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Abstract

:

Fingerprints are essential for human identification and are valuable tools in criminal investigations. The pursuit of new materials for digital printing is expanding, with increasing interest in natural compounds such as bixin, sourced from annatto seeds. Despite its traditional use as a natural dye with medicinal properties, the potential of bixin in papilloscopy remains largely untapped. In this study, we meticulously extracted bixin from annatto seeds and meticulously developed composites incorporating zinc carbonate (bixin/ZnCO3) and kaolinite (bixin/kaolinite). UV-visible spectroscopy was used for characterization, and the extracted bixin showed absorption peaks at 429, 453, and 481 nm, which were very similar to standard peaks at 429, 457, and 487 nm. The two samples also had the same retention times (7.07 min) according to further liquid chromatography analysis. Sweat pores were easier to detect thanks to the effectiveness of the bixin/ZnCO3 and bixin/kaolinite composites in creating high contrast sebaceous and natural latent fingerprints. These results highlight the composites’ potential as novel and fascinating instruments for papilloscopy applications, which might also improve forensic investigations.
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1. Introduction


Papilloscopy is the science of studying human identification through fingerprints, which are a valuable source of evidence at crime scenes because they differ not only between fingers but also between individuals. Fingerprints have been used to identify people for more than a century [1]. In the field of forensic sciences, fingerprints are rooted in Locard’s exchange principle, which states that every contact between two objects results in a transfer of traces between them. Thus, the contact of a fingerprint facilitates the transfer of materials from the papillary ridges of the fingers to the surface during this interaction [2]. In criminal investigations, fingerprints take the form of physical evidence as the residue left by the fingermark can preserve exogenous compounds such as drugs, explosives, and chemicals. Additionally, the physical properties of fingerprints are utilized in identifying the perpetrator of a crime, given that the details of the ridges generate a unique pattern [3].



Frequently, fingerprints found are latent, meaning they are invisible to the naked eye, necessitating the use of specific methods for their visualization [4]. Various methods for the revelation of latent fingerprints (LFP) are employed, including optical (ultraviolet laser), chemical (fuming with cyanoacrylate), and physical (spraying and powder deposition) [5]. The technique for revealing latent fingerprints using either conventional or unconventional powders is contingent upon the physicochemical properties of their components and the particle size that constitutes them.



The use of powder to develop fingerprints is a reliable and well-known procedure. However, currently available powders still have some limitations, including toxicity, low contrast on the surface, and poor adherence to latent fingerprints [6]. This prompts the exploration of the use of natural sources, such as flowers, seeds, plants, algae, roots, etc. Vadivel et al. (2021) reviewed several studies using commonly available products (i.e., cosmetics, food powders, and plant materials) and categorized the scenarios in which these materials had positive and negative results. Turmeric powder, custard powder, gram flour, and durian powder are some successful examples with high efficiency according to the authors [7].



In one of these reviewed papers, Garg, Kumari, and Kaur (2011) focused on saffron powder to reveal latent sebaceous fingerprints on nine different surfaces (plain paper, bond paper, thermal paper, aluminum foil, transparency sheet, wood [bright solar mica], plastic sheet, painted steel, top, and the writing surface of a CD). Remarkably, saffron powder showed superior results on contrasting surfaces compared to other examined materials. An interesting aspect to highlight is that latent fingerprints, after being revealed with saffron powder on the compact disc’s writing surface, did not damage the data contained therein, making them usable for further analysis. This last point proves to be particularly relevant in forensic investigations [8].



Fuller’s earth (Multani Mitti) powder, a particular clay from India, is known for its availability, low toxicity, low-priced material, usages for adsorbing different compounds, and more recently, good performance in helping to identify latent fingerprints on surfaces like glass, steel, wood and plastic [9]. Marine biomasses, such as Lessonia searlesiana and Spirulina sp., have also been reported in the literature as yielding satisfactory results in developing natural and sebaceous latent fingerprints on a glass surface which could be a feasible bio-renewable source due to its easy obtainability [10].



