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substrates of SERS assays.[10] Besides, 
composition of metallic nanomaterials 
is crucial to their SERS performances.[11] 
In comparison with nanomaterials con-
taining one metal element, alloy is more 
likely to perform better in SERS.[12] For 
example, gold–silver (AuAg) alloy reveals 
larger SERS activity than pure Au nano-
materials.[13] To our knowledge, Au,[14] Ag, 
and copper (Cu) are candidates to form 
SERS substrates.[13c] Among them, Au is 
chemical stability,[15] but relatively poor 
in enhancing SERS activity. Ag is vulner-
able to surface oxidation, thus limiting its 
applications in SERS assays.[16] In con-
sideration of stability and promotion of 
SERS, AuCu alloy is an ideal substrate, 
especially if the AuCu alloy possesses ani-
sotropic structure and can be prepared 
using an environment-friendly method.

Graphene, a famous carbon material,[17] 
attracts the attention for graphene-
enhanced Raman scattering (GERS).[18] 

Hot spots created by metallic nanomaterials on one side of 
graphene can pass through graphene, thus improving Raman 
signal of absorbed molecules on the other side of graphene.[19] 
Graphene oxide (GO) is structurally similar to graphene,[20] but 
exhibits better solubility for plenty of groups on its surface.[21] 
For the following reasons, we believe GO can also enhance 
Raman scattering like graphene, thereby facilitating the design 
of SERS biosensors. First, groups on the surface of GO can 
serve as anchors to attach metallic nanomaterials.[22] Mean-
while, electrostatic attraction between GO and metallic nano-
materials is much stronger than that between graphene and 
metallic nanomaterials.[23] Accordingly, GO may avoid the 
aggregation of metallic nanomaterials, thus regulating the 
distribution and promoting stability of metallic nanomaterials  
(in particular surfactant-free metallic nanomaterials).[24] As 
a result, Raman scattering may be enhanced and stabilized. 
Second, heterocyclic aromatic compounds, such as methylene 
blue (MB), are typical Raman reporters, and are apt to be 
absorbed onto GO. Therefore, scattering of Raman reporters is 
remarkably promoted with the participation of GO. Third, it has 
been well known that GO can absorb DNA by π–π stacking.[25] 
By coordinating the effects of GO and DNA on SERS, novel 
strategies may be proposed to fabricate bioanalytical methods.

As a type of biomolecule with recognition capability, DNA 
has been employed to fabricate various SERS biosensors.[26] For  

Fabrication of high-performance surface-enhanced Raman scattering (SERS) 
biosensors relies on the coordination of SERS substrates and sensing 
strategies. Herein, a SERS active AuCu alloy with a starfish-like structure is 
prepared using a surfactant-free method. By covering the anisotropic AuCu 
alloy with graphene oxide (GO), enhanced SERS activity is obtained owing 
to graphene-enhanced Raman scattering and assembly of Raman reporters. 
Besides, stability of SERS is promoted based on the protection of GO to the 
AuCu alloy. Meanwhile, it is found that SERS activity of AuCu/GO can be 
regulated by DNA. The regulation is sequence and length dual-dependent, 
and short polyT reveals the strongest ability of enhancing the SERS activity. 
Relying on this phenomenon, a SERS biosensor is designed to quantify 
apurinic/apyrimidinic endonuclease 1 (APE1). Because of the APE1-induced 
cycling amplification, the biosensor is able to detect APE1 sensitively and 
selectively. In addition, APE1 in human serum is analyzed by the SERS 
biosensor and enzyme-linked immunosorbent assay (ELISA). The data from 
the SERS method are superior to that from ELISA, indicating great potential 
of this biosensor in clinical applications.

