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ABSTRACT: Persistent nanophosphors can remain luminescent after excitation ceases, thus they offer a promising way to avoid 

background fluorescence interference in bioimaging. In this work, Zn2GeO4:Ga,Mn (ZGO:Ga,Mn) persistent luminescence 

nanoparticles were developed and they were employed for time-gated imaging of latent fingerprints (LFP). The nanoparticles were 

functionalized with carboxyl group and utilized to label LFP through reacting with amino group in LFP. Results proved the potent 

ability of ZGO:Ga,Mn in eliminating background fluorescence to afford highly sensitive LFP imaging. Moreover, LFP aged for 60 

days were successfully detected due to the presence of highly stable amino acids. After functionalized with concanavalin A, the 

nanoparticles achieved visualization of glycoproteins in LFP. This strategy provides great versatility in LFP imaging and good 

potential in uncovering the chemical information within LFP, making it valuable in forensic investigations and medical diagnostics. 

Fingerprints hold a wealth of information, ranging from the 

friction ridge patterns to the metabolism of the donors.
1-3 

Thus 

fingerprints detection has gained tremendous interest in areas 

such as forensic investigation, medical diagnostics and health 

assessment.
4-7 

Latent fingerprints (LFP) are the most 

commonly encountered forms of fingerprints and are also the 

most problematic because they are present but invisible.
8,9

 

Detection of LFP has attracted considerable attention
10-16

 and 

lots of methods have been developed
.17-19

 Among all of the 

techniques, photoluminescence detection of LFP has brought 

about a new level of sensitivity and selectivity.
20-23

 Despite the 

many positive attributes, photoluminescence still faces great 

challenges, most notably background fluorescence.
2,20

 For 

fingerprints on substrates with background fluorescence, the 

obtained images are usually seriously blurred or even 

completely buried,
2
 which seriously decreases the sensitivity 

and resolution. To negate background fluorescence, phosphors 

with emissions at different wavelengths than the background 

have been developed.
24-27

 In spite of such advances, phosphors 

that can completely avoid background fluorescence is still in 

urgent need for LFP detection. 

Persistent phosphors can remain luminescent for several 

seconds to few days after the cease of excitation.
28-34 

In the 

past years, persistent phosphors have been widely employed in 

bioimaging
35-39

 and superior signal-to-noise ratio was achieved 

in small animals imaging due to the avoiding of tissue 

autofluorescence.
40-44

 In LFP imaging, persistent phosphor can 

also efficiently eliminate background fluorescence 

interference, since the fingerprint images can be collected after 

the short-lived background fluorescence has completely 

decayed. Accordingly, persistent nanophosphors are ideal for 

LFP imaging. 

Herein, Zn2GeO4:Ga,Mn (ZGO:Ga,Mn) persistent 

luminescence nanoparticles are directly synthesized with 

hydrothermal method. The strategy for background-free 

covalent labelling of LFP with the ZGO:Ga,Mn nanoparticles 

is illustrated in Scheme 1. The nanoparticles are functionalized 

with carboxyl groups (ZGO:Ga,Mn-COOH) and further 

treated with EDC/NHS to form active esters on their surface. 

The nanoparticles are further applied to a LFP and the active 

esters can react with intrinsic amino groups in the ridges to 

form covalent bonds, resulting in strong labelling of the LFP. 

Under excitation, the substrate displays strong background 

fluorescence and the fingerprint image is seriously blurred. 

However, after excitation ceases, the background fluorescence 

decays rapidly but the nanoparticles remain luminescent, 

leading to appearance of a clear fingerprint image. Moreover, 

due to the high stability of amino acids, LFP aged for 60 days 
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Scheme 1. Schematic illustration of time-gated imaging of fingerprints with ZGO:Ga,Mn-COOH nanoparticles. 

can be easily detected. Additionally, after functionalization 

with concanavalin A (ConA), the ZGO:Ga,Mn nanoparticles 

were further successfully applied in imaging of glycoproteins 

in LFP. The outstanding performances of ZGO:Ga,Mn in LFP 

imaging may further contribute to areas such as forensic 

investigation and medical diagnostics. 

