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 ABSTRACT 

Latent fingerprints (LFPs) are highly specific to individuals, and LFP imaging

has played an important role in areas such as forensic investigation and law

enforcement. Presently, LFP imaging still faces considerable problems, including

background interference and destructive and complex operations. Herein, we 

have designed a background-free, nondestructive, and easy-to-perform method 

for LFP imaging based on pH-mediated recognition of LFPs by carboxyl group-

functionalized Zn2GeO4:Mn (ZGO:Mn-COOH) persistent luminescence nanorods 

(PLNRs). By simply adjusting the pH of the ZGO:Mn-COOH colloid dispersion 

to a certain acidic range, the negatively charged ZGO:Mn-COOH readily binds to

protonated fingerprint ridges via electrostatic attraction. The ZGO:Mn-COOH 

colloid dispersion can be stored in portable commercial spray bottles, and the

LFPs have been easily detected in situ by simply dropping the colloid dispersion

on the LFPs. Moreover, since the ZGO:Mn-COOH can remain luminescent after 

excitation ceases, background color and background fluorescence interference 

were efficiently removed by simply capturing the luminescent LFP images after

the excitation ceased. The entire LFP imaging process can be easily conducted

without any destructive or complex operations. Due to the great versatility 

of the developed method for LFP imaging, clear LFP images with well-resolved 

ridge patterns were obtained. The designed background-free, nondestructive, and 

easy-to-perform LFP imaging strategy has great potential for future applications,

such as forensic investigations and law enforcement. 
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1 Introduction 

Since no two individuals possess identical finger 

patterns, fingerprints have long been utilized as  

one of the most useful forms of proof for personal 

identification and have been widely used in areas 

such as forensic investigation, law enforcement, and 

access control [1–6]. Most fingerprints are invisible to 

the naked eye and are called latent fingerprints (LFPs) 

[7–10]. In the past decades, a variety of optical 

contrast agents have been developed for LFP imaging 

[11–15], such as nanoparticles with absorption or 

emission in the visible region [16–19]. Even though 

great advances have been made in LFP imaging [20], 

there are still several problems that need to be overcome. 

LFP imaging usually suffers from background signal 

interference, since the underlying substrates contain 

compounds that possess optical properties similar to 

that of the contrast agents [9, 19, 21, 22]. Background 

interference, such as background color and background 

fluorescence, usually makes the LFP images blurred 

and drastically decreases the imaging sensitivity and 

resolution [19, 22]. Moreover, in LFP imaging, the 

contrast agents should be attached to LFP ridges by a 

nondestructive and simple method. Previous studies 

suggest that methods such as powder dusting cause 

inevitable destruction to fingerprint details, leading 

to loss of the detailed ridge pattern and chemical 

information [23]. Therefore, it is important to develop 

a background-free, nondestructive, and easy-to-perform 

method for LFP imaging. 

Persistent phosphors possess the special ability to 

remain luminescent after excitation ceases [24–28]. 

Since background fluorescence disappears rapidly after 

the excitation ceases [29–32], persistent phosphors can 

efficiently avoid background fluorescence interference 

by collecting the persistent luminescence signal after 

the background fluorescence has decayed completely 

[33–39]. Moreover, since the color of the substrates 

bearing the LFPs is invisible after excitation ceases, 

persistent phosphors can also eliminate background 

color interference in LFP imaging. Therefore, persistent 

phosphors are ideal candidates for developing 

background-free methods for LFP imaging. 

Previous studies reported that proteins and amino 

acids in fingerprints are protonated to carry a positive  

charge in acidic conditions [40]. Thus, contrast agents 

that carry a negative charge in acidic conditions can 

readily bind to fingerprint ridges via electrostatic 

attraction [40–42]. Also, hydrophobic interactions are 

believed to contribute to the binding of negatively 

charged contrast agents to the positively charged 

fingerprints [41]. In LFP detection based on electrostatic 

interactions, fingerprint details can be well-retained 

since no external operations such as brushing are 

involved, reflecting the non-destructive nature of this 

method. Moreover, the binding of contrast agents to 

fingerprint ridges can be easily achieved by simply 

applying a solution with a low pH value [42]. Thus, 

electrostatic interactions are used to develop nonde-

structive and easy-to-perform methods for LFP 

imaging. 