Another successful study in the application of non-toxic natural compounds was conducted by Ferreira, Okuma, and Costa in 2023. In this research, powders of non-toxic natural products, such as red beet, hibiscus, Spirulina algae, indigo carmine, and tartrazine, were employed in the development of latent fingerprints deposited on varied materials with non-porous surfaces, including rough Formica, varnished wood, raw metal, galvanized metal, and glass. The powders of Spirulina algae, indigo carmine, and tartrazine demonstrated superior development of latent fingerprints due to their finer texture [11]. Hence, it is crucial to assess and investigate novel avenues for enhancing fingerprints, aiming to identify materials with minimal or no toxicity, superior surface contrast, and enhanced adhesion to latent fingerprints.



With that in mind, carotenoid-based composites could be a viable alternative for papilloscopy applications, as they typically exhibit high contrast and low toxicity. Carotenoids comprise more than 700 compounds, are lipophilic, and generally exhibit yellow, orange, or red colors [12]. Compounds resulting from the cleavage of carotenoids are commonly called apocarotenoids, representing carotenoids in which the carbon skeleton has been shortened by removing fragments from one end or both ends. Also, apocarotenoids are attracting attention due to their potential contributions to positive health promotion actions [13].



One example of these apocarotenoids is bixin, a liposoluble compound extracted from the seeds of annatto (Bixa orellana L.), a shrub native to tropical countries in the Americas. However, its cultivation has now expanded to the Caribbean, Africa, and Asia. The pigment extracted from its seeds is commercially referred to as annatto, typically used as a spice and dye, providing a yellow-orange hue to various food products [14,15]. Besides that, it is approved as a colorant and additive by the Food and Drug Administration (FDA) and can be extracted using one or a suitable combination of food-grade solvents, such as acetone, ethylene dichloride, hexane, isopropyl alcohol, methyl alcohol, methylene chloride, and trichloroethylene [16,17]. Additionally, it exhibits various beneficial health properties, including antioxidant effects [18], antimicrobial activity [19], potential anticancer properties [20], anti-inflammatory properties [21], and nephroprotective activity [22].



Bixin (C25H30O4) constitutes 80% of the annatto seed extract and is composed of an open chain of 25 carbons with a methyl ester and a carboxylic group at the end [17]. To analyze annatto, specifically bixin, various detection techniques are used, including ultraviolet (UV), and mass spectrometry (MS), in conjunction with liquid chromatography (LC) [23]. The identification of carotenoids is commonly performed using UV-Vis detectors to easily identify functional groups [24].



Furthermore, according to Scotter (2009), the isomerization of bixin for commercial purposes is achieved by heating a suspension of the cis isomer in oil at 130 °C under vacuum, and as noted by Curi-Borda et al. (2021) [25], dimerization and thermal degradation of solid bixin occur above 70 °C. This thermal stability makes the molecule suitable for applications in the field of papilloscopy. In addition to this characteristic, it is noteworthy that bixin does not exhibit toxicity, genotoxic, teratogenic, or mutagenic effects, as evidenced by previous studies [26]. This arouses interest in the development of composites based on natural products.



As described above, a potential alternative would be the use of bixin-based composites for application in papilloscopy, adopting an innovative approach, considering the lack of literature records regarding the use of bixin in this context. The choice to use bixin extracted from annatto seeds is due to the high cost associated with the standard Sigma-Aldrich bixin. This decision is supported by the fact that these seeds can be obtained at a more affordable cost, and in addition to the low cost of extracting bixin, it can be a low-cost alternative to the commercially available powders.



