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A B S T R A C T   

Persistent luminescent nanoparticles (PLNPs) are a class of materials with excellent optical properties, which can 
continue to emit light for a long time after removing the excitation light source. This feature enables PLNPs to be 
used for development of biological detection modes without autofluorescence background. In this study, we 
prepared Zn2GeO4: Mn2+, Pr3+ (ZGOMP) nanorods through a one-pot hydrothermal method. Using the pH- 
responsive luminescence behavior of ZGOMP, we developed an autofluorescence-free biosensor using ZGOMP 
as a probe and gluconic acid as a quencher to detect prostate-specific antigen (PSA). Hybridization chain reaction 
(HCR) and magnetic separation system were introduced in the design to achieve efficient signal amplification. 
Under the optimal conditions, the as-designed autofluorescence-free sensing platform showed high selectivity, 
and showed a good luminescence response to PSA within the linear range of 0.001–10 ng/mL at a detection limit 
of 0.64 pg/mL. The excellent analytical performance shows that the current strategy provides an effective 
platform for clinical sample analysis.   

1. Introduction 

As is well-known, tumor markers are a kind of special biomarkers 
that can indicate whether cancer exists or not, and they can intuitively 
reflect the real-time situation of tumors via their quantitative changes. 
Prostate-specific antigen (PSA), a biomarker secreted by prostatic 
epithelial cells, is present in prostate tissue and semen [1,2]. The level of 
PSA in patients with prostate cancer is significantly higher than that of 
normal people. Since PSA level is a clear indicator of prostate cancer and 
only exists in specific tissues and organs, it is currently the preferred 
marker for the diagnosis of prostate cancer [3,4]. However, the 
extremely low level of PSA in human serum (4.0 ng/mL is regarded as 
the threshold for clinical screening of prostate cancer) force people to 
develop accurate, ultra-sensitive, and specific PSA detection methods for 
early diagnosis and recurrence monitoring of prostate cancer [5,6]. 

Fluorescent biosensors are widely used for the early diagnosis of 
cancers and show excellent performance in the detection of tumor 
markers. Compared with enzyme-linked immunosorbent assay (ELISA) 
[7,8], surface plasmon resonance (SPR) [9], electrochemical assay [10, 
11], colorimetric assay [12,13], and photoelectrochemical assay [14, 

15], the fluorescent assay has the advantages of high sensitivity, strong 
stability, and simple operation in trace determination [16,17]. There
fore, the development of more stable and sensitive fluorescent probes to 
construct more effective fluorescent sensors is of great significance for 
the early diagnosis of cancers. At present, a variety of materials, 
including quantum dots [18,19], metal nanoclusters [20,21], organic 
fluorescent dyes [22], metal-organic frameworks (MOF) [23] and so on, 
have been widely developed as fluorescent probes to monitor low levels 
of tumor markers. However, fluorescent sensors based on these mate
rials often require continuous illumination of an excitation light source 
to generate a signal. Therefore, they cannot meet the needs of people to 
eliminate the background signal of the biological matrix for improving 
the signal-to-noise ratio [24]. 

In practical applications, materials with excellent optical properties 
are urgently needed to construct sensors with better performance. 
Fortunately, persistent luminescent nanoparticles (PLNPs), which can 
emit persistently after turning off the excitation light source, bring hope 
to researchers [25]. Because of its excellent optical properties, the sensor 
based on PLNPs does not need external illumination during detection, 
thus eliminating the interference of autofluorescence generated by the 
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biological matrix during in-situ excitation in actual detection process 
[26]. Many autofluorescence-free sensors based on PLNPs have been 
developed for in vivo bioimaging and in vitro biodetection [27–30]. 
Wang and co-workers established an autofluorescence-free sensing sys
tem for the sensitive detection of lysozyme in serum based on hydro
thermally synthesized Zn2GeO4: Mn2+ persistent luminescence 
nanorods [31]. The Yan’s group reported an aptasensor based on func
tionalized ZnGa2O4:Cr3+ persistent luminescent nanoparticles for sen
sitive autofluorescence-free determination of kanamycin in food 
samples [32]. Despite many advances in this field, ongoing effort has 
been made to explore innovative strategies for sensitivity improvement 
through nucleic acid signal amplification methods. 

