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Abstract

:

Edible insects are characterized by their low environmental footprint compared with traditional sources of animal and plant proteins. This is due to the high feed conversion efficiency of edible insects. The black soldier fly (Hermetia illucens) larvae (BSFL) are one of the preferred candidates to be used as alternative sources of protein, due to their ability to add value to a wide range of organic and food waste streams. The ability of BSFL to convert organic matter into protein has resulted in a viable and sustainable ingredient to be utilized in animal feed or human food. BSFL have also been considered as key components of the circular economy due to their intrinsic characteristics and properties. The evaluation of the chemical composition, nutritive value, and functional properties of BSFL have been achieved by the utilization of traditional methods of analysis, although most of these procedures do not agree with the requirements of a circular economy due to their intrinsic characteristics (e.g., destructive, energy use, highly reactive reagents, etc.). Therefore, green analytical technologies have been evaluated, of which infrared (IR) spectroscopy has several advantages. This article reviews current and potential applications of IR spectroscopy combined with chemometrics to analyze the proximate composition, functional characteristics, and traceability of BSFL and frass samples.
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1. Introduction


The demand for animal proteins is estimated to increase due to the rapid growth in population and underlying socio-economic conditions [1,2,3,4,5]. Concomitantly, feeding livestock utilizing traditional feed ingredients has become challenging because of climate change and other factors or disruptions that are affecting agri-production systems [1,2,3,4,5].



Developments in alternative and sustainable sources of protein can aid in the mitigation of the risks associated with climate change on traditional agriculture [6,7]. Recent years have seen an increase in research on the use of edible insects as a sustainable substitute for expensive sources of protein (e.g., soy meal, fish meal) in feed formulations and food ingredients for humans [5,8,9,10]. Edible insects are characterized by their low environmental footprint compared with traditional sources of animal and plant proteins, due to their high feed conversion efficiency, fast growth rate, and high fertility [1,2,3,4,11,12].



Some insect species, such as black soldier fly larvae (BSFL), are excellent in recycling organic matter from different food waste types, as reviewed in the literature [1,2,3,4,5,12]. The production of alternative proteins by blending high nutrient density ingredients with a low environmental footprint is of interest, as they have the potential to reduce the environmental impact of various animal (e.g., meat, dairy) and crop production systems (e.g., cereals, horticulture) along whole processing and value chains [1,2,3,4,5,12].



The evaluation of black soldier fly larvae (BSFL) (Hermetia illucens) as sustainable sources of protein has been proposed by different focused research teams across the world [1,2,3,4,5,12]. Overall, BSFL have been one of the preferred candidates as alternative sources of protein due to their ability to add value to a wide range of organic and food waste streams [1,2,3,4,5,12].



The chemical and nutritional composition of BSFL reared on different organic waste sources is comparable to what is present in several conventional animal feed ingredients and agricultural by-products; however, its composition differs depending on the organic waste material, the growing conditions, and the morphological stage of the larvae. These steps meet most of the requirements of the circular economy by transforming waste into high-quality protein as well as other nutrients (e.g., lipids and fatty acids, chitin) [13,14,15,16,17,18,19]. The utilization of BSFL has also provided both a technology to efficiently process organic food waste sources as well as a practical alternative to manage different types of food and organic waste where different by-products can be obtained, such as protein, fatty acids, biodiesel, chitin, and biofertilizer (e.g., frass) [20,21,22,23,24,25,26,27]. The inclusion of BSFL into organic food waste recycling systems has proven to be a cost-effective and sustainable process [20,21,22,23,24,25,26]. This process determines the possibility of resource recovery and generates valuable products, which consequently establishes a diverse range of economic opportunities for waste management sectors, the food industry, and entrepreneurs [25,28,29].



It is well recognized that the chemical composition and nutritive value of BSFL depends on the type of organic food waste involved. Different alternatives have been explored to increase the nutritional value of the larvae by combining different feeding substrates or even by completing some pre-processing of the waste streams as evaluated by different researchers [25,28,29]. Traditionally, the evaluation of the composition, nutritive value, and functional properties of BSFL have been achieved by the utilization of traditional methods of analysis, and most of them do not agree with the requirements of a circular economy due to their intrinsic characteristics (e.g., destructive, energy use, highly reactive reagents, chemical waste, etc.). Therefore, green analytical technologies have been proposed, of which infrared (IR) spectroscopy has several advantages [30,31,32,33]. IR techniques such as mid (MIR), near (NIR), and hyperspectral imaging spectroscopy are easy to use, require minimal or no-sample preparation, and require no chemical reagents [30,31,32,33]. These techniques can be used in the laboratory or in an industrial setting [30,31,32,33].



A review of the literature was carried out using the Web of Science where a search using the following keywords was performed: black soldier fly larvae, black soldier fly, Hermetia illucens, insect protein, insect composition, nutritive value, vibrational spectroscopy, NIR spectroscopy, MIR, ATR, infrared, spectroscopy, chitin, chemometrics. A total of 52 papers containing these words were selected after screening for their suitability and were used in this review. This article reviews current and potential applications of IR spectroscopy combined with chemometrics to analyze the proximate composition, functional characteristics, and traceability of BSFL.




