intense signal response would be 
obtained. Once the target of ATP or Tob was added into the 
assay system, the aptamer would bind tightly and specifi cally to 
its target molecule to form a tertiary complex with more stable 
structure. Subsequently, the complex was disassociated from 
the graphene surface, resulting in an obvious decrease in the 
response signals.  

  2.4.     Electrochemical Investigations of the Fabricated 
Aptasensors 

 As different interfacial micro-environments were observed 
with increased contact angles from GF-1 to GF-3, the effect 
of the immobilization time of aptamer probes on the signal 
responses was fi rstly investigated. SWV measurements were 
introduced to record the signals, which were found to pro-
vide excellent resolution of the electrochemical responses. 
As shown in Figure S5A (Supporting Information), due to 
increased surface area from the GF-1 to GF-3, more Apt-A was 
immobilized on the graphene surface and increased signal 
responses ranging from 9.0 µA, 11.5 µA to 13.9 µA were 
obtained respectively. As large contact angles made the linear 
aptamer sequences slightly diffi cult to transfer and interact 
with the graphene, more immobilization time was required to 
reach the current plateaus from GF-1 to GF-3 and ca. 9 h was 
needed in the case of GF-3. In addition, similar results were 
observed with Apt-T (Figure S5B, Supporting Information), on 
account of the analogous base sequences in the aptamers of 
ATP and Tob. 

 The feasibility of the proposed sensing scheme was also 
explored. ATP or Tob with a concentration of 10 n M  were injected 

into the assay system, and the signal response changes (Δi, the 
changes of peak current before/after the addition of analyte) 
were monitored accordingly. As shown in  Figure    6  A, in the 
case of ATP, current changes of 3.3 µA (GF-1), 5.8 µA (GF-2), 
and 7.6 µA (GF-3) were obtained respectively. Meanwhile, the 
obvious current changes of 4.2 µA (GF-1), 7.8 µA (GF-2) and 
2.3 µA (GF-3) were observed with Tob, as shown in Figure  6 B. 
These results indicated that the sensing scheme was effective 
for the detection of ATP and Tob on 3D GFs. However, as a 
large current change was found on the GF-3 in the assay of 
ATP, a more sensitive signal response was acquired on the 
GF-2 in the assay of Tob, which may be attributed to the dis-
tinct interfacial micro-environments on the porous structures. 
In the assay of small ATP molecules, the ATP could suffi -
ciently utilize porous structures and bind with Apt-A immo-
bilized on the graphene surface, therefore an obvious signal 
change was observed in the GF-3 with a larger surface area. 
In the case of large Tob molecules, the diminished pore struc-
ture and increased contact angle on the GF-3 hindered them 
to effectively interact with the Apt-T on the surface, resulting 
in a small signal change. In contrary, improved interfacial 
environment was observed on the GF-2 with large pore struc-
tures, which facilitated the recognition between Tob and Apt-T 
and a larger signal response was obtained consequently. The 
results exhibited that the surface area, as well as interfacial 
micro-environments, played critical roles in the molecular 
recognitions.   

  2.5.     Performance of the Fabricated Aptasensors 

 The sensitivities of the electrochemical aptasensors based on 
various 3D GFs were further investigated by varying the con-
centrations of the ATP or Tob, and the SWV was implemented 
to monitor the Δi. Based on the GF-3 and GF-2, the current sig-
nals for the detection of ATP ( Figure    7  A) and Tob (Figure  7 C) 
decreased with the increment of ATP or Tob concentrations. 
As shown in Figure  7 B and Figure  7 D, the calibration plots 
showed a good linear relationship between the peak current 
changes and the concentrations of analytes. In the assay of 
ATP, a more sensitive regression equation of Δ i  = 31.17 + 3.02 
Log C  ATP  ( R  2  = 0.992) was obtained on the GF-3 (Figure  7 B). 
While in the assay of Tob, a more sensitive regression equa-
tion of Δ i  = 26.77 + 2.41 Log C  Tob  ( R  2  = 0.997) was observed 
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 Figure 6.    The signal changes in the presence of A) 10 n M  ATP and B) 10 n M  Tob based on various 3D GFs.
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on the GF-2 (Figure  7 D). Based on the developed aptasensors, 
an impressive detection limit of 100 p M  for ATP with a linear 
range from 0.2 n M  to 500 n M  was obtained on the GF-3, while 
a sensitive limit of 10 p M  for Tob with a linear range from 
30 p M  to 10 n M  was achieved on the GF-2 ( S / N  = 3). Consid-
ering the simple assay system without introducing any signal 
amplifi cation steps, the detection limits of 100 p M  in ATP and 
10 p M  in Tob were satisfactory, which were even comparable to 
those reported in some literatures (typically 0.2 n M  to 100 n M  
for ATP and 30 p M  to 6.4 n M  for Tob), [ 52–60 ]  shown in Table 
S1 (Supporting Information). As comparisons, ATP and Tob 
aptasensors based on the compact graphene fi lm (C-GF) were 
also constructed here. The C-GF was treated with the natural 
drying, during which the residual water in the porous gra-
phene fi lm was dislodged through the capillary force, even-
tually leading to the agglomeration of the graphene sheets 
(Figure S6A, Supporting Information). Due to the signifi cantly 
diminished surface area and increased electron transfer resist-
ance of the C-GF (Figure S6B, Supporting Information), higher 
detection limits of 200 n M  and 70 n M  were observed in the 
detection of ATP and Tob respectively under the same condi-
tions during the assay (Figure S6C,D, Supporting Informa-
tion). It should be noted that the sensitivity of the porous GFs 
based aptasensors was tremendously higher than that based on 
the C-GF, confi rming that the signifi cantly enhanced surface 
area, as well as high electron transfer rate played a critical role 
in the ultrasensitive assay.  

