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ABSTRACT 

Persistent luminescence nanoparticles (PLNPs), which can remain luminescent after cessation of 

excitation, have emerged as important materials in biomedicine due to their special ability to 

eliminate tissue autofluorescence. Even though significant advances have been made in 

bioimaging, studies on controlled synthesis of PLNPs with tunable properties are lacking. Until 

now, only a few studies have reported the synthesis of quasi-spherical ZnGa2O4:Cr PLNPs, and 

direct synthesis of PLNPs with other shapes and chemical compositions has not been reported. 

Herein, we report the direct synthesis of Zn2GeO4:Mn (ZGO:Mn) persistent luminescence 

nanorods (NRs). The length and persistent luminescence of ZGO:Mn NRs can be fine-tuned by 

simply changing the pH of the hydrothermal reaction system. Moreover, ZGO:Mn NRs exhibit 

rapid growth rate, and NRs with strong persistent luminescence can be obtained within 30 min of 

hydrothermal treatment. Aptamer-guided ZGO:Mn bioprobes were further constructed and 

applied to serum lysozyme analysis. Serum samples from patients with lung cancer, gastric 

cancer and colorectal cancer were collected and the concentrations of lysozyme in these samples 

were determined. Since the bioprobes displayed long persistent luminescence, serum 

autofluorescence interference was completely eliminated. The lysozyme quantification results 

were in good agreement with those obtained using a clinical method, suggesting the good 

potential of the bioprobes in the analysis of clinical samples. The developed ZGO:Mn NRs 

possess tunable length- and persistent luminescence, and they are ideal for eliminating 

autofluorescence interference in biosensing, making them valuable in research areas such as 

studying the functions of biomolecules and monitoring of molecular/cellular networks in their 

native contexts. 

Keywords: aptamer, autofluorescence, biosensing, persistent luminescence, serum, lysozyme 
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Persistent luminescence refers to the phenomenon whereby luminescence remains after 

excitation ceases.
1-4

 Persistent phosphors can store excitation energy in intrinsic traps in the 

forms of holes or electrons and further release the trapped charge carriers to produce photonic 

emission under thermal or other stimulation.
5-10

 The past years have witnessed the widespread 

usage of persistent luminescence nanoparticles (designated as PLNPs) in biomedicine,
11-14

 

especially in bioimaging.
15-18

 Since in-situ excitation is not involved,
19-21 

PLNPs can efficiently 

eliminate tissue autofluorescence and light scattering interference in bioimaging, leading to 

significant improvement of imaging sensitivity and signal-to-noise ratio.
22-24

 Moreover, PLNPs 

are suitable for long-term bioimaging due to their long-lasting luminescence.
25-27

 While 

considerable achievements in bioimaging have been made, study of the controlled synthesis of 

PLNPs remains largely unexplored, even though there are growing demands for PLNPs with 

tunable properties in biomedicine. At present, most of the PLNPs are prepared by a “top-down” 

method, in which high temperature annealing is involved, which produces particles with uneven 

size that cannot be dispersed in water.
2
 Recently, Han and other research groups reported the 

direct synthesis of PLNPs via a “bottom-up” manner.
28-31

 However, all of these studies were 

restricted to the synthesis of quasi-spherical ZnGa2O4:Cr
3+

 nanoparticles. Direct synthesis of 

PLNPs with other shapes and chemical compositions has not been reported. Furthermore, the 

biomedical applications of PLNPs are usually restricted to bioimaging, while usage of PLNPs in 

other areas remains largely unexplored. 

According to the periodic bond chain theory, nanomaterials with phenacite structure prefer to 

grow in the direction of the c-axis and form nanorods or nanowires, since planes horizontal to the 

c-axis such as (110) are energetically more stable than (001).
32,33

 Zn2GeO4 shows typical 

phenacite structure,
34-36

 and several researchers have observed persistent luminescence in 
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Zn2GeO4-based bulk phosphors.
37-40

 Therefore, Zn2GeO4 can serve as a potential host material 

for the synthesis of PLNPs. 

