
 
 

 

 
Sustainability 2025, 17, 7626 https://doi.org/10.3390/su17177626 

Article 

Upcycling Potato Juice Protein for Sustainable Plant-Based  
Gyros: A Multidimensional Quality Assessment 
Krzysztof Smarzyński 1, Przemysław Łukasz Kowalczewski 2,*, Aneta Tomczak 3, Joanna Zembrzuska 4,  
Mariusz Ślachciński 4, Grażyna Neunert 5,*, Millena Ruszkowska 1, Michał Świątek 6, Marcin Nowicki 7  
and Hanna Maria Baranowska 5 

1 Faculty of Management and Quality Science, Gdynia Maritime University, 81-225 Gdynia, Poland; 
k.smarzynski@sd.umg.edu.pl (K.S.); m.ruszkowska@wznj.umg.edu.pl (M.R.) 

2 Collegium Medicum, Andrzej Frycz Modrzewski Krakow University, 30-705 Kraków, Poland 
3 Department of Biochemistry and Food Analysis, Poznań University of Life Sciences, 60-623 Poznań, Poland; 

aneta.tomczak@up.poznan.pl 
4 Institute of Chemistry and Technical Electrochemistry, Poznan University of Technology,  

60-965 Poznań, Poland; joanna.zembrzuska@put.poznan.pl (J.Z.); mariusz.slachcinski@put.poznan.pl (M.Ś.) 
5 Department of Physics and Biophysics, Poznań University of Life Sciences, 60-637 Poznań, Poland;  

hanna.baranowska@up.poznan.pl 
6 Institute of Microbial Technologies, 62-700 Turek, Poland; michal.swiatek@itm.turek.pl 
7 Department of Entomology and Plant Pathology, University of Tennessee, Knoxville, TN 37996, USA; 

mnowicki@utk.edu 
* Correspondence: przemyslaw@kowalczewski.pl or pkowalczewski@uafm.edu.pl (P.Ł.K.); grazyna.neu-

nert@up.poznan.pl (G.N.) 

Abstract 

The growing demand for sustainable, nutritionally adequate plant-based foods has driven 
innovation in meat analogues. This study presents a novel approach to upcycling potato 
juice protein—a by-product of starch production—into plant-based gyros (PBG) enriched 
with iron and dietary fiber. Four formulations (PBG1-PBG4) were developed using a 
blend of potato, rice, wheat, and pea proteins, and fortified with either ferritin-rich sprout 
powder or ferrous sulfate. Comprehensive analyses were conducted to assess nutritional 
composition, mineral content, glycoalkaloid safety, antioxidant activity, texture, water 
mobility, sensory appeal, and microbiological stability. All variants met high-protein la-
beling criteria and exhibited favorable fiber and mineral profiles. In vitro digestion signif-
icantly enhanced antioxidant bioaccessibility, particularly phenolic acids. Sensory evalu-
ations favored ferritin-enriched variants, which also demonstrated superior texture and 
consumer acceptance. Microbiological assessments confirmed safety for up to 10 days un-
der refrigeration. These findings highlight the potential of potato juice protein as a sus-
tainable, functional ingredient in next-generation plant-based meat analogues. 

Keywords: antioxidant activity; iron fortification; plant-based meat; potato protein;  
sensory evaluation; sustainability 
 

1. Introduction 
The global population is projected to surpass 9.7 billion by 2050 [1], which poses ma-

jor challenges to food systems, especially in ensuring food security and nutritional ade-
quacy. Meeting this demand requires more than caloric sufficiency—it necessitates nutri-
tionally balanced diets that promote long-term health and well-being [2,3]. In recent years, 
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a marked shift in consumer behavior has been observed, with an increasing number of 
individuals either reducing or eliminating meat from their diets. This shift is fueled by 
intersecting health, ethical, and environmental motivations [4–6]. As a result, the devel-
opment of plant-based meat alternatives has become a central focus in the field of food 
science and technology. 