Herein, ZGOMP nanorods with great afterglow properties were 
synthesized by a simple one-pot hydrothermal method. It has been 
confirmed that ZGOMP is easily decomposed under acidic conditions, 
which leads to a significant decrease in the persistent luminescence (PL) 
signal of ZGOMP as the pH decreases. To this end, an autofluorescence- 
free sensor system for monitoring PSA levels was constructed. The 
magnetic separation system and hybridization chain reaction (HCR) 
process were introduced in this design to achieve signal amplification 
for effective improvement of sensitivity (Scheme 1). During the detec
tion process, the presence of the target PSA induced the separation of 
PSA aptamer and tDNA and then triggered the HCR process, which 
resulted in a large amount of glucose oxidase (GOD) loading on the 
magnetic beads. Gluconic acid, derived from GOD catalytic product, can 
decompose ZGOMP and accurately monitored spectrometry in PL signal 
at 533 nm, which was also proportional to the concentration of PSA. 
Under the optimal conditions, the developed autofluorescence-free 
sensing system shows a wide linear range and a low detection limit. 
Overall, this work provides a feasible strategy for the application of 
persistent luminescent nanomaterials in sensitive biosensors and dem
onstrates the amazing application potential of autofluorescence-free 
sensing systems. 

2. Experimental section 

2.1. Reagents and chemicals 

Avidin-GOD conjugates (2.0 mg/mL by UV absorbance at 280 nm; 
lyophilized; Buffer: 0.15 M sodium chloride + 0.02 M potassium phos
phate, pH 7.2) were obtained from Rockland Immunochemicals Inc. 
(Limerick, Ireland). N-hydro-xysuccinimide (NHS) and N-(3-dimethy
laminopropyl)-N′-ethylcarbo-diimide hydrochloride (EDC) were 

purchased from Sigma-Aldrich (Saint Louis, MO 63103, USA). Ammo
nium hydroxide (NH3⋅H2O, 25 wt %), Carboxylated magnet beads 
(MBs), Pr(NO3)3⋅6H2O (99.9%), germanium oxide (GeO2, 99.999%), 
Manganese nitrate solution (Mn(NO3)2, 50% in H2O) and Zn 
(NO3)2⋅6H2O (99.9%) were purchased from Aladdin (Shanghai, China). 
All other reagents were of analytical grade and used without any further 
purification. Ultrapure water obtained from a Millipore water purifica
tion system (18.25 MΩ cm, Milli-Q, Millipore) was used in all runs. All 
buffers including phosphate-buffered saline (PBS) solution were the 
products of Sangon-Biotech (Shanghai, China). All sequences of the ol
igonucleotides were designed referring to the previous works (Table S1) 
[33]. 

2.2. Preparation of ZGOMP nanorods 

ZGOMP nanorods were prepared through a one-step hydrothermal 
method [31,34]. Briefly, 1.0463 g GeO2 powdered solid was dissolved in 
25 mL NaOH solution (2.0 M) to prepare Na2GeO3 solution. With 
vigorous stirring, 300 μL concentrated HNO3, 1.98 mmol of Zn(NO3)2, 
0.01 mmol Pr(NO3)3, 0.01 mmol Mn(NO3)2, and 10 mL H2O were mixed. 
After dropwise addition of 1.1 mmol Na2GeO3, a certain amount of 
NH3⋅H2O (25 wt %) was rapidly added to the solution prepared above to 
adjust the pH to 8.5, and continue magnetic stirring for 1 h at room 
temperature. Subsequently, the resulting white suspension was poured 
into a Teflon reactor to heat treatment for 16 h at 220 ◦C. Finally, the 
synthesized ZGOMP product was collected by centrifugation and 
washed alternately with ethanol and water four times, and then dried at 
60 ◦C. 

