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A B S T R A C T   

Currently, metal-enhanced fluorescence (MEF) is an emerging effective technology for sensitive bio-detection. In 
this report, the distance between Au nanorods (Au NRs) and NIR Ag2S quantum dots (Ag2S QDs) is precisely 
regulated by DNA with different chain lengths. The experimental results show that the best MEF effect can be 
obtained when the distance is about 8 nm. Based on the result, Au NRs and Ag2S QDs were modified with DNA at 
specific distances, which were used for accurate detection of prostate cancer marker PCA3 with high sensitivity 
and selectivity. And the designed biosensor show a good linear relationship in the 5− 500 pM and a low detection 
limit of 1.42 pM (S/N = 3) for PCA3. Importantly, the designed metal-enhanced NIR fluorescence satellite 
structure probe have been successfully applied for sensing PCA3 in human serum samples and lysates of prostate 
cancer cells (1, 5 and 10 cells), which has significant potential in the field of biosensing, biological analysis and 
clinical diagnosis.   

1. Introduction 

The metal-enhanced fluorescence (MEF) effect based on the surface 
plasmon resonance of metallic nanostructures has a broad application 
prospect in improving the sensitivity of fluorescent probes [1–3]. Among 
them, the key to MEF is regulate the distance between the metal material 
and the fluorescent signal probe [4]. When the fluorescent substance is 
located to noble metal nanostructure with appropriate distance (3− 10 
nm), the fluorescence signal will be amplified. This mainly because the 
local surface plasmon resonance (LSPR) of noble metal particles can 
strongly amplify the absorption of incident light [5]. That is, if the LSPR 
band has obvious overlap with the excitation or emission spectrum of 
the fluorescent substance, and the distance between noble metal parti-
cles and the fluorescent substance is appropriate, the energy can be 
transferred to the fluorescent substance, resulting in the amplification of 
fluorescent signal. However, when the distance of the metal surface is 
smaller (<2 nm) or larger (＞10 nm), the strong electromagnetic field 

generated by the LSPR phenomenon will quench its fluorescence with no 
enhance effect. Therefore, there are many methods to construct the 
interlayer for enhancing the fluorescence, such as silicon dioxide [6,7], 
titanium dioxide [8], polydopamine [2], sandwich structure [9] and 
biological specific binding methods [10]. The most common way is to 
introduce silica layers with tunable thickness. Luo et al. proposed a 
fluorescent nanoprobe based on dye-functionalized gold nanorods (NRs) 
@silica for sensitive and selective detection of H2S in vitro and in living 
cells [6]. While the main disadvantage is that the distance cannot be 
accurately controlled by these inorganic spacers, and there will be 
certain defects on the surface. It is well known that DNA is widely used 
in the modification of nanoprobes for sensitive detection of biomarkers, 
which can be precisely and tunable designed [11]. Addtionally, DNA can 
improve the surface defects to a certain extent. Therefore, DNA is ex-
pected to be a new spacer for regulating distance in MEF and con-
structing biosensors by virtue of its precise designability. 

Tinnefeld et al. used DNA origami structures to guide the binding of 
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gold nanoparticles and achieved a 100-fold increase in the emission 
intensity of dye molecules [1]. Mei et al. designed a new type of verti-
cally ordered Au NRs array biochip on the glass surface, which was 
modified by DNA on its substrate to adjust the distance, for maximizing 
the fluorescence enhancement effect [12]. Ji et al. studied the MEF ar-
rays of Ag-type nanorods prepared by oblique deposition method, which 
were used to study biomolecular-protein interactions and DNA hybrid-
ization [13]. While Ag is less stable and needs to be protected or coated 
gold [14]. And the application of fluorescent dyes is limited by their 
poor chemical stability, low biocompatibility and easy photobleaching 
[15]. Up to now, a number of experimental methods have been devel-
oped to confirm that the fluorescent sensitivity of QDs can be improved 
by MEF [16,17]. Particularly, the NIR fluorescence nanoprobes are 
involved in many biological applications owing to their low absorption 
and light scattering [18], rarely autofluorescence, and exceedingly 
sensitivity [19]. In recent years, NIR Ag2S QDs have received consid-
erable attentions due to their potential applications in bioanalysis 
[20–23]. However, the low fluorescence sensitivity of single quantum 
dots still limits their applications in biological detection [24]. Therefore, 
the sensitivity of NIR QDs may be effectively improved based on MEF. 
Xie et al. reported the fluorescence of NIR Ag2S QDs could be signifi-
cantly enhanced by depositing on Au-nanostructured arrays with anti-
body antigen sandwich structure and without any application [16]. 
Inspired by these previous studies, in the present work, a novel sensitive 
and selective biosensor platform for detecting prostate cancer antigen 3 
(PCA3) based on MEF has been designed by integrating the plasmonic 
Au NRs and NIR Ag2S QDs with good biocompatibility [23,25]. 