Plant-based foods offer notable advantages over animal-derived products, especially 
regarding environmental sustainability. Meat production is associated with high green-
house gas emissions, substantial land and water usage, and marked ecological footprints 
[7,8]. In contrast, the production of plant-based alternatives typically requires fewer nat-
ural resources and generates less environmental impact, making them an attractive solu-
tion in the context of sustainable food system transformation. Beyond ethical and envi-
ronmental drivers, plant-based meat formulation enables the valorization of underuti-
lized ingredients and food industry by-products, which aligns with circular economy 
principles. One such promising raw material is potato juice, a side stream generated dur-
ing the industrial extraction of potato starch. Historically, potato juice has been treated as 
waste due to its high biochemical oxygen demand and disposal challenges [9]. But, recent 
research has highlighted its potential as a valuable source of bioactive compounds, par-
ticularly proteins with a favorable amino acid profile, including essential amino acids such 
as lysine and threonine, which are often limited in plant-based proteins [10,11]. Potato 
proteins, with a Digestible Indispensable Amino Acid Score (DIAAS) of 1.0, qualify as a 
complete protein source [12]. These proteins exhibit good nutritional quality as well as 
excellent functional properties, such as emulsifying and foaming capacity, which makes 
them suitable for use in a variety of food formulations [12,13]. Moreover, the recovery and 
utilization of potato juice proteins contribute to the valorization of agro-industrial by-
products, thereby offering both economic and environmental benefits. Incorporating this 
protein-rich material into plant-based meat and dairy analogues aligns with sustainable 
development goals and supports the transition towards more efficient and circular food 
production systems [14–16]. 

Despite the growing popularity of plant-based meat analogues, one of the critical 
challenges in their development is achieving nutritional equivalence to conventional meat 
products. Many commercially available vegan products tend to be lower in essential nu-
trients such as high-quality protein, iron, zinc, and vitamin B12, which are naturally abun-
dant in animal-derived foods [17–19]. Furthermore, the processing methods and ingredi-
ent choices used in plant-based formulations can lead to an imbalance in macronutrient 
distribution or the presence of anti-nutritional factors that may affect nutrient bioavaila-
bility. Therefore, to ensure that plant-based alternatives support adequate nutrition, it is 
essential to carefully design their composition and fortify them with appropriate nutri-
ents. Incorporating functional ingredients such as potato juice-based proteins, micronu-
trient-rich extracts, and bioavailable mineral sources can substantially enhance the nutri-
tional value of vegan products and better align them with the dietary needs of consumers 
by reducing or eliminating meat from their diets. 

Considering the outlined challenges, the objective of this study was to design a pro-
duction technology for plant-based gyros (PBG) utilizing potato protein as a key ingredi-
ent, enriched with iron and carefully selected fats. The resulting PBGs were subsequently 
evaluated for their nutritional composition and bioactive properties prior to and following 
the in vitro digestion. 

2. Materials and Methods 
2.1. Plant-Based Gyros Preparation 

Plant-based gyros prototypes were prepared according to the protocol described in 
Polish patent application P.446897 [20], which outlines the formulation and processing 
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steps for plant-based gyros using potato protein. Briefly, a dry protein blend containing 
70% potato protein, 20% rice protein (Beneo, Veendam, Belgium), and minor portions of 
wheat (Viresol, Visonta, Hungary) and pea (Brenntag, Kędzierzyn-Koźle, Poland) pro-
teins (5% each) was dispersed in water at a 1:6 (w/v) ratio and homogenized for 5 min at 
450 rpm with a RobotCook® (Robot-Coupe, Roubaix, France) gastronomic homogenizer 
to yield a viscous slurry. This slurry was transferred to 250 mL stainless-steel molds and 
baked in a convection oven (MIWE Michael Wenz GmbH, Arnstein, Germany) at 120 °C 
for 2 h. After cooling, the product was stored at 4 °C until use. A lipid phase consisting of 
rice-bran (Kasisuri, Bangkok, Thailand) and rapeseed (ZT Kruszwica, Kruszwica, Poland) 
oils (55:45, v/v) was formulated to secure an n6:n3 ratio of 5:1, and coconut oil was incor-
porated to reinforce textural integrity. The protein base was first combined with oils, after 
which dry ingredients were blended in (using RobotCook®, Robot-Coupe Inc., Ridgeland, 
MS, USA); water and vinegar were subsequently added in a thin stream under continuous 
agitation to obtain a homogeneous filling. Detailed composition is presented in Table 1. 
To ensure moisture equilibration and matrix stabilization, the mixture was vacuum-sealed 
in low-density polyethylene pouches (embossed vacuum pack bugs (75 µm, 60 µm PE, 15 
µm PA, Hendi B.V., De Klomp, The Netherlands) and conditioned at 4 °C for 24 h. The 
matured mass was portioned into 75 g patties and thermally treated in a convection-steam 
oven (Vision Combi Oven, Retigo Ltd., Rožnov pod Radhoštěm, Czech Republic) at 160 
°C for 30 min. Finally, the cooked product was cooled, comminuted into 1–5 cm3 pieces, 
and packaged for further analyses. 

