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 ABSTRACT 

Owing to their unique pattern and abundant chemical composition, latent

fingerprints (LFPs) can serve as “ID cards” and “information banks” of donors

and therefore are valuable for forensic investigation, access control, and even

medical diagnosis. LFP imaging has attracted considerable attention, and a great

variety of contrast agents has been developed. In LFP imaging, background

signals such as background fluorescence from the underlying surface can seriously

blur the LFP images and decrease imaging sensitivity; thus, great efforts have

been made to eliminate background interference. Here, we stratify the recent

progress in background-free LFP imaging by making use of the difference in 

properties between contrast agents and background compounds. For example,

near-infrared (NIR) light-activatable contrast agents can efficiently remove 

background signals in LFP imaging because the background compounds cannot

be excited by NIR light, showing that the difference in excitation properties

between contrast agents and background compounds can be employed to eliminate 

background interference. This review is organized around background-free LFP 

imaging based on the difference in optical properties between contrast agents 

and background compounds: (i) different excitation wavelengths, (ii) different

emission wavelengths, (iii) different luminescence lifetime values, (iv) different

plasmonic properties, (v) different photothermal properties, and (vi) different 

electrochemiluminescence properties. 

 
 

1 Introduction 

The patterns of friction ridge skin are formed by certain 

raised portions of the epidermis on the fingertips, 

palms, and soles of an individual [1, 2]. They are 

genotypically determined, unique, and persistent [1, 3], 

which enable them to serve for individual identification 

in various practical applications, such as criminal 

investigation, authority control, and information 

encryption [4]. Generally speaking, when a finger 

touches a surface, the secretions present on the surface 

of the skin are transferred onto the substrate, resulting 
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in an impression of the friction ridge pattern [1, 5]. 

Most of the impressions are invisible to the naked 

eye and are called latent fingerprints (LFPs). LFPs  

not only reproduce the physical characteristics of an 

individual’s ridge patterns but also contain hetero-

geneous chemical components [6, 7]. Generally, LFPs 

contain a mixture of intrinsic and extrinsic constituents. 

The intrinsic components of a fingerprint are mainly 

secreted by the natural secretion glands, such as 

exocrine sweat glands and sebaceous glands. Extrinsic 

constituents mainly originate from the various available 

contaminants, such as make-up, food contaminants, 

blood, dirt, and grease. The differences among donors, 

such as gender, age, medication use, metabolism,  

diet, and surroundings, can result in the variations of 

fingerprint composition [6]. Analysis of these fingerprint 

compositions can offer enormous information about 

the donor. As a result, LFPs can serve as an information 

storage platform for individuals and play an important 

role in forensic investigation, medical diagnostics, 

and health assessment. 

LFP imaging has attracted considerable attention. 

The basic principle of LFP imaging is to establish a 

contrast between the secretion residues and the 

substrates bearing them [5]. LFP imaging enables direct 

visualization of an LFP pattern and the detailed features 

for individual identification, which is important in 

crime scene and forensic applications. More importantly, 

the imaging of compounds of interest in LFPs, such as 

metabolites or contaminants, provides the opportunity 

to obtain valuable information for the applications 

including metabolism analysis and safety inspection. 

In the past decades, dozens of contrast agents and 

imaging techniques have been developed for LFP 

imaging [4, 7–12]. Regardless of the contrast agents 

or imaging techniques used, there are some problems 

that seriously affect the sensitivity and resolution of 

LFP imaging (and need to be considered): mostly the 

interference caused by background signals [12]. The 

substrates bearing LFPs usually contain background 

compounds that possess properties similar to those 

of the contrast agents. As a result, these compounds can 

produce strong background signals in LFP imaging 

and thereby severely decrease imaging sensitivity 

and resolution. Consequently, how to avoid background 

interference has aroused broad interest. 

Up to now, a number of reviews emphasizing LFP 

imaging have been published. For example, Russell 

et al. [1] have highlighted the advances in fingerprinting 

technology that can simultaneously provide chemical 

information and individual identification. Zhang et al. 

[3] have summarized the chemical methods that can 

provide chemical information on LFPs. Bécue et al. [5] 

have introduced the methods for LFP detection  

from the forensic perspective and biological/chemical 

considerations. These reviews mainly focus on the 

information extraction and analysis of LFPs. The LFP 

imaging methods that can eliminate the background 

interference are seldom discussed. In this review, we 

summarize the recent progress in background-free 

LFP imaging over the past few years. We stratify  

the methods for eliminating background signals with 

respect to the difference in properties between the 

contrast agents and background compounds. Specifi-

cally, the review is divided into six sections around 

background-free LFP imaging according to the 

difference in properties between the contrast agents 

and background compounds: (i) different excitation 

wavelengths, (ii) different emission wavelengths, (iii) 

different luminescence lifetime values, (iv) different 

plasmonic properties, (v) different photothermal pro-

perties, and (vi) different electrochemiluminescent 

properties. 

2 LFP imaging based on different excitation 

wavelengths 

Background fluorescence is one of the most frequently 

encountered types of background interference in LFP 

imaging. Background fluorescence originates from 

coexcitation of the contrast agents attached to LFPs 

and the background chromophores in the underlying 

substrates [13], suggesting that the extent of background 

fluorescence interference is associated with the excitation 

wavelength. Contrast agents that can be excited at  

a wavelength significantly different from that of 

background chromophores are ideal candidates to 

reduce the background fluorescence interference. 

With excitation red-shifted, background fluorescence 

interference gradually decreases [14]. Near-infrared 

(NIR) light might represent an ideal light source    

to eliminate background fluorescence because the 
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vast majority of background chromophores cannot  

be excited by NIR light [15, 16]. Thus, contrast agents 

excited in the NIR region are ideal for background- 

free LFP imaging. 

Upconversion nanoparticles (UCNPs) are some  

of the representative NIR-excited phosphors [17‒21]. 