2. Spectroscopy and Data Analytics


A wide range of analytical techniques and methods have been proposed or utilized to characterize the chemical composition, nutritive value, and other characteristics of insects, including BSFL [34,35]. Considering the principles behind the circular economy, the group of techniques based on IR spectroscopy seems to better fit as an analytical method due to properties that include being non-destructive, rapid, easy-to-use and reagent-free [30,31,32,33,34,36,37,38,39].



Vibrational spectroscopy encompasses different methods that utilize energy in the electromagnetic spectrum [30,31,32,33,34,36,37]. The infrared (IR) region is divided into the mid infrared (MIR) (400 to 4000 cm−1) and near infrared (NIR) region (12,820 to 4000 cm−1) [31,32]. This technique measures the combination and overtone bands of vibrations of important bonds (aliphatic C–H, aromatic or alkene groups, C–H, amine groups, N–H and O–H) that absorb in the NIR range [30,31,32,33,34,36,37,38,39]. The different molecules and chemical components present in a sample contribute to a characteristic position, shape, and size of the analyte’s absorption bands [30,31,32,33,34,36,37,38,39]. MIR spectroscopy is characterized by the measurement of the fundamental absorption of molecules present in the sample [30,31,32,33,34,36,37,38,39]. In MIR spectroscopy, different techniques are available, including the Fourier transform (FT) IR techniques, which include sampling systems such as internal reflection spectroscopy, attenuated total reflection (ATR), diffuse reflection spectroscopy, or specular reflection, as well as the combination of internal and external reflection called diffuse reflection (DRIFT) [30,31,32,33,34,36,37,38,39].



The combination of the MIR or NIR spectra with chemometric methods has been utilized to determine different parameters in a wide range of samples, including insects [24,34]. Advances in miniaturization and portability has contributed to the increase in the usage of these instruments, with them being able to move from the laboratory into the field, where on-site and in-field applications have been developed and implemented in the agriculture and food industries, including insects [35,40,41,42]. These instruments also provide the same precision and performance as the laboratory bench instruments [40,41,42,43]. More recently, hyperspectral imaging systems using wavelengths in the VIS (400 to 750 nm) or NIR spectral regions have been utilized to analyze different types of samples, including insects [24,34].



The chemometric techniques utilized can be distinguished as targeted and untargeted depending on their ability to identify constituents, composition, or other properties, such as origin, process characteristics, and traceability monitoring [43,44]. Techniques such as principal components analysis (PCA) [45] and partial least squares (PLS) regression are usually applied to reduce dimensionality in the data set and to develop calibration models for a specific chemical constituent or property [45,46,47,48]. Other algorithms are also explored, such as support vector machines (SVM), interval PLS (iPLS), and genetic algorithms (GA) [47]. The interpretation of the models or calibrations is usually achieved by the interpretation of statistics, such as the coefficient of determination in either calibration or cross-validation (R2), the standard error of the cross validation (SECV) or prediction (SEP), root mean square of standard error of prediction (RMSEP), and the residual predictive deviation value (RPD) [49].



The developments in instrumentation and computational power have resulted in IR spectroscopy being evaluated to predict proximate composition and functional properties, as well as functioning as a tool for traceability in the production of BSFL. The following sections discuss some of the applications reported in the scientific literature.




3. Applications of Infrared Spectroscopy in BSFL as Feed or Food


3.1. Proximate Composition


The prediction of proximate composition is where IR spectroscopy methods have been applied most often [18,19,50,51]. The ability of portable NIR instruments in the two different wavelength regions of 900–1700 nm and 1350–2562 nm, combined with PLS and SVM regression, was evaluated to predict protein and lipid content (%) in BSF larvae flour [19]. The PLS and SVM algorithms yield similar regression models for the determination of the percentage of protein, using both instruments with a residual predictive value (RPD = SD/SECV) > 2.5 and a root mean standard error of prediction (RMSEP) of 1.9%. The SVM regression model yields a better prediction for the total lipid content with an RMSEP of 3.51% and an RPD value of 4.32 [19].



A bench laboratory NIR instrument was used to predict the chemical composition and nutritive value of BSFL (fifth and sixth instars) as well as frass sampled from soy waste and customized bread and vegetable-based diets [50,51]. PLS regression yields an R2cal of 0.90 and an RPD value of 3.6 for the acid detergent fiber (ADF) and an R2cal of 0.76 as well as an RPD value of 2.1 for total carbon (TC). Moderate accuracies were observed for the prediction of crude protein (CP) (R2cal of 0.63; RPD value of 1.4), crude fat (CF) (R2cal of 0.70; RPD value of 1.6), neutral detergent fiber (NDF) (R2cal of 0.60; RPD value of 1.6), starch (R2cal of 0.52; RPD value of 1.4), and sugars (R2cal of 0.52; RPD value of 1.4) [50,51].