Herein, we report a background-free, nondestructive, 

and easy-to-perform method for LFP imaging  

based on carboxyl group-functionalized Zn2GeO4:Mn 

(ZGO:Mn-COOH) persistent luminescence nanorods 

(PLNRs) with a pH-driven electrostatic recognition 

function. As shown in Scheme 1, the acidic ZGO:Mn- 

COOH colloid dispersion, stored in a portable spray 

bottle, is dropped onto the LFPs. Within a certain acidic 

pH range, the ZGO:Mn PLNRs are still negatively 

charged, whereas the proteins and amino acids in the 

LFPs are protonated to be positively charged. As a 

result, the ZGO:Mn PLNRs specifically bind to LFP 

ridges via electrostatic interactions. Under excitation,  

 

Scheme 1 Schematic illustration of the background-free, 
nondestructive, and easy-to-perform LFP imaging method with 
the ZGO:Mn-COOH PLNRs. The ZGO:Mn-COOH PLNRs bind 
to fingerprint ridges via electrostatic attraction within a certain 
acidic pH range. 
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background signals such as background fluorescence 

and background color appear, causing the image of 

the LFPs to be significantly blurred. After excitation 

ceases, the background signals disappear rapidly, 

whereas the ZGO:Mn PLNRs remain luminescent 

and show a clear fingerprint image. In this strategy, no 

destructive operations are involved, and the ZGO:Mn 

PLNRs can specifically bind to the LFPs with only 

an adjustment of the pH of the ZGO:Mn colloid 

dispersion. Moreover, interference from background 

fluorescence or background color is efficiently eliminated 

by the ZGO:Mn PLNRs. Thus, this pH-mediated LFP 

imaging strategy is background-free, nondestructive, 

and easy-to-perform, making it valuable in fields 

such as forensic investigation and law enforcement. 

2 Experimental 

2.1 Synthesis of the Zn2GeO4:0.5%Mn (ZGO:Mn) 

PLNRs  

The ZGO:Mn PLNRs were synthesized by a modified 

hydrothermal method [25, 33]. Typically, 11 mL of 

reaction solution containing 2 mmol of Zn(NO3)2, 

0.005 mmol of Mn(NO3)2, and 300 μL of concentrated 

HNO3 was prepared. Then, 1 mmol of Na2GeO3 was 

added dropwise to the above reaction solution under 

vigorous stirring. The pH of the resultant solution was 

adjusted to 9.5 with ammonium hydroxide (28 wt.%). 

Then, the reaction mixture was transferred into a 

Teflon-lined autoclave and allowed to react at 220 °C 

for 12 h. The resulting ZGO:Mn PLNRs were further 

collected by centrifugation and washed three times 

with deionized water. 

2.2 Preparation of the ZGO:Mn-COOH PLNRs  

Firstly, the ZGO:Mn PLNPs were modified with amino 

groups (ZGO:Mn-NH2) through the hydrolysis of 

(3-aminopropyl) triethoxysilane (APTES) on their 

surface. Typically, 100 mg of ZGO:Mn PLNPs were 

dispersed in 40 mL of dimethylformamide (DMF) 

under sonication. After, 400 μL of APTES was slowly 

added into the DMF dispersion under vigorous stirring. 

The resultant solution was allowed to react at 80 °C 

for 12 h under vigorous stirring. Then, the resultant 

ZGO:Mn-NH2 PLNRs were collected by centrifugation 

and washed three times with DMF. 

Next, the ZGO:Mn-COOH PLNPs were prepared 

through the reaction of ZGO:Mn-NH2 with succinic 

anhydride. Briefly, the obtained ZGO:Mn-NH2 PLNRs 

were dispersed in 40 mL of DMF. After, 20 mL of 

succinic anhydride solution (5 mg/mL in DMF) and 

20 mL of DMAP solution (0.5 mg/mL in DMF) was 

slowly added to the ZGO:Mn-NH2 colloid dispersion. 

The resultant reaction solution was allowed to react 

at room temperature for 12 h under vigorous stirring. 