2.3. Preparation of anchor DNA-Modified magnetic beads (aDNA-MB) 

The carboxylated magnetic beads (MB) were conjugated with ami
nated aDNA strands through a carbodiimide couple reaction [35]. First, 
the carboxylated MB (150 μL, 1.0 mg/mL, aqueous suspension) was 
injected into the MES buffer (1200 μL, 0.1 M, pH 6.0) containing NHS 
(2.5 mg/mL) and EDC (2.5 mg/mL). To fully activate the carboxyl group 
on MB, the mixture prepared above was reacted at 37 ◦C for 15 min. 
Subsequently, aDNA (150 μL, 200 μM) was mixed into the resulting 
mixture and kept shaking for 12 h at 37 ◦C. Magnetic separation was 
used to collect the product, and unbound biomolecules were washed 
away with PBS (10 mM pH 7.4). Finally, the aDNA-MB conjugates were 
dispersed in PBS (1.5 mL, 0.01 M, pH 7.4) and kept refrigerated at 4 ◦C. 

Scheme 1. Schematic Illustration of the autofluorescence-free sensing system for the detection of prostate-specific antigen (PSA). (H1: hairpin 1; H2: hairpin 2; 
aDNA: anchor DNA; tDNA: trigger DNA; Apt: PSA aptamer; MB: magnetic bead; GOD: glucose oxidase; PL: persistent luminescence). 
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2.4. Hybridization of trigger DNA with PSA aptamer (tDNA/Apt) 

Briefly, PSA aptamer (10 μL, 100 μM) and tDNA (10 μL, 100 μM) 
were initially injected into PBS (180 μL, 0.01 M, pH 7.4). Thenceforth, 
the resultant mixture was annealed for 5 min at 95 ◦C and cooled 
naturally to room temperature. During this process, the added aptamer 
partially hybridized with tDNA to form an tDNA/Apt double-stranded 
structure with a concentration of 5.0 μM. 

2.5. Procedure for the determination of PSA 

PSA standard/sample with different concentrations (50 μL), tDNA/ 
Apt (50 μL, 1.0 μM) and aDNA-MB conjugates (50 μL, 1.0 mg/mL) were 
initially mixed to react for 30 min at 25 ◦C. After magnetic separation, 
wash away unbound biomolecules with PBS (0.1 M, pH 7.4). Thereafter, 
the prepared mixture (50 μL) including GOD (1.0 U), Hairpin DNA1 
(H1,10 μM), and Hairpin DNA2 (H2,10 μM) were added to the product 
obtained in the previous step. The mixture was incubated at room 
temperature for 40 min to fully perform the hybridization chain reaction 
(HCR) process between the two hairpin strands while allowing the 
avidin-glucose oxidase and the biotinylated DNA hairpin strands to bind 
as much as possible. After magnetic separation and washing, ZGOMP 
(100 μL, 0.75 mg/mL) and glucose (100 μL, 100 mM) were injected into 
the mixture, and reacted for 20 min. Finally, the PL intensity at 533 nm 
of the solution was measured for the determination of PSA on the 
fluorometer in the phosphorescence mode (excitation at 254 nm; the slit 
width for excitation and emission was set to 5.0 nm; the response time 
was set to 0.004 s). 

3. Results and discussion 

3.1. Characterization of ZGOMP nanorods 

Mn2+, Pr3+ doped Zn2GeO4 nanorods were synthesized via a one-pot 
hydrothermal strategy. In the process of hydrothermal synthesis, GeO3

2−

is hydrolyzed to GeO4
4− [36]. When the concentrations of Zn2+ and 

GeO4
4− reached a supersaturated state in the solution, Zn2GeO4 began to 

nucleate through the following process.  

