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a b s t r a c t

Latent fingerprints (LFPs) serve as indispensable forensic evidence, yet achieving visualization to Level

3 detail, crucial for conclusive identification, remains highly challenging due to poor contrast, substrate

limitations, operational toxicity, and aggregation-caused quenching of classic methods. Here, we present

a water-soluble thiazolo[5,4-d]thiazole (TzTz)-based aggregation-induced emission (AIE) luminogen, TPA-

TzTz-OH, rationally designed to address these issues. This probe, integrating triphenylamine electron

donors, a TzTz π-bridge, and a pyridinium acceptor, enables a distinctive fluorescence "off−on" switch

upon visible light (425nm) excitation, visualizing LFPs within 40 s, completely avoiding organic solvents

or post-processing. TPA-TzTz-OH offers broad substrate compatibility, producing high-contrast, high-

fidelity fingerprint images on metals, glass, plastics, ceramics, and wood, consistently resolving sweat

pores and ridge microstructures (Level 3 features) essential for individualization. Mechanistic studies in-

dicate that restricted intramolecular motion upon specific binding to fingerprint lipids (oleic acid and

cholesterol) triggers pronounced AIE enhancement, with electrostatic and hydrogen-bonding interactions

enabling specificity. The probe exhibits excellent biocompatibility (>85% cell viability at working con-

centration), retains efficacy for aged fingerprints (≥10 days), and can be used via immersion or spraying.

Comparison with control derivatives confirms the synergistic importance of both the pyridinium charge

and hydroxyl group in realizing these unique advantages. This work establishes TPA-TzTz-OH as a promis-

ing, sustainable solution for high-resolution forensic visualization, bridging fundamental AIE photophysics

and real-world criminalistics while providing a greener and safer technique over conventional methods.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Fingerprints are fundamental to forensic identification due to

their uniqueness and lifetime stability [1]. However, latent finger-

prints (LFPs), the invisible residues left upon contact, present per-

sistent challenges for reliable visualization due to their fragility,

potential degradation, and the diversity of substrates encountered

[2–5]. Conventional approaches, including powder dusting, chem-

ical fuming, mass spectrometry, and various spectroscopic tech-

niques [6–9], often suffer from drawbacks such as complex pro-

tocols, risk of evidence damage, high cost, or significant back-

ground interference. In this context, fluorescence-based methods

have emerged as a powerful alternative, offering high sensitivity
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and spatial resolution (Table S1 in Supporting information) [4,10–

15]. A variety of fluorescent materials, including quantum dots,

upconversion nanoparticles, and metal-organic frameworks, have

advanced LFP detection [3,6,16–19]. Among these, luminogens ex-

hibiting aggregation-induced emission (AIE), termed AIEgens, are

particularly attractive due to their strong emission in the aggre-

gated state and high chemical tunability [20–27]. Despite progress,

many existing systems are still limited by powder-induced ridge

damage [28], reliance on organic co-solvents, "always-on" back-

ground fluorescence requiring wash steps, and the need for po-

tentially damaging ultraviolet (UV) excitation. Crucially, resolving

Level 3 details, such as sweat pores and ridge edge features, re-

mains a significant hurdle. Therefore, a robust, water-soluble probe

that enables visible-light-excited, "off–on" fluorescence for rapid,

high-contrast imaging of Level 3 features in a pure aqueous sys-

tem is highly desirable.

https://doi.org/10.1016/j.cclet.2025.111889

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. Schematic representation of (A) the experimental setup and (B) the proposed mechanism for LFPs visual imaging using the TPA-TzTz-OH probe applied via

soaking or spraying.

Fig. 1. (A) Molecular structures of TPA-TzTz-Py, TPA-TzTz-MP, and TPA-TzTz-OH. (B) Fluorescence spectra of TPA-TzTz-OH (10μmol/L) in different solvents. (C) Fluorescence

emission spectra of TPA-TzTz-OH (10μmol/L) in PhMe/DMSO mixtures with varying volume fractions of PhMe (fPhMe, 0–99%). Inset: Fluorescent photographs of TPA-TzTz-OH

under illumination (λex =425nm) in pure DMSO (fPhMe =0%, left) and a PhMe/DMSO mixture (fPhMe =99%, right). (D) Fluorescence variation of TPA-TzTz-OH in PhMe/DMSO

mixture 0%–99% fPhMe.