 In addition to the sensitivity of an aptasensor, the specifi city, 
stability and reproducibility were also extremely important for 
the practical applications. The specifi city of the ATP aptasensor 
was determined by challenging it with 1 n M  ATP, 1 m M  CTP, 
1 m M  GTP, 1 m M  UTP, and a mixture of them. While the speci-
fi city of the Tob aptasensor was checked by challenging it with 
1 n M  Tob, 1 m M  Lzm, 1 m M  BSA, 1 m M  IgG and a mixture of 
them. As shown in  Figure    8  A,B, the proposed aptasensors 
showed an almost neglectable response to other interference ana-
lytes. The results indicated that the aptasensor possessed excel-
lent selectivity in the assay of ATP or Tob, attributed to the highly 
specifi c interactions between the aptamers and related analytes.  

 Furthermore, the different aptamer probes immobilized gra-
phene electrodes were fi rstly stored in the refrigerator at 4 °C 
for 1 week, 2 weeks and 3 weeks respectively, and then exam-
ined after adding the corresponding analytes. The results of the 
experiments showed that the ATP and Tob aptasensors retained 
about 82.0% and 82.3% of their initial responses respectively 
even after 3 weeks (Figure  8 C), indicating the stability of the 
fabricated aptasensors was acceptable. 

 In order to inspect the reproducibility of the aptasensors, fi ve 
freshly modifi ed electrodes were incubated with 1 n M  ATP or 
1 n M  Tob. All fi ve electrodes exhibited a similar amperometric 
response, and the relative standard deviations (RSD) were 2.4% 
and 2.2% for ATP and Tob respectively (Figure  8 D), demon-
strating that the reproducibility of the proposed aptasensors 
was excellent. 
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 Figure 7.    A) SWV responses of the ATP aptasensor based on GF-3 after incubation with ATP of different concentrations (a–j: 0 p M , 0.2 n M , 1 n M , 5 n M , 
10 n M , 100 n M , and 500 n M ). B) Calibration curves for the assay of ATP based on various 3D GFs. C) SWV responses of the Tob aptasensor based on 
GF-2 after incubation with Tob of different concentrations (a–j: 0 p M , 30 p M , 0.1 n M , 0.5 n M , 1 n M , 5 n M , and 10 n M ). D) Calibration curves for the assay 
of Tob based on various 3D GFs.
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 Owing to the excellent sensitivity and selectivity of the pro-
posed aptasensors, here we assessed the performance in the 
detection of the ATP and Tob in real human serum based on 
GF-3 and GF-2 respectively. The blank human serum was fi rstly 
diluted 100 times and detected according to the obtained cali-
bration plots. Around 0.8 n M  ATP (RSD = 3.8%) and no Tob 
were found in the blank serum sample. The standard addition 
method was then employed to evaluate the applicability of the 
aptasensors. The background signal arising from the serum 
sample was deducted in the quantitative assay. The analytical 
results for ATP and Tob were shown in  Table    1  . From the Table  1 , 
we could see that the recovery (99.4% to 102% for ATP, 99.6% 
to 101% for Tob) and RSD (4.1% to 5.0% for ATP, 3.8% to 4.9% 
for Tob) were satisfactory, which clearly suggested the aptasen-
sors possessed a promising potential for the detection of ATP 
and Tob in real biological samples.    

