Hyperspectral imaging and chemometrics for monitoring
formulation, processing, and homogeneity in hybrid sausages

Victor Cardoso
Postdoc, University of Copenhagen, Denmark

Email victor.cardoso@food.ku.dk
Tema Analytical methods for food quality, safety & authenticity (2026 special theme)
Co-forfattere Giulia Gorla 2, Miriam Medina-Garcia 2, Daniel Breiner 3, Gudrun Jonsdottir 3,

Ivan Nielsen 3, Daniella Jensen 3, Frederik Nielsen 4, Angelo Manetta 4, Dung-Han
Yeh 4, Patrick Montague 4, José Manuel Amigo 2,5, Rasmus Bro 1

Affiliering 1 Department of Food Science, University of Copenhagen, Denmark; 2 Faculty of
Science and Technology, University of Basque Country, Spain; 3 Danish Meat
Research Institute, Denmark; 4 NKT Photonics A/S, Denmark; 5 Ikerbasque,
Basque Foundation for Sciences, Spain

Praeference Both

Abstract

Hybrid sausages are emerging as sustainable alternatives that combine plant-based ingredients and meat,
aiming to create more sustainable foods [1]. This approach also enables the upcycling of food by-products,
whose fermentation can enhance nutrient availability as well as functional and gastronomic properties [2].
Fermenting brewer’s spent grains (fBSG), a major by-product of beer production, represents an attractive
option to support the circular economy while increasing dietary fibre in hybrid products [2]. In early-stage
product development, however, it is often challenging to understand nutrient and ingredient distribution,
which directly affects sensory perception and consumer acceptance. In this context, hyperspectral imaging
(HSI) in the near- infrared (NIR) region was used for comprehensive characterization across multiple stages
of the production chain [3]. Raw ingredients, sausage batter, and sausages from six formulations with
varying levels of meat and fBSG were analysed using a Specim FX17 line-scanner (900-1700 nm).
Chemometric tools such as principal component analysis, ANOV A-simultaneous component analysis, and
partial least square regression were employed to characterize raw ingredients, formulations and processes.
A pixel-wise approach allowed us to obtain spatial distribution maps of ingredients and macronutrients,
revealing regions of uneven distribution of fat, formulation homogeneity, microstructure, which was
quantitatively assessed by grey-level co-occurrence matrix algorithm. Overall, the results demonstrate the
potential of NIR-HSI as a rapid, non-destructive tool for multi-stage analysis and to guide the design of new
hybrid meat products. As perspectives, alternative illumination sources, such as LED arrays and
supercontinuum lasers, have been showing promising results to replace classical halogen lamps in food
analysis using HSI.
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The stabilization of oxidation-sensitive food bioactives remains a major challenge in the development of
functional foods and fortified ingredients. This study presents the application of a range of advanced
analytical techniques to investigate the structure-function relationships and oxidative stability of
electrosprayed core-shell microcapsules for the protection of highly oxidation-prone lipophilic compounds,
including cod liver oil rich in omega-3 fatty acids1 and vitamin A palmitate2. Food-grade microcapsules
with average diameter of about 2 to 3jum were produced by coaxial electrospraying using ethyl cellulose and
bioactive compounds in the core and octenyl succinic anhydride (OSA)-modified starch as the shell
material. A combination of scanning electron microscopy (SEM), confocal laser scanning microscopy
(CLSM), Raman spectroscopy, Fourier-transform infrared spectroscopy (FTIR), atomic force microscopy
(AFM), and differential scanning calorimetry (DSC) was employed to characterize microcapsule
morphology, microcapsules configuration, molecular interactions, crystallinity, mechanical properties, and
oxidative stability. CLSM and Raman analyses confirmed the successful localization of bioactives within
the microcapsule core and demonstrated the absence of the encapsulated bioactive on the particle surface for
coaxial systems. FTIR revealed hydrophobic interactions and co-assembly phenomena between vitamin A
palmitate and selected amino acids, providing mechanistic insight into their antioxidant protective effects.
AFM measurements showed higher Young’s modulus of core-shell microcapsules compared with their
monoaxial counterparts. Oxidative stability studies by DSC demonstrated substantial protection of
encapsulated lipophilic bioactives. Core-shell encapsulation increased the oxidative stability of cod liver oil
by up to 15-fold compared with the non-encapsulated oil. Furthermore, the incorporation of specific amino
acids into vitamin A formulations significantly enhanced protection against oxidation, with histidine
providing the most pronounced effect, resulting in more than a 200-fold increase in oxidative stability
relative to non-encapsulated vitamin A palmitate. The enhancement of oxidative stability was mainly due to
the hydrophobic interactions formed between vitamin A (except lysine) and amino acids, as confirmed by
the FTIR analyses. Collectively, the analytical characterization indicates that enhanced oxidative stability
arises from the combined effects of physical barrier protection and molecular-level interactions. These
findings demonstrate the potential of integrated analytical characterization in advancing the design and
optimization of (micro)encapsulation systems for sensitive bioactives, supporting the development of food



ingredients with improved oxidative stability, extended shelf life, and enhanced nutritional quality.
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Abstract

Nitrites, nitrates, and their salts such as sodium and potassium nitrate and nitrite which are classified as
permitted food additives are commonly incorporated into processed meat products to enhance colour and
flavour, extend shelf life, and reduce microbial contamination including the growth prevention of
Clostridium botulinum. Regulatory authorities, such as European Union, establish and enforce limits on the
use of sodium and potassium nitrates and nitrites in cured meat products [Regulation (EC) 1333/2008].
However, one of the major concerns regarding nitrites is their contribution to the formation of nitrosamines
during the processing of meat products. These compounds are typically formed through the reaction of
secondary amines with nitrosating agents such as nitrite, particularly under acidic conditions or during high-
temperature processing. These N-nitrosamines are of significant concern in food safety due to their well-
documented carcinogenic and mutagenic properties. Many nitrosamines, including include full name
(NDMA), have been classified as probable human carcinogens by regulatory agencies. Considering these
significant global food safety concerns, this project aims to reduce nitrate and nitrite levels, as well as
nitrosamines, in meat and processed products. on the chemical analysis of nitrosamines. This study presents
an optimised sample preparation workflow including the extraction of processed meat samples using a
QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe) based solid-phase extraction protocol and
analysis using gas chromatography—tandem mass spectrometry (GC-MS/MS). The method was validated in
a range of meat matrices, including bacon, meat rasher and salami. The optimized sample preparation
involved extracting meat samples with acetonitrile, followed by QuEChERS salts (MgSO, and sodium
acetate) and a freezing step at —20 °C to remove co-extractives. The extract was then cleaned using
dispersive solid-phase extraction, evaporated, and directly analyzed by GC-MS/MS. This approach
effectively reduced matrix interferences. Nitrosamines were analysed by GC-MS/MS within a runtime of
15 min. The optimal analytical approach was validated for three product categories in terms of linearity,
matrix effects, accuracy, and precision. The limit of quantification (LOQ) was 0.01 mg/kg. The recoveries
at LOQ and higher levels ranged between 70% and 120%, with precision-RSDs of < 20%. Overall, the
developed method provided a robust, reliable, and high-throughput analytical tool for the determination of



nitrosamines in this complex food matrices- meat. This methodology can be effectively applied for routine-
surveillance and regulatory monitoring to ensure the safety, quality of food products, as well as to support
risk assessment studies related to dietary-exposure to nitrosamines.
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