Biosensors

Since the intensity of Raman scattering can be dramatically 
improved,[1] surface-enhanced Raman scattering (SERS) has 
been developed to be a sensitive method for the fabrication of 
biosensors.[2] Typically, SERS is achieved by metallic nanomate-
rials due to chemical and electromagnetic effects.[3] In particular, 
metallic nanomaterials with anisotropic structures exhibit 
stronger SERS activity, because they provide edges and tips that 
are enhanced electromagnetic fields called hot spots.[4] Currently, 
several anisotropic metallic nanomaterials including nanorods,[5] 
nanoplates,[6] nanocubes,[7] nanocages,[8] and branched  
nanoparticles–nanostars[9] have been obtained and chosen as 
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example, a SERS platform for DNA analysis is constructed by 
monitoring the change of DNA conformation on the surface of 
Au nanoparticles (AuNPs).[27] However, the function of DNA in 
current SERS biosensors is quite straightforward. In general, 
DNA induces aggregation of metallic nanomaterials, thereby 
increasing the signal of Raman reporters.[28] Actually, DNA 
can be absorbed on the surface of metallic nanomaterials by 
the interaction between bases and metal ions. Different bases 
have distinct affinities with the same metal ions. As to AuNPs, 
the absorption affinity varies in an order of T < C < G < A.[29] 
Meanwhile, relying on the interactions between bases and metal 
ions,[30] DNA with specific sequences can prepare metallic 
nanomaterials as templates.[31] Besides, it has been reported 
that DNA can guide the formation of anisotropic metallic nano-
materials by adding DNA to seed solution.[32] All of the above  
studies indicate that DNA may directly affect SERS activity of 
metallic nanomaterials. Therefore, by uncovering the intrinsic 
effect of DNA on SERS, more SERS biosensor can be designed 
based on novel principles, and the performances of related 
biosensors may be improved as well.

In this work, we put forward a simple method of synthe-
sizing AuCu alloy with a starfish-like structure. Because of 
the anisotropic structure, the AuCu alloy can greatly enhance 
Raman signal of MB. AuCu alloy can combine with GO by elec-
trostatic attraction, and the obtained AuCu/GO exhibits higher 
SERS activity. Taking AuCu/GO as a substrate, effect of DNA on 
SERS is further investigated. In comparison with purine bases 
(A and G), pyrimidine bases (T and C) are capable to enhance 
the SERS activity of AuCu/GO. Meanwhile, it is found that 
the SERS activity of AuCu alloy will decrease with the increase 
of DNA length. Obviously, effect of DNA on SERS of AuCu/
GO is sequence and length dual-dependent. Relying on this 
principle, an excellent SERS biosensor has been designed to 
detect apurinic/apyrimidinic endonuclease 1 (APE1). APE1 in 
serum can be quantified with our proposed 
method, and the analytical performances of 
this method are superior to those of enzyme-
linked immunosorbent assay (ELISA).

By integrating high-performance sub-
strate with cycling amplification, we design 
a novel biosensor for the detection of APE1 
(Scheme  1). First, AuCu alloy with a starfish-
like structure is synthesized by directly 
reducing HAuCl4 and CuCl2 with L-ascorbic 
acid (AA). Due to abundant hot spots, the  
anisotropic AuCu alloy can significantly 
enlarge the Raman scattering of MB. Besides, 
GO is introduced by electrostatic attraction, 
which further enhances the SERS activity. 
Moreover, it is found that DNA is able to 
enhance the SERS activity of AuCu/GO in a 
sequence and length dual-dependent manner, 
and short polyT DNA is an effective enhancer. 
As a result, by a triplex enhancement, Raman 
signal of MB is greatly increased. To obtain 
short polyT DNA, APE1-induced cycling 
amplification is employed. Poly25T-AP con-
taining apurinic/apyrimidinic (AP) site 
hybridizes with its complementary strand 

(poly29A) to form double-stranded DNA (dsDNA). In this case, 
enhancement of SERS activity by DNA is inconspicuous. APE1 is 
capable to digest the AP site in dsDNA. In the presence of APE1, 
poly25T-AP is cut at AP site into poly5T-AP that is released from 
dsDNA. Poly29A can further form another dsDNA and generate 
more poly5T-AP. The released poly5T-AP is used to enhance 
SERS signal of MB. Accordingly, concentration of APE1 is quan-
tified by analyzing the SERS response of MB.