  3.     Conclusion 

 In summary, for the fi rst time, we demonstrated a facile and 
reliable approach for in situ fabrication of 3D GFs with con-
trollable pore structures on gold substrates. The produced GFs 
possessed some prominent properties, for example, signifi -
cantly enlarged surface area, excellent binding strength on the 
substrates and high conductivity, which would enable many 
advanced applications. As selected examples, GFs based elec-
trochemical aptasensors in the assay of ATP and Tob, exhibited 
high sensitivity, and excellent selectivity, stability and reproduc-
ibility, as well as promising potential in real serum sample anal-
ysis. It is believed that the proposed approach can provide a new 
reference for in situ fabrication of more graphene fi lms and the 
as-synthesized 3D GFs would open up a wide horizon for prom-
ising applications in electronic and energy-related systems.  

  4.     Experimental Section 
  Materials and Agents : Natural graphite powder (325 meshes) was 

obtained from Qingdao Huatai Lubricant Sealing S&T Co. Ltd., China. 
4-Aminothiophenol, tris(hydroxymethyl)aminomethane (Tris-base), 
1-ethyl-(3–3′-dimethylaminopropyl) carbodiimide (EDC), Nhydro-
xysuccinimide (NHS), thrombin (Tob), lysozyme (Lzm), bovine serum 
albumin (BSA), hemoglobin (Hb), adenosine triphosphate (ATP), 
cytidine triphosphate (CTP), uridine triphosphate (UTP) and guanosine 
triphosphate (GTP) were obtained from Sigma-Aldrich. Silica spheres 
(0.5 and 0.25 µm, 10 wt%) were purchased from Polysciences Inc. 
Sulfuric acid, potassium permanganate, hydrogen peroxide and 

  Table 1.    Assay results of ATP and Tob in human serum sample.  

Samples Added Founded Recovery [%] RSD [%]

ATP 100 p M 99.5 p M 99.5 5.0

ATP 1.00 n M 1.02 n M 102 4.5

ATP 5.00 n M 4.97 n M 99.4 4.1

Tob 100 p M 99.7 p M 99.7 4.9

Tob 1.00 n M 1.01 n M 101 4.2

Tob 5.00 n M 4.98 n M 99.6 3.8

 Figure 8.    A) Selectivity evaluation of the ATP aptasensor based on GF-3 for 1 n M  ATP against 1 m M  CTP, 1 m M  GTP, 1 m M  UTP and a mixture respec-
tively. B) Selectivity evaluation of the Tob aptasensor based on GF-2 for 1 n M  Tob against 1 m M  Lzm, 1 m M  BSA, 1 m M  IgG and a mixture respectively. 
C) Stability, and D) reproducibility tests of the ATP (based on GF-3) and Tob (based on GF-2) aptasensors.
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hydrochloric acid were got from Sinopharm Chemical Reagent Co., Ltd. 
All oligonucleotides were synthesized by TaKaRa biotechnology Co., Ltd. 
(Dalian, China). Aptamer for ATP (Apt-A): 5′-GCA CCT GGG GGA GTA 
TTG CGG AGG AAG GT-Ferrocene (Fc)-3’, Aptamer for Tob (Apt-T): 
5′-AGT CCG TGG TAG GGC AGG TTG GGG TGA CT-Fc-3′. Other 
chemicals employed were all of analytical grade and triple distilled water 
was used throughout. 

  Synthesis of Graphene Oxide (GO) : GO was prepared by the oxidation 
of natural graphite powder according to a modifi ed Hummers’ method, 
as reported elsewhere. [ 61 ]  In brief, graphite was added to concentrated 
sulfuric acid under stirring, and then sodium nitrate was added. Under 
vigorous agitation, potassium permanganate was added slowly at a 
temperature of 10 °C. Successively, the reaction system was transferred 
to a water bath for about 1 h, forming a thick paste. Then, additional 
water was added, and the solution was stirred for another 30 min. 
Subsequently, hydrogen peroxide was slowly added, turning the color of 
the solution from brown to yellow. The mixture was fi ltered and washed 
with hydrochloric acid aqueous solution to remove metal ions, followed 
by thoroughly washing with water and centrifuging to remove the acid. 
The resulting solid was dispersed in water by ultrasonication, and it was 
purifi ed by dialysis to remove the remaining salt impurities. 