Table 1. Ingredient composition of plant-based gyros prototypes (%). 

Ingredient PBG 1 PBG 2 PBG 3 PBG 4 
Protein base 40.00 40.00 40.00 40.00 
Coconut oil 5.00 5.00 5.00 5.00 

Vegetable-oil blend 6.00 6.00 6.00 6.00 
Potato starch 4.00 4.00 4.00 4.00 
Corn starch 2.00 2.00 2.00 2.00 

Yeast flakes + vit. B12 4.00 4.00 4.00 4.00 
Oat flakes 4.00 4.00 4.00 4.00 

Methylcellulose 2.00 2.00 2.00 2.00 
Carrageenan 2.00 2.00 2.00 2.00 

Natural flavor 2.00 2.00 2.00 2.00 
Dried beetroot juice 0.75 0.75 0.75 0.75 

Salt 0.50 0.50 0.50 0.50 
Vinegar 0.50 0.50 0.50 0.50 

Potato fiber 2.00 — 2.00 — 
Oat fiber — 2.00 — 2.00 

Ferritin-rich sprout powder 1.50 1.50 — — 
Ferrous sulfate — — 0.007 0.007 

Water * 23.75 23.75 25.243 25.243 
* Water was added to bring the formulation up to 100%, and the differences result from the varying 
amounts of iron-source additives used. 

The potato protein used in the present study was obtained with a proprietary mem-
brane-filtration process applied to waste potato juice, as described in detail previously 
[11] 

Ferritin-fortified lupine sprout powder was generated following a patented proce-
dure described in details by Zielińska-Dawidziak, 2016 [21]. In brief, raw seeds underwent 
surface sterilization in 70% (v/v) ethanol for 15 min, after which they were thoroughly 



Sustainability 2025, 17, 7626 4 of 21 
 

rinsed and submerged for 6 h in aqueous FeSO4 solutions (0–25 mM). Germination pro-
ceeded for seven days in the same iron solutions under controlled temperature and hu-
midity. On day 7 the sprouts were lightly irrigated and then dried with ambient air until 
their moisture content fell below 10%, after which they were milled to a fine powder. 

2.2. Proximate Composition and In Vitro Digestibility 

Nitrogen content was determined using the Kjeldahl method (ISO 1871 [22], using 
Kjeltec™ 8100, FOSS, Hillerød, Denmark) and converted to protein using a factor of 6.25, 
whereas crude lipids were extracted in a Soxhlet apparatus (Soxtec™ 8000, FOSS, 
Hillerød, Denmark) following AOAC 948.22 [23]. Soluble and insoluble dietary-fiber frac-
tions were obtained by the enzymatic-gravimetric AACC 32-07 protocol using Fibertec™ 
1023 (FOSS, Hillerød, Denmark), their sum constituting total fiber [24]. β-Glucan content 
was assessed according to AACC 32-23.01 approved method [25], colorimetric measure-
ment was performed using Multiscan GO (Thermo Fisher Scientific, Inc., Waltham, MA, 
USA). Moisture was measured gravimetrically according to AACC 44-19.01 [26] (univer-
sal ovenUF110, Memmert GmbH + Co.KG, Schwabach, Germany), and the residue re-
maining after dry-ashing at 550 °C yielded the ash content (ISO 763 [27], Nobertherm 
GmbH, Nabertherm, Germany). Available carbohydrate was calculated by difference: Carbohydrates ሺ%ሻ = 100 − ሺP + F + Fi + Mi + Mሻ 
where: P—protein, F—fat, Fi—fiber, Mi—mineral, and M—moisture contents. The ener-
getic value (kcal 100 g−1) was estimated using the modified Atwater factors using: EV ൬ kcal100 g൰ =  4 × P + 4 × C + 9 × F + 2 × FiM  