The prostate cancer antigen 3 (PCA3) gene holds great promise in the 
diagnosis of prostate cancer (PCa) compared to prostate specific antigen 

(PSA) in initial evaluation and research. Because the gene is expressed 
60–100 times more in prostate cancer tissue than in benign prostate 
tissue with higher tumor specificity [26]. And its accuracy in separating 
benign and malignant prostate cells is close to 100 [27]. Up to present, a 
large number of individualized studies have explored the diagnostic 
value of urine PCA3 in PCa. Several common analytical methods are also 
used for the analysis of PCA3, such as polymerase chain reaction (PCR) 
[28,29], molecular profiling [30], electrochemical method [31,32], 
surface-enhanced Raman scattering [33,34], colorimetric [35], 
time-resolved fluorescence [36] and so on. Nonetheless, these methods 
still do not achieve a high level of signal enhancement for ultra-sensitive 
detection of the specific gene target. Fluorescence-based assays have 
attracted more attention due to their fast response, high sensitivity, 
non-destructive and real-time monitoring [37,38]. There are few studies 
for the detection of PCA3 based fluorescent sensors with specific, sen-
sitive, and adaptable detection. Vilela et al. designed a platform based 
on graphene oxide and upconversion nanoparticles to detect PCA3 in the 
femtomolar range [37]. Wang et al. explored an entropy-driven RNA 
signal amplification platform for the imaging of nuclear lncRNA PCA3 in 
live cells [38]. This probe mainly based on the trans-actor (TAT) peptide 
(NH2-YGRKKRRQRRR-COOH)-functionalized titanium carbide MXenes 
(Ti3C2-TAT) and the green signal of fluorescent dye (FAM). The detec-
tion limits of this probe reached 0.5 pM and 2.6 pM, respectively. The 
disadvantage of the above research method is that the visible light sig-
nals will generate interference of their own fluorescence and scattering 
in the complex system. In view of the above problems, it is necessary to 
seek a new NIR fluorescent quantitative analysis method for the highly 
sensitive detection of PCA3. 

In this research, the designed DNA1-Au NRs and DNA2-Ag2S QDs 

Scheme 1. (A) Schematic diagram of the influence of different DNA chain lengths on the fluorescence intensity of Ag2S QDs. (B) Schematic illustration of the 
fabrication of Au NRs/Ag2S QDs satellite structure to detect prostate cancer biomarker (PCA3). (C) Schematic diagram of prostate cancer antigen 3 (PCA3) in 
the blood. 
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were used to construct a NIR fluorescence enhanced satellite structure 
probe for sensitive and specific detection of PCA3. Through MEF effect, 
the composite probe can improve the luminescence performance of NIR 
Ag2S QDs at an appropriate distance. As shown in Scheme 1, DNA with 
different chain lengths was used as the intermediate spacer layer to 
control the distance between Ag2S QDs and Au NRs, and the optimal 
fluorescence enhancement distance between Au NRs and Ag2S QDs was 
optimized. Moreover, the optimal distance was perfectly consistent with 
the sequence length of PCA3 markers. Therefore, the constructed 
fluorescence-enhanced NIR fluorescent probe can be used for the spe-
cific and sensitive detection of PCA3. More importantly, the composite 
probe can also be used for the analysis of PCA3 in complex systems such 
as cell lysates (PC-3 and LNCap cell lysate). To the best of our knowl-
edge, this the first time that the NIR fluorescence enhanced Au NRs/ 
Ag2S QDs satellite structure are used to detect PCA3 in prostate cancer 
cells. This also provides a new strategy for the detection of other bio-
markers in the future. 