  In Situ Fabrication of 3D GFs on Gold Substrates : The gold substrate 
was fi rstly pretreated following a known procedure. [ 62 ]  The freshly cleaned 
substrate was immersed into a 4-aminothiophenol ethanol solution 
(0.5 m M ) for 1 h to form the SAM, which was subsequently rinsed with 
ethanol. The precursor solution containing GO (2 mg/mL, 2 mL) and 
SiO 2  spheres (10 µL) was suffi ciently mixed with the ultrasonication 
for 15 min. The modifi ed gold substrate was placed vertically into the 
precursor solution and left at room temperature for 6 h, followed by 
heating in a Tefl on-lined autoclave at 160 °C for 6 h. Coupling agents of 
EDC and NHS were introduced to promote the condensation reaction 
between the –NH 2  groups at the terminal of SAM and –COOH groups 
of the GO to form a covalent amide bond (CO–NH). [ 63,64 ]  After the 
HR treatment, the gold substrate was dipped into the HF solution to 
remove silica spheres and suffi ciently washed with distilled water, and 
then treated with a freeze drying. The porous graphene fi lms fabricated 
without silica spheres and with the silica spheres of 500 nm and 
250 nm were denominated as GF-1, GF-2, and GF-3 respectively. Besides, 
as a comparison, a compact graphene fi lm (C-GF) was prepared with 
a similar procedure used in the fabrication of GF-1, in which a natural 
drying instead of freeze drying was introduced. 

  Material Characterizations : The morphologies of the 3D GFs were 
observed by fi eld-emission scanning electron microscopy (FESEM, 
Hitachi S4800). Analysis of the X-ray photoelectron spectra (XPS) was 
performed on an ESCLAB MKII. X-ray diffraction (XRD) was measured 
on an X-ray diffractometer (D/MAX 2500 V/PC) with a Cu-Ka line 
(0.15419 nm). Raman measurements were conducted on a LabRam-1B 
Raman spectroscope equipped with a 514 nm laser source. Contact 
angles were measured on a drop shape analysis system G10/DSA10 
contact angle system, and a water droplet (5 µL) was dropped on the 
surface of 3D GFs. 

  Construction of the 3D GFs Based Aptasensors for Assay of ATP and 
Tob : The 3D GFs modifi ed gold substrates were immersed into an 
immobilization buffer of Tris-HCl (10 m M ), EDTA (1 m M ) and NaCl 
(0.1  M ) at pH 7.4 containing aptamer probes (2 µ M ) of ATP or Tob for 
a defi nite time, and the unbound probes were suffi ciently washed away 
with washing buffer (10 m M  Tris-HCl, pH 7.4). Subsequently, the sensing 
interfaces were treated with the solution containing the ATP or Tob with 
various concentrations, again followed by thoroughly washing with the 
Tris-HCl (10 m M ). 

  Electrochemical Measurements : All electrochemical measurements 
were performed with a CHI 660C electrochemical workstation (Shanghai 
Chenhua, China). The three-electrode system used consisting of 3D GFs 
modifi ed working electrode, a platinum auxiliary electrode, and an Ag/
AgCl (saturated KCl) reference electrode. Cyclic voltammetry (CV) was 
carried out at a scan rate of 100 mV/s, square wave voltammetric (SWV) 
measurements were taken at a frequency of 5 Hz, and electrochemical 
impedance spectroscopy (EIS) measurements were performed with the 

frequency changed from 0.01 Hz to 100 kHz with signal amplitude of 
5 mV. The chronocoulometric (CC) curve was introduced to measure the 
active surface area of proposed 3D GFs. During the CC measurement, 
K 3 Fe(CN) 6  aqueous solution (1 m M ) containing KCl (2  M ) was served 
as the electrochemical indicator and a nitrogen atmosphere was 
maintained to avoid air sliding into the electrochemical cell. 

  Quantitative Assay of ATP and Tob in Human Serum : Healthy 
human serum was used to confi rm the applicability of fabricated 
aptasensors. The serum sample was loaded into a centrifugal fi lter 
device, and subjected to centrifugation (12 000 g , 15 min). The serum 
centrifugation ultrafi ltrate was diluted 100 times and used for the 
following measurements. The concentrations of ATP and Tob in the 
blank serum sample were fi rstly detected by the obtained calibration 
plots of aptasensors, and the background signals would be deducted in 
the subsequent quantitative assay. Then standard solutions of ATP or 
Tob with different concentrations were added into the diluted serum and 
the electrochemical assays were performed.  
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