The evaluation of hyperspectral imaging in the NIR range in combination with PLS and SVM to predict the proximate composition of BSFL (intact and individual samples) was also reported [18]. The authors have applied a wavelength selection step using iPLS and GA algorithms. The PLS and SVM algorithms reported an RMSEP value ranging between 1.57 and 1.66% and RPD values ranging between 2.0 and 2.5 for the prediction of CP (% protein range 25.5-43.5%) [18]. The authors also showed that iPLS yielded better regression statistics than wavelengths selected using GA, as indicated by the lower error in prediction. Chemical maps based on hyperspectral images showed the non-uniform distribution of the protein in a single larva or a batch of larvae samples [18].



Short wavelengths in the near infrared (SWIR) combined with hyperspectral imaging were evaluated to predict the proximate composition of dried BSFL samples, including moisture, CP, crude fat (CF), crude fiber, and ash content [52] The BSFL samples were dried at various temperatures and times, and images were collected using a SWIR hyperspectral imaging camera. In this study, PLS regression was used to develop calibration models for moisture, CP, CF, crude fiber, and ash content with R2 values > 0.89 and RMSEP values within 2% based on the images (data points) [52]. Table 1 summarizes the calibration statistics reported on the prediction of proximate analysis using different spectral techniques and chemometric methods.




3.2. Functional and Technological Properties—Protein


BSFL have been shown to have functional and technological properties that make them ideal to include in different food systems [5,11], including as a partial substitute for meat in a beef burger patty [53]. In fact, the use of FTIR spectroscopy was reported to reveal different structural changes between flours and protein concentrates of BSFL samples [53,54,55]. The study of Mshayisa and collaborators (2021) showed that BSFL flour fractions and protein concentrates have great potential as novel functional ingredients for use in food applications [54].



Attenuated total reflectance (ATR) in combination with FTIR spectroscopy was evaluated as a tool to monitor changes in the composition of BSFL collected at two growing stages (fifth and sixth instar) and two waste stream diets (bread and vegetables, soy waste) [56]. The ratio between the absorbances corresponding to the amide groups at 1635 cm−1 and lipids between 2921 and 2849 cm−1 was used to analyze and classify the BSFL samples according to the type of diet (high proportion of carbohydrates (e.g., bread–vegetable mix) compared with soy waste) [56].



The chemical composition and structural properties of the BSFL flours (full fat and defatted) were assessed using ATR-FTIR spectroscopy [57]. The FTIR spectra showed that the defatting of the samples caused structural modifications, and these can be observed in changes in the absorbance values around the amide I at 1650 cm−1 and amide II at 1540 cm−1 wave numbers [57]. The analysis of the FTIR spectra showed that defatting influences specific functional groups as well as the nutritional value of the BSFL [57].




3.3. Assessing Components with Specific Functional Properties—Chitin


The characterization and determination of chitin in BSFL is one of the fields in which infrared and Raman spectroscopy have been extensively evaluated [58,59,60,61,62,63]. The different published studies showed that changes in intensity at specific wave numbers can be used to identify and characterize chitin in BSFL samples from different treatments and processes [58,59,60,61,62,63]. For example, the use of IR spectroscopy has been reported as a tool to optimize the processing steps of chitin extraction in BSFL where steps such as demineralization, deproteinization, and bleaching as well as methods to optimize the extraction of high-purity chitin from BSFL samples were evaluated [63].



A comparative study of chitin and chitosan and their broad-spectrum antimicrobial activities were evaluated using FTIR spectroscopy [62,63]. The FTIR spectra was interpreted where chitin showed characteristic chitin peaks at 1650 and 1550 cm−1 wave numbers, corresponding to amide I stretch and amide II bending, respectively [62,63]. Changes in these wave numbers were associated with the inhibition of the growth of some of the pathogenic bacteria evaluated [63]. The FTIR spectra of extracted chitin was also characterized, showing the specific functional groups at wave numbers associated with O-H stretch, C=O stretch, N-H bend, CH2 bending, CH3 deformation, C-N stretch, and C-O-C stretch [64].




3.4. Monitoring the Formation of Maillard Reactions


The utilization of FTIR spectroscopy to monitor the structural changes of BSFL proteins under different temperatures (50, 70, and 90 °C for 2–10 h at 2h intervals) was reported [54]. Differences in the amide I and amide II region were evaluated, allowing for the separation of native BSFL and BSFL-Glu conjugates by using PCA, utilizing the FTIR spectra as input [54]. The first two principal components showed a separation of samples according to the temperature [54]. Soft independent modelling of class analogy (SIMCA) was used to classify the BSFL larvae samples with an efficiency of 91% [54]. The authors concluded that FTIR spectroscopy combined with both PCA and SIMCA can be used to differentiate between native and glycated protein samples extracted from BSFL samples [54].