2. Materials and methods 

2.1. Reagents and materials 

Chloroauric acid (HAuCl4⋅3H2O, 99.9 %), Tetraethyl orthosilicate 
(TEOS, 99 %), Hexadecyl trimethyl ammonium Bromide (CTAB, 99.0 
%), (3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrowere (EDC, 98 
%) and N-Hydroxysulfosuccinimide sodium salt (NHS, 97 %) purchased 
from Sigma-Aldrich (Beijing, China). Sodium borohydride (NaBH4, 99.0 
%), ascorbic acid (AA, 99.7 %), silver nitrate (AgNO3, >99.0 %), 3-mer-
captopropionic acid (3-MPA, 98 %), Acetic Acid (AA, 97 %), Sodium 
hydroxide (NaOH, 99 %), (3-aminopropyl) triethoxysilane (APTES, 98 
%) and hydrochloric acid (HCl, 37 wt% in water) were procured from 
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals 
were used without further purification. Deionized water (Ultrapure) was 
used throughout the experiment process. All oligonucleotides with 
different sequences were synthesized and purified by Sangon Biotech-
nology Co., Ltd. (Shanghai, China). (Table S1). 

2.2. Main apparatus 

UV–vis absorption spectra were recorded by a TU-1810 UV–vis 
spectrophotometer, which was provided by Purkinje General Instrument 
Co., Ltd. Transmission electron microscopy (TEM) of the prepared 
samples was performed on a JEOL HT-7700 electron microscope oper-
ating at 200 kV (Hitachi, Japan). The fluorescent experiments were 
conducted on an Edinburgh FLS 980 fluorescence spectrophotometer 
(Edinburgh, United Kingdom). 

2.3. Synthesis of AuNRs 

CTAB stabilized Au NRs were synthesized by the seed-mediated 
growth method with minor modifications [39–46]. The fresh seed so-
lution was prepared by adding the ice-cold aqueous NaBH4 solution 
(0.01 M, 0.60 mL) into an aqueous mixture solution composed of 
HAuCl4 (0.01 M, 0.25 mL) and CTAB (0.10 M, 9.75 mL). Then, the 
resultant solution was mixed and rapidly stirred 2 min and kept at room 
temperature for at least 2 h before use. The growth solution was made by 
first mixing together aqueous solutions of HAuCl4 (0.01 M, 2.00 mL), 
AgNO3 (0.01 M, 0.40 mL), and CTAB (0.10 M, 40 mL). Then, a freshly 
prepared AA solution (0.1 M, 0.32 mL) and the HCl solution (1.00 M, 
0.80 mL) were added. Then, the growth solution was thoroughly mixed, 
and a certain amount of seed solution (0.09 mL) was added and stirred 
gently for 10 s. After standing at room temperature for 6 h, the required 
Au NRs were obtained. 

2.4. Synthesis of Au NRs@SiO2 

The synthesis of Au NRs@SiO2 with homogeneous silica thickness 
was carried out according to the traditional soft-templating method 
[45]. The 10 mL of as-prepared Au NRs was washed using deionized 
water by centrifugation (6500 rpm, 10 min) for 2 times. Then, the 
concentrated Au NRs were centrifugally washed and diluted with water. 
The pH of the solution was adjusted to 10.6 and mixed for 20 min. 
Different amounts of 20 % TEOS (2 μL, 4 μL, 6 μL, 10 μL, and 20 μL) in 
ethanol solution were injected under gentle stirring for 30 min. Lastly, 
the solution was mixed under room temperature for 24 h and purified by 
centrifugation for further use. 

2.5. Preparation of Ag2S QDs 

Following our previous reports [20] 138 μL of 3-MPA and 44 mL of 
deionized water were added to a 100 mL beaker, and the pH was 
adjusted to 7.5 with NaOH (2 M) and acetic acid (2 M). After the solution 
was purged with nitrogen, 6 mL of 0.05 M AgNO3 was added. Finally, 
the solution was transferred to a 100 mL Teflon autoclave and main-
tained at 120 ◦C for 3 h. The solution was washed with deionized water 
using an Amicon-Ultra centrifugal filter (molecular weight cut off 3000 
Da), centrifuged at 7500 rpm for 10 min for further use. 

