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Abstract: Persistent luminescent nanoparticles (PLNPs) with 

intrinsic stimuli-responsive properties are highly desirable for 

diverse applications because of no autofluorescence background 

and natural responsive luminescence. However, to our 

knowledge, the stimuli-responsive features of pure PLNPs have 

been unexplored yet. Here we show a facile one-pot 

hydrothermal synthesis of green-emitting Zn2GeO4:Mn
2+

,Pr
3+

 

nanoparticles (ZGMP) with regular shape, uniform size, good 

afterglow luminescent performance. We also report the pH 

stimuli-responsive luminescent behavior of ZGMP and its 

possible mechanism. Taking the intriguing feature of pH 

responsive persistent luminescence, we explore ZGMP as 

autofluorescence-free probes to achieve stimuli-activated signal 

switch for biosensing by integrating enzyme catalysis reaction 

mediated pH modulation. The pH responsive persistent 

luminescence also makes ZGMP promising for high-level 

information encryption. This work paves the way to the design 

and development of stimulus-responsiveness of pure PLNPs for 

diverse applications. 

Introduction 

Persistent luminescence nanoparticles (PLNPs), also known 

as long afterglow nanoparticles, are a kind of nanomaterials 

that can emit luminescence continuously for seconds to hours 

or even days after ceasing excitation. The unique feature of 

PLNPs with no need for constant excitation during detecting 

persistent luminescence provides many inherent advantages 

in the elimination of background autofluorescence and light 

scattering interference, and the improvement of signal-to-

noise ratio, making PLNPs attractive for autofluorescence-

free biosensing and bioimaging.
[1]

 However, the PLNPs 

prepared via high-temperature solid reaction are usually bulky 

and irregular, which largely limits their wide application in 

biodetection.
[2]

 Recent advances in material synthesis via 

solvothermal route,
[3]

 microwave-assisted approach,
[4]

 sol−gel 

process
[5]

 and template method
[6]

 have continually improved 

the optical and physicochemical properties of PLNPs. In 

particular, hydrothermal method provides huge possibility for 

preparing monodisperse PLNPs.
[7]

 Nonetheless, the 

preparation of uniform-size and regular-shape PLNPs with 

good afterglow features still remains a challenge. 

Stimuli-responsive luminescent materials are emerging 

smart materials and have recently obtained increasing 

interest in sensing and imaging fields due to their tunable 

optical characteristics, physicochemical properties, structures 

and functions upon response to specific stimulus.
[8]

 The 

stimuli-induced responsiveness of materials could be linked to 

some typical applications, such as biosensing,
[8c]

 

bioimaging
[8b]

 and high-level security printing.
[9]

 In recent 

years, stimuli-responsive PLNP nanoprobes have emerged 

as a new strategical technology for background-free 

bioanalysis and bioimaging due to their inherent long-lasting 

afterglow and external stimuli activated signal switch.
[10]

 At 

present, almost all available stimuli-responsive PLNP 

nanoprobes are fabricated by integrating exogenous specific 

responsive units, such as light, temperature, pH, redox, 
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Figure 1. Synthesis and characterization of ZGMP. (a) Schematic for the synthesis of ZGMP. (b) Transmission electron microscopy (TEM) images of ZGMP. 

The inset presents the high-resolution TEM (HRTEM) images of ZGMP. (c) Powder XRD patterns of ZGMP. (d) EDS element mapping analysis of ZGMP 

(Scale bar, 250 nm). (e) EDS elemental analysis of ZGMP. (f) XPS spectra of ZGMP. 

reactive oxygen species-sensitive reactive groups, peptides, 

and aptamers, with the PLNP nanomaterials.
[11]

 However, the 

applications of such kind of nanoprobes are largely limited by 

precise molecular structure design, the post-modification and 

the functionalization of materials. Pure PLNPs with intrinsic 

stimuli-responsive properties have not been reported so far. 

Compared to conventional responsive PLNP nanoprobes, 

PLNPs with intrinsic responsiveness are independent of 

material post-modification, functionalization or other 

auxiliaries. Thus, designing and developing persistent 

luminescent nanomaterials with intrinsic responsive 

luminescence to meet different bioanalytical applications are 

highly desired. 