4. The Analysis of Molds and Yeast


Assessing the presence of bacteria and fungus is of importance to guarantee the safety of the products to feed animals [65]. The ability of NIR spectroscopy to predict yeast and mold counts (YMC) in the feed, larvae, and the residual frass was reported [65]. Predictive models were developed using PLS regression where an R2CV of 0.98 (SECV: 0.20), R2CV of 0.81 (SECV: 0.90), and R2CV of 0.91 (SECV: 0.27) for feed, frass, and larvae were reported, respectively [65]. Nonetheless, the standard error of prediction (SEP) was considered moderate (range from 0.45 to 1.03) by the authors of this study [65].




5. Process Control and Traceability


The control of the quality and safety of food ingredients and commodities are still based on the utilization of discontinuous analyses, where traditional analytical methods used in the laboratory (or sometimes as at/on-line measurements) are commonly used [66,67]. However, this approach is no longer satisfactory to fulfill the needs of a modern food or waste industry [66,67]. In particular, because of higher safety and quality standards imposed as well as high-throughput demands in the production facilities, the number of samples to be analyzed is increasing yearly [66,67]. It is in this context that IR spectroscopy and process analytical technologies (PAT) have been implemented to address these needs along the production, supply, and value chains, leading to a better understanding and control of raw materials, intermediate products in the production process, as well as the final products to be packaged and delivered [66,67]. Overall, the main objective of PAT is to reach real time analysis to better monitor a process, to avoid waste and efficiencies during the process, and to detect faults [66,67]. One of the fields in which IR spectroscopy is proven to contribute the most is during the processing of larvae and along the supply and value chain of BSFL [4,5,29,51,68]. Process analytics have become essential to increase the efficiency and sustainability of the processing. The use of IR spectroscopy can support decision management systems during the evaluation of the most suitable processing methods and control systems during the quality control of either feed or BSFL samples [18,19,52].



The benefits of traceability technologies have been identified and discussed by different authors [68,69,70]. Traceability is a common practice by the industry, as it is an integral part of logistics management [68,69,70]. Traceability systems require knowledge about the processes from different points of view, including economic, legal, technological, and social issues [68,69,70]. The integration of traceability with processing and logistic activities has become important for the manufacturing industries [68,69,70]. BSFL production does not avoid these requirements where the traceability of the production system (e.g., assuring the consistency and integrity of the organic waste utilized during the process) is considered to be of importance to implement sustainable rearing systems [68]. The ability of NIR spectroscopy combined with a classification method such as PLS-DA was used to trace the food waste used to grow BSFL [51,68]. Different BSFL (5th and 6th instar) samples collected from commercial production facilities were analyzed where the PLS-DA models were able to distinguish different larval instars. The classification models were able to predict the feed source used for rearing the fifth instar larvae (R2 of 0.89) and sixth instar pre-pupae (R2 of 0.91) [51]. Figure 1 illustrates the key steps or control points where infrared spectroscopy could play a role in black soldier fly production and the circular economy.




6. Final Considerations


Several studies have shown the ability of vibrational spectroscopy (e.g., MIR, NIR, hyperspectral imaging) to predict the proximate composition of BSFL samples from research and production facilities, as well as to monitor functional and other properties in the feed. The capability of IR spectroscopy to classify BSFL samples according to their food waste origin (e.g., waste stream or diet) has proven that these techniques can be implemented to trace the production of this type of insect sample. Overall, these techniques have demonstrated that they could monitor the development and growth stages of BSFL.



The combination of IR spectroscopy with chemometrics also allowed for the detection of molds and yeast in the samples. These tools have the possibility to support risk evaluation systems as well as to provide objective measurements to identify hazards associated during the processing of BSFL. Consequently, these methods can assist in improving the safety and quality of BSFL as an ingredient intended to be used by the animal feed industry.



Despite the different reports on the use of IR spectroscopy in food safety and freshness prediction, the implementation of this technology is not fully embraced by the insect food and feed industries. Presently, traditional methods such as microbiological counts, temperature recording during pre-processing (e.g., blanching and drying), or the measurement of water activity are chosen over spectroscopy by the insect industry. So far, spectroscopy and IR are still considered “black box’ techniques due to many reasons. Examples include the lack of training in the new methods, the preference of the familiar classical food safety methods over the new technologies (e.g., microbiological counts, proximate composition), and the lack of understanding of spectroscopy and chemometrics.



It is without a doubt that vibrational spectroscopy (e.g., MIR, NIR, and Raman) combined with data analytics will play an important role in BSFL production and the circular economy.