Upconversion is a definite anti-Stokes process in 

which two or more low-energy continuous-wave NIR 

photons are converted into a higher energy output 

photon [22]. The LFP imaging enhanced with UCNPs 

suffers little from background fluorescence interference 

under NIR excitation, thus providing high contrast 

and improving detection sensitivity [23‒31]. What is 

more, the luminescent color of UCNPs can be fine- 

tuned by changing the type and concentration of the 

ions used for doping, thus allowing for multicolor 

imaging [25]. Additionally, UCNPs offer benefits of 

remarkable physicochemical stability and superior 

photostability without on-off blinking [22]. Above all, 

UCNPs are ideal candidates for background-free LFP 

imaging. 

2.1 UCNP colloid dispersion for LFP imaging 

In 2014, our group demonstrated the potent ability of 

UCNPs to eliminate background fluorescence inter-

ference for LFP imaging [24]. In that study, we 

developed a general and easy-to-use method for 

background-free LFP imaging based on lysozyme- 

binding aptamer (LBA)-modified UCNPs (UCNPs-LBA). 

Lysozyme is an important polypeptide component of 

human sweat, playing a pivotal part in protection of 

the skin. The strategy for LFP imaging with UCNPs- 

LBA is illustrated in Fig. 1(a). The UCNPs-LBA imaging 

probe can bind to fingerprint ridges through the 

specific recognition of lysozyme by the aptamer. A 

clear-cut green LFP image could be obtained under 

the excitation by a portable NIR laser with emission 

at 980 nm. As shown in Figs. 1(b) and 1(c), obvious 

background fluorescence interference could be observed 

when the LFPs were treated with imaging probes 

based on organic dyes and quantum dots (QDs) 

because of coexcitation of the two contrast agents and 

the background chromophores in substrates. In contrast, 

as presented in Fig. 1(d), the LFPs treated with UCNPs 

suffer little from the background fluorescence inter-

ference because the background chromophores cannot 

be excited by NIR light. Thus, a sharp LFP image 

with high resolution and high contrast was observed. 

 

Figure 1 (a) Schematic illustration of simultaneous LFP imaging and lysozyme detection using UCNPs functionalized with a lysozyme-
binding aptamer nanoconjugate. (b) A luminescence image of fingerprints treated with a FAM solution (1), FAM-LBA (2), and the 
corresponding magnified image (3). (c) A luminescence image of fingerprints treated with a QD solution (1), QDs-LBA (2), and the 
corresponding magnified image (3). (d) A luminescence image of fingerprints treated with a PAA-UCNP solution (1), UCNPs-LBA (2), and
the corresponding magnified image (3). Reproduced with permission from Ref. [24], © John Wiley & Sons 2014. 
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More importantly, we next expanded this strategy for 

cocaine detection in LFPs by replacing LBA with a 

cocaine-binding aptamer. Similarly, the strategy can be 

applied to the detection of various kinds of chemicals 

in LFPs by simply altering the type of the aptamer. 

Moreover, the design gives tremendous opportunities 

both for LFP imaging and practical applications.  

Later, Wang et al. [25] developed a surfactant-assisted 

method for LFP imaging with a UCNP colloid dis-

persion. The LFPs were immersed into a suspension 

containing UCNPs and the surfactant sodium 

dodecyl sulfate (SDS). The amphiphilic SDS could link 

hydrophilic UCNPs to hydrophobic grease in LFP 

residues. After illumination with 980 nm NIR light, 

the LFPs could be visualized without the interference 

of background fluorescence. LFP imaging was realized 

on various substrates. Additionally, multicolored LFP 

luminescence images were also obtained by changing 

the type and concentration of rare earth ions employed 

for doping. 

2.2 UCNP powder for LFP imaging 

The above-mentioned LFP imaging is conducted by 

solution-based imaging methods. The following studies 

are about background-free LFP imaging with the 

powder dusting technique. Mao et al. [27] have used 

NaYF4:Yb,Er UCNP powders as a luminescent label 

for LFP imaging with low background interference, 

high contrast, and improved sensitivity (Fig. 2). The 

dry UCNP powder was found to adhere well to 

fingerprints. A clear-cut green luminescent image of 

an LFP without background fluorescence interference 

could be obtained under 980 nm laser excitation. Kumar 

et al. [28] have also synthesized a La2O3:Er3+/Yb3+ 

phosphor powder with uniform particle morphology 

for background-free LFP imaging.  

Compared to their bulk counterpart, UCNPs show 

less efficient upconversion luminescence owing to their 

small size. Meanwhile, UCNPs possess low two-photon 

absorption cross-sections, which also influence their 

luminescent efficiency; accordingly, a pulsed laser 

with high excitation power density is often required 

in imaging with UCNPs [29]. To solve these problems, 

Song et al. [29] have prepared semiconductor plasmon 

nanoparticle-modulated core–shell nanocomposites,  

 

Figure 2 Schematic illustration of visualizing the LFPs by 
means of a UCNP powder dusting process and the fluorescent 
images of LFPs on various surfaces. Reproduced with permission 
from Ref. [27], © Tsinghua University Press and Springer-Verlag 
Berlin Heidelberg 2015. 

referred to as mCu2−xS@SiO2@Y2O3:Yb3+/Er3+. Because 

both the excitation field and the resonance energy 

transfer rate from Yb3+ ions to Er3+ ions increased, a 

30-fold upconversion enhancement was obtained. The 

nanocomposites were then applied to LFP imaging. 

The resultant LFP image is hardly affected by 

background fluorescence interference, thus providing 

excellent optical contrast. In addition, owing to the 

excitation power-dependent optical property, the 

fluorescent color of the LFP images could be modulated 

from green to orange. Furthermore, Song et al. [30] 

have successfully constructed a plasmon-enhanced 

upconversion device, and high-resolution detection 

of LFPs was achieved with the device. 

3 LFP imaging based on different emission 

wavelengths 

In LFP imaging, if the emission wavelengths of the 

contrast agents and the background chromophores 

are different, the detection signal can be distinguished 

from the background signal with the assistance of color 

filters, resulting in improvement of the sensitivity and 

resolution of LFP imaging. Accordingly, it is feasible 

to choose an imaging agent that has an emission 
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wavelength different from that of the background 

chromophores to eliminate the background fluorescence 

interference. In this section, we provide a com-

prehensive review of contrast agents with the emission 

wavelength different from that of the background 

chromophores for background-free LFP imaging. 