Herein, we report the direct hydrothermal synthesis of 

Zn2GeO4:Mn
2+

,Pr
3+

 PLNPs (ZGMP), and demonstrate their 

huge potential as autofluorescence-free nanoprobes for high-

sensitive biosensing and high-level information encryption. 

The monodispersed torpedo-like ZGMP with uniform particle 

size and good persistent luminescence performance are 

obtained via tunning the hydrothermal conditions. In addition, 

the green-emitting ZGMP is pH-sensitive, presenting intrinsic 

acid responsiveness. In particular, the persistent 

luminescence of ZGMP shows a dramatic change within an 

extraordinarily narrow range of pH 5.6-6.6, providing great 

opportunity to exploit highly sensitive biosensing. Taking 

advantage of the inherent pH responsiveness, the prepared 

ZGMP is taken as an autofluorescence-free signal element to 

design biosensors for glucose and small molecule antigens 

based on the enzyme-linked immunosorbent assay (ELISA). 

In addition, the developed acid-decomposable ZGMP is 

explored as tags for autofluorescence-free, strong 

concealment, and well-suited high-level information 

encryption. Overall, this is the first work to demonstrate the 

great potential of persistent luminescent nanomaterials with 

intrinsic stimuli-responsive properties for sensitive biosensing 

and high-level information encryption. 
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Figure 2. Photophysical properties of ZGMP. (a) Excitation (Ex) (phosphorescence mode at 535 nm) and emission (Em) ( phosphorescence mode, excitation 

at 254 nm) spectra of ZG, ZGM and ZGMP. (b) Luminescence decay curves for ZGMP and ZGM recorded at 535 nm after 5 min irradiation with a 254 nm UV 

lamp. PL represents persistent luminescence. (c) PL images of ZGMP recorded on an IVIS Lumina XRMS imaging system using a charge-coupled device 

(CCD) camera at different times after UV irradiation ceased. (d) Illustration of  possible persistent luminescence mechanism for ZGMP. 

Results and Discussion 

Preparation and characterization of ZGMP. Figure 1a 

depicts the direct synthesis of ZGMP via a one-pot 

hydrothermal strategy. Generally, when the mixture of 

Na2GeO3 and Zn(NO3)2 solutions is heated, Zn2GeO4 nuclei 

form and grow through connecting GeO4 and ZnO4 tetrahedra 

by the formation of the metal–oxygen–metal bonds, followed 

by the growth in the direction of the c-axis and crystallization 

into the phenacite structure.
[12]

 Doping with small amount of 

Mn
2+

 and Pr
3+

 may lead to a slight expansion of the crystal 

lattice. pH can affect the solubility of precursors and the 

nucleation rate of Zn2GeO4, and in turn the size and 

morphology of ZGMP.
[13]

 Temperature is critical for nucleation, 

and the composition of precursors and reaction time are very 

important for the growth of nanoparticles. Thus, careful 

controlling of the hydrothermal reaction parameters including 

temperature, pH, reaction time and the composition of 

precursors gave the prepared ZGMP with good 

monodispersity, uniform size ((600 ± 26 nm) × (200 ± 8 nm), 

calculated from 100 randomly selected particles), regular 

torpedo-like shape, and high crystallinity with an d-spacing of 

0.412 nm (Figure 1b; Figure S1-S5 in the Supporting 

Information). 