2Zn2+ + GeO3
2− + 2OH− = Zn2GeO4 + H2O                                           

It has been proved that ZnO4 and GeO4 tetrahedra be connected by 
forming the metal-oxygen-metal bonds, so that Zn2GeO4 nuclei continue 
to grow [37]. It is well known that the (110) plane (horizontal to the 
c-axis) has higher energy stability than the (001) plane, which makes 
ZGOMP nanoparticles preferentially grow along the c-axis direction like 
other nanomaterials with galena structure and finally assume the 
morphology of nanorods or nanowires [31,36]. ZGOMP samples 
(Fig. 1A) synthesized by the hydrothermal strategy showed uniformly 
distributed with clean surfaced rod-like structure as expected. The 
length and diameter of the ZGOMP nanorods were about 70–90 nm and 
27–32 nm, respectively. 

The XRD patterns (Fig. 1C) of the ZGOMP nanorods approximately in 
keeping with the standard pattern of Zn2GeO4 with the phenacite type 
structure (JCPDS No-110,687), which implied ZGOMP nanorods well 
maintained the rhombohedral phase structure. However, it was worth 
noting that the highest diffraction peaks of ZGOMP nanorods at 30.78◦

and 33.26◦ showed a blue shift compared with the standard pattern of 
Zn2GeO4, which indicated that the crystal lattice had slightly expanded 
(Fig. S1) [34]. X-ray photoelectron spectroscopy (XPS) of the resultant 
ZGOMP are shown in Fig. 1D. A double peak at 1021.4 eV and 1044.6 eV 
corresponded to the Zn2+-2p level of 2p3/2 and 2p1/2, respectively, 
indicating that the chemical state of Zn2+ in ZGOMP. The characteristic 
peaks of Ge3d and O1s were observed at 32.0 eV and 530.8 eV, 
respectively, suggesting the existence of Ge4+ and O2− in ZGOMP. 
Similarly, the peaks with binding energies at 933.6 eV and 929.8eV in 

the Pr XPS spectra were assigned to the peaks of Pr 3d5/2 and satellite 
peak, respectively, indicating that the chemical state of Pr is present as 
Pr3+ in ZGOMP (Fig. 1E) [38,39]. The binding energies of Mn 2P1/2 and 
Mn 2P3/2 are 655.3 and 640.9 eV, which can be attributed to the Mn2+

state existing in the composites (Fig. 1F). It must be noted that Mn2+, 
Pr3+ and Zn2+ had similar valence and ionic radius, so they tended to 
substitute for Zn2+ in Zn2GeO4 crystal [40]. However, because the ionic 
radius of Pr3+ was larger than that of Zn2+ and the valence state was 
different, the substitution of Pr3+ for Zn2+ led to cation distortion and 
new defects. Meanwhile, this also explained the reason for the expansion 
of the Zn2GeO4 crystal lattice after the doping of Mn2+ and Pr3+

mentioned above. When two Zn2+ ions were replaced by two Pr3+ ions, 
in order to maintained charge balance, a vacancy defect with two 
negative charges (V′′

Zn) and two positive defects of PṙZn were generated. 
Additionally, the aggregation of Pr3+ ions may change the depth of traps 
formed from the lattice defects, which is conducive to the generation of 
afterglow [41]. 

Fig. 1B shows the emission (Em) and excitation (Ex) spectra of 
ZGOMP, and the excitation band of ZGOMP can be clearly observed in 
the range of 215 nm–280 nm. Under the irradiation of 254 nm (the best 
excitation wavelength) excitation light, the symmetrical emission peak 
of ZGOMP appeared at about 533 nm. The persistent luminescence 
decay curve of ZGOMP showed that it still had a strong persistent 
luminescence after ceasing UV irradiation for 5 min, and the persistent 
luminescence of ZGOMP could still be observed by naked eyes even after 
stopping excitation for 0.5 h (Fig. S2). The green luminescence 
demonstrated that Mn2+ is tetrahedrally coordinated number of 4 rather 
than octahedrally coordinated number of 6 in the crystal lattice because 
the octahedral coordination will produce the red luminescence of Mn2+