EXPERIMENTAL SECTION 

Synthesis of Zn2GeO4:1.0%Ga,0.5%Mn (ZGO:Ga,Mn) 

nanoparticles. The ZGO:Ga,Mn nanoparticles were 

synthesized with a hydrothermal method.
29,34,45

 Briefly, 1.96 

mmol Zn(NO3)2, 0.01 mmol Ga(NO3)3, 0.005mmol Mn(NO3)2, 

300 µL HNO3 were dissolved in 11 mL deionized water. Then, 

0.96 mmol Na2GeO3 was dropwise added in the solution. After 

that, ammonium hydroxide (28%, wt) was immediately added 

into the above solution to adjust the pH value to around 9.5 

under vigorous stirring. Then the mixture was left stirring for 

1 h at room temperature (20-30 
°
C). After that, the solution 

was transferred into a Teflon-lined autoclave and reacted at 

220 
°
C for 6 h. The as prepared ZGO:Ga,Mn nanoparticles 

were collected by centrifugation and washed with deionized 

water for three times. 

Measuring the decay images of ZGO:Ga,Mn 

nanoparticles. The ZGO:Ga,Mn nanoparticles (0.1 g) were 

put into a well of a 48-well-plate. Then the nanoparticles were 

illuminated with a portable ZF-5 UV lamp for 3 min. After 

that, the plate was immediately put into the Bruker In Vivo-

Xtreme Imaging System to record the decay images at 

different time. 

Preparation of ZGO:Ga,Mn-COOH nanoparticles. The 

directly synthesized ZGO:Ga,Mn nanoparticles were firstly 

functionalized with amino groups (ZGO:Ga,Mn-NH2). Then, 

the carboxyl groups were grafted to the surface of 

ZGO:Ga,Mn nanoparticles via reacting with succinic 

anhydride. The preparation of ZGO:Ga,Mn-NH2 nanoparticles 

was performed as follows. Briefly, 50 mg of ZGO:Ga,Mn 

nanoparticles was dispersed in 20 mL of N,N-

dimethylformamide (DMF) by sonication. Then 200 µL of 

APTES was dropwise added into the solution under vigorous 

stirring. The reaction mixture was kept at 80 
°
C for 12 h under 

vigorous stirring. The obtained ZGO:Ga,Mn-NH2 

nanoparticles were washed with DMF for three times to 

remove the unreacted APTES. Then, the as-prepared 

ZGO:Ga,Mn-NH2 nanoparticles were dispersed in 30 mL of 

DMF. After that, 10 mL of succinic anhydride solution (5 

mg/mL in DMF) and 10 mL of DMAP solution (0.5 mg/mL in 

DMF) were added into the nanoparticles solution and the 

mixture was stirred for 12 h at room temperature (20-30 
°
C). 

The resultant ZGO:Ga,Mn-COOH nanoparticles were washed 

three times with ethanol/water (v/v, 1:1) and then dispersed in 

25 mL of deionized water for further usage. 

Latent fingerprints collection. Fingerprint samples were 

collected from five healthy donors (three females and two 

males: female 1, 23 years old; female 2, 24 years old; female 3, 

25 years old; male 1, 23 years old; male 2, 26 years old).
46

 A 

variety of substrates were tested (poker card; soft drink can, 

aluminum foil, knife, desk, plastic Petri dish, green leaf, and 

glass microscope slide). For fingerprints collection on glass 

microscope slides, a pretreatment procedure was applied to the 

slides. Typically, the glass slides were immersed in the 

APTES solution (1%, v/v in DMF) for one day at room 

temperature (20-30 
°
C). Then the slides were further immersed 

in the glutaraldehyde aqueous solution (25%) for another day 

to block the hydroxyl groups on the glass slides. All of the 

donors did not wash their hands within 1 h before the 

collection, and they were asked to press their fingers on the 

chosen substrates to deposit the latent fingerprints. The 

obtained fingerprints were aged for at least 12 h at room 

temperature (20-30 
°
C) in dark before the development. In the 

detection of aged fingerprints, donors were asked to press their 

fingers on aluminum foil, and the deposited fingerprints were 

further aged for different time length (12 h to 60 days) at room 

temperature (20-30 
°
C) in dark. 