Herein, we report the direct hydrothermal synthesis of Zn2GeO4:Mn (designated as ZGO:Mn) 

persistent nanorods (NRs) with tunable properties. The length, persistent luminescence intensity 

and decay time of ZGO:Mn NRs can be fine-tuned by simply changing the pH of the 

hydrothermal reaction system. The application of the ZGO:Mn NRs in autofluorescence-free 

biosensing was further investigated. Aptamer-guided ZGO:Mn biosensing probes were 

constructed for lysozyme detection in serum of cancer patients. Blood samples from patients 

with lung cancer, gastric cancer and colorectal cancer were collected and the corresponding 

serum samples were further prepared. The biosensing probes were used to measure lysozyme 

concentrations in the serum samples without in situ excitation. The autofluorescence interference 

from serum was efficiently eliminated by the probes due to the long persistent luminescence. 

Moreover, the lysozyme detection results were in good agreement with those obtained using 

clinical ELISA, which indicated that the biosensing probes were highly reliable for analysis of 

clinical samples. These ZGO:Mn NRs exhibit highly tunable properties and show good promise 

in clinical analyses as well as in studies of the role of biomolecules in their native contexts. 

RESULTS AND DISSCUSION 

The shape and crystal structure of ZGO:Mn PLNPs prepared at different pHs were 

characterized with transmission electron microscopy (TEM) and x-ray powder diffraction 

(XRD). As shown in Figure 1 and Figure S1, all of the ZGO:Mn display typical rod shape and 

are well-dispersed. With increasing pH from 6 to 7.5 (Figure 1a-d), the length of the ZGO:Mn 

NRs decreased rapidly from about 900 nm to about 60 nm. Further increase in pH to 9.5 (Figure 

1d-f) led to slight increase of the length to about 80 nm. The XRD pattern of ZGO:Mn NRs can 

Page 4 of 27

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 5

be assigned to the rhombohedral phase of Zn2GeO4 (Figure S2).
35,40

 High-resolution TEM 

(HRTEM) images (Figure 1g−l) show well-resolved lattice fringes, indicating that all the 

ZGO:Mn NRs are highly crystalline. Detailed crystal structure of the ZGO:Mn NRs was further 

studied with high resolution high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM). Spacing of 0.71 nm (110) between the adjacent lattice fringes is 

observed parallel to the rod direction, and another lattice fringe of (113) with an interplanar 

spacing of 0.29 nm is also observed at an angle of 66° to the rod direction (Figure S3),
41

 

indicating that the ZGO:Mn NRs grow in the direction of the c-axis. Energy-dispersive X-ray 

analysis further shows the presence of Mn in the developed NRs (Figure S4). The above results 

clearly show that ZGO:Mn NRs with tunable length were successfully prepared by our 

hydrothermal method. 

The luminescence properties of ZGO:Mn NRs were further investigated. Figure 2a presents 

the photoluminescence spectrum of ZGO:Mn NRs. The emission bands peaking at around 450 

nm and 480 nm can be attributed to intrinsic defects such as oxygen vacancies and interstitial 

Zn.
42

 For ZGO:Mn NRs prepared at pH below 7.0, the emission of Mn
2+

 at around 536 nm is 

seriously overlapped by the defect luminescence. With increasing pH, the defect luminescence 

gradually weakens and a strong emission band from Mn
2+

 is observed. The defect luminescence 

nearly disappears and green emission dominates the spectrum at pH=9.5. The quantum yields of 

ZGO:Mn NRs prepared at different pHs were measured and presented in Table S1. The 

persistent luminescence decay in ZGO:Mn NRs was further measured, as shown in Figure 2b. 

Obviously, all of the ZGO:Mn NRs exhibit distinct persistent luminescence with decay times 

longer than 100 s, clearly demonstrating the successful preparation of ZGO:Mn persistent NRs. 