In the realm of developing new materials for fingerprint development, the combination of organic and inorganic compounds offers an effective affinity for substances commonly found in fingerprints, as highlighted by Da Rosa et al. (2023). ZnCO3, for example, is a natural crystal with high chemical stability in the air and is notable for its wide applications in optical, physical, and chemical fields [27]. It is known for having small particles, good adhesion, and the ability to reveal clear fingerprints on dark-colored items [1]. ZnCO3 has been widely used for fingerprint development as it allows the development of latent fingerprints on a wide variety of wet and non-porous surfaces [28,29,30]. Rohatgi et al. (2015) developed a formulation containing a ZnCO3 suspension, crystal violet dye, and a commercial liquid detergent, and the results obtained were satisfactory [31]. The formulation was able to reveal clear, sharp, and detailed fingerprints on non-porous items and can be applied on both wet and dry surfaces. Similarly, formulations containing ZnCO3, commercial liquid detergent, water, and eosin Y produced positive results under destructive conditions, where the successful development of latent fingerprints was observed on smooth surfaces exposed to high temperatures of 200 °C and water [32]. Thus, even under destructive crime scene conditions, zinc carbonate is a suitable reagent for developing latent marks.



Kaolinite is a natural, environmentally friendly, low-cost and one of the most abundant minerals in terms of soils and sediments [33,34]. Its structure and composition are based on Al, Si, O, and (OH)−, structured in a 1:1 clay layer, comprising one layer of Al octahedra and another layer of Si tetrahedra [35]. In addition to that, it is a non-explored inorganic material which can be promising to reduce the concentration of ZnCO3-based formulations. It is a mineral clay used as an adhesive polymer due to its intrinsic properties, such as chemical and thermal stability, easy processing, abundant resources, and low cost. However, it lacks intercalated charge-balancing cations due to little or no isomorphic substitution in tetrahedral and octahedral sheets. Thus, adjacent layers are bound by hydrogen bonds, making the direct intercalation of kaolinite with inorganic and/or organic molecules much more challenging than other clays, such as expansive clays. Additionally, it is also challenging to homogenize kaolinite surfaces, leading to low dispersion in polymeric matrices [36]. Despite kaolinite presenting interesting properties for application in papilloscopy, there are no reports in the literature on its use in this regard.



The objectives of the experiments conducted for this study were to extract and characterize bixin using Ultraviolet-visible spectroscopy (UV-Vis) and High-performance Liquid Chromatography (HPLC) and to create two different composites based on bixin, using kaolinite and ZnCO3 as additives. After that, tests were conducted on glass surfaces using the bixin/kaolinite and bixin/ZnCO3 composites as latent fingerprint developers.




2. Materials and Methods


Bixin (9-cis-6,6′-Diapo-ψ,ψ-carotenedioic acid 6-methyl ester—purity ≥ 90.0% (HPLC)) and kaolinite® were purchased from Sigma-Aldrich (St. Louis, MI, USA). Bixa orellana seeds were purchased at a local market in Pelotas, Rio Grande do Sul—Brazil. Methanol was purchased from J.K.Baker SOLUSORB® (San Pedro Xalostoc, Mexico City, Mexico—HPLC ≥ 99.96%). ZnCO3 and formic acid were of analytical grade from commercial sources.



2.1. Extraction of Bixin


The extraction methodology was adapted from the literature [37]. Bixin was extracted from whole annatto seeds using a reflux system at 60 °C and a seed-to-solvent ratio (methanol) of 1:15 (w/v), under magnetic stirring for 30 min. The extracted product was filtered, followed by solvent evaporation under vacuum, and dried in an oven at 50 °C. Figure 1 shows the raw annatto seed and the extracted bixin.




2.2. Preparation of Bixin Composites


After preliminary optimization, two composites were prepared, bixin/ZnCO3 and bixin/kaolinite, using a 70:30 (w/w) ratio. To obtain the formulations, powders were macerated using a glass mortar and pistil, and a homogeneous powder was obtained.




2.3. Characterization


2.3.1. Ultraviolet-Visible Spectroscopy


Ultraviolet-visible spectroscopy (UV-Vis) of standard and extracted bixin was performed in an LGS53 instrument (Monza, Italy—BEL Engineering), with diluted samples in methanol at a concentration of 100 ppm (w/v).