First, synthesis of AuNPs is accomplished by the reduc-
tion of HAuCl4 with AA in one step. As shown in Figure  1a, 
morphology of the as-prepared AuNPs is spherical. By adding 
CuCl2 in the process of synthesis, AuCu alloy with a starfish-
like structure can be obtained (Figure  1b). Since the obtained 
AuCu alloy and GO are oppositely charged (Figure  S1, Sup-
porting Information), AuCu/GO is further prepared by elec-
trostatic attraction (Figure 1c). Considering that DNA can com-
bine with metallic nanomaterials and GO by base–metal inter-
action and π–π stacking, respectively, effect of DNA on AuCu/
GO is surveyed. The structural information of AuCu/GO/DNA 
is shown in Figure 1d. The morphology of AuCu/GO/DNA is 
similar with anisotropic AuCu alloy, and the mean diameter of 
AuCu/GO/DNA is 55.22  nm (Figure  S2, Supporting Informa-
tion). Meanwhile, typical lattice fringes corresponding to (222) 
and (111) planar distances of AuCu alloy can be found in AuCu/
GO/DNA (Figure 1e,f), indicating AuCu alloy is not affected by 
the combination with GO and DNA. Besides, several diffraction 
rings in selected area electron diffraction (SAED) pattern of 
the AuCu/GO/DNA can be assigned to (110), (200), and (220) 
planes of AuCu alloy (Figure  S3, Supporting Information), 
suggesting the polycrystalline nature of the AuCu/GO/DNA. 
The crystal structure of the AuCu alloy is further explored by 
X-ray diffraction (XRD; Figure S4, Supporting Information): the 
AuCu alloy has five diffraction peaks at 38.35°, 44.49°, 63.71°, 
77.70°, and 81.87°, which are in line with the (111), (200), (220), 
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Scheme 1.  a) Schematic illustration of the preparation of AuCu/GO/DNA. b) Schematic illus-
tration of an APE1 assay based on GO-assisted and DNA-modulated SERS of AuCu alloy.
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(311), and (222) reflections (JCPDS 65-2870), respectively. The 
XRD data match well with that from high-resolution transmis-
sion electron microscopy (HRTEM) and SAED.

Elemental distribution of anisotropic AuCu/GO/DNA is inves-
tigated by energy dispersive X-ray spectroscopy (EDS) (Figure 2). 
Elementary peaks of Au and Cu can be observed in Figure  2b, 

suggesting that Au and Cu coexist in the nanomaterial. Besides, 
according to the data of EDS, molar ratio of Au/Cu is 1.3, which 
is approximate to feed ratio of HAuCl4 and CuCl2 (1.2). As 
shown in the EDS line scan (Figure 2c), similar curves of Au and 
Cu indicate that the starfish-like nanomaterials are AuCu alloy, 
which is further demonstrated by EDS mapping (Figure 2d–f).

Small 2019, 1901506

Figure  1.  TEM images of a) AuNPs, b) AuCu alloy, c) AuCu/GO, and d) AuCu/GO/DNA. e,f) HRTEM images of the AuCu/GO/DNA from the 
red-dotted square box in (d).