Funding


Internal University of Queensland Institutional funds.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Siva Raman, S.; Stringer, L.C.; Bruce, N.C.; Chong, C.S. Opportunities, challenges and solutions for black soldier fly larvae-based animal feed production. J. Clean. Prod. 2022, 373, 133802. [Google Scholar] [CrossRef]

	



Kumar, P.; Abubakar, A.A.; Verma, A.K.; Umaraw, P.; Adewale Ahmed, M.; Mehta, N.; Nizam Hayat, M.; Kaka, U.; Sazili, A.Q. New insights in improving sustainability in meat production: Opportunities and challenges. Crit. Rev. Food Sci. Nutr. 2023, 63, 11830–11858. [Google Scholar] [CrossRef]

	



Moran, D.; Blair, K.J. Review: Sustainable livestock systems: Anticipating demand-side challenges. Animal 2021, 15, 100288. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.-S.; Shelomi, M. Review of black soldier fly (Hermetia illucens) as animal feed and human food. Foods 2017, 6, 91. [Google Scholar] [CrossRef]

	



Bessa, L.W.; Pieterse, E.; Marais, J.; Hoffman, L.C. Why for feed and not for human consumption? The black soldier fly larvae. Compr. Rev. Food Sci. Food Saf. 2020, 19, 2747–2763. [Google Scholar] [CrossRef] [PubMed]

	



Barragán-Fonseca, K.Y.; Barragán-Fonseca, K.B.; Verschoor, G.; van Loon, J.J.; Dicke, M. Insects for peace. Curr. Opin. Insect Sci. 2020, 40, 85–93. [Google Scholar] [CrossRef] [PubMed]

	



Ismail, B.P.; Senaratne-Lenagala, L.; Stube, A.; Brackenridge, A. Protein demand: Review of plant and animal proteins used in alternative protein product development and production. Anim. Front. 2020, 10, 53–63. [Google Scholar] [CrossRef]

	



Kim, T.-K.; Yong, H.I.; Kim, Y.-B.; Kim, H.-W.; Choi, Y.-S. Edible insects as a protein source: A review of public perception, processing technology, and research trends. Food Sci. Anim. Resour. 2019, 39, 521–540. [Google Scholar] [CrossRef]

	



Kim, S.W.; Less, J.F.; Wang, L.; Yan, T.; Kiron, V.; Kaushik, S.J.; Lei, X.G. Meeting global feed protein demand: Challenge, opportunity, and strategy. Annu. Rev. Anim. Biosci. 2019, 7, 221–243. [Google Scholar] [CrossRef]

	



Van Huis, A. Insects as food in sub-Saharan Africa. Insect Sci. Its Appl. 2003, 23, 163–185. [Google Scholar] [CrossRef]

	



Bessa, L.W.; Pieterse, E.; Marais, J.; Hoffman, L.C. Techno-functional properties of black soldier fly (Hermetia illucens) larvae. J. Insects Food Feed 2022, 8, 1041–1045. [Google Scholar] [CrossRef]

	



Shumo, M.; Osuga, I.M.; Khamis, F.M.; Tanga, C.M.; Fiaboe, K.K.M.; Subramanian, S.; Ekesi, S.; van Huis, A.; Borgemeister, C. The nutritive value of black soldier fly larvae reared on common organic waste streams in Kenya. Sci. Rep. 2019, 9, 10110. [Google Scholar] [CrossRef]

	



Belghit, I.; Liland, N.S.; Gjesdal, P.; Biancarosa, I.; Menchetti, E.; Li, Y.; Waagbø, R.; Krogdahl, Å.; Lock, E.J. Black soldier fly larvae meal can replace fish meal in diets of sea-water phase Atlantic salmon (Salmo salar). Aquaculture 2019, 503, 609–619. [Google Scholar] [CrossRef]

	



Pinotti, L.; Luciano, A.; Ottoboni, M.; Manoni, M.; Ferrari, L.; Marchis, D.; Tretola, M. Recycling food leftovers in feed as opportunity to increase the sustainability of livestock production. J. Clean. Prod. 2021, 294, 126290. [Google Scholar] [CrossRef]

	



Kamau, E.; Mutungi, C.; Kinyuru, J.; Imathiu, S.; Affognon, H.; Ekesi, S.; Nakimbugwe, D.; Fiaboe, K.K.M. Changes in chemical and microbiological quality of semi-processed black soldier fly (Hermetia illucens L.) larval meal during storage. J. Insects Food Feed 2020, 6, 417–428. [Google Scholar] [CrossRef]

	



Queiroz, L.S.; Casanova, F.; Feyissa, A.H.; Jessen, F.; Ajalloueian, F.; Perrone, I.T.; de Carvalho, A.F.; Mohammadifar, M.A.; Jacobsen, C.; Yesiltas, B. Physical and Oxidative Stability of Low-Fat Fish Oil-in-Water Emulsions Stabilized with Black Soldier Fly (Hermetia illucens) Larvae Protein Concentrate. Foods 2021, 10, 2977. [Google Scholar] [CrossRef]

	



Spranghers, T.; Ottoboni, M.; Klootwijk, C.; Ovyn, A.; Deboosere, S.; De Meulenaer, B.; Michiels, J.; Eeckhout, M.; De Clercq, P.; De Smet, S. Nutritional composition of black soldier fly (Hermetia illucens) prepupae reared on different organic waste substrates. J. Sci. Food Agric. 2017, 97, 2594–2600. [Google Scholar] [CrossRef] [PubMed]