3.1 Organic dyes 

As we mentioned above, amino acids are key com-

ponents that are derived from skin secretions for  

the LFP generation [6]. Many organic dyes targeting 

amino acids have been developed for LFP imaging. 

Ninhydrin is the first amino acid-sensitive agent that 

reacts with amino acids to yield a new blue-purple 

color known as Ruhemann’s purple [32, 33]. Later, a 

variety of fluorescent ninhydrin analogues such as 

1,8-diazafluoren-9-one (DFO) and 1,2-indanedione 

(IND) have been developed and tested for LFP 

imaging [34, 35]. Compared to ninhydrin, DFO reacts 

with amino acids to give a highly fluorescent and 

colorimetric detection of LFPs. The fluorescent images 

of LFPs can be clearly visualized with a 503–587 nm 

excitation filter and a 593 nm viewing long pass filter 

[34]. IND has a similar dual mode detection function, 

except with the excitation wavelength of 505 nm and 

a 550 nm barrier filter [35]. Some natural products, such 

as genipin and lawsone, extracted from the gardenia 

fruit, also work well in background-free LFP imaging 

[36, 37]. The fluorescent impressions of LFPs can be 

further enhanced by treatment with zinc and 

cadmium salts [32, 35]. In addition, some other amine- 

sensitive agents, such as p-dimethylaminobenzaldehyde 

(DMAB) and p-dimethylaminocinnamaldehyde (DMAC), 

have been successfully applied to LFP imaging [38]. 

Proteins too can serve as the targets for LFP imaging. 

Maynard et al. [39] have achieved visualization of 

LFP using a lysozyme aptamer-based contrast agent. 

Because aptamers were modified with a fluorescent 

tag, fluorescent images of LFPs can be obtained under 

the excitation with 505 nm coupled to a camera fitted 

with a 555 nm bandpass filter. Highly defined level 1 

and 2 features are clearly observed. The design takes 

advantage of the good performance and easy operation 

of aptamer-based contrast agents. More importantly, 

aptamers are introduced into the field of LFP imaging 

for the first time, and this pioneering design opens a 

new avenue for LFP imaging with high selectivity and 

sensitivity. Owing to changes in the type of aptamer, 

aptamer-based contrast agents are capable of targeting 

a wealth of fingerprint components, thus providing 

an enormous potential for practical applications. 

In addition to amino acids, some water-insoluble 

substances, such as lipids and triglycerides, are other 

main components of an LFP impression [7]. Contrast 

agents that can target these water-insoluble components 

via hydrophobic interaction are also largely used in 

fingerprint imaging. Because of its preferential binding 

to lipids, Nile red can be applied to LFP imaging 

with colored and fluorescent prints. On the other 

hand, the poor solubility of Nile red limits its further 

applications. Recently, Lewis et al. [40] reported that 

Nile blue A can be employed for LFP imaging. After 

preparation in aqueous solutions, the spontaneous 

hydrolysis of Nile blue A can yield trace amounts   

of Nile red. The coexistence of two dyes in the same 

solution endows Nile blue A with dual staining 

capabilities: Nile blue A reacts with acidic fractions, 

such as phospholipids, to form a dark blue print, 

whereas Nile red instead dissolves preferentially in 

neutral lipids to give a pink or red impression. The 

photoluminescence property of Nile blue A originates 

from the Nile red moiety. Strong photoluminescence 

of LFPs was observed at an excitation wavelength of 

505 nm with viewing through a 550 nm barrier filter. 

Even though the LFPs treated with Nile blue A  

show very pale blue-purple impressions on a blue 

background, the photoluminescent image of LFPs is 

very sharp and complete (Fig. 3). Miskelly et al. [41] 

have proposed a bodipy-based lipid selective dye, 

named LD540, and investigated its potential application 

in LFP detection. An enhanced contrast fluorescent 

image of sebaceous fingermarks can be obtained after 

the treatment with LD540. 

What is more, there are some fantastic compounds 

that can mainly bind to sebum within the ridges of LFPs 

[42, 43]. These molecules, mainly silole compounds and 

silole analogues, are nonluminescent in the soluble 

state but will emit enhanced luminescence after 

aggregation. This interesting phenomenon is defined 

as “aggregation-induced emission (AIE)”. AIE is related 

to the restriction of intramolecular rotations of 

chromophoric molecules in an aggregate state [44].  
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Figure 3 Latent fingerprints on white copy paper treated with 
Nile blue A. A representative photograph of LFPs under white light 
(a) and in photoluminescence mode with excitation wavelength at 
505 nm and a 550 nm barrier filter (b). Reproduced with permission 
from Ref. [40], © The Royal Society of Chemistry 2014. 

The enhanced binding affinity between the AIE 

molecules and residues of LFPs facilitates the 

aggregation of AIE molecules and the luminescence 

will be improved, thus leading to a reduction in 

background fluorescence interference. There have 

been some reports about LFP imaging based on the 

AIE effect [43, 45‒47]. Su et al. [42] have reported LFP 

imaging based on the AIE effect of tetraphenylethene 

(TPE) in 2012. TPE preferentially aggregated on the 

ridges of LFP through hydrophobic interactions and 

the aggregates emitted strongly under UV illumination, 

thereby offering sufficient optical contrast against the 

background. Later, Su et al. [45] prepared several  

AIE compounds with different substituents—TEP, 

1,1,2,3,4,5-hexaphenylsilole (HPS), and 1-methyl-1-(4- 

carboxystyrene)-2,3,4,5-tetraphenylsil-ole (MCSTPS)— 

and explored their LFP imaging performance. Very 

recently, Iyer et al. [47] prepared an AIE-active con-

jugated polyelectrolyte (CPE), named PFTPEBT-MI, 

and implemented quick LFP imaging with high 

sensitivity, high contrast, and no background inter-

ference (Fig. 4). The amphiphilic CPE may interact 

strongly with LFP ridges through electrostatic   

and lyophilic interactions. Compared to the single 

hydrophobic interaction, the electrostatic interaction 

also contributed to the enhanced and selective binding 

affinity, thus reducing the background interference 

vis-à-vis improving the imaging contrast. 