Here, we leveraged thiazolo[5,4-d]thiazole (TzTz), a rigid,

electron-deficient heterocycle known to facilitate restriction of in-

tramolecular motion (RIM) and provide multiple noncovalent inter-

action sites [29–33]. By embedding TzTz into a donor–π–acceptor

(D–π–A) framework, we anticipated strengthening the intramolec-

ular charge transfer (ICT) effect, further restricting molecular mo-

tion upon binding, and promoting specific interactions with LFP

components. We now report TPA-TzTz-OH, a probe integrating a

triphenylamine (TPA) donor, a TzTz π-bridge, and a pyridinium ac-

ceptor (Scheme 1). This design provides visible-light (425nm) ex-

cited "off–on" fluorescence, enables rapid LFP development in pure

water, and achieves reliable Level 3 visualization across various

substrates. Mechanistic investigations indicate that its fluorescence

is activated by binding-triggered RIM in the presence of fingerprint

lipids, yielding exceptional contrast and photostability.

Our design targeted a water-soluble AIE probe with selective

affinity for LFP residues and a robust turn-on mechanism under

visible light. The TzTz bridge was chosen for its propensity to sup-

port RIM and noncovalent interactions, while the TPA group sup-

plies the AIE characteristic, and the pyridinium salt imparts water

solubility and electrostatic attraction. A terminal hydroxyl group

was introduced to enhance hydrogen bonding with fatty acids and

amino acids in fingerprints. To deconvolute the contributions of

charge and the hydroxyl group, two control molecules, TPA-TzTz-Py

(neutral) and TPA-TzTz-MP (cationic, no –OH), were also prepared

(Fig. 1A). TPA-TzTz-Py was synthesized via a one-pot condensa-

tion reaction (Scheme S1 in Supporting information, 16.7 % yield).

Subsequent N-alkylation with 2-bromoethanol or iodomethane af-

forded TPA-TzTz-OH (99.6% yield) and TPA-TzTz-MP (69.5% yield),

respectively. All structures were rigorously confirmed by nuclear

magnetic resonance spectroscopy and high-resolution mass spec-

trometry (Figs. S1–S9 in Supporting information). Detailed syn-

thetic procedures and characterization data are provided in the

Supporting information.

TPA-TzTz-OH demonstrated high water solubility (up to

200μmol/L) and good photostability (Fig. S10 in Supporting in-

formation). In good solvents such as water or DMSO, the probe

was weakly emissive (Fig. 1B). To induce aggregation, solvent po-

larity was tuned using PhMe/DMSO mixtures; in a mixture with

a PhMe fraction (fPhMe) of 99%, the fluorescence at 631nm in-

creased approximately 65-fold, confirming its AIE nature (Figs. 1C

and D). The photoluminescence quantum yield rose from 0.19% in

pure DMSO to 12.43% in the aggregated state (fPhMe =99%) (Ta-

ble S2 in Supporting information). Spectroscopic analysis revealed

a maximum absorption at 480nm in DMSO (Table S2 in Support-

ing information), while the solid-state photoluminescence peaked

at 784nm, indicating potential near-infrared emission capabili-

ties (Fig. S11 and Table S2 in Supporting information). The con-

trol probe TPA-TzTz-MP exhibited analogous AIE behavior (Fig. S12

in Supporting information). Density functional theory calculations

(Fig. S13 in Supporting information) revealed that N-alkylation

lowers the highest occupied molecular orbital (HOMO) – lowest

unoccupied molecular orbital (LUMO) energy gaps for TPA-TzTz-OH

and TPA-TzTz-MP (Eg =1.60 eV) relative to the neutral TPA-TzTz-

Py (Eg =2.94 eV), in agreement with the observed spectral shifts.

Electrostatic potential (ESP) maps confirmed the localized positive

charge on the quaternized probes.