[42,43]. For Pr3+, previous studies [34,41] have pointed out that it only 
plays the role of trap center by forming positive defects (PṙZn), not as the 
luminescent center. The mechanism for the persistent luminescence of 
ZGOMP is explained as follows (Fig. S3). On the one hand, the positively 
charged oxygen vacancy (V̇O) and zinc interstitial (Zṅi) form electron 
traps, and on the other hand, negatively charged germanium vacancy 
(VGe) and zinc vacancy (V′′

Zn) form trap holes. When irradiated with 
ultraviolet light, energy was directly transferred from the excited elec
trons and holes through the crystal lattice to the luminescent center 
(Mn2+), which immediately resulted in 4T1→6A1 green emission of Mn2+

[41]. However, some of the excited electrons trapped by the oxygen 
vacancies do not immediately return to the ground state, but transfer to 
Pr3+ to form Pr2+ or Pr3+ + e− in the clusters. After ceasing the irradi
ation of UV light, with thermal stimulus, the electrons captured by Pr3+

are transferred to the luminescent center to combine with the opposite 
charges, thus realizing a characteristic persistent luminescence of Mn2+. 

3.2. Characteristics of HCR-based autofluorescence-free sensing system 

To realize the high sensitivity detection of PSA, besides the synthesis 
of ZGOMP, some other issues about the construction of 
autofluorescence-free sensing detection system based on HCR deserve to 
be seriously studied, e.g., (ⅰ) whether the PL signal of ZGOMP could 
produce different responses under different acidic conditions; (ⅱ) 
whether tDNA could successfully trigger the HCR process and generate 
long duplexes as carriers for GOD landing; (ⅲ) whether the products of 
the biological reaction triggered by the target (PSA) could effectively 
change the PL signal of ZGOMP. 

To clarify these issues, the sustained luminescence spectra (Fig. 2D) 
of ZGOMP at different pH were first collected. It can be observed that the 
aqueous solution of ZGOMP at pH 7.0 was a milky white color, and after 
mixing with HAc-NaAc buffer solution of different pH, the solution 
gradually became transparent with the decrease of pH. Meanwhile, the 
green emission of ZGOMP under UV light gradually weakened and even 
completely disappeared. The morphological changes of ZGOMP at 
different pHs were observed by TEM (Fig. 2A–C). It can be seen that with 
the decrease of pH, ZGOMP occurred obvious decomposition, 
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accompanied by the occurrence of agglomeration phenomenon. It is well 
known that strong acids can react with weak acid salts to generate the 
corresponding strong acid salts and weak acids. Therefore, the above 
phenomenon could be explained that the acidity of acetic acid was 
stronger than that of H4GeO4, and GeO4− could be replaced from 
Zn2GeO4 to generate H4GeO4 and Zn2+. Finally, acetic acid degraded 
ZGOMP and quenched its luminescence. Similarly, it could be specu
lated that gluconic acid, which was more acidic than acetic acid, could 
also quench the PL signal of ZGOMP in this way. 

To verify that the presence of H1 and H2, tDNA can indeed induce 
the HCR process to form a long nicked DNA double-helix polymer, we 
employed gel electrophoresis. As shown in Fig. 2E, only one bright band 
could be found in the presence of either H1 or H2 (lane ‘c’ and ‘d’). Lane 
‘a’ showed that only when H1 and H2 were mixed, the band did not 
change significantly, indicating that HCR process did not occur. How
ever, when H1, H2 and tDNA were mixed, the bands appear as ladder- 
like extensions. These results demonstrated that the HCR process 
could be triggered only by the induction of tDNA to form nicked double- 

Fig. 1. (A) Transmission electron microscopy (TEM) image of ZGOMP; (B) Excitation (Ex) (phosphorescence mode at 533 nm) and emission (Em) (phosphorescence 
mode, excitation at 254 nm) spectra of ZGOMP; (C) Powder XRD patterns of ZGOMP; (D) XPS survey spectra of ZGOMP (inset, high-resolution XPS spectra of Zn 2p, 
Ge 3d and O1s), (E) Pr 3d, and (F) Mn 2p. 