2.3.2. High-performance Liquid Chromatography (HPLC) Analyses


The chromatographic analyses were performed using a Thermo Scientific Ultimate 3000 model (Waltham, MA, USA) with a standard auto-injector and UV-Vis detector. The separation of analytes was carried out on a C18 column (Ascentis, Bellevue, WA, USA) with a particle size of 5 μM, a pore size of 90 Å, and 15 cm × 4.6 mm in size. The method employed was adapted from the literature [38], where the isocratic mode (A:B 5:95) was used with a mobile phase consisting of water–formic acid (98:2, v/v) (solvent A) and methanol–formic acid (98:2, v/v) (solvent B). The analysis was performed at a temperature of 29 °C, with an injection volume of 20 µL and a flow rate of 0.9 mL/min. The detection wavelength was 459 nm. Solutions were prepared for spectrophotometric measurements in 10 mL volumetric flasks with methanol solvent at a concentration of 10 ppm (w/v), filtered with a PTPF filter with a pore size of 0.45 µm, and introduced into the HPLC. The extracted bixin peak was compared with the reference peak of a bixin standard.





2.4. Fingermark Deposition


Fingerprints revelation was performed using a powder technique, in which specific brushes (132LBW and CFB100, acquired from Sirchie®, Youngsville, LA, USA) were used. For preliminary tests, glass slides were used to deposit fingerprints from four random donors. The method by Pacheco et al. (2021), was used for the deposition of natural and sebaceous fingerprints. To simulate a natural fingerprint deposition, participants washed their hands using neutral soap and water, subsequently engaging in their routine activities for 30 min. For a sebaceous deposition, the donor rubbed their thumb on facial areas, including the forehead and nose, followed by fingertip rubbing to enhance the print with oily components, due to the lack of sebaceous glands on hands [39]. During the fingerprint placement, the pressure applied was subjectively firm (exerting medium pressure), contact time was between 3 and 5 s, and fingerprints were revealed using commercial and composite powders after 24 h. For comparison, the same fingerprint was deposited on two glass surfaces, with the left half of the fingerprint revealed using the prepared composites and the right half using the White® fingerprint powder acquired from Sirchie (Youngsville, LA, USA). Subsequently, the fingerprints revealed were photographed with a Canon EOS Rebel T6 18MP digital camera.





3. Results


In Figure 2, the Ultraviolet-visible spectroscopy (UV-Vis) absorbance spectrum is shown for standard and extracted bixin, both dissolved in methanol. The absorption of extracted bixin reached peaks at 429, 453, and 481 nm. Meanwhile, the standard bixin had maximum absorption peaks at 429, 457, and 487 nm. Given that UV-Vis analysis is not confirmatory, we sought to reinforce the information obtained through this technique by performing High-performance Liquid Chromatography (HPLC).



The HPLC chromatograms of standard bixin (a) and extracted bixin (b) are represented in Figure 3 in which peaks at retention times of 7.07 (1) and 8.04 (2) minutes, were observed in both samples.



The bixin/kaolinite and bixin/ZnCO3 composites were then applied to develop fingerprints by the physical spray method on glass substrates. Figure 4 shows the results obtained for natural and sebaceous fingerprints from a donor. In Supplementary Figures S1 and S2, it is possible to observe all fingerprints obtained for the natural and sebaceous fingerprints from the four donors.



Figure 5 demonstrates the same fingerprint (natural and sebaceous) developed on the left with the composites and on the right with the commercial white powder. In Supplementary Figures S3 and S4, it is possible to observe the development obtained for the same natural and sebaceous fingerprints from the four donors, with the composites and the commercial powder.



Finally, a detailed evaluation of the natural fingerprint developed with the bixin/kaolinite composite is shown in Figure 6, showing the predominance of a left loop fingerprint pattern and some characteristic regions of pores, ridge ending, eye, lake, dot, bifurcation, and double bifurcation.