The as prepared ZGO:Mn-COOH PLNRs were also 

collected by centrifugation and washed with ethanol/ 

water (v/v, 1:1) three times. 

2.3 Collection of LFPs  

The fingerprint donors were asked not to wash their 

hands 1 h prior to the collection. The LFPs were 

collected by the donors pressing their fingers on the 

chosen substrates. After, a hydrophobic circle was 

drawn around each fingerprint to keep the ZGO:Mn- 

COOH PLNR colloid dispersion over the fingerprints. 

In this study, aluminum foil, a glass slide, a soda can, 

cardboard, a mobile phone display screen, a wineglass, 

scissors, a silicon slice, and wood were used as the 

substrates to deposit the LFPs. During pH optimization, 

the LFPs were deposited on aluminum foil. For the 

confocal microscopy measurement, the LFPs were 

deposited on glass slides. While imaging the LFPs 

from different donors, the LFPs were also deposited 

on aluminum foil. 

2.4 The pH optimization for LFPs imaging  

ZGO:Mn-COOH PLNR colloid dispersions (0.5 mg/mL) 

with pH values ranging from 3 to 5 were systematically 

prepared with HCl and transferred to commercial 

spray bottles. Typically, the colloid dispersions were 

added dropwise to the LFPs with the spray bottle 

until the LFPs were covered. After reacting for about 

30 min, the LFPs were rinsed with water to remove 

the unbound ZGO:Mn-COOH PLNRs remaining on 

the substrate. The fingerprint images were captured 

with a digital single-lens reflex camera under ultraviolet 

(UV) excitation. 
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2.5 Confocal microscopy measurements  

To visualize the LFP ridges using confocal microscopy, 

the LFPs were labeled with a hydrophobic red dye, 

DiD. The labeling of LFPs was conducted as follows. 

Typically, a small volume of DiD solution (10 μL, 

5 nM) was spread on the fingertips of donors. After 

drying, the donors pressed their fingers on glass slides 

to prepare the labeled LFPs. For LFP imaging, a 

ZGO:Mn-COOH PLNR colloid dispersion with a  

pH of 3.5 was used. For the confocal microscopy 

measurements, a 405 nm laser was used to activate 

the ZGO:Mn-COOH PLNRs attached to the LFPs. 

2.6 Background-free LFP imaging with the 

ZGO:Mn-COOH PLNRs  

The LFPs on the soda can and cardboard were treated 

with a ZGO:Mn-COOH PLNR colloid dispersion at 

pH of 3.5. After the reaction, the developed LFPs 

were illuminated with a portable UV lamp to activate 

the ZGO:Mn-COOH PLNRs. Videos of the LFPs were 

taken upon ceasing the UV excitation to record the 

decay of the luminescent images. The videos were 

played with the PotPlayer software (Daum, 1.6.60136.0) 

to find frames in which background fluorescence had 

decayed completely but the ZGO:Mn-COOH PLNRs 

remained luminescent. In the LFP imaging method 

with the optical filtering, a 510 nm long-pass filter was 

employed to block the passage of blue background 

fluorescence from the cardboard. 

3 Results and discussion 

3.1 Characterization of the carboxyl group-modified 

ZGO:Mn PLNRs  

The ZGO:Mn PLNRs were synthesized using a 

modified hydrothermal method [25, 33]. The prepared 

ZGO:Mn PLNRs were functionalized with amino 

groups through the hydrolysis of APTES on their 

surface (Fig. 1(a)), then the nanorods were further 

reacted with succinic anhydride to obtain ZGO:Mn- 

COOH PLNRs. The shape and size of the ZGO:Mn- 

COOH PLNRs were characterized with transmission 

electron microscopy (TEM). As shown in Fig. 1(b), 

the ZGO:Mn-COOH PLNRs were well dispersed with 

a typical rod shape. Energy-dispersive X-ray (EDX) 

analysis (Fig. 1(c)) confirmed the successful doping of 

Mn in the ZGO:Mn-COOH PLNRs. The luminescence 

properties of the ZGO:Mn-COOH were further inves-

tigated. As shown in Fig. 1(d), the emission band of 

ZGO:Mn-COOH peaked at around 534 nm, which is 

attributed to the 4T1(G)–6A1(S) transition of Mn2+ [25]. 