Fig. 2. (A–C) TEM images of ZGOMP at (A) pH 7.0, (B) pH 5.6 and (C) pH 2.6; (D) PL intensity of ZGOMP at 533 nm against pH in the acetic acid-sodium acetate 
buffer solution. Inset are photographs of ZGOMP solutions at pH 7.0, pH 5.6 and pH 2.6 under natural light and 254 nm UV lamp; (E) Gel electrophoresis (lane a: H1 
+ H2, lane b: H1 + H2 + tDNA, lane c: H1, lane d: H2, lane e: DNA marker); (F)PL intensity of (b) aDNA-MB + tDNA/Apt + GOD-H1/H2-GOD, (c) aDNA-MB +
tDNA/Apt + GOD-H1/H2-GOD + glucose, (d) aDNA-MB + tDNA/Apt + GOD-H1/H2-GOD + glucose + PSA (note: Curve ‘a’ gives the PL intensity of ZGOMP) (0.5 
ng/mL PSA used in this case). 
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helical DNA polymers of different lengths (Lane ‘b’). 
Although the above results have fully explained the signal trans

duction and amplification mechanism, the reliability of the detection 
process of the HCR-based sensor system still needs to be further verified. 
Therefore, we compared the PL signal under different conditions 
through several control experiments(Fig. 2F). Obviously, when ZGOMP, 
aDNA-MB, tDNA/Apt and GOD-H1/H2-GOD were present in the assay 
system, but glucose and PSA were absent (curve ‘b’ and ‘c’), the PL signal 
of the system was almost identical to that of the blank group (curve ‘a’) 
in which ZGMP was present alone. However, once all the necessary 
substances were present in the detection system, the PL signal was 
greatly reduced (curve ‘d’ versus curve ‘a’). The results showed that the 
design of the detection process was reasonable, and the enzymatically 
produced gluconic acid could indeed degrade ZGOMP and quench its PL 
signal as expected. 

3.3. Optimization of experimental conditions 

As mentioned above, as the key steps of signal transduction and 
signal amplification, the catalytic process of glucose by GOD and the 
HCR process determined the performance of the autofluorescence-free 
sensing platform. To fully exploit the maximum potential of the detec
tion platform, the optimal reaction time of the above two steps was 
explored. First, the binding reaction of biotinylated single-stranded DNA 
to avidin-GOD was performed simultaneously with the HCR process, 
different reaction times were set and the PL signals of the system were 
recorded (Fig. 3A). It was observed that the PL signal of the system was 
almost completely quenched after 40 min, indicating that the HCR 
process and the GOD attachment process had been fully completed 
within 40 min. To save time, 40 min was considered as the best reaction 
time for HCR process because the PL signal was not significantly 
weakened after 40 min. Besides, the optimal reaction time for the pro
cess of GOD catalyzing glucose was investigated in the same manner 
(Fig. 3B). The results showed that the PL signal of ZGOMP could be 
almost completely quenched by the biological reaction products in the 
system within 30 min. Therefore, 30 min was employed as the best 
catalysis time for GOD towards the substrate glucose. 