3.2 Polymer-based contrast agents 

Polymer materials have attracted extensive attention  

 

Figure 4 (a) Schematic illustration of the AIE-based LFP imaging. 
(b) High-resolution photographs of LFPs after developing with 
PFTPEBT-MI (c) showing level 1−3 details. Reproduced with 
permission from Ref. [47], © American Chemical Society 2017. 

owing to their abundant and customized properties. 

Introduction of various functional side groups, such 

as a fluorescent moiety or a photosensitizer, into 

monomers may endow a polymer with a completely 

new property [48]. Cyanoacrylate ethyl ester, which 

can polymerize and cure rapidly in the presence of 

nucleophiles, has been employed in LFP detection for 

a long time [31, 49]. When a fingerprint is treated by 

monomer vapors in a closed chamber, the eccrine and 

sebaceous components within the fingerprint induce 

polymerization of the monomer to form a white 

impression. Nonetheless, the developed fingerprints 

sometimes are only slightly visible because of the 

white color. Instead, the monomer modified with a 

fluorescent side group has been found to be an effective 

contrast agent for LFP imaging [49]. Jong-Man Kim et al. 

[50] have successfully developed new polydiacetylenes 

(PDAs) that contain hygroscopic elements in their 

headgroup and next constructed a hydrochromic 

sensor for sweat pore mapping in LFPs (Fig. 5).   

The blue PDAs were prepared by polymerization of  
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Figure 5 Hydrochromic PDAs for mapping of sweat pores.   
(a) Schematic illustration of fabrication of the PDAs. (b) A 
photograph of a fingerprint image (left) printed on a PDA film 
and the corresponding optical (middle) and fluorescence (right) 
microscopy images of the magnified fingerprint area marked in 
the fingerprint image. Reproduced with permission from Ref. 
[50], © Nature Publishing Group 2014. 

self-assembled diacetylene monomers under UV 

irradiation. Due to the presence of the hygroscopic 

elements, PDAs may undergo a blue-to-red color 

transition upon exposure to water. Besides, PDAs 

afford a significant fluorescence enhancement in the 

presence of water. Exocrine sweat glands are distributed 

in higher density in fingers, and eccrine sweat contains 

a large amount of water. Sweat pores that serve as the 

“door” of the exocrine glands belong to the level 3 

features of LFPs. Previous studies have indicated that 

20–40 sweat pores are sufficient to generate patterns 

that are required for individual identity [51]. As 

shown in Fig. 5(b), the formation of red dots under 

an optical microscope and the obvious emitting dots 

under a fluorescence microscope indicated that the 

hydrochromic mapping of human sweat pores was 

successfully achieved. The sensor was next successfully 

subjected to further reliability testing and a test of 

active sweat pores. The strategy opens up a new way 

of LFP imaging via locating sweat pores.  

Kwak et al. [52] have reported a lipid-responsive 

fluorescent conjugated polymer film of poly[1-phenyl- 

2-(p-trimethylsilyl)phenylacetylene] (PTMSDPA) for 

LFP imaging. When a finger touched the PTMSDPA 

film, the lipid fractions would move into the polymer 

film, resulting in a significant fluorescence enhancement 

owing to the process named swelling-induced emission 

enhancement. Under excitation, high-resolution and 

contrast-enhanced LFP images were obtained. Moreover, 

Wu et al. [53] have reported a novel method for 

detection of LFPs by means of oxetane-functionalized 

semiconductor polymer dots (Ox-Pdots) as a fluorescent 

labeling marker and an LFP preservation agent. 

Because of the photo-cross-linking of oxetane aided 

with a photoinitiator under UV excitation, a three- 

dimensional (3D) intermolecular polymer network was 

formed. The resultant LFP pattern showed unparalleled 

stability compared with the conventional Pdots,  

and the preservation time was obviously prolonged, 

allowing for long-term analysis of LFPs. Other research 

groups also reported polymer-based contrast agents 

for LFP imaging [54‒56]. 

The above studies are about the LFP detection based 

on single polymer materials. The following examples 

are about polymer composite-based LFP imaging. 

The formation of hybrid materials can combine the 

advantages of different materials, and the performance 

of the hybrid materials cannot be achieved with any 

single component. For instance, Jong-Man Kim et al. 

[57] have fabricated diacetylene (DA)-magnetite com-

posites and tested their capacity for imaging of 

sebaceous LFPs. The composites combine the advan-

tages of two individual components, such as a 

stimulus-responsive color, fluorescence changes, and 

a magnetically responsive property. The prepared 

polymer composite powder manifested enhanced 

affinity for the sebaceous ridges when a magnetic 

field was applied, thus improving the LFP imaging 

contrast. Besides, the monomer may undergo a pale 

brown-to-blue color transition upon UV irradiation, 

and further heat treatment of the LFP image produces 

a red and fluorescent LFP. A suitable arrangement of 

the three-color property coupled with the fluorescence 

property was successfully employed to realize efficient 

visualization of LFPs deposited on pieces of paper 

with different background colors. Other research groups 

have also reported fluorescent polymer composites, 

such as surfactant-containing conjugated-polyelectrolyte 

colloidal solutions and a fluorescent dye‒polymer 

composite film for LFP detection [58‒62]. Such materials 

offer an effective platform for sensitive LFP imaging 
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and fingerprint analysis. 

3.3 Inorganic nanoparticles 

These nanoparticles have been developed as an 

important contrast agent due to their charming phy-

sicochemical properties, such as controlled synthesis, 

diverse morphology, fine-tuned optical properties, 

and excellent stability [63]. Additionally, the large 

surface area of inorganic nanoparticles provides 

abundant binding sites for various functional molecules 

for recognizing the targets within LFPs; therefore, 

inorganic nanoparticles serve as candidates for LFP 

imaging [64]. Several kinds of inorganic nanoparticles 

that have been widely used in background-free LFP 

imaging will be discussed in this section. 

3.3.1 QDs 

Since the first report about CdS semiconductor QD- 

based detection of LFPs reported by Menzel et al. in 

2000 [65], various QD systems have been developed 

for imaging applications [66–72]. Owing to their 

excellent optical performance, such as good photos-

tability, a high quantum yield, and size-tunable 

fluorescent colors, QDs provide a suitable tool for 

LFP imaging with high sensitivity and high contrast 

against the background. Moreover, the possibility of 

simultaneous excitation of multiple QDs by a single 

light source also facilitates the development of multicolor 

imaging. Wu et al. [66] have used Mn-doped ZnS 

QDs capped with N-acetyl-cysteine for the detection 

of LFPs in 5 s. The fast imaging benefits from the 

hydrophobic and electrostatic interactions between 

N-acetyl-cysteine and the secretions from eccrine. 