Activation of the ZGO:Ga,Mn-COOH nanoparticles 

with EDC/NHS. Typically, 10 mL of the ZGO:Ga,Mn-COOH 
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nanoparticles solution was centrifuged and the supernatant 

was removed. Then, EDC (50 mg) and NHS (25 mg) were 

dissolved in 2 mL and 3 mL PB buffer (10 mM, pH=6.8), 

respectively. The above ZGO:Ga,Mn-COOH nanoparticles 

were dispersed in the EDC solution by sonication, and the 

NHS solution was also instantly added into the nanoparticles 

dispersion. The resultant solution was allowed to react at 37 
°
C 

for 30 min under gentle shaking (200 r/min). After that, the 

activated ZGO:Ga,Mn-COOH nanoparticles were washed with 

PB buffer (10 mM, pH=7.2) and further re-dispersed in 10 mL 

of PB buffer (10 mM, pH=7.2). 

Fingerprints imaging with the activated ZGO:Ga,Mn-

COOH nanoparticles. Briefly, 200 µl of the activated 

ZGO:Ga,Mn-COOH nanoparticles solution (1 mg/mL in PB 

buffer, pH=7.2) was added on the fingerprints and the 

fingerprints were left at room temperature (20-30 
°
C) for 30 

min. After that, the solution was removed with a micropipette 

and the fingerprints were carefully rinsed with PB buffer (10 

mM, pH=7.2) to remove the unreacted nanoparticles. The as-

treated fingerprints were irradiated with a portable ZF-5 UV 

lamp and the images were captured by a digital single-lens 

reflex camera. For fingerprints imaging on substrates with 

background fluorescence, a video was recorded with the 

digital single-lens reflex camera when the UV lamp was tuned 

off. Then the video was further played with the potplayer 

(Daum, 1.6.60136.0) to pick out the screens of fingerprint 

images that were not interfered by the background 

fluorescence from substrates. 

Confocal measurement. Fingerprints were labeled with a 

near-infrared dye DiD before treatment with the nanoparticles 

solution. Typically, 10 µL of DiD solution (5 nM) was applied 

to the fingertips of donors and the solution was further spread 

on the fingertips with a micropipette. After drying for about 10 

min, donors were asked to blot their fingers on the pretreated 

glass microscope slides. The as-labeled fingerprints were aged 

for 12 h and further treated with the activated ZGO:Ga,Mn-

COOH nanoparticles. The as-treated fingerprints were further 

captured by the confocal laser scanning microscope. 

 

Figure 1. (a) TEM image of ZGO:Ga,Mn-COOH nanoparticles. 

(b) HAADF-STEM and (c) corresponding elemental mapping 

images of a single ZGO:Ga,Mn-COOH nanoparticle. (d) 

Photoluminescence spectrum of the ZGO:Ga,Mn-COOH 

nanoparticles. Inset: nanoparticles dispersion under excitation and 

after excitation ceases. (e) Images of the luminescence decay in 

ZGO:Ga,Mn-COOH nanoparticles. 

Preparation of ZGO:Ga,Mn-ConA nanoparticles. 

Typically, 5 mg of ConA was dissolved in 10 mL of the 

activated ZGO:Ga,Mn-COOH nanoparticles solution (1 

mg/mL), and the solution was allowed to react at 37 
°
C for 6 h  

under gentle shaking (180 r/min). The resultant ZGO:Ga,Mn-

ConA nanoparticles were washed with PB buffer (10 mM, 

pH=7.2) for 2 times and further re-dispersed in 10 mL of PB 

buffer (10 mM, pH=7.2). 