The inset in Fig. 1(d) indicates that the ZGO:Mn- 

COOH PLNRs were well-dispersed in the aqueous 

solution, and the colloid dispersion showed strong 

green emission under excitation. The ZGO:Mn-COOH 

 

Figure 1 (a) Preparation of the ZGO:Mn-COOH PLNRs.    
(b) TEM image of the ZGO:Mn-COOH PLNRs. (c) EDX analysis 
of the ZGO:Mn-COOH PLNRs. (d) Emission spectrum of the 
ZGO:Mn-COOH PLNRs. Inset: the ZGO:Mn-COOH colloid 
dispersion in ambient light and under UV excitation. (e) Decay 
spectrum of the ZGO:Mn-COOH PLNRs. Inset: the luminescence 
images of ZGO:Mn-COOH under excitation and after excitation 
ceased. (f) Images of the persistent luminescence decay of 
ZGO:Mn-COOH PLNRs. 
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PLNRs displayed an obvious persistent luminescence 

decay and the emission at 534 nm could still be 

detected after 10 min of decay (Fig. 1(e)), indicating a 

long persistence time of the ZGO:Mn-COOH PLNRs. 

Moreover, the inset in Fig. 1(e) shows that the 

ZGO:Mn-COOH displayed strong green luminescence 

after excitation ceased, which made it possible to 

obtain luminescent LFP images after the excitation 

ceased. The images of the luminescence decay of 

ZGO:Mn-COOH were further measured and are 

presented in Fig. 1(f). The decay time of the persistent 

luminescence of ZGO:Mn-COOH exceeded 30 min. 

The above results clearly show that the ZGO:Mn- 

COOH PLNRs were well-dispersed and displayed 

strong green persistent luminescence after excitation 

ceased, suggesting their potential use in background- 

free LFP imaging. 

3.2 The pH optimization for LFP imaging with the 

ZGO:Mn PLNRs  

According to previous studies [40–42], with a certain 

acidic pH range, the LFP ridges are protonated to 

carry a positive charge, whereas carboxyl group- 

functionalized contrast agents still possess a negative 

charge and can bind to the LFP ridges via electrostatic 

attraction (Fig. 2(a)). The photographs of a portable 

spray bottle containing a ZGO:Mn-COOH colloid 

dispersion with a pH value of 3.5 are presented in  

Fig. 2(b). The ZGO:Mn-COOH colloid dispersion was 

milky transparent at a pH of 3.5 in ambient light, 

suggesting the excellent dispersibility of ZGO:Mn- 

COOH. Bright green luminescence was observed from 

the acidic ZGO:Mn-COOH colloid dispersion both 

under excitation and after the excitation ceased.  

The zeta potentials of the ZGO:Mn-COOH colloid 

dispersions with different pH values were further 

measured. As shown in Fig. S8 in the Electronic 

Supplementary Material (ESM), the zeta potential of 

the ZGO:Mn-COOH PLNRs gradually increased 

with the decrease of pH value from 7 to 3, suggesting 

that protonation of ZGO:Mn-COOH occurred at acidic 

pH values. The LFP imaging capability of ZGO:Mn- 

COOH is closely related to its zeta potential. The 

optimal pH range for LFP imaging was further 

investigated. As shown in Fig. 2(c), at pH values of 3 

and 3.5, LFP images with good separation between 

the ridges and furrows were obtained, suggesting the 

specific binding of ZGO:Mn-COOH PLNRs to LFP 

ridges via electrostatic attraction [40]. Further increasing 

the pH value to 4 and above lead to a drastic loss of 

fingerprint ridge details, which can be ascribed to the 

weak electrostatic attraction between ZGO:Mn-COOH 

PLNRs and LFP ridges due to the inefficient protonation 

of the LFPs at higher pH values [42]. Detailed infor-

mation on the LFPs obtained at a pH of 3.5, including 

termination, bifurcation, hook, and whorl, can be easily 

recognized at high-magnification (Fig. 2(d)). The above 

results suggest that LFPs can be successfully imaged 

with the ZGO:Mn PLNRs at pH values around 3.5. 