To evaluate its primary application, fresh LFPs on glass slides

were treated with 100μmol/L aqueous solutions of the probes

for 60 s. Under 425nm excitation, TPA-TzTz-OH rapidly developed
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Fig. 2. Visualization of LFPs using AIE-active TzTz probes. (A) High-resolution fluorescence images showcasing Levels 1, 2, and 3 details of LFPs deposited on glass slides,

developed using aqueous solutions (100μmol/L) of TPA-TzTz-OH, TPA-TzTz-MP, and TPA-TzTz-Py (scale bar: 3mm). (B) Optimization of LFP visualization on glass using

TPA-TzTz-OH. Top: Fluorescence images demonstrating the effect of varying probe concentration. Bottom: Fluorescence images illustrating the impact of immersion time

using a 100μmol/L aqueous solution (λex =425nm; scale bar: 5mm). (C) Fluorescence intensity of TPA-TzTz-OH (10μmol/L in DMSO/water, 1:1 v/v) upon addition of

various substances commonly found in LFPs. Inset: corresponding photographs under 425nm irradiation. Corresponding grayscale images are shown in Fig. S25 (Supporting

information).

high-definition ridge patterns with clearly resolved Level 3 features

(Fig. 2A). In contrast, TPA-TzTz-MP produced red emission but vi-

sualized fewer pores, while the neutral TPA-TzTz-Py yielded only

faint outlines. The corresponding signal-to-noise ratios (SNRs) were

15.6, 15.3, and 1.3, respectively (Fig. S14 in Supporting informa-

tion), quantifying the superior performance of TPA-TzTz-OH. Fur-

thermore, the cell counting kit-8 (CCK-8) assays demonstrated that

TPA-TzTz-OH maintained over 85% cell viability at concentrations

up to 100μmol/L, confirming its low cytotoxicity (Fig. S15 in Sup-

porting information). Optimization studies showed that a concen-

tration of 100μmol/L was optimal for resolving sweat pores (Fig.

2B and Fig. S16 in Supporting information). Time-dependent exper-

iments revealed that development produced visible outlines within

20 s and clear details by ∼40 s (Video S1 and Fig. S17 in Support-

ing information), highlighting the potential for rapid, real-time LFP

analysis.

To elucidate the sensing mechanism, we investigated the

probe’s response to representative LFP components (Fig. 2C, Figs.

S18 and S19 in Supporting information). TPA-TzTz-OH exhibited

a strong fluorescence turn-on exclusively in the presence of oleic

acid (OA) and cholesterol (Chol). The control probe TPA-TzTz-MP

also responded to OA and Chol but with a significantly attenuated

signal for Chol, underscoring the hydroxyl group’s crucial role in

Chol recognition. Conversely, the neutral TPA-TzTz-Py responded

only to Chol, indicating that the cationic charge is essential for

binding OA. These selectivities were visually confirmed by imaging

patterns written with each component (Fig. S19). In addition, to

demonstrate the electrostatic attraction between TPA-TzTz-OH and

fingerprint residues, we measured the zeta potential of TPA-TzTz-

OH, obtaining a value of (34.50±4.57) mV. Based on these results,

we propose a multi-interaction binding mechanism: (1) Electro-

static attraction between the pyridinium cation and the carboxy-

late of OA; (2) hydrogen bonding involving the terminal hydroxyl

group and TzTz heteroatoms, which is critical for Chol binding;

and (3) hydrophobic contacts with the lipid segments. This tar-

geted binding effectively restricts intramolecular motions, which

suppresses non-radiative decay pathways, thus activating the AIE

fluorescence and producing high-contrast images against a dark

background.

Treatment of LFPs with TPA-TzTz-OH provided high-resolution

visualization of papillary ridge patterns (Fig. 3). Magnified fluo-

rescence images (Fig. 3A) distinctly resolved features across all

three hierarchical levels: Level 1 (overall pattern configuration, e.g.,

core, delta), Level 2 (minutiae, e.g., ridge endings, bifurcations,

lakes, short ridges), and crucially, Level 3 details, encompassing

individual sweat pores (poroscopy) and ridge edge contours (ed-

geoscopy). Analysis of fluorescence intensity profiles across ridge-

furrow transitions confirmed the excellent signal-to-background

contrast achieved against the substrate. Notably, this comprehen-

sive, multi-level visualization was achieved via a simple immer-

sion step using aqueous TPA-TzTz-OH (100μmol/L, 60 s), requir-

ing no subsequent physical or chemical post-treatments. The abil-

ity to consistently resolve Level 3 details is forensically paramount,

as fragmentary LFPs frequently encountered at crime scenes often

lack sufficient Level 1 or 2 information for definitive identification.