Moreover, the persistent luminescence intensity and decay time can be tuned by simply changing 
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the pH. Figure 2c and Figure S5a presents the photoluminescence images of ZGO:Mn NRs 

dispersions. The color of the dispersions gradually changes from blue to green with increasing 

pH, which can be attributed to the gradual decrease of defect luminescence and increase of Mn
2+

 

emission. The persistent luminescence images were further captured with a commercial camera 

after cessation of excitation. As shown in Figure 2d and Figure S5b, all of the prepared ZGO:Mn 

NRs display strong persistent luminescence, and tuning of the persistent luminescence color is 

also observed. The persistent luminescence of ZGO:Mn NRs was further measured with an IVIS 

Lumina XR imaging system, as shown in Figure 2e. Strong persistent luminescence is observed 

in all of the ZGO:Mn NRs, and the decay time can be tuned from 3 min to more than 30 min. 

The mechanism of persistent luminescence in ZGO:Mn NRs is illustrated in Figure 2f.
43,44

 The 

excited electrons and holes generated under UV excitation are captured by the electron and hole 

traps, respectively (7). Under thermal stimulation, some of the trapped charge carriers can escape 

from the traps and move to the native defects, leading to the generation of host emission (8). 

Also, some of the escaped electrons can move to the excited energy level of Mn
2+

 (9), and the 

combination of the electrons with holes results in the green emission from Mn
2+

 (6). All of the 

above results clearly demonstrate the successful development of ZGO:Mn persistent 

luminescence NRs. Moreover, the length and persistent luminescence in the NRs can be fine-

tuned by simply changing the pH of the hydrothermal reaction system. 

In addition to tunable size and persistent luminescence, rapid growth rate of ZGO:Mn NRs 

was also observed. The growth of ZGO:Mn NRs at pH=9.5 was systematically characterized. 

The reaction solution containing Zn, Ge and Mn precursors was first stirred at room temperature. 

As shown in Figure 3a and Figure S12, wrinkled nanoparticles were formed after 30 min (Stage 

1), and the XRD pattern indicates the rhombohedral structure of the nanoparticles (Figure S13). 
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The wrinkled nanoparticles gradually merged after 60 min of stirring (Figure 3b, Stage 2). The 

reaction solution was then subjected to thermal treatment at 220 °C. Figure 3c shows that highly 

crystallized ZGO:Mn NRs were obtained after 30 min of hydrothermal treatment (Stage 3), and 

further increase the reaction time to 4 h did not lead to obvious morphological or crystallinity 

changes (Figure 3d, Stage 4, and Figure S12). The luminescence properties of particles obtained 

at the above four stages were further studied. Figure 3e presents the photoluminescence spectra 

of the particles. Typical green emission is observed in nanoparticles from all of the four stages. 

Figure 3f shows that nanoparticles obtained at room temperature (Stage 1 and Stage 2) already 

display obvious persistent luminescence. Moreover, ZGO:Mn NRs at Stage 3 display a decay 

curve similar to that of NRs obtained at Stage 4, clearly indicating that ZGO:Mn NRs can be 

prepared within 30 min of hydrothermal treatment. The photoluminescence and persistent 

luminescence images of the above particle dispersions were further captured with a commercial 

camera. As shown in Figure 3g, green luminescence is observed in nanoparticles obtained at 

room temperature (Stage 1 and Stage 2), and the ZGO:Mn NRs (Stage 3 and Stage 4) exhibit 

bright green luminescence. Figure 3h further shows the strong persistent luminescence of the 

ZGO:Mn NRs. The above results thus clearly suggest that NRs with strong persistent 

luminescence can be easily obtained within 30 min of hydrothermal treatment, indicating the 

rapid growth rates of ZGO:Mn NRs. 