	



Cruz-Tirado, J.P.; Amigo, J.M.; Barbin, D.F. Determination of protein content in single black fly soldier (Hermetia illucens L.) larvae by near infrared hyperspectral imaging (NIR-HSI) and chemometrics. Food Control 2023, 143, 109266. [Google Scholar] [CrossRef]

	



Cruz-Tirado, J.P.; Vieira, M.S.; Amigo, J.M.; Siche, R.; Barbin, D.F. Prediction of protein and lipid content in black soldier fly (Hermetia illucens L.) larvae flour using portable NIR spectrometers and chemometrics. Food Control 2023, 153, 109969. [Google Scholar] [CrossRef]

	



Nyakeri, E.; Ogola, H.; Ayieko, M.; Amimo, F. Valorisation of organic waste material: Growth performance of wild black soldier fly larvae (Hermetia illucens) reared on different organic wastes. J. Insects Food Feed 2017, 3, 193–202. [Google Scholar] [CrossRef]

	



Gao, Z.; Wang, W.; Lu, X.; Zhu, F.; Liu, W.; Wang, X.; Lei, C. Bioconversion performance and life table of black soldier fly (Hermetia illucens) on fermented maize straw. J. Clean. Prod. 2019, 230, 974–980. [Google Scholar] [CrossRef]

	



Gold, M.; von Allmen, F.; Zurbrügg, C.; Zhang, J.; Mathys, A. Identification of bacteria in two food waste black soldier fly larvae rearing residues [Original Research]. Front. Microbiol. 2020, 11, 582867. [Google Scholar] [CrossRef]

	



Purkayastha, D.; Sarkar, S. Sustainable waste management using black soldier fly larva: A review. Int. J. Environ. Sci. Technol. 2021, 19, 12701–12726. [Google Scholar] [CrossRef]

	



Riu, J.; Vega, A.; Boqué, R.; Giussani, B. Exploring the analytical complexities in insect powder analysis using miniaturized NIR spectroscopy. Foods 2022, 11, 3524. [Google Scholar] [CrossRef] [PubMed]

	



Rehman, K.U.; Hollah, C.; Wiesotzki, K.; Rehman, R.U.; Rehman, A.U.; Zhang, J.; Zheng, L.; Nienaber, T.; Heinz, V.; Aganovic, K. Black soldier fly, Hermetia illucens as a potential innovative and environmentally friendly tool for organic waste management: A mini-review. Waste Manag. Res. 2023, 41, 81–97. [Google Scholar] [CrossRef]

	



Liew, C.S.; Yunus, N.M.; Chidi, B.S.; Lam, M.K.; Goh, P.S.; Mohamad, M.; Sin, J.C.; Lam, S.M.; Lim, J.W.; Lam, S.S. A review on recent disposal of hazardous sewage sludge via anaerobic digestion and novel composting. J. Hazard. Mater. 2022, 423, 126995. [Google Scholar] [CrossRef]

	



Gold, M.; Cassar, C.M.; Zurbrügg, C.; Kreuzer, M.; Boulos, S.; Diener, S.; Mathys, A. Biowaste treatment with black soldier fly larvae: Increasing performance through the formulation of biowastes based on protein and carbohydrates. Waste Manag. 2020, 102, 319–329. [Google Scholar] [CrossRef]

	



Zorrilla, M.; Robin, N. Nutrition technologies: Offering price competitive black soldier fly protein and oil to the animal feed and pet food sectors. Ind. Biotechnol. 2019, 15, 328–329. [Google Scholar] [CrossRef]

	



Surendra, K.C.; Tomberlin, J.K.; van Huis, A.; Cammack, J.A.; Heckmann, L.-H.L.; Khanal, S.K. Rethinking organic wastes bioconversion: Evaluating the potential of the black soldier fly (Hermetia illucens (L.) (Diptera: Stratiomyidae) (BSF). Waste Manag. 2020, 117, 58–80. [Google Scholar] [CrossRef]

	



Pasquini, C. Near infrared spectroscopy: A mature analytical technique with new perspectives—A review. Anal. Chim. Acta 2018, 1026, 8–36. [Google Scholar] [CrossRef]

	



Beć, K.B.; Grabska, J.; Huck, C.W. Miniaturized NIR Spectroscopy in Food Analysis and Quality Control: Promises, Challenges, and Perspectives. Foods 2022, 11, 1465. [Google Scholar] [CrossRef]

	



Bec, K.B.; Grabska, J.; Huck, C.W. Review near-infrared spectroscopy in bio-applications. Molecules 2020, 25, 2948. [Google Scholar] [CrossRef]

	



Tsuchikawa, S.; Ma, T.; Inagaki, T. Application of near-infrared spectroscopy to agriculture and forestry. Anal. Sci. 2022, 38, 635–642. [Google Scholar] [CrossRef] [PubMed]

	