In these instances, unique Level 3 characteristics, such as sweat

pore configurations (number, position, shape) and ridge edgeology,

become indispensable for robust individualization.

To rigorously assess the fidelity of Level 3 feature reproduc-

tion, LFPs developed with TPA-TzTz-OH were examined by fluores-

cence microscopy (Fig. 3B, upper panel). The resulting micrographs

provide unambiguous visualization of sweat pore number, precise

location, and spatial arrangement along the papillary ridges. Fur-

thermore, subtle variations in inter-pore distances along the same

ridge, as well as differences in ridge width, were readily discernible

(Fig. 3B, lower panel), highlighting the fine microstructural details

captured by the probe. Comparative analysis with scanning elec-

tron microscopy (SEM) of similarly prepared LFPs was conducted

(Fig. 3C). While SEM reveals surface topography, the fluorescence

images generated by TPA-TzTz-OH offered markedly superior con-

trast specifically for poroscopic features. Sweat pore distribution,

clearly delineated in fluorescence micrographs, was considerably

more difficult to discern in the corresponding SEM images due

to lower intrinsic contrast for these features under the conditions

used.

Finally, to validate the anatomical accuracy of the developed

LFPs, a direct comparison was made between the fluorescence

image of a TPA-TzTz-OH-developed LFP and a bright-field image

3
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Fig. 3. (A) Levels 1, 2, and 3 details of local LFPs on glass developed by a TPA-TzTz-OH aqueous solution (100μmol/L) and the variations of the fluorescence intensity

between the fingerprint ridges and furrows across the yellow line (scale bar: 2mm). (B) Fluorescence microscopic images for partial region of the LFPs from a volunteer

and the analysis of Level 3 microscopic details. Compared with the images in Fig. 2, the sweat pores and shape of the ridges are visualized with definite sizes. Scale bar:

500μm (upper), 100μm (lower). (C) SEM images of the fingerprint on glass, the area indicated by the red arrow is the sweat pore. Scale bar: 1mm (left), 400μm (right).

(D) Number and location distribution of sweat pores of the real fingerprint (left) on the finger and its developed fingerprint (right) on glass from a volunteer. The fluorescent

pattern of the LFPs is much more decipherable than other types (scale bar: 1.5mm). Corresponding grayscale images are shown in Fig. S26 (Supporting information).

of the corresponding region from the donor’s finger (Fig. 3D).

This revealed excellent point-by-point correspondence, particularly

concerning the number, relative positioning, and arrangement of

sweat pores, especially adjacent to minutiae like bifurcations. This

high correlation confirms that TPA-TzTz-OH development provides

a high-fidelity reproduction of fingerprint microanatomy, enabling

reliable individual identification by leveraging crucial Level 3 de-

tails. To evaluate the substrate universality of TPA-TzTz-OH for

fingerprint imaging, we tested its visualization capabilities on di-

verse common materials. LFPs were deposited on surfaces includ-

ing stainless steel (dish base), glass (slide), plastic (sheet), glazed

ceramic (bowl base), tinfoil, and wood (comb). Following treat-

ment with aqueous TPA-TzTz-OH (100μmol/L, 60 s), LFPs were

successfully developed on all tested substrates, affording clear flu-

orescence images with high contrast and resolution (Fig. S20A in

Supporting information). Notably, while effective across all ma-

terials, the definition of Level 1, 2, and 3 fingerprint details ap-

peared marginally more distinct on smoother, non-porous surfaces

such as glass, plastic, ceramic, and foil compared to stainless steel

and wood under the experimental conditions. Nevertheless, mag-

nified fluorescence images consistently revealed intricate features

across all substrates. Level 1 patterns (e.g., loops), Level 2 minutiae

(e.g., lakes, short ridges, bifurcations, ridge endings), and critically,

Level 3 details (individual sweat pores) were clearly discernible

(Fig. S20B in Supporting information). Quantitative analysis of flu-

orescence intensity from selected regions further confirmed con-

sistent performance across the different substrates (Fig. S20C in

Supporting information). These results collectively demonstrate the

robust performance and broad substrate compatibility of TPA-TzTz-

OH, highlighting its potential applicability for developing LFPs on a

wide range of surfaces encountered in forensic investigations.