 

Figure 2 (a) Schematic illustration of pH-mediated imaging of 
LFPs. (b) Photographs of a spray bottle containing ZGO:Mn- 
COOH colloid dispersion in ambient light, under UV excitation, 
and after ceasing UV excitation. (c) Luminescent images of 
fingerprints treated with ZGO:Mn-COOH PLNR colloid dispersion 
at different pH values. (d) Specific details of the fingerprint 
obtained at a pH of 3.5 shown in (c). 
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3.3 Binding of ZGO:Mn-COOH PLNRs to LFPs  

The binding of the ZGO:Mn-COOH PLNRs to the LFP 

ridges driven by electrostatic attraction under acidic 

pH was further confirmed by confocal microscopy. The 

LFPs were stained with a hydrophobic red dye, DiD, 

and were further treated with the ZGO:Mn-COOH 

PLNR colloid solution at a pH of 3.5. As shown in 

Fig. 3(a), the red trace generated by the DiD shows 

the fingerprint ridges. The green channel shows the 

distribution of ZGO:Mn-COOH PLNRs on the substrate 

(Fig. 3(b)). The merged image indicates that the green 

signal overlaps exactly on the red signal (Fig. 3(c)), 

which clearly suggests that the ZGO:Mn-COOH PLNRs 

were bound to the LFP ridges. The three-dimensional 

(3D) view shown in Figs. 3(d)–3(f) further confirms 

that the ZGO:Mn-COOH PLNRs specifically bound 

to the LFP ridges. 

3.4 Background-free LFP imaging with ZGO:Mn- 

COOH PLNRs on problematic substrates  

The use of ZGO:Mn-COOH PLNRs in background-free 

LFP imaging was further tested on daily-encountered 

problematic substrates like soda cans and cardboard. 

LFPs were deposited on these two substrates and were 

further treated with the ZGO:Mn-COOH colloid 

dispersion. The logo of the soda can showed a red 

background color in ambient light and also displayed 

a strong red background fluorescence under UV light 

(Fig. S9 in the ESM). As shown in Fig. 4(a), under UV 

excitation, the background fluorescence from the 

soda can significantly decreased the optical contrast 

between the LFP ridges and the soda can, leading to 

poor image resolution and sensitivity. After excitation 

ceased, the red background fluorescence disappeared 

completely, whereas the ZGO:Mn-COOH PLNRs still 

displayed strong green emission due to the long-lived 

persistent luminescence [43–46]. As a result, a legible 

fingerprint image with a well-resolved ridge flow was 

clearly observed. As for the LFP imaging on cardboard 

with a strong blue background fluorescence (Fig. S9 

in the ESM), similar results were observed. Figure 4(b) 

shows that the fingerprint image was completely 

hidden by the blue background fluorescence under 

UV excitation. However, a luminescent fingerprint 

with clear ridge details was obtained after the excitation  

 

Figure 3 (a)–(c) Confocal microscopy images showing the 
fingerprint ridge (red channel), ZGO:Mn-COOH PLNRs (green 
channel), and the merged image. (d)–(f) The corresponding 3D 
view of the fingerprint ridges. 

ceased due to the disappearance of the background 

fluorescence. The luminescent images in Fig. 4(b) 

were further transformed into grayscale images 

(Fig. S10 in the ESM), and the gray value variation 

across the fingerprints is shown by the yellow line in 

Fig. 4(c). The gray value showed little change across 

the fingerprint under UV excitation, and the finger-

print ridges could not be distinguished. In contrast, 

significant variation of the gray value across the 

fingerprint was observed after excitation ceased, 

suggesting a significantly improved optical contrast 

between fingerprint ridges and the substrate. The 

above results clearly demonstrated that background 

interference, such as background color and background 

fluorescence, could be efficiently eliminated by the 

ZGO:Mn-COOH PLNRs. 