Beć, K.B.; Grabska, J.; Plewka, N.; Huck, C.W. Insect protein content analysis in handcrafted fitness bars by NIR spectroscopy. Gaussian process regression and data fusion for performance enhancement of miniaturized cost-effective consumer-grade sensors. Molecules 2021, 26, 6390. [Google Scholar] [CrossRef] [PubMed]

	



Kröncke, N.; Benning, R. Determination of Moisture and Protein Content in Living Mealworm Larvae (Tenebrio molitor L.) Using Near-Infrared Reflectance Spectroscopy (NIRS). Insects 2022, 13, 560. [Google Scholar] [CrossRef]

	



Cozzolino, D. Advantages, opportunities, and challenges of vibrational spectroscopy as tool to monitor sustainable food systems. Food Anal. Methods 2022, 15, 1390–1396. [Google Scholar] [CrossRef]

	



Cozzolino, D. The ability of near infrared (NIR) spectroscopy to predict functional properties in foods: Challenges and opportunities. Molecules 2021, 26, 6981. [Google Scholar] [CrossRef]

	



Cortés, V.; Blasco, J.; Aleixos, N.; Cubero, S.; Talens, P. Monitoring strategies for quality control of agricultural products using visible and near-infrared spectroscopy: A review. Trends Food Sci. Technol. 2019, 85, 138–148. [Google Scholar] [CrossRef]

	



Teixeira dos Santos, C.A.; Lopo, M.; Páscoa, R.N.; Lopez, J.A. A review on the applications of portable near-infrared spectrometers in the agro-food industry. Appl. Spectrosc. 2013, 67, 1215–1233. [Google Scholar] [CrossRef]

	



Zhu, C.; Fu, X.; Zhang, J.; Qin, K.; Wu, C. Review of portable near infrared spectrometers: Current status and new techniques. J. Near Infrared Spectrosc. 2022, 30, 51–66. [Google Scholar] [CrossRef]

	



Crocombe, R.A. Portable spectroscopy. Appl. Spectrosc. 2018, 72, 1701–1751. [Google Scholar] [CrossRef]

	



Gullifa, G.; Barone, L.; Papa, E.; Giuffrida, A.; Materazzi, S.; Risoluti, R. Portable NIR spectroscopy: The route to green analytical chemistry. Front. Chem. 2023, 11, 1214825. [Google Scholar] [CrossRef]

	



Sorak, D.; Herberholz, L.; Iwascek, S.; Altinpinar, S.; Pfeifer, F.; Siesler, H.W. New developments and applications of handheld Raman, mid-infrared, and near-infrared spectrometers. Appl. Spectrosc. Rev. 2012, 47, 83–115. [Google Scholar] [CrossRef]

	



Saha, D.; Manickavasagan, A. Machine learning techniques for analysis of hyperspectral images to determine quality of food products: A review. Curr. Res. Food Sci. 2021, 4, 28–44. [Google Scholar] [CrossRef]

	



Cozzolino, D.; Power, A.; Chapman, J. Interpreting and reporting principal component analysis in food science analysis and beyond. Food Anal. Methods 2019, 12, 2469–2473. [Google Scholar] [CrossRef]

	



Jimenez-Carvelo, A.M.; Cuadros-Rodrıguez, L. Data mining/machine learning methods in foodomics. Curr. Opin. Food Sci. 2021, 37, 76–82. [Google Scholar] [CrossRef]

	



Szymańska, E.; Gerretzen, J.; Engel, J.; Geurts, B.; Blanchet, L.; Buydens, L.M. Chemometrics and qualitative analysis have a vibrant relationship. TrAC Trends Anal. Chem. 2015, 69, 34–51. [Google Scholar] [CrossRef]

	



Szymanska, E. Modern data science for analytical chemical data: A comprehensive review. Anal. Chim. Acta 2015, 69, 34–51. [Google Scholar] [CrossRef]

	



Williams, P.; Dardenne, P.; Flinn, P. Tutorial: Items to be included in a report on a near infrared spectroscopy project. J. Near Infrared Spectrosc. 2017, 25, 85–90. [Google Scholar] [CrossRef]

	



Alagappan, S.; Hoffman, L.; Mikkelsen, D.; Mantilla, S.O.; James, P.; Yarger, O.; Cozzolino, D. Near-infrared spectroscopy (NIRS) for monitoring the nutritional composition of black soldier fly larvae (BSFL) and frass. J. Sci. Food Agric. 2024, 104, 1487–1496. [Google Scholar] [CrossRef]

	



Alagappan, S.; Hoffman, L.C.; Mantilla, S.M.O.; Mikkelsen, D.; James, P.; Yarger, O.; Cozzolino, D. Near infrared spectroscopy as a traceability tool to monitor black soldier fly larvae (Hermetia illucens) Intended as Animal Feed. Appl. Sci. 2022, 12, 8168. [Google Scholar] [CrossRef]

	