Because QDs have high brightness, sufficient contrast 

against the background could be obtained under UV 

excitation. Zhang et al. [67] have synthesized CdTe- 

montmorillonite (CdTe-MMT) nanocomposites and 

investigated their capacity for enhanced detection of 

LFPs. Given that QDs are confined to the layered 

structure of the sodium MMT matrix, the prepared 

nanocomposites show enhanced chemical stability in 

the air and tunable photoluminescence, thus being an 

alternative fluorescent labeling marker for LFP imaging. 

The ridge details of LFPs treated with the QD nano-

composites could be clearly visualized without obvious 

background staining under UV illumination.  

More recently, carbon quantum dots (CQDs) have 

attracted considerable interest owing to their excellent 

photoluminescent performance [73, 74]. Unlike con-

ventional Cd-doped QDs, CQDs, a kind of carbon 

nanomaterials, are biocompatible and nontoxic to 

humans [75]. Wang et al. [73] have prepared water- 

soluble CQD-based fluorescent ink for LFP imaging. 

Upon applying the CQDs ink, a clear-cut, permanent, 

and high-contrast LFP image without background 

fluorescence was formed on commercially available 

filter paper. Kelarakis et al. [14] have reported for the 

first time the application of CQD-based powders to 

LFP enhancement. The hybrid powders that contain 

a low concentration of CQDs, yielded excitation 

wavelength-dependent emission color. Specifically, 

the hybrid powders appeared to be blue, green, or red 

when they were excited in the violet, blue, and green 

wavelength regions, respectively. Therefore, these 

powders provided significant advantages for overcoming 

the background fluorescence interference after simple 

selection of a suitable fluorescent color. Besides, 

other research groups reported a series of CQD-based 

imaging agents and explored their color-tunable 

characteristics for LFP imaging [74–76]. 

The above-mentioned QD-based imaging agents 

have such features as a single-excitation, single- 

emission fluorescent mode. The following studies 

focus on the single-excitation, dual-emission QD 

hybrid materials [77, 78]. Compared with these single- 

excitation, single-emission fluorescent materials, dual 

emission QDs can not only realize LFP imaging on 

various colored or fluorescent surfaces (after a suitable 

emission wavelength is chosen) but also can be 

applied to the analysis of multiple LFP components. 

Xu et al. [77] have developed a dual-emitting QD 

nanohybrid for simultaneous LFP imaging and TNT 

visualization (Fig. 6). Specifically, polyallylamine (PAM)- 

modified green QDs and red QD-doped silica nano-

particles were assembled into a core–shell nanohybrid 

with the dual-emitting fluorescence property. Because 

of the formation of a Meisenheimer complex between 

the primary amines of PAM and TNT, the green- 

emitting QDs may be quenched by TNT while the red 

one remains unchanged. Therefore, the nanohybrid 

manifested tunable visible multicolor fluorescence 

because of TNT-modulating Förster resonance energy  
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Figure 6 (a) Schematic illustration of preparation of the nanohybrid 
of green/red QDs for simultaneous LFP imaging and visualization 
of TNT. (b) Fluorescence images of LFPs with increasing 
amounts of TNT. Acquisition of all fluorescence images involved 
excitation with a 365 nm UV lamp. Reproduced with permission 
from Ref. [77], © The Royal Society of Chemistry 2015. 

transfer under UV illumination. This method can 

promote the application of QD-based contrast agents 

in security screening. 

3.3.2 Lanthanide-doped luminescent nanomaterials 

Lanthanides represents a group of rare elements 

that constitute the 5d block of the periodic table  

and possess abundant electronic levels. The unique 

electronic configuration gives lanthanides interesting 

and attractive optical properties. Due to the presence 

of electron-filled 5s25p2 subshells that can protect the 

inner 4f orbital from environmental interference,  

the energy of different electronic levels included in 4f 

orbitals is well-defined and the 4f–4f electronic 

transitions are inert to the chemical environment 

around lanthanide materials. Consequently, lanthanide 

ions are characterized by characteristic and sharp 

emission patterns that fall in the range of visible and 

NIR region [79]. Lanthanide-doped fluorescent materials 

possess the advantages of high photostability and 

high fluorescence intensity, enabling them to be an ideal 

fluorescent label for background-free LFP imaging 

[80, 81].  

Mao et al. [80] have reported two kinds of lanthanide- 

doped nanomaterial for LFP imaging: red-emitting 

YVO4:Eu nanocrystals and green-emitting LaPO4:Ce,Tb 

nanobelts. The small size and high luminescence 

intensity enable high contrast and low background 

interference in LFP imaging. As illustrated in Fig. 7,  

 

Figure 7 LFPs treated with (a)–(c) red fluorescent YVO4:Eu 
nanocrystals and (d)–(f) green fluorescent LaPO4:Ce,Tb nanobelts as 
well as (a’)–(c’) conventional red and (d’)–(f’) fluorescent powders. 
(a), (a’), (d), and (d’) Optical images in a bright field, (b), (b’), (e), 
and (e’) fluorescence images in a dark field under 254 nm UV 
irradiation. (c), (c’), (f), and (f’) Magnified images of the small box 
in (b), (b’), (e), and (e’). The scale bar is 5.0 mm. Reproduced with 
permission from Ref. [80], © American Chemical Society 2015. 

compared with conventional red and green fluorescent 

powders, the resultant LFP image obtained by means of 

the two lanthanide-doped luminescent nanomaterials 

exhibited high quality fluorescent impression under 

UV irradiation. Shi et al. [81] have synthesized two 

types of lanthanide-doped tetragonal phase t-LaVO4 

nanoparticles, both with excellent luminescent pro-

perties. In particular, the Eu3+-doped t-LaVO4 emitted 

bright red light, and Eu3+-doped t-LaVO4 emitted 

yellowish light close to white under UV illumination. 