The X-ray diffraction (XRD) peaks of ZGMP approximately 

agree with those of the Zn2GeO4 (ZG) host material (JCPDS 

No. 11–0687) (Figure 1c), implying that ZGMP well 

maintained the rhombohedral phase structure of ZG and 

tended to grow along the c-axis direction despite co-doping 

Mn
2+

 and Pr
3+ 

(Figure S6). However, the highest diffraction 

peaks at 2θ 30.97
o
 and 33.50

o
 show a blue shift with the co-

doping of Mn
2+

 and Pr
3+

, indicating a slight expansion of the 

crystal lattice (Figure S7). Energy-dispersive X-ray 

spectroscopy (EDS) elemental mapping shows that the 

homogeneous distribution of the main components (Zn, Ge, 

O), and the successful doping of Mn and Pr among the 

entirety of the skeletons of the ZG crystals (Figure 1d). The 

contents of elements Zn, Ge, Mn, Pr and O were 22.15%, 

12.71%, 0.36%, 0.59% and 64.19%, respectively (Figure 1e 

and Table S1) and these elements existed in the chemical 

species of Zn
2+

, Ge
4+

, Mn
2+

 and Pr
3+

 (Figure 1f and Figure 

S8). These results indicate that Mn
2+

 and Pr
3+

 tend to 

substitute Zn
2+

 in ZGMP because of the similar valence state 

and ionic radii (rZn
2+

 = 0.60 Å, rMn
2+

 = 0.66 Å, rPr
3+

 = 0.99 Å 

and rGe
4+

 = 0.39 Å).
[14]

 

Photophysical properties of ZGMP. In ZGMP crystal, the 

substitution of Zn
2+

 sites by Pr
3+

 would give positive defect of  

Pr
• 
Zn and vacancy defect of V

″ 

Zn to keep charge balance, and 

the Pr
• 
Zn defects may be electron traps which are connected 

by V
″ 

Zn. Meanwhile, the clustering of Pr
3+

 ions would lead to 

the disturbance and cation vacancies and the increased 

lattice defects may contribute to generating afterglow.
[13]

 

Figure 2a shows the excitation (Ex) and emission (Em) 

spectra of ZG, ZGM and ZGMP. The excitation spectra of 

ZGMP present a sharper excitation band from 200 to 350 nm 

with a shoulder resulting from the host absorption and the 

charge transfer transition of Mn
2+

.
[14]

 ZGM and ZGMP showed 

symmetric emission peaks at 535 nm whereas ZG gave an 

emission peak at 460 nm from native lattice defects before 

doping. The obvious red shift of the emission peak from 460 

nm (ZG) to 535 nm (ZGM and ZGMP) could result from the 

electrons and holes transition with UV excitation. Moreover, 

ZGMP exhibited much stronger luminescence than ZG and 

ZGM. 
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Figure 3. pH-responsive behaviors of ZGMP. (a) Persistent luminescence intensity of ZGMP at 535 nm against pH in the disodium hydrogen phosphate-citric 

acid buffer solution. Inset are photographs of ZGMP solutions at pH 2.0 and 7.0 under natural light and 254 nm UV lamp.  (b) TEM images of ZGMP at 

different pH values. (c) ζ potentials of ZGMP against pH in ultrapure water. (d) Characterization of the Zn
2+

 release from ZGMP with acid treatment. FL 

represents fluorescence. 

The results indicate that Mn
2+

 doping could give green 

emission at 535 nm, while further doping of Pr
3+

 remarkably 

enhanced the Mn
2+

 emission. Besides, the excitation and 

emission peaks of ZGMP remained at 254 nm and 535 nm, 

respectively, under different measurement parameters 

(Figure S9-S10). 

ZGMP also gave a stronger persistent emission than ZGM 

(Figure 2b and Figure S11). Persistent luminescence images 

show strong persistent luminescence of ZGMP even after 

ceasing irradiation for 30 min (Figure 2c). The results 

indicate that co-doping with Pr
3+

 as the electron trapping 

center contributes to afterglow enhancement due likely to the 

possible energy transfer from Pr
3+

 or other vacancies to 

Mn
2+

.
[15]

 Moreover, the persistent luminescence performance 

was proven to be tunable by adjusting hydrothermal reaction 

parameters and the concentration of precursors (Figure S12-

S17). The above results show excellent persistent 

luminescence performance of the synthesized ZGMP. 