Kim, J.; Kurniawan, H.; Akbar, F.M.; Hoonsoo, K.L.; Sung, K.M.; Insuck, B.; Byoung-Kwan, C. Proximate Content Monitoring of Black Soldier Fly Larval (Hermetia illucens) Dry Matter for Feed Material using Short-Wave Infrared Hyperspectral Imaging. Food Sci. Anim. Resour. 2023, 43, 1150–1169. [Google Scholar] [CrossRef]

	



Bessa, L.W.; Pieterse, E.; Marais, J.; Hoffman, L.C. Black soldier fly larvae (Hermetia illucens) as a meat replacer in a burger patty. J. Insects Food Feed 2023, 9, 1211–1222. [Google Scholar] [CrossRef]

	



Mshayisa, V.V.; Van Wyk, J.; Zozo, B.; Rodríguez, S.D. Structural properties of native and conjugated black soldier fly (Hermetia illucens) larvae protein via Maillard reaction and classification by SIMCA. Heliyon 2021, 7, e07242. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Alagappan, S.; Rowland, D.; Barwell, R.; Mantilla, S.; Mikkelsen, D.; James, P.; Yarger, O.; Hoffman, L. Legislative landscape of black soldier fly (Hermetia illucens) as feed. J. Insects Food Feed 2021, 8, 334–355. [Google Scholar] [CrossRef]

	



Hoffman, L.C.; Zhang, S.; Alagappan, S.; Wills, V.; Yarger, O.; Cozzolino, D. Monitoring compositional changes in black soldier fly larvae (BSFL) sourced from different waste stream diets using attenuated total reflectance mid infrared spectroscopy and chemometrics. Molecules 2022, 27, 7500. [Google Scholar] [CrossRef] [PubMed]

	



Zozo, B.; Wicht, M.M.; Mshayisa, V.V.; van Wyk, J. The nutritional quality and structural analysis of black soldier fly larvae flour before and after defatting. Insects 2022, 13, 168. [Google Scholar] [CrossRef]

	



Wasko, A.; Bulak, P.; Polak-Berecka, M.; Nowak, K.; Polakowski, C.; Bieganowski, A. The first report of the physicochemical structure of chitin isolated from Hermetia illucens. Int. J. Biol. Macromol. 2016, 92, 316–320. [Google Scholar] [CrossRef] [PubMed]

	



Rampure, S.M.; Velayudhannair, K. Influence of agricultural wastes on larval growth phases of the black soldier fly, Hermetia illucens (Diptera: Stratiomyidae): An integrated approach. J. Appl. Nat. Sci. 2023, 15, 860–869. [Google Scholar] [CrossRef]

	



Dementjev, A.; Dudoitis, V.; Gelzinis, A.; Gylienė, O.; Binkienė, R.; Jasinevičienė, D.; Ulevičius, V. The CARS microscopy application for determination of the deacetylation degree in chitin and chitosan species. J. Raman Spectrosc. 2023, 54, 524. [Google Scholar] [CrossRef]

	



Soetemans, L.; Uyttebroek, M.; Bastiaens, L. Characteristics of chitin extracted from black soldier fly in different life stages. Int. J. Biol. Macromol. 2020, 165, 3206–3214. [Google Scholar] [CrossRef] [PubMed]

	



Hahn, T.; Tafi, E.; von Seggern, N.; Falabella, P.; Salvia, R.; Thomä, J.; Febel, E.; Fijalkowska, M.; Schmitt, E.; Stegbauer, L.; et al. Purification of chitin from pupal exuviae of the black soldier fly. Waste Biomass Valor. 2022, 13, 1993–2008. [Google Scholar] [CrossRef]

	



Lagat, M.K. Bological and Chemical Extraction of Chitin and Chitosan from the Black Soldier Fly (Hermetia illucens) Exoskeleton and Antimicrobial Activity against Selected Human Pathogenic Microbes. Ph.D. Thesis, Jomo Kenyatta University of Agriculture and Technology, Juja, Kenya, 2022. [Google Scholar]

	



Vitenberg, T.; Opatovsky, I. Assessing fungal diversity and abundance in the black soldier fly and its environment. J. Insect Sci. 2022, 22. [Google Scholar] [CrossRef] [PubMed]

	



Alagappan, S.; Dong, A.; Mikkelsen, D.; Hoffman, L.C.; Mantilla, S.M.O.; James, P.; Yarger, O.; Cozzolino, D. Near infrared spectroscopy for prediction of yeast and mould counts in black soldier fly larvae, feed and frass: A proof of concept. Sensors 2023, 23, 6946. [Google Scholar] [CrossRef] [PubMed]

	



Cullen, P.; O’Donnell, C.; Fagan, C. (Eds.) Benefits and Challenges of Adopting PAT for the Food Industry. In Process Analytical Technology for the Food Industry; Food Engineering Series; Springer: New York, NY, USA, 2014. [Google Scholar] [CrossRef]

	



Hitzmann, B.; Hauselmann, R.; Niemoeller, A.; Sangi, D.; Traenkle, J.; Glassey, J. Process anal