4. Discussion


Spectrophotometric analysis in the visible spectrum provided crucial information about the compounds extracted from annatto seeds. In Ultraviolet-visible spectroscopy (UV-Vis), carotenoids typically exhibit three peaks of maximum absorption. According to Saini et al. (2022) [40], the UV/Visible wavelength spectrum for carotenoids generally exhibits three peaks of maximum absorption (nm), where the first is only an inflection point, the second is located at approximately 452 nm, and the third is close to 476 nm. It is reported that the apocarotenoid bixin displays absorption bands above 400 nm due to an electronic dipole transition of the molecule [41]. The energy required to induce the transition is relatively low, corresponding to an absorption in the visible region, attributed to the peaks above 400 nm obtained in the spectrum. The higher intensity of bands above 400 nm is characteristic of bixin [41,42]. Thus, the literature data align with the experimentally obtained results, where the extracted bixin showed peaks with maximum absorption at 429, 453, and 481 nm, similarly to the standard bixin, which exhibited peaks at 429, 457, and 487 nm, indicating a successful extraction. Please refer to Figure 2.



The chromatogram in Figure 3a represents the standard bixin, which has a purity level ≥ 90.0%, and it was possible to observe two peaks. Several reports in the literature indicate that the use of a High-performance Liquid Chromatography (HPLC) system in isocratic mode may result in the lack of separation of cis and trans structures of bixin [43]. In light of this, it is possible to consider the hypothesis that peak 1 represents cis-bixin, as described in the packaging provided by the Sigma standard, while peak 2 would be its corresponding isomer. The chromatogram of the extracted bixin (Figure 3b) corroborated the results obtained in the standard sample, presenting the same chromatographic profile, and thereby confirming the effectiveness of the bixin extraction process from annatto seeds.



To assess the influence that the donor can have on the development of latent fingerprints, Supplementary Figures S1 and S2 display images of natural and sebaceous fingerprints from four different donors, revealed using bixin/kaolinite and bixin/ZnCO3 composites. The donor’s impact may vary depending on factors such as sweat rate, quantity and composition of secretions, age, health status, mental stress, biological sex, and ethnicity, among others [44]. Moreover, residues from fingerprints constitute a complex mixture of different water-soluble and lipid-soluble compounds. Because of that, natural and sebaceous fingerprints were developed to assess the interaction of the composites with aqueous or lipidic residues from fingerprints [39].



As a result, it was possible to observe that both composites were able to provide images of natural and sebaceous fingerprint marks for all donors (Supplementary Figures S1 and S2). The contrast difference between the composites is noticeable, with the bixin/ZnCO3 composite standing out. Both powders used to formulate the composites effectively enhanced the adhesion of bixin, a key characteristic to be improved. This is particularly significant as bixin already exhibits intense coloration, i.e., high contrast, making it well-suited for application in the field of papilloscopy.



In general, when comparing natural and sebaceous fingerprints, a more significant enhancement in the development of natural fingerprints is observed with the use of composites. However, the results do not differ substantially for sebaceous fingerprints. For the bixin/kaolinite composite (Supplementary Figure S1), no significant differences were identified in natural fingerprints among the four donors. Regarding sebaceous fingerprints, clearer visualization was noted in donors 1, 3, and 4, with donor 3 exhibiting slightly lower contrast, but not compromising the visibility of characteristic points. Similar patterns were observed in the results of sebaceous fingerprints developed with the bixin/ZnCO3 composite (Supplementary Figure S2), highlighting a better development in the fingerprints of donors 1, 3, and 4. On the other hand, natural fingerprints showed a more noticeable improvement in donors 1, 2, and 3, with some fewer sharp areas in the case of donor 4. In this way, the donor’s influence in the fingerprint development process became evident, considering that the same deposition method was uniformly applied to all. Despite individual variations, consistent and satisfactory results were observed, enabling the identification of all analyzed fingerprints.