Additionally, we further showed that the ZGO:Mn- 

COOH PLNRs can be used to eliminate the background 

interference by an optical filtering method. Since the 

emission wavelength of the ZGO:Mn-COOH PLNRs 

is different from that of the cardboard, the blue 

background fluorescence can also be removed by  
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Figure 4 (a) Photographs of a treated fingerprint on the logo of 
a soda can under excitation (left panel) and after excitation 
ceased (right panel). (b) Photographs of a treated fingerprint on 
cardboard under excitation (left panel) and after excitation ceased 
(right panel). (c) The gray value variation of the fingerprints shown 
by the yellow line in (b). Transformation of the color images to 
grayscale images and quantification of the variation of gray value 
were all conducted with the Quantity One software (Bio-Rad, 
version 4.6.9). 

simply applying a color filter (Fig. 5). The color filter 

can efficiently block the blue background fluorescence 

and allow the passage of the green luminescence of 

the ZGO:Mn-COOH PLNRs to show a clear fingerprint 

image. These results clearly demonstrated the great 

flexibility of the ZGO:Mn-COOH PLNRs in eliminating 

background interference for LFP imaging. 

 

Figure 5 (a) Photograph of a latent fingerprint on a problematic 
surface under UV excitation without and with (b) a 510 nm long 
pass filter. 

3.5 Investigating the generality of the pH-mediated 

LFP imaging strategy  

As fingerprints encountered in real situations are left 

on different kinds of substrates, methods for imaging 

LFPs on surfaces frequently touched in daily life are 

important for future practical applications. The ability 

of the pH-mediated LFP imaging method based on 

the ZGO:Mn-COOH colloid solution with a pH of 3.5 

to be used on different surfaces was further tested. 

Substrates including a mobile phone display screen, 

a wineglass, scissors, a silicon slice, and wood were 

examined in this study. As shown in Fig. 6 and Fig. S11 

in the ESM, the treated fingerprints on the above- 

mentioned surfaces all displayed finely-resolved ridge 

details. It is noteworthy that the uneven surface on 

the junction of the scissors did not have any obvious 

destruction to the obtained luminescent fingerprint 

image (Fig. 6(c)), showing that this LFP imaging 

strategy can even eliminate the topology interference 

from the underlying substrates. Thus, the pH-mediated 

LFP imaging strategy holds great versatility in detecting 

LFPs deposited on diverse substrates frequently 

touched in daily life. 

Furthermore, the pH-mediated LFP imaging strategy 

based on ZGO:Mn-COOH PLNRs was used to image 

the fingerprints from different donors. The luminescent 

images of the LFPs from different donors after treatment 

with the ZGO:Mn-COOH PLNR colloid solution at a 

pH of 3.5 are shown in Fig. 7 and Fig. S12 in the ESM.  

 

Figure 6 Photographs and luminescent images of treated LFPs 
on different substrates: (a) a cellphone, (b) a wineglass, and (c) 
scissors. 
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Figure 7 Luminescent images of LFPs from different donors 
after treatment with the ZGO:Mn-COOH PLNRs. 

All the treated LFPs displayed strong green lumines-

cence, showing that this pH-induced imaging strategy 

can be applied to LFPs from different donors. Moreover, 

the treated LFPs displayed clear and well-defined 

papillary ridges without any obvious loss of ridge 

details. Thus, the above results clearly demonstrated 

that the pH-mediated LFP imaging strategy based on 

ZGO:Mn-COOH PLNRs can be applied in various 

complex situations, suggesting good generality of the 

developed LFP imaging strategy. 

4 Conclusions 

In this paper, we have reported a background-free, 

nondestructive, and easy-to-perform strategy for LFP 

imaging based on pH-mediated recognition of LFP 

ridges by ZGO:Mn-COOH PLNRs. ZGO:Mn-COOH 

can specifically bind to LFP ridges via electrostatic 

attraction by simply adjusting the pH of the colloid 

dispersion. Since the ZGO:Mn-COOH can remain 

luminescent after excitation ceases, background inter-

ference such as background color and background 

fluorescence can be efficiently eliminated by simply 

capturing the luminescent LFP images after the 

excitation ceases, leading to a significant improvement 

of the imaging resolution and sensitivity. Moreover, 

LFP imaging on different substrates was achieved 

with the developed pH-mediated imaging strategy, and 

LFPs from different donors were also successfully 

detected. To conclude, the developed LFP imaging 

strategy displays good capability for removing 

background interference, and it is also nondestructive 

and easy-to-perform, suggesting its potential for 

various applications, such as forensic investigation, law 

enforcement, and anti-counterfeiting authentication. 
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