Fingerprints imaging with ZGO:Ga,Mn-ConA 

nanoparticles. Briefly, the fingerprints were incubated with 

the ZGO:Ga,Mn-ConA nanoparticles solution (1 mg/mL) for 

about 40 min at room temperature (20-30 
°
C). Then the 

solution was removed and the fingerprints were carefully 

rinsed with PB buffer. The images of the treated fingerprints 

were captured with a digital single-lens reflex camera under 

the excitation of a portable ZF-5 UV lamp. In the control 

group, fingerprints were treated with ZGO:Ga,Mn-COOH 

nanoparticles without ConA functionalization, and the 

nanoparticles were not activated with EDC and NHS. 

RESULTS AND DISCUSSION 

Characterization of the ZGO:Ga,Mn-COOH 

nanoparticles. Transmission electron microscopy (TEM) 

image (Figure 1a) shows that the ZGO:Ga,Mn-COOH 

nanoparticles are well-dispersed with average length of about 

60 nm. Elemental mapping images (Figure 1b and 1c) indicate 

the homogeneous distribution of doped Ga
3+

 and Mn
2+ 

ions in 

the nanoparticles. The luminescence band of ZGO:Ga,Mn-

COOH nanoparticles is peaking at about 540 nm (Figure 1d). 

The inset in Figure 1d shows that the nanoparticles dispersion 

displays bright green luminescence after the ceases of 

excitation, suggesting the strong persistent luminescence in the 

developed nanoparticles. The visualized images of the 

luminescence decay in ZGO:Ga,Mn-COOH nanoparticles are 

shown in Figure 1e. It is observed that the nanoparticles 

remain luminescent even after 20 min of decay, which ensures 

adequate time for the capture of fingerprint images after 

excitation is switched off. 

Background-free fingerprints imaging based on the 

ZGO:Ga,Mn-COOH nanoparticles. Daily encountered 

substrates were employed to test the ability of ZGO:Ga,Mn-

COOH nanoparticles in eliminating background fluorescence. 

A fingerprint was deposited on a poker card and further 

 

Figure 2. (a) Photograph of a treated fingerprint on a poker card 

under excitation and after excitation ceases. (b) Photograph of a 

treated fingerprint on a soft drink can under excitation and after 

excitation ceases. (c) Specific details of the fingerprints. 
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labelled with the ZGO:Ga,Mn-COOH nanoparticles (Figure 

S7). Under excitation (Figure 2a, left image), the poker card 

displays strong blue fluorescence and the luminescence from 

fingerprint is completely buried. Such phenomenon is usually 

encountered in LFP imaging on problematic surfaces. 

However, after the cease of excitation (Figure 2a, right image), 

the blue background fluorescence disappears completely and a 

legible fingerprint image appears. Moreover, the obtained 

image displays bright, well-resolved ridge flow and pattern 

structure, which forms the basis of personal identification. 

LFP imaging on another substrate with background 

fluorescence was also investigated. A latent fingerprint was 

deposited on the logo of a soft drink can. As shown in Figure 

2b, the logo displays strong red back ground fluorescence 

under excitation, which significantly decreases the resolution 

of the fingerprint (Figure 2b, left image). After the excitation 

was switched off, a bright fingerprint image with clear ridge 

pattern was obtained (Figure 2b, right image). It is worth 

noting that the high quality of the obtained fingerprint images 

enables visualization of specific details. As shown in Figure 2c, 

fingerprint details such as termination, bifurcation, whorl and 

lake can be clearly visualized at higher magnification, which 

makes the fingerprint unique and can thus provide valuable 

information for personal identification. Additionally, the 

capability of this time-gated imaging method in reducing 

background fluorescence was compared with the optical 

filtering method
20

 (Figure S8). Results show that optical 

filtering becomes inefficient when the emission wavelengths 

of the background chromophores and the imaging probe are 

overlapped. On the contrary, the time-gated imaging method 

based on ZGO:Ga,Mn-COOH persistent luminescence 

nanoparticles can efficiently eliminate background 

fluorescence interference regardless of the emission 

wavelength. The above results thus clearly demonstrated that 

the time-gated imaging strategy possesses great versatility in 

eliminate background fluorescence interference, making it 

valuable in LFP imaging. 