The ZGO:Mn NRs were further employed for autofluorescence-free biosensing. Because 

previous studies reported that the abnormal expression of serum lysozyme is highly correlated 

with solid tumors,
45-47

 lysozyme was utilized as the model target in our study. The detection of 

lysozyme in serum is illustrated in Figure 4a. The ZGO:Mn NRs were functionalized with 

lysozyme-binding aptamer
48,49 

(designated as ZGO:Mn-LBA), and black-hole-quencher-labeled 
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DNA (designated as BHQ-DNA) was used to quench the luminescence of ZGO:Mn-LBA 

through DNA hybridization. The aptamer folds into a unique 3D structure, which binds with 

lysozyme and the BHQ-DNA is detached from the ZGO:Mn-LBA. As a result, the luminescence 

of ZGO:Mn-LBA is recovered. The biological chromophores in serum display strong 

autofluorescence under excitation, causing serious interferences with the traditional fluorescence 

assay. However, in this study, the short-lived autofluorescence decays rapidly after excitation 

ceases, but the ZGO:Mn-LBA remains luminescent. By collecting the persistent luminescence 

signal of ZGO:Mn-LBA, the autofluorescence interference from serum can be efficiently 

eliminated. TEM images show that LBA modification did not cause any obvious changes to the 

shapes or dispersability of the ZGO:Mn NRs (Figure S14). The successful preparation of 

ZGO:Mn-LBA bioprobe was evidenced by zeta potential measurement (Figure S15). To test the 

effectiveness of ZGO:Mn-LBA in suppression of autofluorescence, human serum was added to 

the ZGO:Mn-LBA dispersion. The photoluminescence and persistent luminescence spectra of 

the solution were measured and are presented in Figure 4b. The photoluminescence curve shows 

that human serum exhibits strong fluorescence in the range of 400-600 nm, and the 

autofluorescence seriously blurs the emission band of ZGO:Mn-LBA at 536 nm. However, upon 

removal of the excitation source, serum autofluorescence disappears completely and the distinct 

emission band of ZGO:Mn-LBA is obtained, as evidenced by the persistent luminescence curve 

in Figure 4b. These results clearly demonstrate that ZGO:Mn-LBA can efficiently eliminate 

serum autofluorescence interference. The response of the biosensing probe to lysozyme was 

further tested. As shown in Figure 4c, addition of lysozyme led to efficient recovery of the 

persistent luminescence, indicating the efficient displacement of BHQ-DNA by lysozyme. A 

good linear relationship between the enhanced persistent luminescence (∆P) and the 
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concentration of added lysozyme was observed (Figure 4d). The detection limit of lysozyme was 

4.6 nM estimated using 3σ. The specificity of the biosensing probe was further tested, and the 

results are presented in Figure 4e. High specificity towards lysozyme is observed, which can be 

attributed to the specific binding affinity of aptamers to their targets.
50,51 

The biosensing probe was further utilized to detect lysozyme in serum from cancer patients. 

As illustrated in Figure 5a, blood samples were collected from cancer patients, and serum 

samples were prepared by removing cells from the blood via centrifugation. Serum sample from 

patients with lung cancer, gastric cancer and colorectal cancer were tested. For comparison, 

serum samples from healthy volunteers were also tested. As shown in Figure 5b, serum from 

healthy donors led to obvious enhancement of the luminescence signal, suggesting the presence 

of lysozyme in the serum of a healthy donor. As for serum from cancer patients, a larger 

enhancement of emission intensity is observed, indicating the increased amounts of lysozyme in 

serum from cancer patients. The concentrations of lysozyme in different serum samples are 

further presented in Figure 5c. The overexpression of serum lysozyme is clearly observed in 

cancer patients. To confirm the above detection results, the lysozyme concentrations in serum 

samples were in parallel determined by clinical ELISA. As shown in Table 1, the results 

obtained with the ZGO:Mn-LBA probe are in good agreement with those obtained using ELISA. 