2.6. Assembly of the hybrid Au NRs@SiO2/Ag2S QDs satellite structure 

Firstly, the Au NRs@SiO2 nanoparticles were dispersed in water and 
added the APTES to obtain amine-functionalized Au NRs@SiO2 (Au 
NRs@SiO2-NH2) at 30 ◦C for 24 h. Then, the Au NRs@SiO2-NH2 parti-
cles were collected by centrifugation with ethanol. Lastly, it was dried 
and dispersed in deionized water for further use. Carbodiimide chem-
istry was used to realize the covalent coupling between Au NRs@SiO2- 
NH2 and Ag2S QDs. Approximately 10 mg of Ag2S QDs was activated in 
50 mM EDC and 50 mM NHS in 4 mL of PBS (0.01 M, pH 6.8) at 30 ◦C 
with gentle shaking for 30 min. Subsequently, the activated Ag2S QDs 
were separated by Amicon-Ultra centrifugal filters (3000 Da cut off) and 
washed with 0.01 M PBS (pH 7.2) three times. Then, the activated Ag2S 
QDs were resuspended in 1 mL of PBS (0.01 M, pH 7.2) and reacted with 
0.02 nM of Au NRs@SiO2-NH2 for approximately 4 h under continuous 
shaking at room temperature. The resulting Au NRs@SiO2/Ag2S QDs 
were washed with PBS and then stored at 4 ◦C for further use. 

2.7. Synthesis of DNA1-Au NRs and DNA2-Ag2S QDs 

DNA-labeled Au NRs (DNA-Au NRs) were prepared using previous 
method [48]. First, the 0.7 mL Au NRs with the mean aspect ratio of 3.0 
was diluted to 1 mL and centrifuged several times for mixing with 74 μL 
with 100 μM SH-DNA1. After 24 h incubation, 155 μL of 0.1 % SDS, 32.5 
μL of 1 M NaCl and 155 μL of 0.1 M buffer solution of PB (pH 7.4) were 
added to the solution of Au NRs and DNA1. After incubating at 30 ◦C for 
another 24 h, the products were centrifuged at 6500 rpm for 10 min and 
re-dispersed in PB buffer for further use. 

DNA-labeled Ag2S QDs (DNA-Ag2S QDs) was prepared using previ-
ous method [23]. According to the preparation method of the Ag2S QDs 
above, the growth solution with pH = 7.5 was first obtained. Then 800 
μL growth solution was taken and thio-phosphorylated DNA2 (100 μM) 
was added to obtain DNA2-Ag2S QDs at 90 ◦C for 12 h. The obtained 
DNA2-Ag2S QDs were washed with deionized water using an 
Amicon-Ultra centrifugal filter (molecular weight cut off 3000 Da) and 
stored in the dark at 4 ◦C. 

2.8. Different chain length DNA reacts with DNA-Au NRs and DNA-Ag2S 
QDs 

The specific experimental procedure is as follows, 0.02 nM DNA-Au 
NRs and 20 μL synthesized DNA-Ag2S QDs were added to the 2 mL PB 
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buffer (0.01 M, pH 7.4), and then different chain length DNA was added 
the above solution and incubated for 2 h at 37 ◦C. The products were 
centrifuged at 8000 rpm for 10 min and re-dispersed in PB buffer for 
further use. Then, the different fluorescence spectrum was collected in 
FLS 980 at 468 nm excited. 

2.9. DNA1-Au NRs/DNA2-Ag2S QDs satellite structure probe for PCA3 
sensing 

PCA3 detection is mainly based on the principle of DNA base com-
plementary pairing, where the two ends of PCA3 sequence can be hy-
bridization with DNA1-Au NRs with DNA2-Ag2S, respectively. 
Therefore, the addition of PCA3 can form Au NRs-Ag2S superstructure 
with enhanced fluorescence. The specific experimental procedure is as 
follows, 0.02 nM DNA1-Au NRs and 20 μL synthesized DNA2-Ag2S QDs 
were added to the 2 mL PB buffer (0.01 M, pH 7.4), and then different 
concentrations of PCA3 was added the above solution and incubated for 
2 h at 37 ◦C. Then, the different fluorescence spectrum was collected in 
FLS 980 at 468 nm excited. 

2.10. DNA1-Au NRs/DNA2-Ag2S QDs satellite structure probe for PCA3 
sensing in complicated sample 

In the same process as above, we replaced PB buffer with a complex 
system to further verify the sensitive detection of PCA3 by the probe. 
Where the 0.02 nM DNA1-Au NRs and 20 μL synthesized DNA2-Ag2S 
QDs were added to the 2 mL human serum or MCF-7, Hela, PC-3, LNCap 
cells lysate. Then, different concentrations of PCA3 were added and 
incubating for 2 h at 37 ◦C to obtain different fluorescence signals at the 
same conditions. 