Figure 2.  a) TEM image, b) EDS, and c) EDS line profile of AuCu/GO/polyT. d) EDS mapping of Au shown in red. e) EDS mapping of Cu shown in 
green. f) Mixed EDS mapping of Au and Cu.
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Figure  3a depicts the enhancement of SERS activity by 
AuCu alloy, GO, and DNA, respectively. Spherical AuNPs, a 
common SERS substrate, can slightly improve the SERS signal 
of MB (curve 2). Since anisotropic structure provides more 
hot spots, AuCu alloy exhibits higher SERS activity (curve 3). 
SERS activity is further enhanced by integrating GO into AuCu 
alloy (curve 4), because GO can cover AuCu alloy and adjust 
the distribution of AuCu alloy. Besides, GO can induce GERS 
and absorb more Raman reporters (MB), which may lead to the 
increase of SERS activity. More interestingly, in comparison 
with AuCu alloy and AuCu/GO, DNA with a suitable sequence 
and length can further promote their SERS activities of AuCu/
GO (curve 5 and curve 6), suggesting that DNA can be directly 
used to increase the Raman signal. In addition to AuCu alloy, 
other alloys including AuAg alloy, AgCu alloy, and AuAgCu 
alloy are also prepared. As shown in Figure  S5 in the Sup-
porting Information, the DNA can only remarkably enhance 
the SERS activity of AuCu alloy, and other alloys do not have 
the similar property.

Since effects of GO and DNA on SERS activity depend on 
the basis of AuCu alloy, the feed ratio of HAuCl4 and CuCl2 
is optimized, and 1.2 is chosen as the best feed ratio for the 

preparation of high SERS active AuCu alloy (Figure  S6, Sup-
porting Information). Effect of GO on SERS activity is further 
investigated (Figure  3b). At low concentration of GO, SERS 
activity is enhanced with the addition of GO. However, high 
concentration of GO will greatly depress the SERS activity of 
AuCu alloy, because the thick layer of GO outside AuCu alloy 
may block the contact between hot spots and Raman reporters, 
thus reducing GERS.

As shown in Figure  3c, DNA with different sequences has 
distinct effects on SERS activity of AuCu/GO. Pyrimidine bases 
can increase the activity, and the increment of T is larger than 
that of C. On the contrary, purine bases will decrease the activity, 
and the decrement of A is larger than that of G. We believe the 
interactions between bases and metal ions play a key role in reg-
ulating SERS activity. It is reported that the adsorption affinity of 
bases with AuNPs is in an order of T < C < G < A. Besides, polyT 
has been widely used as template to form Cu nanomaterials for 
the interaction between T and Cu2+, and polyA is the template 
of AuNPs.[33] According to our results, enhancement of bases to 
SERS activity of AuCu/GO is in an order of T > C > G > A.  
Therefore, it can be concluded that the base apt to bind Cu in 
AuCu/GO will be an enhancer of SERS activity, while the one 
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Figure 3.  a) SERS spectra of 1) MB, 2) AuNPs/MB, 3) AuCu/MB, 4) AuCu/GO/MB, 5) AuCu/poly25T/MB, and 6) AuCu/GO/poly25T/MB. b) SERS 
spectra of MB from AuCu/GO/poly25T/MB with different concentrations of GO. c) SERS spectra of AuCu/GO/MB, AuCu/GO/poly25A/MB, AuCu/
GO/poly25G/MB, AuCu/GO/poly25C/MB, and AuCu/GO/poly25T/MB. d) Raman intensity of MB at 447 cm−1 from AuCu/GO and AuCu with different 
lengths of DNA.
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apt to bind Au in AuCu/GO will be a quencher. From the per-
spective of DNA sequence, polyT is the best choice to increase 
SERS activity of AuCu/GO.

Besides of sequence, length of DNA can also affect the 
enhancement of SERS activity. As depicted in Figure 3d, effects 
of DNA on the SERS activity of AuCu alloy and AuCu/GO are 
different. Taking AuCu alloy as a substrate, the Raman inten-
sity of MB increases with length of polyT changing from 5T to 
25T, and then reaches to a plateau, suggesting that long polyT 
will benefit from the increase of SERS signal. If AuCu/GO is 
chosen as a substrate, the Raman intensity of MB is enlarged at 
any length of polyT, but an opposite trend can be observed. The 
phenomenon should be ascribed to the π–π stacking between 
single-stranded DNA and GO. In company with the increase 
of length, the π–π stacking between polyT and GO becomes 
stronger. In this case, polyT is apt to be absorbed on the sur-
face of GO rather than AuCu alloy. Therefore, in comparison 
with short polyT, the enhancement caused by long polyT will be 
weakened. Basically, effect of DNA on SERS activity of AuCu/
GO is sequence and length dual-dependent, and short polyT 
will maximize the enhancement of SERS activity.