 

Figure 3. (a) Luminescent images of fingerprints aged for time 

lengths. (b) Images of fingerprints on smooth (a knife) and (c) 

porous (a desk) surfaces. 

Aged fingerprints and fingerprints on different surfaces. 

Fingerprints encountered in real situations are often aged 

rather than freshly deposited.
47

 Aging of fingerprints presents 

a significant challenge for LFP detection because the loss of 

water, chloride ions, and other substances
47

 usually makes 

detection techniques ineffective.
48

 Previous studies reported 

that amino acids in fingerprints are very stable and can even 

last for decades.
47 

Therefore, this covalent labelling strategy 

holds good promise for the detection of aged fingerprints. The 

ZGO:Ga,Mn-COOH nanoparticles were further employed for 

aged fingerprints imaging. As shown in Figure 3a and Figure 

S9, all of the aged fingerprints can be easily detected, and one 

can clearly see the finely-resolved ridge details. It is worth 

noting that even 60-day old fingerprint is clearly observed 

without noticeable loss of resolution. The ZGO:Ga,Mn-COOH 

nanoparticles were further employed for LFP imaging on both 

smooth and porous surfaces. The image of a LFP on a knife 

shows clear discrimination between ridges and grooves 

(Figure 3b). LFP imaging on porous wood was also performed 

(Figure 3c). The treated fingerprint displays strong 

luminescence without any loss of the friction ridge details. The 

above results clearly demonstrate that the ZGO:Ga,Mn 

nanoparticles can not only be applied to the detection of aged 

fingerprints, but also can be utilized in LFP imaging on 

different substrates, suggesting its great versatility in meeting 

the various demands in LFP detection. 

 

Figure 4. (a) Confocal microscopy images of a fingerprint 

labelled with a commercial dye (DiD, red channel). The 

fingerprint was further treated with ZGO:Ga,Mn-COOH 

nanoparticles (green channel). (b) The corresponding 3D view of 

the fingerprint ridges. 

The binding of ZGO:Ga,Mn-COOH nanoparticles to 

fingerprint ridges. The binding of ZGO:Ga,Mn-COOH 

nanoparticles to the fingerprint ridges was confirmed by laser 

scanning confocal microscopy. The fingers of donors were 

stained with the solution of a commercial dye DiD. After the 

donors pressing their fingers on glass slides, the DiD labelled 

fingerprints were obtained. The fingerprints were further 

treated with the activated ZGO:Ga,Mn-COOH nanoparticles. 

As shown in Figure 4a, the signal from the DiD clearly 

indicates the fingerprint ridges (red channel). After treated 

with the activated ZGO:Ga,Mn-COOH dispersion, signal from 

the nanoparticles appears with the same ridges pattern (green 

channel). Overlay of the two channels shows that the green 

luminescence is exactly on the ridges of fingerprints. The 

binding of the ZGO:Ga,Mn-COOH nanoparticles to 

fingerprint ridges is further demonstrated by the 3D view of 

the ridges (Figure 4b).  
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Comparing the fingerprint detection performance of 