3. Results and discussion 

3.1. Synthesis and characterization of Au NRs and Ag2S QDs 

Au NRs were synthesized through the seed-mediated growth method. 
The transmission electron microscopy (TEM) images (Figure S1A) 

displayed the CTAB-Au NRs with uniform morphologies and uniform 
sizes (≈60 nm in length and ≈20 nm in diameter). The maximum UV 
absorption peak was at 780 nm (Figure S1B). And the NIR monodisperse 
Ag2S QDs with 2.46 ± 0.48 nm was also successfully obtained 
(Figure S1C). Figure S1D shows the UV maximum absorption peak of Au 
NRs and the maximum emission peak of Ag2S QDs are at 780 nm and 
795 nm, respectively. Theoretically, the fluorescence signal of Ag2S QDs 
can be enhanced based on the MEF effect owing to spectral matching 
[12,47]. 

3.2. The influence of silica thickness and QDs density on the fluorescence 
intensity of Au NRs@SiO2/Ag2S QDs satellite structure 

The MEF enhanced effect will be obtained between Au NRs@SiO2 
and Ag2S QDs in an appropriate separation distance. If the distance 
between the plasmon and the fluorophore is within 1− 10 nm, the non- 
radiative local magnetic field of one dipole will excite the second dipole 
and resulting in the enhance of fluorescence [48]. Hence, starting from 
the theoretical basis, we first roughly adjust the distance between Au 
NRs and Ag2S QDs through different thickness of SiO2 to solve the 
quenching problem. Fig. 1A-E show that the different thickness of SiO2 
shell was successfully coated onto the surface of Au NRs. The thickness 
of the SiO2 shell was ≈3, ≈5, ≈8, ≈10 and ≈25 nm, respectively. 
Fig. 1F-J can be clearer and intuitively show single Au NRs@SiO2 with 
different SiO2 thicknesses. The UV–vis absorption peak of Au NRs 
red-shifted with the increase of the thickness of the SiO2 shell for the 
change of the surface refractive index of Au NRs (Fig. 1K). This is mainly 
because the refractive index of porous silica is much higher than that of 
water. When the surface of Au NRs is coated with the porous silica, the 
absorption peak of the surrounding environment of Au NRs will in-
creases in refractive index and causes a red shift of the absorption peak 
[45]. The above results confirmed that the successful encapsulation of 
SiO2 shells with different thicknesses on the surface of Au NRs. Then the 
NIR Ag2S QDs were adsorbed on the different shell of Au NRs@SiO2 
surface via chemical bond coupling. As shown in Fig. 1L, the 10.4 ng/mL 
of Ag2S QDs fluorescence was enhanced by Au NRs@SiO2 (0.01 nM) 
based the MEF effect. The results point out that the Au NRs@SiO2 with 

Fig. 1. TEM image of Au NRs@SiO2 with different silica thicknesses (nm): (A) 3; (B) 5; (C) 8; (D) 10; (E) 25; (F-J) TEM images of single Au NRs@SiO2 core/shell 
nanostructures with different shell thicknesses; (K) UV–vis spectra of Au NRs@SiO2 with different silica thicknesses; (L) Fluorescence spectra of 10.4 ng/mL Ag2S QDs 
and 0.01 nM Au NRs@SiO2/Ag2S with different silica thicknesses. (M) Fluorescence spectra of Au NRs@SiO2/Ag2S with 10.4 ng/mL Ag2S QDs and different Au 
NRs@SiO2 concentration (0.002 nM, 0.01 nM, 0.02 nM, 0.05 nM). Scale: 50 nm. 
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about 8 nm of SiO2 shell have the optimum enhancement factor (10.5 
times). On this basis, we further optimized the concentration of Au 
NRs@SiO2 (≈8 nm). As shown in Fig. 1M, under the same conditions, 
the best fluorescence enhancement effect reached about 12.5 times with 
0.02 nM of Au NRs@SiO2. The main reason is that the low concentration 
of Au NRs@SiO2 has not yet reached the best enhancement efficiency, 

and too much Au NRs@SiO2 will cause the quenching effect. This phe-
nomenon is consistent with previous report [49]. 