As a multifunctional enzyme, APE1 is crucial to maintain 
the genome stability.[34] Abnormal levels of APE1 in blood or 
tissue provide vital information for clinical cancer screening 
and disease diagnosis.[35] Up to now, a number of approaches 
have been developed for the detection of APE1,[36] but sensitive 
methods are still in great lack. Apart from detection method 
itself, good substrate and cycling amplification strategy are 
also helpful to improve the sensitivity of our proposed SERS 
biosensor. First, concentration of MB used in the biosensor 
is optimized (Figure  S7, Supporting Information). The SERS 
biosensor is fabricated with two DNA, i.e., poly25T-AP and 
poly29A. In the pursuit of better analytical performance, the 
ratio of poly25T-AP/poly29A is also studied (Figure  4a). By 
comparing the Raman signal of MB with and without APE1, 
it can be found that the biggest difference is obtained when 
the ratio of poly25T-AP/poly29A is 5. The experimental results 
indicate that poly25T-AP can be digested into short poly5T-AP 
by APE1, and poly29A is repeatedly used in cycling amplifica-
tion. Under the optimal conditions, APE1 is quantified using 
the Raman intensity of MB at 447 cm−1 (I447). As shown in 
Figure  4b, with the increase of APE1, more poly5T-AP is  
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Figure 4.  a) Raman intensity of MB at 447 cm−1 from AuCu/GO with and without APE1 at different ratios of poly25T-AP and poly29A. The concentra-
tion of APE1 used in this assay is 20 U mL−1. b) SERS spectra of MB from AuCu/GO/poly25T in the presence of APE1 with different concentrations 
from 0.002 to 30 U mL−1. c) Raman intensity of MB at 447 cm−1 as a function of the logarithm of APE1 activity. d) Raman intensity of MB at 447 cm−1 
in the presence of APE1, ALP, Exo III, λ Exo, Nt.BbvCl, and Phi29. The activity of enzymes used in this assay is 1 U.
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produced and employed to enhance Raman activity of AuCu/
GO, thereby leading to the increase of I447. According to the 
results of Figure 4c, this biosensor exhibits a good linear rela-
tionship between the concentration of APE1 ([APE1]) and 
the I447 in a range from 0.002 to 20 U mL−1. The calibration 
equation is I447  = 15.02 log[APE1]  + 70.93 (R  = 0.996). The 
calculated detection limit is 0.001 U mL−1, which is better than 
APE1 biosensors reported before (Table S1, Supporting Infor-
mation). More importantly, to our knowledge, this is the first 
APE1 biosensor based on a SERS method.

Selectivity of an analytical approach is of great importance in 
real sample detection. The selectivity of this APE1 biosensor is 
evaluated by challenging it with several other enzymes, including 
alkaline phosphatase (ALP), exonuclease III (Exo III), lambda 
exonuclease (λ Exo), Nt.BbvCl, and phi29 DNA polymerase 
(Phi29). Different from APE1, these enzymes cannot trigger the 
enhancement of Raman intensity (Figure  4d), demonstrating 
satisfactory selectivity of this biosensor.

Reproducibility is an essential parameter of SERS biosensors. 
Hence, the reproducibility of this biosensor is verified by testing 
ten independent samples obtained from parallel assays. As shown 
in Figure 5a, the Raman responses of these samples are similar, 
and the relative standard deviation of I447 is 4.85% (n  = 10),  
implying desirable reproducibility of the proposed biosensor.