After treatment with the lanthanide-doped nano-

materials, the developed luminescent LFPs could be 

viewed clearly under UV light. On account of their 

high luminescence intensity, the luminescent LFPs 

developed on various surfaces afforded high contrast 

against background interference. Impressively, the 

second-level detail information, such as breaks and 

bifurcations, could be obtained from the corresponding 

magnified images. 

3.3.3 Transition metal-doped luminescent nanomaterials 

The IUPAC defines a transition metal as “an element 

whose atom has a partially filled d sub-shell, or which 

can give rise to cations with an incomplete d sub-shell”. 

Due to their particular electronic configuration, 

transition metal ions can serve for doping various 

materials to bring about fantastic properties [82, 83]. 
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Recently, our group [84] successfully prepared Mn- 

and-Ga-codoped Zn2GeO4 nanoparticles for background- 

free LFP imaging. The nanoparticles show bright 

green emission under UV excitation. LFP imaging was 

conducted on a hardboard with strong blue background 

fluorescence. As shown in Fig. 8(a), the LFP images 

are deeply buried in the blue background fluorescence 

under UV illumination. By contrast, as shown in 

Fig. 8(b), upon application of the 510 nm long pass 

filter, the background fluorescence was effectively 

removed, and a sharp LFP image with a well-defined 

ridge pattern was obtained. These results clearly 

indicate that the development of contrast agents with 

an emission wavelength different from that of the 

background chromophores can serve as an effective 

way to avoid background fluorescence. 

 

Figure 8 Luminescent images of LFPs under UV excitation 
obtained without (a) and with (b) optical filtering (510 nm long 
pass filter). Reproduced with permission from Ref. [84], © American 
Chemical Society 2017. 

3.3.4 Luminescent metal nanoclusters 

Noble-metal clusters made of a few tens of atoms 

with size < 2 nm possess unique physical and chemical 

properties [85]. Ag nanoclusters (AgNCs), some of the 

representative metal clusters, have unique fluorescent 

properties that can readily be modulated by changing 

the surrounding microenvironments [86]. On the basis 

of this interesting optical property, Qu et al. [87] have 

provided a versatile and simple approach for the 

detection and visualization of LFPs by combining  

the DNA-programmed AgNCs and DNA aptamers 

(Fig. 9). Specifically, a G-rich region was designed at 

the end of the lysozyme-binding aptamers. The DNA 

template AgNCs can be hybridized with the designed 

aptamers. Because the emission pattern of the AgNCs 

is sensitive to the nearby DNA region, the hybridization 

can alter the microenvironment around AgNCs, thus 

leading to bright red emission. Similarly, green-emitting 

AgNCs that can target TNT were also successfully 

prepared. After treatment of LFPs with the two 

lightened-up AgNCs, multicolor LFP imaging and 

simultaneous identification of lysozyme and TNT 

were implemented. More importantly, quantitative 

detection of fingerprint components was also accom-

plished. The strategy holds an enormous potential for 

LFP identification and further practical application. 

3.3.5 Dye-labeled nanomaterials 

Noble metal nanoparticles [64, 88–93] and metal oxide 

Figure 9 (a) Schematic illustration of visualizing the LFPs using DNA-regulated AgNCs. (b) Higher magnification bright-field and 
fluorescence images of LFPs with increased concentrations of TNT from the bottom row to the top. Reproduced with permission from 
Ref. [87], © The Royal Society of Chemistry 2016. 
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nanoparticles [94–98], which are two widely used 

contrast agents for LFP imaging, can be modified with 

an antibody to realize immunolabeling imaging. 

Indeed, metal nanoparticles have been applied to LFP 

imaging for a long time, e.g., via multimetal deposition 

[88, 89] and immunological multimetal deposition 

[90]. The immunolabeling and fluorescent imaging 

methods open up new opportunities for LFP imaging, 

detailed analysis, and even component profiling of 

LFPs [91, 92]. Dermcidin, which is particularly critical 

for the protection of skin, is one of the most abundant 

antimicrobial peptides in eccrine sweat [91]. Van 

Dam et al. [92] have used an anti-dermcidin antibody 

and a fluorescent dye-tagged secondary antibody for 

the dermcidin imaging in LFPs. This immunolabeling 

strategy provides a suitable tool both for LFP imaging 

with improved quality and detection of specific 

components, and also helps with access to high-level 

features of fingerprints. Later, Russell et al. [64] pre-

pared gold nanoparticles (Au NPs) modified with an 

anti-cotinine antibody for simultaneous identification 

of cotinine and individuals. The large surface area of 

Au NPs provides abundant binding sites for the anti- 

cotinine antibody, and the amount of fluorescently 

tagged secondary antibody is increased, thus improving 

the fluorescence signals. After treatment with the 

anti-cotinine antibody-modified Au NPs, a sharp LFP 

image was obtained and even sweat pores could   

be observed. Meanwhile, cotinine in LFPs could be 

successfully detected too. The method provides a novel 

insight into the applications to illicit-drug detection 

and medical diagnostics. 

Compared to Au NPs, magnetic nanoparticles can 

be directed by a magnetic field. Therefore, extra 

magnetic nanoparticles that fail to adhere to the  

LFPs can be totally removed under the influence of a 

magnetic field, thus enabling higher sensitivity and 

enhanced contrast. Russell et al. [94] have reported  

a simple and versatile detection platform for various 

drugs and drug metabolites in LFPs from drug users, 

such as ∆9-tetrahydrocannabinol (THC), methadone, 

2-ethylidene-1,5-dimethyl-3,3,-diphenylpyrrolidine  

(EDDP), and benzoylecgonine. This approach enables 

simultaneous individual identification and extraction 

of information on drug usage. Furthermore, Russell 

et al. [95] have successfully realized multiplexed 

detection of metabolites of heroin (morphine) and   

a metabolite of cocaine (benzoylecgonine) in LFPs 

(Fig. 10). Magnetic nanoparticles were modified with 

an anti-morphine antibody and anti-benzoylecgonine 

antibody, separately. The two kinds of nanoparticles 

were incubated over two separate sections of finger-

prints. After removal of excess particles using a magnet, 

an Alexa 488-labeled secondary antibody and an Alexa 

 

Figure 10 (a) Schematic illustration of the detection of two drug metabolites from a single fingerprint via antibody–magnetic particle 
conjugates. (b) Bright-field and (b) fluorescence images of the upper portion of a fingerprint used for the detection of morphine.
(d) Bright-field and (e) fluorescence images of the lower portion of the fingerprint used for the detection of benzoylecgonine. The scale
bar is 2.0 mm. Reproduced with permission from Ref. [95], © American Chemical Society 2010. 
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546-labeled one were employed to treat the two 

above-mentioned sections, respectively. A dual-color 

image of LFPs with high quality and high resolution 

could be obtained by bright-field and fluorescence 

microscopy, enabling simultaneous individual identifi-

cation and extraction of information on drug usage. 