At the same time, the influence of different density of Ag2S QDs on 
the fluorescence intensity of Au NRs@SiO2/Ag2S (≈8 nm) was also 
optimized. Fig. 2A shown that the influence of the different Ag2S QDs 
intensity on the fluorescence intensity of the Au NRs@SiO2/Ag2S (≈8 

Fig. 2. (A) Fluorescence spectra of 10.4 ng/mL Ag2S QDs (a) and Au NRs@SiO2/Ag2S (≈8 nm) with different QDs density (ng/mL): (b) 1.5; (c) 2.7; (d) 5.2; (e) 10.4; 
(f) 12.5; TEM image of Au NRs@SiO2/Ag2S (≈8 nm) with different QDs density (ng/mL): (B) 2.7; (C) 5.2; (D) 10.4. 

Fig. 3. (A) Fluorescence spectra of DNA2-Ag2S QDs and DNA1-Au NRs with different strand lengths of DNA (nm). (B-F) the corresponding TEM image of DNA2-Ag2S 
QDs and DNA1-Au NRs with different strand lengths of DNA (nm): (B) 5.33 ± 0.18; (C) 6.64 ± 0.26; (D) 7.98 ± 0.31; (E) 9.29 ± 0.16; (F) 10.65 ± 0.28. 
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nm). When it contains 10.4 ng/mL of Ag2S QDs, the enhancement factor 
reaches the maximum and is consistent with the above results. The 
density of Ag2S QDs continues increase to 12.5 ng/mL, and the fluo-
rescence intensity varies only slightly which may be due to the binding 
sites on the Au NRs@SiO2 (≈8 nm) surface have reached saturation. And 
the corresponding TEM images shown in Fig. 2B-D, it can be intuitively 
observed that with the increase of the concentration of Ag2S QDs, the 
number of Ag2S QDs on the surface of Au NRs@SiO2 also increases to a 
certain extent. At the same time, Figure S2A-B shown the 10.4 ng/mL of 
Ag2S QDs were coupled on the Au NRs@SiO2 (≈25 nm) surface, which 
has a weak fluorescence enhancement effect. All results concluded that 
the optimal MEF effect with the SiO2 shell of 8 nm, 0.01 nM of Au 
NRs@SiO2 and 10.4 ng/mL of Ag2S QDs. 

To further understand the mechanism of the fluorescence enhance-
ment of Ag2S QDs by Au NRs@SiO2 (≈8 nm), time-correlated single 
photon counting was utilized to measure the fluorescence lifetime of 
Ag2S QDs and Au NRs@SiO2/Ag2S (≈8 nm). As shown in Figure S3, Au 
NRs@SiO2/Ag2S (15.08 ns) decays much faster than Ag2S QDs with a 
lifetime of 17.96 ns. So, the conclusion that can be drawn is that the 
increase in fluorescence intensity may be due to the strong electro-
magnetic field on the surface of Au NRs, which will increase the rate of 
radiation attenuation. However, when there is a spectral overlap be-
tween the plasma absorption peak of Au NRs and the emission of Ag2S 
QDs, the non-radiative attenuation efficiency will also be higher, 
resulting in a shortened fluorescence lifetime [47]. 

3.3. DNA precisely regulates the distance between Au NRs and QDs 

From the above study of the thickness of SiO2, it is concluded that the 
fluorescence enhancement of Ag2S QDs by Au NRs with about 8 nm of 
SiO2. Although the precise distance was not obtained through the 
adjustment experiment of SiO2, the optimal thickness of ≈8 nm provided 
a basis for us to precisely design DNA to precisely regulate spacer. Thus, 
we use the different chain lengths of DNA to precisely control the dis-
tance between Au NRs and Ag2S QDs. DNA1-Au NRs is successfully 
obtained through the interaction of Au-S bond and its UV–vis spectra 