To further demonstrate its applicability, the SERS biosensor 
is employed to quantify APE1 in human serum. The serum 
samples are diluted 20 times, and spiked with APE1. APE1 
in the prepared samples is detected with our method and the 
standard method (ELISA), respectively. Results of the SERS 
biosensor reveal a good agreement with the amount of added 
APE1 (Figure 5b). However, ELISA can only be applied in some 
of the samples, and false data will be obtained from ELISA if 
high concentration of APE1 is added to serums. Therefore, in 
comparison with ELISA, our biosensor is more suitable for 
practical and clinical applications.

In this work, AuCu alloy with a starfish-like structure is 
synthesized using a surfactant-free method. The AuCu alloy 
reveals high SERS activity due to its anisotropic structure that 
provides plenty of hot spots. To further enhance SERS activity, 
GO is employed to cover AuCu alloy. In the prepared AuCu/
GO, GO acts as a multifunctional SERS enhancer. First, GO  
can significantly improve the SERS activity by GERS. Second, 

AuCu alloy is protected by GO, thus promoting the stability of 
the SERS activity. Third, a large number of Raman reporters, 
MB, are assembled onto the substrate by GO. Therefore, AuCu/
GO can serve as an excellent substrate for SERS investigations. 
Furthermore, it is found that DNA can directly adjust the SERS 
activity of AuCu/GO in a sequence and length dual-dependent 
manner. On the one hand, pyrimidine bases will enhance the 
activity, while purine bases will depress the activity. On the other 
hand, short DNA apt to approach AuCu alloy results in larger 
enhancement of SERS activity than long DNA apt to approach 
GO. On the basis of this phenomenon, a SERS biosensor is 
designed by intrinsic effect of DNA on SERS rather than DNA-
induced aggregation of metallic nanomaterials. To further 
improve the performances, APE1-induced cycling amplification 
is employed in this biosensor, and thus APE1 is sensitively 
quantified. In addition, the method exhibits satisfactory selec-
tivity and reproducibility. More importantly, the biosensor 
performs better than standard method for APE1 determination, 
providing an alternative perspective of fabricating advanced 
SERS bioanalytical approaches.

Experimental Section
Materials: Gold(III) chloride trihydrate (HAuCl4 · 3H2O), copper (II) 

chloride dihydrate (CuCl2 · 2H2O), silver nitrate (AgNO3), L-ascorbic acid, 
and methylene blue were obtained from Sigma-Aldrich. Graphene oxide 
was obtained from Nanjing JCNANO Technology Co., Ltd. (Nanjing, 
China). Apurinic/apyrimidinic endonuclease 1, lambda exonuclease, 
Nt.BbvCl, and phi29 DNA polymerase (Phi29) were provided by New 
England Biolabs (NEB) Ltd. (Beijing, China). Exonuclease III (Exo III) 
was acquired from Takara Biotechnology Co., Ltd. (Dalian, China). 
Alkaline phosphatase was provided by Shanghai Sangon Biological 
Engineering Technology & Services Co., Ltd. (Shanghai, China). The 
human APE1 enzyme-linked immunosorbent assay kit was obtained 
from Jiangsu Kejing Biotechnology Co., Ltd. (Yancheng, China). Human 
serum samples were provided by Jiangsu Cancer Hospital, and used with 
the approval of the ethical committee of Nanjing Normal University. The 
above purchased analytical reagents were used as received without any 
treatments. Ultrapure water (18.2 MΩ cm) from a Milli-Q purification 
system (Bedford, MA) was utilized in this work.

The DNA used in this work was listed in Table S2 in the Supporting 
Information. All oligonucleotides were acquired and purified with 
high-performance liquid chromatography by Shanghai Sangon Biological 
Engineering Technology & Services Co., Ltd (Shanghai, China).