The possible mechanism for the persistent luminescence of 

ZGMP is illustrated in Figure 2d. The positively charged zinc 

interstitial (Zn
• 
i ) and oxygen vacancy (V

• 
O) form electron traps, 

while negatively charged zinc vacancy (V
″ 

Zn) and germanium 

vacancy (V
  

Ge) traps holes. Under UV excitation, the energy 

from excited electrons and holes is directly transferred to the 

luminescence center of Mn
2+

, leading to an immediate 
4
T1 → 

6
A1 green emission of Mn

2+
. Some of the electrons trapped by 

the oxygen vacancies do not return to the ground state, but 

transfer to Pr
3+ 

to induce the generation of Pr
2+

 or Pr
3+

 + e
−1

 in 

the clusters. After ceasing UV irradiation, with thermal 

stimulus, these electrons de-trap from the Pr
3+

 traps and 

move to the luminescence center and finally combine with the 

excited Mn
2+

, giving a characteristic persistent emission of 

Mn
2+

. The thermo-luminescence (TL) glow curves of ZGM 

and ZGMP show only one peak in the TL spectra of ZGMP 

and ZGM (Figure S18), indicating the existence of one trap 

center in the temperature range of 308.15 K–623.15 K for 

both ZGMP and ZGM. The thermal activation energy (E) was 

calculated to be 0.68 eV for ZGMP and ZGM according to 

E=Tm(K)/500. The calculated E value falls the optimal depth 

range of 0.67-0.76 eV, showing the long persistent 

luminescence at room temperature.
[14,16]

 The relative higher 

TL intensity for ZGMP than ZGM suggests that the Mn
2+

 

emission intensity was enhanced by co-doped Pr
3+

. 

pH-responsive persistent luminescence of ZGMP. To 

specify the relationship between the solution pH and the 

luminescence of ZGMP, persistent luminescence spectra and 

time-dependent persistent luminescence at different pH 

values were collected (Figure S19-S20). The persistent 

luminescence intensity of ZGMP (record immediately after 

dispersed in solutions with different pH) at 535 nm gradually 

decreased as pH decreased from 6.6 to 2.2. Notably, the 

luminescent intensity dramatically changed within an 

extraordinarily narrow pH range of 5.6-6.6 (Figure 3a). 

Besides, ZGMP solution at pH 7.0 was turbid with milky color, 

but became transparent at pH 2.0. Under 254 nm UV 

excitation, ZGMP solution emitted visible green luminescence 

at pH 7.0, but showed no luminescence at pH 2.0 (Figure 3a 

inset). These results demonstrate that ZGMP has good pH-

dependent persistent luminescence responsiveness. 

Moreover, the pH-responsive luminescence of ZGMP was 

stable (Figure S21). This distinguishing feature of ZGMP with 

pH-sensitive luminescence within a narrow pH variation 

provides a great possibility as a novel signal transducer 
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Figure 4. (a) Illustration of the luminescent biosensor for the determination of glucose based on pH-responsive persistent luminescence of ZGMP. (b) Plot of 

the decreased PL intensity of ZGMP at 535 nm against lg[glucose]. (c) Schematic of the competitive ELISA for AFB1 determination based on GOD-catalyzed 

glucose oxidation and pH-responsive persistent luminescence of ZGMP. (d) Plot of the decreased PL intensity of ZGMP at 535 nm against lg[AFB1]. 

for highly sensitive analytical applications. 

The mechanism for the pH-sensitive behavior of ZGMP 

was further investigated. A strong acid can react with a weak 

acid salt to produce a weak acid and the corresponding 

strong acid salt. Thus, stronger acids than H4GeO4, such as 

hydrochloric acid, citric acid or gluconic acid, could displace 

the GeO4
4-

 in Zn2GeO4 to yield weak acid H4GeO4 along with 

the release of Zn
2+

. Such acid-induced displacement reaction 

can trigger the degradation of ZGMP, and quench its 

luminescence, as confirmed by the dramatic morphology 

changes and the release of Zn
2+

, Ge
4+

, Mn
2+

 and Pr
3+

 with pH 

(Figure 3b and Figure S22). 