3.4. Analytical performance of autofluorescence-free sensing system 

Under optimal conditions, the analytical performance of the 
autofluorescence-free sensing system based on ZGOMP and HCR process 
was studied with different concentrations of PSA standard samples. It 
can be seen from Fig. 4A that the PL signal of the system decreases with 
increasing PSA concentration. The decreased PL intensity was linearly 
related to the logarithm of the concentration of PSA in the range of 
0.001–10 ng/mL (Fig. 4B). The linear regression equation was ΔF =

1725.1 × logC[PSA] + 452.8 (R2 = 0.9941, n = 9). The detection limit 
was approximately 0.64 pg/mL at the signal-to-noise ratio of 3σ (where 
σ is the standard deviation of a blank sample, n = 11, i.e., IUPAC rec
ommended method,1978). Impressively, the LOD value of this strategy 
was lower than the clinical diagnostic standard value of prostate cancer, 
which could fully meet the needs of PSA detection. 

The ability to accurately monitor PSA in complex matrices was 
required for ZGOMP and HCR process-based sensing systems 
autofluorescence-free to be used in the clinical diagnosis of prostate 
cancer. Several biomarkers, including immunoglobulin G (IgG), carci
noembryonic antigen (CEA), cancer antigen 15–3 (CA 15–3) and alpha- 
fetoprotein (AFP) were used to challenge the accuracy of 
autofluorescence-free sensing systems for monitoring PSA concentra
tions (Fig. 4C). The autofluorescence-free sensing system had essentially 
no response to IgG, CEA, CA 15–3 and AFP compared to the significant 
decreased in PL signal in the presence of PSA. Moreover, when PSA 
coexisted with interfering biomarkers, the PL signal of the system did 
not change significantly compared with that of PSA alone. Also, a 
comparison of our strategy with several methods for PSA detection 
developed by other researchers is listed in Table S2. Compared with 
other PSA detection methods, this autofluorescence-free sensing plat
form based on ZGOMP and HCR process achieved more sensitive PSA 
detection. All in all, the above experimental results showed that the 
designed autofluorescence-free sensing system based on ZGOMP and 
HCR process has reliable selectivity. 

3.5. Preliminary application in real samples 

To further evaluate the potential of our design for practical sample 
testing, seven human serum samples from local Fujian Provincial Hos
pital were tested with the self-developed autofluorescence-free sensor 
system and commercial enzyme-linked immunosorbent assay (ELISA) 
kit, respectively. It should be noted that all human serum high con
centration samples were well shaken and diluted with PBS buffer before 
being measured by these two methods. At the end of the test procedure, 
the PSA levels were calculated from the linear regression equation in 
Fig. 4B. The results are listed in Table 1 and are compared with the 
results of ELISA. In order to intuitively and correctly judged the reli
ability of the two detection methods, the t-test statistical analysis 
method was used to obtain the texp values between the two detection 
methods. It could be found that all texp values were lower than tcrit (tcrit 

[4, 0.05] = 2.78) [44,45], so it could be judged that there was no signif
icant difference between the two methods at the 5% significance level. 
In other words, both methods have reliable accuracy, indicating that the 
autofluorescence-free sensing system based on ZGOMP and HCR pro
cesses is very promising for the detection of PSA in complex matrices. 

Fig. 3. (A) HCR time and (B) catalysis time on PL intensity responses of the autofluorescence-free sensing system (10 ng/mL PSA used as an example).  
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4. Conclusions 

In summary, ZGOMP nanoparticles with great persistent lumines
cence properties have been successfully prepared and applied to 
construct a sensing platform without autofluorescence for PSA detec
tion. Under acidic conditions, the PL signal of ZGOMP decreases with the 
decrease of pH, showing a sensitive acid response, which constitutes an 
important basis for the signal conversion of the concentration of PSA. 
Besides, the HCR process triggered by the target PSA caused a large 
amount of GOD to be loaded on the magnetic bead surface. The PL signal 
of ZGOMP was quenched by gluconic acid generated by enzyme catal
ysis in the detection system, which enabled the expected signal ampli
fication effect to be achieved. The autofluorescence-free sensing system 
based on the ZGOMP and HCR process exhibit the advantages of wide 
linear range, low detection limit, high accuracy and good selectivity, 
which show that it has good application prospect in PSA detection with 
high efficiency, high sensitivity and low cost. 
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