Small 2019, 1901506

Figure 5.  a) SERS spectra of MB in the presence of ten independent samples. b) Results of the SERS biosensor and ELISA for the quantification of 
APE1 in human serums.
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Instrumentation: The transmission electron microscopy (TEM) images, 
high-resolution transmission electron microscopy images, energy 
dispersive X-ray spectroscopy, and selected area electron diffraction 
analysis were recorded using a JEOL JEM-2100F apparatus at an 
accelerating voltage of 200  kV. The zeta potential measurements were 
carried out using a Zetasizer Nano ZS90 Analyzer (Malvern). The X-ray 
diffraction pattern was obtained using a D/max 2500 VL/PC diffractometer 
(Japan) equipped with graphite monochromatized Cu Kα radiation 
(λ  =  1.54060 Å) in 2θ ranging from 5° to 90°. The SERS spectra were 
recorded using a LabRAM HR 800 microspectrometer (Jobin Yvon) with 
a 785 nm laser excitation source at 100 mW. The collection time of each 
SERS spectrum was 60 s over a spectral range from 200 to 2000 cm−1.

Synthesis of AuCu/GO and AuCu/GO/DNA: To prepare AuCu/GO, 
25  µL of 40  × 10−3  m AA, 50  µL of 1.5  × 10−3  m HAuCl4, and 50  µL 
of 1.25  × 10−3  m CuCl2 were mixed and incubated at 60 °C for 2 h. 
Subsequently, 10  µL of 1  mg mL−1 GO and 50  µL H2O were added, 
followed by keeping the mixture at 60 °C for 1 h. To optimize the feed 
ratio of HAuCl4 and CuCl2, the concentration of CuCl2 was varied at 0, 
0.15, 0.5, 0.75, 1, 1.25, 1.5, 5, and 12 × 10−3 m. To optimize the amount 
of GO in AuCu/GO, the concentration of GO was varied at 0, 0.1, 0.5, 
0.75, 1, 2, 3, 4, and 5 mg mL−1. Before SERS assay, 200 µL of 50 × 10−6 m 
MB was added into AuCu/GO solution and kept at 60 °C for another 1 h.

To prepare the AuCu/GO/DNA, AuCu alloy was first synthesized as 
described above. Afterward, 10 µL of 1 mg mL−1 GO was added into the 
solution at 60 °C for 30  min. Then, 50  µL of 2  × 10−6  m DNA (poly25T) 
solution was added and kept at 60 °C for another 30 min. 50 µL of 2 × 10−6 m 
poly25A, poly25T, poly25C, and poly25G were chosen to verify the effect of 
DNA sequence on SERS activity of AuCu/GO. In the case that total amount 
of thymine remained constant, poly5T, poly10T, poly15T, poly20T, poly25T, 
poly30T, and poly35T were chosen to verify the effect of DNA length on 
SERS activity of AuCu/GO. Before SERS assay, 200 µL of 50 × 10−6 m MB 
was added into AuCu/GO/DNA solution and kept at 60 °C for another 1 h.

Construction of a Novel SERS APE1 Biosensor: First, 10  µL of 
10 × 10−6 m poly25T-AP, 10 µL of 2 × 10−6 m poly29A, 5 µL hybridization 
buffer, and 15  µL H2O were incubated at 90 °C for 5  min, and then 
slowly cooled to room temperature. Second, 10 µL of different amounts 
of APE1 (0.0001, 0.0005, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 1.5 U) was 
added into the mixture and kept at 37 °C for 1 h. Finally, the reacted 
solution was applied to synthesize AuCu/GO/DNA. To verify the 
selectivity of this biosensor, 10  µL of other enzymes including APE1, 
ALP, Exo III, λ Exo, Nt.BbvCl, and Phi29 were chosen instead of APE1. To 
verify the repeatability of this biosensor, ten independent samples were 
obtained from parallel assays.

Analysis of the Concentration of APE1 in Real Human Serum: Human 
serum samples were obtained from volunteers of Jiangsu Cancer 
Hospital. Specifically, to evaluate the practical applicability of the 
proposed system, human serum was diluted 20 times and spiked with 
APE1 at different activities (0.0005, 0.005, 0.05, 0.25, 0.5 U). Then, 
the concentration of APE1 in serum was quantified with the proposed 
biosensor and ELISA, respectively.
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