with an obvious DNA absorption peak at 260 nm (Figure S4). And the 
absorption peaks of different DNA strand lengths coupled with Au NRs 
remained basically unchanged (Figure S5). It was proved that different 
lengths of DNA had no effect on the stability of Au NRs. DNA2-Ag2S QDs 
synthesized by one-step also shows a significant DNA absorption peak at 
260 nm (Figure S6A), while the absorption peak observed from bare QDs 
does not have a significant DNA absorption peak. In addition, the fluo-
rescence peak (795 nm) of DNA2-Ag2S QDs is similar to that of bare QDs 
(Figure S6B). All the above results proved the successful acquisition of 
DNA1-Au NRs and DNA2-Ag2S QDs. It can be seen from Fig. 3A, when 
the length of DNA was less than or greater than 8.16 nm, the effect of 
MEF was not ideal. Only when the distance was adjusted to 8.16 nm, the 
fluorescence intensity of DNA2-Ag2S QDs are enhanced to the maximum 
(12.5 times). These results indicate that the optimal MEF effect can be 
precisely regulated by precisely designing of different DNA lengths. At 
the same time, the satellite structure of DNA1-Au NRs and DNA2-Ag2S 
QDs can also be verified by TEM results. As shown in Fig. 3B-F, when 
different lengths of target DNA are added to form satellite structure with 
different spacer, the result of the experiment is basically inconsistent 
with the theoretical length of the target DNA. The theoretical distance is 
calculated based on a thickness of 0.34 nm per base pair and a length of 
0.15 nm of the carbon-carbon bond in the sulfhydryl linker [50]. These 
results provided further evidence of the general design of the satellite 
structure that can be used to detect different targets for analysis. 

3.4. Fluorescence response of the DNA1-Au NRs and DNA2-Ag2S QDs 
probe to PCA3 

Based on the above results, the optimal MEF effect distance between 
Au NRs and Ag2S QDs is 8.16 nm, and the density of Ag2S QDs is 10.4 
ng/mL. Remarkably, the optimal distance of 8.16 nm is perfectly 
matched with the length of the PCA3 sequence (a marker of prostate 
cancer). Therefore, according to the characteristics of PCA3 sequence, 
we further designed different of DNA1 and DNA2 to re-modify Au NRs 
and Ag2S QDs for constructing a specific PCA3 sensor (Fig. 4A). Spe-
cifically, based on the fact of the length of each DNA base pair is ≈0.34 

Fig. 4. (A) Schematic illustration of the fabrication of the satellite structure; (B) TEM image of DNA1-Au NRs and DNA2-Ag2S QDs in the presence of PCA3; (C) 
Fluorescence spectra of different sample (a: DNA1-Au NRs, b: DNA2-Ag2S QDs, c:DNA1-Au NRs + DNA2-Ag2S QDs, d: DNA1-Au NRs + DNA2-Ag2S QDs + PCA3); (D) 
Fluorescence spectra of DNA1-Au NRs and DNA2-Ag2S QDs in the presence of different concentrations of PCA3. (E) Correlation curve between the fluorescence signal 
and concentration of PCA3. (y = 0.0093x+0.4144, R2 = 0.9927). 
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Fig. 5. (A) Fluorescence intensity of the DNA1-Au NRs and DNA2-Ag2S QDs incubated with different target DNA: (a) PCA3; (b) M1; (c) M2; (d) M3; (e) C-myc; (f) Let- 
7; (g) miRNA-21; (h) TK1; (B) Statistical diagram of fluorescence change of DNA1-Au NRs and DNA2-Ag2S QDs toward several interferences, the concentration of 
each oligonucleotide is 10 nM. 

Fig. 6. (A) Schematic diagram of cell lysis to obtain and detect PCA3; (B and C) The changes of fluorescence intensity of this sensor for detecting PCA3 in different 
numbers of PC-3 cells and LNCap cells, respectively; (D and E) The changes of fluorescence spectra and fluorescence intensity of the sensor incubated with different 
cells (the number of each type of cancer cells is 10): MCF-7, Hela, PC-3, LNCap, respectively. 