The visualization of aged LFPs represents a critical challenge

in forensic investigations, as evidence collected from crime scenes

frequently includes fingerprints deposited days or weeks prior to

discovery. To evaluate the effectiveness of TPA-TzTz-OH in address-

ing this challenge, we systematically compared its performance in

visualizing both fresh and aged (10 days) LFPs deposited on glass

surfaces. As demonstrated in Fig. S21 (Supporting information),

TPA-TzTz-OH exhibited remarkable consistency in developing both

fresh and aged specimens, with no significant degradation in imag-

ing quality observed for the 10-day-old fingerprints. Importantly,

fingerprint details across all identification levels, from Level 1 pat-

tern configurations to Level 2 minutiae and the forensically valu-

able Level 3 features (sweat pores), remained clearly discernible

in both cases. This persistence of visualization efficacy underscores

the probe’s forensic reliability for analyzing fingerprints of varying

ages.

The long-term stability of developed fingerprints represents

another crucial consideration for evidential documentation and

courtroom presentation. Analysis of TPA-TzTz-OH-developed LFPs

stored under dark conditions for one month revealed exceptional

stability, with negligible changes in both sweat pore detail resolu-

tion and overall fluorescence intensity (Fig. S22 in Supporting in-

formation). This remarkable preservation of imaging quality facili-

tates extended examination periods and reliable archiving of pro-

cessed evidence.

To assess inter-individual robustness, we further evaluated

TPA-TzTz-OH’s visualization performance on fingerprints collected

from multiple donors. Fingerprints obtained from a second vol-

unteer and processed using identical protocols demonstrated con-

sistent high-quality visualization, with Level 3 structural features

clearly resolved (Fig. S23 in Supporting information). This donor-

independent performance confirms the broad applicability of TPA-

TzTz-OH across different fingerprint compositions, which can vary

substantially in lipid content and secretion profiles between indi-

viduals.

Collectively, these results establish TPA-TzTz-OH as a robust,

stable, and versatile AIE probe for LFP visualization, capable of con-

sistently revealing detailed ridge patterns regardless of fingerprint

age, storage duration of developed fingerprints, or donor variabil-

ity, key attributes for practical implementation in forensic case-

work.

To assess alternative application methodologies with poten-

tial for field deployment, we evaluated a spray-based approach

for TPA-TzTz-OH application to LFP. LFPs deposited on glass sur-

faces were treated with an aqueous solution of TPA-TzTz-OH

(100μmol/L) using a hand-held sprayer, with the development

process monitored at various time intervals (Fig. S24 in Support-
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ing information). The fluorescence intensity of developed finger-

prints exhibited a time-dependent enhancement, progressively in-

creasing with extended spray duration. Notably, optimal visualiza-

tion was achieved at approximately 30 s of application, where Level

1 (pattern configuration), Level 2 (minutiae), and critically, Level 3

(sweat pores) details were clearly resolved with excellent contrast.

Interestingly, prolonged spraying (60 s) resulted in diminished res-

olution of Level 3 features, likely due to excess reagent accumula-

tion causing detail obfuscation. This optimization of the spraying

protocol demonstrates the versatility of TPA-TzTz-OH across dif-

ferent application modalities. The successful development of high-

resolution fingerprints using both immersion (as described previ-

ously) and spray-based techniques highlights the operational flex-

ibility of this AIE probe. The rapid processing time (30 s) and

straightforward application methodology of the spray approach of-

fer advantages for on-site fingerprint development at crime scenes,

where simplicity and speed are often paramount considerations.

In conclusion, we have developed TPA-TzTz-OH, a water-soluble

and eco-friendly AIE probe that enables visible-light-excited, "off–

on" visualization of latent fingerprints in pure water. Its selec-

tive binding to lipidic residues, namely OA and Chol, triggers

a strong fluorescence emission via a RIM mechanism, producing

high-contrast images with reliable Level 3 resolution in under 40 s.

The method is effective across a wide range of common substrates,

requires neither organic solvents nor post-processing steps, and ex-

hibits low cytotoxicity at working concentrations. Its demonstrated

ability to develop aged fingerprints and yield stable, high-fidelity

images makes TPA-TzTz-OH a highly practical and advanced tool

for forensic casework.
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