The change of ζ potential and Zn
2+

 release as pH 

decreased were investigated to further reveal the the acid-

induced degradation of ZGMP. The absolute value of ζ 

potential of ZGMP solution gradually increased as pH (< 6.6) 

decreased, indicating that ZGMP gradually became smaller 

particles in acidic solution and confirming progressive acid-

mediated decomposition (Figure 3c). Additionally, a specific 

fluorescence probe zinquin free acid (ZQ ACID) was 

employed to detect the released Zn
2+

 from acid-induced 

ZGMP degradation. The remarkably enhanced fluorescence 

intensity of ZQ ACID suggests the release of Zn
2+

 from acid-

induced decompositon of ZGMP, and intuitively proved the 

acid-triggered ZGMP degradation (Figure 3d). Specifically, 

the smaller the size of ZGMP, the faster the degradation 

(Figure S23). ZGMP was still responsive to pH change after 

coating with 3-aminopropyltriethoxysilane or calcination after 

hydrothermal synthesis (Figure S24 and S25). 

Exploring pH-responsive persistent luminescence of 

ZGMP for autofluorescence-free biosensing. Due to its 

excellent pH-responsive persistent luminescence, ZGMP was 

explored as signal output element for the design and 

fabrication of autofluorescence-free biosensors (Figure 4a). 

Leveraging glucose oxidase (GOD)-mediated pH modulation, 

ZGMP can be configured into biosensor design for glucose, 

and integrated into ELISA along with GOD-based glucose 

oxidation for small molecule antigen. Quantitative 

determination of the analytes can be achieved by plotting the 

increased or decreased PL intensity of ZGMP at 535 nm 

against the concentration of the analytes. As a proof of 

concept, here we take glucose and aflatoxin B1 (AFB1) as 

model analytes to show the design of biosensors based on 

the pH-responsive persistent luminescence of ZGMP. 

Glucose concentration in blood is a key indicator of human 

health.
[17]

 It is important to monitor the blood glucose level, 

since excess blood glucose could induce a hyperglycemia, 

thus leading to varying complications such as blindness, 

cardiovascular disorders, and kidney failure.
[18]

 GOD can 

efficiently catalyze the oxidization of glucose to generate 

gluconic acid, leading to a progressive acid-responsive 

quenching of the persistent luminescence of ZGMP and 

enabling the determination of glucose without 

autofluorescence interference (Figure S26-S29). The 

decreased PL intensity increased linearly with the logarithm of 

glucose concentration from 0.3 to 7.8 μg L
-1

 and from 7.8 μg 

L
-1

 to 8.0 mg L
-1

 (Figure 4b). The two consecutive linear 

ranges may result from different pH responses to glucose in 

the two concentration ranges (Figure S28). The relative 

standard deviation for 11 replicate determinations of 62.5 μg 

L
−1

 glucose is 2.3%. The proposed method gave a much 

lower detection limits (DL, 3s) (0.2 μg L
-1

) and wider linear 

range for the determination of glucose than some previous 

methods
[18a,19]

 (Table S2). Moreover, the developed method 

was successfully applied to the determination of glucose in 

serum samples (Table S3). 
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Figure 5. (a) Illustration for the pattern of information encryption designed with ZGMP, the invisible printing oil and their mixture. (b) Photographic images of 

excitation-dependent and acid-destructible decryption patterns.

ZGMP was further explored as a pH-sensitive signal 

transducer element for immunoassay via integrating GOD-

catalyzed glucose oxidation to manipulate the system pH. Here, 

a ZGMP based competitive immunoassay was developed for 

detecting a small molecule antigen, aflatoxin B1 (AFB1), the most 

toxic mycotoxin usually found in grains.
[20]

 In the absence of 

AFB1, the AFB1-GOD conjugate was captured by the anti-AFB1 

monoclonal antibody pre-coated on the 96-well plate, causing a 

decrease of solution pH and triggering the quenching of the 

ZGMP luminescence due to the GOD-dependent gluconic acid 

generation. However, the presence of AFB1 inhibited the binding 

of AFB1-GOD on the plate, thus reduced the generation of 

gluconic acid and led to an increased PL intensity of ZGMP 

(Figure 4c). Under optimized concentrations of anti-AFB1 mAb 

ascites and AFB1−GOD (Table S4), the increased PL intensity 

of ZGMP at 535 nm increased linearly with the logarithm of AFB1 

concentration in the range from 0.122 to 31.3 μg L
-1

 (Figure 4d). 