P. Jia et al.                                                                                                                                                                                                                                       



Sensors and Actuators: B. Chemical 347 (2021) 130585

8

nm and the PCA3 (GAAATAAGAAAGGCTGCTGACT). The DNA1 
(TTTCTTATTTC, ≈3.74 nm) and DNA2 (AAAGTCAGCAGCC, ≈4.42 nm) 
was design to modify Au NRs and Ag2S QDs, respectively. Which pretty 
matches with the optimal distance between Au NRs and Ag2S QDs 
(≈8.16 nm). As shown in Fig. 4A, PCA3 can connects DNA1-Au NRs with 
DNA2-Ag2S via principle of base complementary pairing to form satel-
lite structures. The TEM shows that the satellite structures of DNA2-Ag2S 
QDs surround the DNA1-Au NRs was successfully constructed (Fig. 4B). 
And the fluorescence of DNA2-Ag2S QDs only are enhanced by DNA1-Au 
NRs after adding 1 nM PCA3 (Fig. 4C (d)). While the same effect was not 
seen in the corresponding control group (Fig. 4C (a–c)). This results 
shows the sense of feasibility of the PCA by DNA2-Ag2S QDs and DNA1- 
Au NRs. The enhancement of fluorescence signals of DNA2-Ag2S QDs by 
DNA1-Au NRs have a certain quantitative relationship with the con-
centration of PCA3. As shown in Fig. 4D, as the PCA3 concentration 
increases, the fluorescence signals of DNA2-Ag2S gradually increases. 
Fig. 4E illustrates the relationship between the fluorescence signals of 
DNA2-Ag2S at 795 nm and the concentration of PCA3. We obtained a 
detection limit of 1.42 pM (S/N = 3) under the linear relationship of the 
concentration range of 5–500 pM. It can be seen from Table S2 that the 
detection limit of electrochemical and colorimetric detection is worse 
than that of the fluorescence method. In addition, the limit of detection 
(LOD) and linear dynamic range are superior to those of other previously 
published PCA3 sensing systems based on fluorescence. And compared 
with other fluorescence detection, this probe is faster for other incuba-
tion times and can be used to rapid detect PCA3. Moreover, the probe 
has good stability with slight of the fluorescence intensity within one 
month (Figure S7). In all, the Au NRs/Ag2S QDs probe based MEF effect 
have certain potential advantages in bioanalysis. 

Then, the potential interfering agents of single-base, double-base and 
three-base mismatch mutations (M1, M2 and M3), microRNAs (let-7a 
and miRNA-21), and mRNAs (C-myc and TK1) are also evaluated. All 
results point out that the DNA1-Au NRs and DNA2-Ag2S QDs are specific 
to PCA3 with negligible interference by other similar sequence (Fig. 5A- 
B). Because of the uniqueness of PCA3 sequence, the DNA sequence was 
easily obtained according to the principle of base complementary pair-
ing. Together, the results of in vitro assays prove that the DNA1-Au NRs 
and DNA2-Ag2S QDs have remarkable sensitivity and specificity for 
PCA3 detection. 

This sensor also showed high selectivity and stability for detecting 
PCA3 in human serum samples. The serum samples spiked with different 
concentrations of PCA3 (5, 100 and 500 pM) were tested by this sensor. 
As shown in Table S3, the recovery rate of the serum samples spiked 
with different concentrations of PCA3 were 98–102 %, which according 
to the predetermined calibration curve of Fig. 4E (inset). It reveals that 
our method can reliably detect PCA3 samples for potential clinical 
diagnosis under a complex environment. 

Importantly, this sensor was applied to measure PCA3 expression 
levels in different cell lines including human breast cancer cells (MCF-7) 
cells, human cervical cancer cells (Hela) and human prostate cancer cells 
(PC-3 and LNCap). The schematic diagram of a simple cell lysis process 
and detection PCA3 was shown in s Fig. 6A. For prostate cancer cells 
with positive expression, the fluorescence intensity increased with 
increasing the number of PC-3 cells (Fig. 6B) and LNCap cells number 
(Fig. 6C). And according to the results and the linear equation (Fig. 4E), 
the expression level of PCA3 in lysates of each LNcap and PC-3 cells 
could be quantified as 38 pM and 20 pM PCA3, respectively. In addition, 
the fluorescence intensity for PC-3 and LNCap was larger than that for 
MCF-7 and Hela cells (Fig. 6D-E), which is consistent with previous re-
ports and also demonstrates the specificity of the sensor [38]. The above 
results confirmed that the reliability of this sensor in practical applica-
tions, and the universality of the design concept will have great potential 
in the field of biosensor. 

4. Conclusions 

In summary, we use different length of DNA as spacer layers to 
accurately control the distance between Ag2S QDs and Au NRs, and 
obtain the optimal distance of MEF effect between them is 8.16 nm. 
Based on optimal distance, Ag2S QDs and Au NRs were further modified 
with DNA for specific detection of PCA3. The detection limit (LOD) of 
the sensor is down to 1.42 pM within the linear range of 5− 500 pM. 
Importantly, this sensor was successfully able to detect PCA3 in complex 
system (human serum samples, PC-3 cells lysate, and LNCap cells lysate) 
with high selectivity and stability. It represents a competitor in the 
development of new strategies for designing PCA3 sensors and may have 
potential in biosensing and clinical diagnosis. 
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