These results thus suggest that the ZGO:Mn-LBA biosensing probe is highly reliable in the 

analysis of clinical samples. 

CONCLUSIONS 

In this work, we have highlighted the direct synthesis of ZGO:Mn persistent luminescence 

NRs. Both the length and persistent luminescence of ZGO:Mn NRs can be fine-tuned by simply 
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changing the pH of the hydrothermal reaction system. Additionally, the ZGO:Mn exhibits rapid 

growth rate and NRs with strong persistent luminescence can be obtained within 30 min of 

hydrothermal treatment. Because ZGO:Mn can remain luminescent for tens of minutes, 

autofluorescence from biological samples was efficiently eliminated. Lysozyme binding aptamer 

guided ZGO:Mn NRs were employed for lysozyme detection in serum from cancer patients, and 

the detection results were in good agreement with those obtained using clinical ELISA. To 

conclude, ZGO:Mn persistent luminescence NRs with tunable length and persistent 

luminescence were successfully developed. The ZGO:Mn NRs exhibit good performance in 

biosensing, which makes them valuable in studying the biological functions of biomolecules and 

monitoring cellular networks in their native contexts. 

EXPERIMENTAL SECTION 

Preparation of the Zn2GeO4:Mn (ZGO:Mn) nanorods  

The ZGO:Mn nanorods were synthesized by a hydrothermal method. Briefly, 2 mmol of 

Zn(NO3)2, 0.005 mmol of Mn(NO3)2, 300 µL of concentrated HNO3 were added into 11 mL of 

deionized water under vigorous stirring. Then, 1 mmol of Na2GeO3 was slowly added to the 

above solution. After that, ammonium hydroxide (28%, wt) was immediately added to adjust the 

pH of the solution to the desired value. The resultant reaction system was left at room 

temperature for 1 h with stirring. Then the solution was transferred to a Teflon-lined autoclave 

and allowed to react at 220 °C for 4 h. The resultant ZGO:Mn nanorods were collected by 

centrifugation and were washed three times with deionized water. 

Measurement of the decay images of ZGO:Mn nanorods 
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The ZGO:Mn nanorods (0.1 g) prepared at different pHs were placed into a 48-well-plate. The 

nanorods were illuminated with a portable UV lamp for 3 min. After that, the UV lamp was 

removed and the plate was immediately put into the IVIS Lumina XR Imaging System to record 

the decay images. 

Preparation of aptamer-guided ZGO:Mn 

The ZGO:Mn nanorods were first functionalized with amino groups (designated as ZGO:Mn-

NH2). Typically, 25 mg of ZGO:Mn nanorods was dispersed in 10 mL of DMF with sonication. 

Then APTES (100 µL) was dropwise added into the above solution under vigorous stirring. The 

resultant solution was allowed to react at 80 
°
C for 12 h. The as-prepared ZGO:Mn-NH2 

nanorods were washed with DMF and further dispersed in 15 mL of deionized water. The 

preparation of aptamer-guided ZGO:Mn was further conducted with a previously reported 

protocol.
1
 The preparation of ZGO:Mn-LBA is used as an example. Briefly, ZGO:Mn-NH2 

nanorods (1 mg) and Sulfo-SMCC (0.2 mg) were added to 1 mL of HEPES buffer (10 mM, 

pH=7.2). The solution was kept at 25 
°
C for 30 min with shaking. The maleimide-activated 

ZGO:Mn-NH2 nanorods were collected by centrifugation, and excess Sulfo-SMCC was removed 

by washing several times with Tris-HCl buffer (10 mM, pH=7.4). After that, the activated 

ZGO:Mn-NH2 nanorods were re-dispersed in 1 mL of Tris-HCl buffer containing 2 nmol 

lysozyme-binding aptamer. The solution was incubated at 25 °C for 12 h. Then the resultant 

ZGO:Mn-LBA was collected by centrifugation and was re-dispersed in 1 mL of Tris-HCl buffer 

for further use.  