Furthermore, Supplementary Figures S3 and S4 demonstrate that the prepared composites were able to develop natural and sebaceous fingerprints similarly or even better than what is currently found in terms of image quality. As evidenced in Supplementary Figure S3, a notable improvement in the development of natural fingerprints was observed when using the bixin/kaolinite composite for donors 2 and 3. Donors 1 and 4, on the other hand, exhibited a development comparable to that obtained with the commercial powder. Regarding sebaceous fingerprints, a similar development pattern was observed for all four donors. Similar results were observed in natural fingerprints revealed by the bixin/ZnCO3 composite (Supplementary Figure S4), indicating a significant improvement for donors 2 and 3. In contrast, donors 1 and 4 showed a development comparable to that obtained with the commercial powder. Concerning sebaceous fingerprints, it was noted that the bixin/ZnCO3 composite provided a more pronounced contrast for donors 1 and 4 while showing a lower contrast for donors 2 and 3, compared to the employed commercial powder.



Finally, a thorough assessment of a natural fingerprint revealed using the bixin/kaolinite composite was conducted (Figure 6). In this regard, biometric fingerprint recognition involves three levels of evaluation. The first level focuses on the macro details of the fingerprint, encompassing the four fundamental types: left loop, right loop, arch, and whorl, of which the first one can be seen in Figure 6. The second level involves minutiae, where ridge ending, eye, lake, dot, bifurcation, and double bifurcation are also evidenced in the figure. Lastly, the third level incorporates all dimensional attributes of ridges, including width, shape, contour, sweat pores, scars, folds, and other permanent details. In the fingerprint presented here, the pores positioned in unique ways with varying shapes, quantities, and dimensions from person to person can be particularly crucial at this level and play a critical role in automatic fingerprint recognition methods [45].




5. Conclusions


This study proposed the extraction of bixin from annatto seeds, employing techniques such as Ultraviolet-visible spectroscopy (UV-Vis) and High-performance Liquid Chromatography (HPLC) for characterization. With the successful extraction, a simple methodology was developed to obtain bixin, a natural compound yet unexplored in the field of papilloscopy. The choice of bixin was motivated by its remarkable contrast, strategically combined with kaolinite and zinc carbonate, providing essential adherence, and making it a highly effective revealing powder.



Bixin/kaolinite and bixin/ZnCO3 were particularly notable for their exceptional sharpness and adherence to dermal ridges, which greatly enhanced the fingerprints’ ability to be identified. The advancement made by the compounds is remarkable because it makes it possible to see pores in fingerprints from a variety of donors, going beyond different nuances and basic fingerprint types.



The materials developed in this study emerge as promising alternatives, noted for their simplicity, sensitivity, and effectiveness in revealing crucial details, thus opening new perspectives and opportunities in papilloscopy. This progress promotes an innovative and efficient approach to fingerprint identification and analysis, while aligning with the principles of green chemistry, supporting the exploration of eco-friendly alternatives to toxic fingerprint developers. Additionally, this development demonstrates the promise and advancement of research, particularly in forensic fingerprint analysis, as the evaluated compounds show potential to enhance fingerprint revelation techniques.



Lastly, it is important to highlight that before the commercial use of this revealing powder formulation, further work is required to analyze the thermal and over-time-stability, ensuring its shelf life, and techno-economic assessment, to evaluate the commercial viability of these materials.
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Figure 1. Picture of annatto seeds (left) and extracted dried bixin (right). 
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Figure 2. UV–vis absorption spectra of standard and extracted bixin in MeOH at a concentration of 100 ppm. 
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Figure 3. Chromatograms of standard bixin (a) and extracted bixin (b) at 10 ppm. Peak 1 is from cis-bixin and peak 2 is from its corresponding isomer. Conditions: column C18 15 cm × 4.6 mm, 5 μM, mobile phase of water–formic acid (98:2, v/v) (solvent A), and methanol–formic acid (98:2, v/v) (solvent B) isocratic elution at 0.9 mL/min 29 °C, were monitored at λ = 459 nm. 
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Figure 4. Natural (N) and sebaceous (S) latent fingerprints deposited onto glass surfaces developed using bixin/kaolinite and bixin/ZnCO3. 
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Figure 5. Fingerprint (Natural (N) and sebaceous (S)) sectioned and revealed the left half with composites and the right half with White® commercial powder purchased from Sirchie. 
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Figure 6. In detail, the fingermark developed with composite bixin/kaolinite and its minutiae identification. 
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