4 LFP imaging based on different lumines-

cence lifetime values 

Inspired by the short-lived background fluorescence, 

the following notion has been proposed: If the signals 

of contrast agents are collected after the background 

fluorescence disappears, the background fluorescence 

interference can be totally removed [99]. Since the 

discovery of SrAl2O4:Eu/Dy with bright persistent 

luminescence in 1996, persistent phosphors have 

attracted significant attention owing to their unique 

optical properties [100–102]. Persistent phosphors can 

remain luminescent after the removal of excitation, 

thus serving as another ideal candidate for background 

fluorescence-free imaging.  

Our group has conducted several studies on 

controlled synthesis and exploring of biomedical 

applications of persistent-luminescence nanoparticles 

(PLNPs) [84, 103–106]. In one of our studies [84], we 

have proposed a PLNP-based time-gated imaging 

method for background-free LFP imaging and 

visualization of protein secretions (Fig. 11). Specifically, 

we successfully synthesized Zn2GeO4:1.0%Ga,0.5%Mn 

(ZGO:Ga,Mn) nanoparticles via the “bottom up” 

approach, and the decay time of luminescence in 

ZGO:Ga,Mn nanoparticles exceeded 20 min. After 

modification of carboxyl groups followed by treatment 

with EDC/NHS, active esters on the surface of 

ZGO:Ga,Mn nanoparticles were formed. Because of the 

reaction between the active esters and the abundant 

intrinsic amino group in the ridges, the ZGO:Ga,Mn 

PLNPs could be linked to the LFPs covalently. The 

as-treated LFPs were activated with a portable UV 

lamp for a while. After removal of the UV lamp, the 

background fluorescence faded rapidly, and a green 

LFP image was obtained because ZGO:Ga,Mn PLNPs 

remained luminescent. Furthermore, after func-

tionalization with concanavalin A (ConA), which can 

specifically recognize glycoproteins, the ZGO:Ga,Mn 

persistent nanoparticles were successfully applied to 

the imaging of glycoproteins in LFPs. The strategy 

provides a versatile platform both for background-free 

LFP imaging and specific visualization of fingerprint 

components, thus being valuable for forensic inves-

tigations and medical diagnostics.  

5 LFP imaging based on different plasmonic 

properties 

The free electron gas of noble metal nanoparticles 

may produce resonant oscillation, named localized 

surface plasmon resonance (LSPR) upon stimulation 

by an incident light whose wavelength is greater  

than the nanoparticle [107]. The resonant frequency 

is dependent on the nanoparticles’ size, shape, and 

 

Figure 11 (a) Schematic illustration of time-gated imaging of LFPs with ZGO:Ga,Mn−COOH persistent-luminescence nanoparticles. 
A photograph of a treated fingerprint on a poker card (b) and a soft drink can (c) under UV excitation and after excitation ceases.
Reproduced with permission from Ref. [84], © American Chemical Society 2017. 
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composition [108]. Because of the presence of LSPR, 

these nanoparticles can absorb and scatter intense light 

that can be directly observed visually with the aid of 

dark-field microscopy (DFM) [107]. Among the various 

noble metal nanoparticles, gold and silver are the most 

widely used materials, especially Au NPs. In these 

above-mentioned Au-based imaging methods, Au 

NPs serve only as “glue” that adheres to LFPs and as 

“carriers” of signaling and recognition molecules. The 

LSPR properties of Au NPs are not used [109]. In this 

section, colorimetric imaging, plasmonic imaging, 

and photoacoustic imaging based on Au NPs will be 

introduced.  

Aggregation of Au NPs leads to a shift of the LSPR 

band, and an obvious color change will occur [110]. 

Thus, LFP residue-induced aggregation of Au NPs 

can be applied to colorimetric detection of LFPs [111]. 

Additionally, an obvious change of a scattering signal 

also can be detected by DFM. In this regard, Li et al. 

[109, 112] have done excellent work on the nano-

plasmonic imaging of LFPs. They [109] have used 

cocaine aptamer-modified Au NPs for the LFP imaging 

and cocaine visualization (Fig. 12). Specifically, two 

types of Au NPs were modified with a split of 

cocaine-specific aptamer. In the presence of cocaine, 

the two splits of cocaine aptamer can direct Au NPs 

to aggregate, resulting in green-to-red color change 

of the scattered light in the DFM images. Because few 

background compounds in the underlying substrates 

possess plasmonic properties, this method can 

efficiently eliminate background interference such as 

a background color or background fluorescence.   

As shown in Fig. 12(b), the level 2 and level 3 features 

of the LFPs can be clearly observed. Moreover, 

quasi-quantitative cocaine detection is realized. This 

strategy holds enormous promise both for LFP imaging 

and analysis of any small molecules or proteins in 

LFPs. 

Except for the nanoplasmonic imaging, the presence 

of the LSPR effect also makes Au NPs tunable and 

gives them strong optical absorption; subsequently, 

Au NPs can release the absorbed energy in the form 

of an acoustic wave [113]. Hence, Au NPs can serve 

as PA contrast agents for photoacoustic (PA) imaging. 