The relative standard deviation for 11 replicate determinations of 

10 μg L
−1

 AFB1 is 1.9%.The ZGMP-based luminescent 

immunoassay possesses high specificity for AFB1 determination 

(Figure S30) with a DL of 0.037 μg L
-1

 (corresponding to 2.96 μg 

kg
−1

 in grain), which is lower than the maximum residue limit for 

AFB1 in grains established by European Union, Korean and 

China,
[20]

 and some previous methods
[21]

 (Table S5). Moreover, 

the developed method was successfully applied to the 

determination of AFB1 in a certified reference material 

(GBW(E)100386) (maize) and several grain samples (Table S6). 

Application of pH-responsive ZGMP for high-level 

information encryption. Imitation, forgery and counterfeiting of 

food, brand, stamp, currency and documents are global 

problems, and leakage of information seriously affects the 

economy and self-security of the consumers, government and 

industry.
[22]

 Thus, advanced encryption technologies are highly 

desirable to protect and encrypt information. The huge potential 

of PLNPs has been demonstared to improve information security 

with simple operation.
[23]

 Nevertheless, these previous 

technologies based on visible persistent luminescence with long 

afterglow time only provided limited information security. Thus, 

an effective response strategy to rapidly eliminate these security 

tags is necessary to avoide the information disclosure. The good 

persistent luminescence performance and unique pH-stimuli 

responsive properties of the prepared ZGMP imply the potential 

for practical applications in high-level information encryption. 

As a proof of concept, a specially coded information storage 

pattern was designed with ZGMP, the invisible printing oil which 

emits green fluorescence under UV light excitation (e.g. 254 or 

365 nm), and their mixture (Figure 5). High-level information 

encryption and decryption were conducted on black polystyrene 

96-well plate. Upon 254 nm UV light irradiation, a green “888” 

pattern was visible due to the green luminescence emission of 

ZGMP and the invisible printing oil, while a green “896” pattern 

resulted from the persistent luminescence of ZGMP and the 

disappearance of the fluorescence of the invisible printing oil 

when the 254 nm UV light was off. Moreover, the luminescence 

information was decoded into a “123” pattern because the 

invisible printing oil emitted green fluorescence, but ZGMP gave 

no luminescence upon 365 nm UV light excitation. Further acid 

treatment led to the disappearance of the above luminescence 

patterns when the 254 nm UV light was off, but gave a green 

“123” pattern due to the acid-induced destruction of ZGMP and 

the stable fluorescence of the invisible printing oil. The above 

results show that the four levels of information encryption were 

read only under different UV light irradiations and acid treatment, 

thus significantly improved the complexity and concealment of 

the encrypted information. Furthermore, the information could be 

destroyed rapidly by acid in an emergency. This design 

significantly enhances the security for concealed information, 

and provides an additional chance for rapid destruction of 

security printing tags in certain emergencies. 

Conclusion 

In conclusion, we have reported the first synthesis of uniform 

torpedo-like PLNPs (ZGMP) with good monodispersity and 

persistent luminescent performance via a facile one-pot 

hydrothermal method. The green-emitting ZGMP exhibits 

intrinsic pH-responsive properties due to acid-triggered 
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nanoparticle decomposition. Taking advantage of its excellent 

afterglow emission and unique pH responsiveness, ZGMP has 

been successfully integrated into enzymatic reaction-assisted 

pH modulation for the design of autofluorescence-free 

biosensors for various analytes. ZGMP has been further 

configured into high-level information encryption with improved 

security. This work demonstrates novel applications of the 

prepared pH-responsive ZGMP in autofluorescence-free 

biosensing and high-level information encryption, and paves the 

way to the design and development of stimulus-responsiveness 

of pure PLNPs for diverse applications. 
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Uniformly torpedo-shaped green-emitting Zn2GeO4: Mn

2+
, Pr

3+
 nanoparticles with good persistent luminescence performance were 

synthesized via a simple hydrothermal method. The pH-responsive persistent luminescence of ZGMP was found, and explored for 
autofluorescence-free biosensing and high-level information encryption for the first time. 
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