Detection of lysozyme in Tris-HCl buffer 
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The ZGO:Mn-LBA (1 mg) was incubated with 1 nmol of BHQ-DNA at 37 °C for 12 h under 

shaking. Then the biosensing probes were collected by centrifugation and further dispersed in 1 

mL of Tris-HCl buffer after washing with buffer to remove free BHQ-DNA. For the detection of 

lysozyme, 100 µL of the bioprobes was added into 300 µL of lysozyme solution. The biosensing 

system was incubated at 37 
°
C for 4 h. After that, the persistent luminescence intensity of the 

biosensing system was measured on a fluorescence spectrometer without in situ excitation. 

Detection of lysozyme in serum from cancer patients 

Typically, 40 µL of serum and 100 µL of the bioprobes solution were added into 260 µL of Tris-

HCl buffer. The biosensing system was incubated at 37 
°
C for 4 h. Then the persistent 

luminescence intensity of the biosensing system was measured without in situ excitation. 
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FIGURES 

 

Figure 1. TEM (a-f) and HRTEM (g-l) images of the ZGO:Mn NRs prepared at different pH 

values (a and g, pH=6.0; b and h, pH=6.5; c and i, pH=7.0; d and j, pH=7.5; e and k, pH=8.5; f 

and l, pH=9.5). 
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Figure 2. Photoluminescence spectra (a) and persistent luminescence decay (b) of the ZGO:Mn 

NRs. Photoluminescence (c) and persistent luminescence (d) images of the ZGO:Mn NRs. (e) 

Persistent luminescence decay images of the ZGO:Mn NRs. (f) Schematic illustration about the 

mechanism of persistent luminescence in ZGO:Mn NRs. 
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Figure 3. (a-d) TEM images of nanoparticles obtained from different reaction stages in the 

preparation of ZGO:Mn NRs at pH=9.5 (Stage 1 and Stage 2, nanoparticles obtained after 30 

min and 60 min of stirring at room temperature, respectively; Stage 3 and Stage 4, NRs obtained 

after 30 min and 4 h of hydrothermal treatment, respectively). Photoluminescence spectra (e) and 

persistent luminescence decay (f) of nanoparticles obtained from the above four stages. 

Photoluminescence (g) and persistent luminescence (h) images of nanoparticles obtained from 

the above four stages. 
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Figure 4. (a) Schematic illustration of autofluorescence-free serum lysozyme biosensing. (b) 

Photoluminescence and persistent luminescence spectra of human serum containing ZGO:Mn-

LBA. (c) Recovery of persistent luminescence in the presence of lysozyme with different 

concentrations. (d) Plot of enhanced persistent luminescence intensity (∆P) versus lysozyme 

concentration. (e) Responses of the biosensing probes to different kinds of biomolecules. 
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Figure 5. (a) Schematic illustration of the preparation of serum samples from cancer patients. (b) 

Response of the biosensing probes to different kinds of serum samples. (c) Concentrations of 

lysozyme in different kinds of serum determined with the biosensing probes. 
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Table 1. Results of lysozyme concentrations in different kinds of serum samples determined 

with ZGO:Mn-LBA biosensing probes and ELISA, respectively. 

Serum Method Concentration (µM) 

Healthy donor 

Lung cancer 

Gastric cancer 

Colorectal cancer 

Healthy donor 

Lung cancer 

Gastric cancer 

Colorectal cancer 

ZGO:Mn-LBA 

ZGO:Mn-LBA 

ZGO:Mn-LBA 

ZGO:Mn-LBA 

ELISA 

ELISA 

ELISA 

ELISA 

0.31 ± 0.03 

0.43 ± 0.03 

0.50 ± 0.08 

0.61 ± 0.06 

0.33 ± 0.05 

0.41 ± 0.06 

0.47 ± 0.05 

0.56 ± 0.08 
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