The scattering of ultrasonic signals is much weaker 

than that of light; thus, PA imaging manifests little 

background interference and provides high signal 

contrast. Nie et al. [111] have synthesized amphiphilic 

block copolymer (BCP)-capped Au NPs and realized 

simultaneous photoacoustic and colorimetric visuali-

zation of LFPs. When an LFP was immersed into the 

solution containing BCP-functionalized Au NPs, both 

electrostatic and hydrophobic interactions between 

the BCP and natural secretions (such as proteins) 

 

Figure 12 (a) Schematic illustration of nanoplasmonic imaging of LFPs and identification of cocaine in LFPs by DFM. (b) A 
dark-field image of a representative sebaceous LFP and the level 2 details including crossover (1), termination (2), bifurcation (3), and 
island (4) as well as level 3 details (pores in (1), (2), (3), and (4)). Reproduced with permission from Ref. [109], © American Chemical 
Society 2017. 
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facilitated the aggregation of Au NPs on the LFP 

residues. The resultant color of LFP could be tuned 

by controlling the self-assembly behavior. Moreover, 

in PA imaging mode, a clear-cut LFP with high 

resolution and high contrast could be obtained, 

allowing for observation of level 3 hyperfine features 

of LFPs. 

Moreover, the phenomenon of surface-enhanced 

Raman scattering (SERS) is closely related to LSPR 

owing to their complementary nature [108]. When 

the LSPR of noble metal nanoparticles is coupled with 

Raman excitation and emission, the electromagnetic 

enhancement in SERS can be achieved, thus resulting 

in an increased SERS signal. SERS analysis has such 

features as high sensitivity, providing an additional 

approach for detection of secretions within LFPs. In 

this regard, some research groups have developed an 

Ag NP-enhanced Raman technique for visualization 

of LFP and SERS analysis of various endogenous and 

exogenous components in LFPs [114–118]. 

6 LFP imaging based on different photo-

thermal properties  

As the name implies, the photothermal phenomenon 

represents the conversion of electromagnetic irradiation 

to heat [108]. In contrast to optical imaging, photothermal 

imaging provides an additional means of eliminating 

background interference because of its distinctive 

detection signal. Wang et al. [119] have prepared 

hydrophobic Cu7S4 semiconductor nanoparticles.  

The nanoparticles were further modified with allyl 

mercaptan and then used to fabricate amphiphilic 

nanocomposites (NCs) via polymerization of allyl 

mercaptan to ensure good binding affinity for LFP 

residues. The resultant NCs showed good performance 

in the detection of LFPs deposited on various colored 

substrates (Fig. 13). What is more, amine group-rich 

bifunctional nanocomposites contained Cu7S4 nano-

particles, and CdSe@ZnS QDs were also fabricated. 

Owing to the formation of a Meisenheimer complex 

between an amine group and TNT, the fluorescence 

of QDs may be quenched while the photothermal 

ability is unaffected. Hence the dual-mode imaging 

for simultaneous visualization of LFPs and TNT 

residues could be implemented. The design opens up 

a new avenue for the use of photothermal agents for 

LFP imaging. 

7 LFP imaging based on different electro-

chemiluminescence (ECL) properties 

In addition to the above-mentioned various methods, 

ECL shows outstanding performance in LFP imaging 

 

Figure 13 (a) The scheme for photothermal imaging of LFPs. (b) The photothermal imaging of LFPs and the level 2 details. (c) The 
illustration of different background colors under daylight and UV irradiation. (d) Photothermal images of LFPs treated with Cu7S4 NCs 
under irradiation at 808 nm. (e) Optical images of LFPs treated with Cu7S4 NCs under daylight. Reproduced with permission from Ref. 
[119], © American Chemical Society 2015. 
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with high sensitivity. ECL is chemiluminescence 

triggered by electrochemical methods, and no additional 

light sources are required; therefore, background signals 

produced by light irradiation can be efficiently 

avoided [120]. Because the light-emitting species are 

produced in situ close to electrode surfaces, ECL reflects 

only the local surface reactivity, and a near-zero 

background can be achieved [121]. These excellent 

properties no doubt pave the way for background- 

free LFP imaging [121–123]. 

Su et al. [121] have reported visualization of 

sebum-rich LFPs by ECL (Fig. 14). On the one hand, 

the presence of the sebaceous components in the 

ridges may decrease the electrochemical activity of 

the underlying electrode surface. Hence, when the 

electrode was exposed to a solution containing the 

ECL-generating luminophore, the ECL reaction and 

subsequent light emission could occur on the bare 

surface uncovered by the LFPs, resulting in a negative 

image of LFPs. On the other hand, because abundant 

amino acids were contained in LFPs, the light emission 

could be produced on the ridges of the LFPs when 

the ECL-generating luminophore was modified with 

an amino acid-active N-hydroxysuccinimide ester, and 

a positive image of LFPs was obtained. Furthermore, 

according to the molecular recognition between the 

proteins or peptides in the LFPs and their corres-

ponding antibody, Su et al. [123] have implemented 

simultaneous LFP imaging and immunodetection of 

secretions in human perspiration via chemiluminescent 

oxidation of luminol by a horseradish peroxidase (HRP) 

molecule. It should be noted that an immunoassay 

involving multiple HRP molecules may increase the 

chemiluminescence intensity, thereby increasing 

detection sensitivity. 
 

8 Conclusion and outlook 

Over the past decades, advances in contrast agents and 

new technologies have accelerated the development 

of background-free LFP imaging. In this review, we 

summarized the recent developments in elimination 

of background interference with contrast agents 

showing optical properties different from those of the 

background compounds. This review will provide a 

guidance for researchers on selection of materials 

and imaging methods for not only LFP imaging but 

also for other imaging applications. With advancement 

of the LFP technology, the quantitative, multiplexed, 

portable, and efficient imaging methods that allow 

for simultaneous LFP imaging and visualization of 

multiple components in LFPs are needed for practical 

applications. The multiple-mode LFP imaging methods 

are worth considering for the improved accuracy of 

LFP imaging. Furthermore, the analysis of varied 

chemical information on LFPs is still at its early stage, 

and LFP profiling provides a novel insight into the 

applications to forensic investigation and in vitro 

diagnostics and thus should be paid more attention.  

 

Figure 14 (a) Schematic illustration of the ECL-based detection of LFPs:Ru2+ and am represent the ECL-generating luminophore and 
the amine coreactant, respectively. (b) The ECL imaging of LFPs and the level 2 details. Reproduced with permission from Ref. [121], 
© John Wiley & Sons 2012. 
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