ZGO:Ga,Mn-COOH nanoparticles with a commercial 

black fingerprint powder. To further investigate the future 

practical applications of the ZGO:Ga,Mn-COOH nanoparticles, 

the ZGO:Ga,Mn-COOH was compared with a commercial 

black fingerprint powder for both freshly deposited and aged 

fingerprints detection. As shown in Figure 5a and 5b, the 

freshly deposited fingerprints treated with the ZGO:Ga,Mn-

COOH nanoparticles and the black fingerprint powder all 

display finely-resolved ridge details. The luminescent 

fingerprint image in Figure 5a was further converted into gray 

scale image (Figure S10a) and the variation of gray value over 

the fingerprints indicated by the solid yellow line (in Figure 5a 

and 5b) was shown in Figure 5c. The gray value varies 

significantly across the fingerprints treated with the 

ZGO:Ga,Mn-COOH nanoparticles, and the ridges and furrows 

of the fingerprint can be clearly recognized. However, for 

fingerprints treated with the black fingerprint powder, 

insignificant variation of the gray value is observed, making it 

difficult to discriminate the ridges and furrows. Figure 5d 

shows that the aged fingerprint developed with ZGO:Ga,Mn-

COOH nanoparticles still displays clear rigid patterns. In 

contrast, serious loss of friction ridge details is observed when 

the aged fingerprint is treated with the black fingerprint 

powder (Figure 5e). The variation of gray value over the 

fingerprints (Figure 5f) further suggests that the ZGO:Ga,Mn-

COOH nanoparticles displays high contrast ratio even in aged 

fingerprints detection. The above results thus clearly reveal 

that the ZGO:Ga,Mn-COOH nanoparticles display better 

performance in fingerprints detection than the commercial 

black fingerprint powder. 

 

Figure 5. (a) Images of freshly deposited fingerprints treated with 

the ZGO:Ga,Mn-COOH nanoparticles and (b) a commercial black 

fingerprint powder. (c) Variation of the gray value over the 

fingerprints indicated by the solid yellow line shown in (a) and 

(b). (d) Images of 20 days old fingerprints treated with the 

ZGO:Ga,Mn-COOH nanoparticles and (e) a commercial black 

fingerprint powder. (f) Variation of the gray value over the 

fingerprints indicated by the solid yellow line shown in (d) and 

(e). The fingerprints were deposited on aluminum foil. 

Conversion of the color images (a, d) into gray scale images and 

quantification of the gray value variations were all performed with 

the Quantity One® Software (Bio-Rad, Version 4.6.9). 

Detection of glycoproteins in fingerprint with 

ZGO:Ga,Mn-ConA nanoparticles. Fingerprints contain 

varying kinds of metabolites,
47

 including glycoproteins.
49

 

Previous studies reported that glycoproteins play crucial roles 

in molecular processes such as immunesurveillance,
50

 and they 

are also representative biomarkers for cancer.
51 

The 

ZGO:Ga,Mn-COOH nanoparticles were further functionalized 

with ConA,
52

 a lectin with strong binding affinity towards 

glycoproteins, for the detection of glycoproteins in fingerprints 

(Figure 6a). The luminescent images of fingerprints treated 

with the ConA modified ZGO:Ga,Mn nanoparticles 

(ZGO:Ga,Mn-ConA) are presented in Figure 6b and Figure 

S14. Well-resolved ridge patterns with good separation 

between furrows and ridges are clearly observed. The above 

images can offer chemical information about the metabolism 

of donors, providing valuable information for medical 

diagnostics. In contrast, fingerprints treated with the 

ZGO:Ga,Mn-COOH nanoparticles do not show ridge patterns 

(Figure 6c), indicating the specific recognition capability of 

the ZGO:Ga,Mn-ConA nanoparticles. The above results thus 

suggest the good potential of the proposed method in health 

assessment. 

 

Figure 6. (a) Detection of glycoproteins in LFP. (b) Images of 

LFP treated with ZGO:Ga,Mn-ConA and (c) the unmodified 

ZGO:Ga,Mn-COOH nanoparticles. 

CONCLUSIONS 

In this work, we have highlighted the special advantages of 

ZGO:Ga,Mn nanoparticles in eliminating the interference 

from background fluorescence in LFP imaging. Fingerprints 

on daily encountered substrates with background fluorescence 

can be readily visualized using ZGO:Ga,Mn-COOH 

nanoparticles, and the obtained LFP images display well-

resolved specific details. The ZGO:Ga,Mn-COOH 

nanoparticles can further be applied in the detection of 
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fingerprints aged for long times. Besides, LFP on different 

kinds of substrates were also easily detected. Furthermore, 

chemical secretions with biomedical or diagnostic values can 

also be readily visualized with functionalized ZGO:Ga,Mn 

nanoparticles. To conclude, ZGO:Ga,Mn nanoparticles show 

great versatility in avoiding background interference, and they 

also show promise in revealing the many different types of 

information in fingerprints. Thus ZGO:Ga,Mn nanoparticles 

will be valuable in wide-ranging applications such as forensic 

investigations, medical diagnostics and health assessment. 
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