where: C—carbohydrates, Fi—fiber, P—protein, F—fat, and M—moisture contents. Sim-
ulated gastrointestinal digestion followed the procedure of Wang et al. [28], and protein 
digestibility was expressed as the percentage difference between the protein introduced 
and that remaining after digestion. 

Quantification of calcium, magnesium, potassium, sodium, copper, iron, manganese, 
zinc, and lead was performed in line with the previous protocol [29] with slight modifica-
tions. Briefly, accurately weighed portions of freeze-dried sample were transferred to 
chemically modified 30 mL Teflon vessels, after which 3 mL of concentrated HNO3 and 1 
mL of H2O2 were added. The sealed vessels were enclosed in steel jackets and digested in 
a closed high-pressure, high-temperature microwave system (10 min at 200 W). After cool-
ing, digests were brought to 25 mL with ultrapure water and the elemental concentrations 
were determined by inductively coupled plasma–optical emission spectrometry (ICP-
OES) using an IRIS HR spectrometer (Thermo Jarrell Ash, Franklin, MA, USA). 

2.3. Potato Glycoalkaloids Content 

Quantification of α-solanine and α-chaconine followed a protocol described in [30] 
with minor adaptations. Briefly, 1 g of freeze-dried sample was suspended in 15 mL of 5% 
(v/v) acetic acid, shaken for 15 min, and centrifuged at 10,000× g for 15 min at 4 °C. The 
clarified extract was decanted, and the residue underwent an identical second extraction; 
both supernatants were pooled. For clean-up, 3 mL of the combined extract was applied 
to an Oasis HLB SPE cartridge (30 mg, 1 cm3; Waters, Milford, MA, USA) pre-conditioned 
sequentially with methanol, 10% methanol, and distilled water (2 mL each). After loading, 
the cartridge was washed with 3 mL of 10% methanol, and retained analytes were eluted 
with methanol containing 0.1% (v/v) formic acid. The eluate was filtered through a 0.22 
µm PTFE membrane prior to instrumental analysis. Chromatographic separation was 
achieved on an UltiMate 3000 RSLC system (Thermo Scientific, Waltham, MA, USA) 
equipped with a Kinetex C18 column (1.7 µm, 100 × 2.1 mm; Phenomenex, Torrance, CA, 
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USA) using a mobile phase of 0.1% formic acid (solvent A) and acetonitrile (solvent B). 
Detection and quantification were performed by UHPLC-MS/MS on an API 4000 QTRAP 
triple-quadrupole mass spectrometer (AB Sciex, Foster City, CA, USA) operated in posi-
tive-ion electrospray mode. 

2.4. Impact of Simulated In Vitro Digestion on Antioxidants 

2.4.1. Simulated In Vitro Digestion Procedure 

The simulated gastrointestinal digestion followed, with minor adaptations, the pro-
cedure outlined earlier [31]. In brief, 10 g of the freeze-dried, milled sample were trans-
ferred to glass flasks, and the volume was brought to 100 mL with distilled water. The 
suspension was acidified to pH 2.0 using 4 M HCl, after which pepsin (1.92 mg/g, pre-
pared in 0.1 M HCl) was introduced to reproduce gastric conditions; the mixture was kept 
at 37 °C for 2 h. Gastric digestion was quenched by raising the pH to 7.2–7.4 using 1 M 
NaHCO3, and intestinal digestion commenced upon addition of a 0.1 M NaHCO3 solution 
containing pancreatic extract (0.40 mg/g) and bile salts (2.40 mg/g). Incubation continued 
for a further 2.5 h at 37 °C in a shaking water bath. Digests were subsequently frozen at 
−80 °C and lyophilized for downstream analyses. 

2.4.2. Antioxidants Extraction Procedure 

Antioxidant constituents were isolated using an adapted vetted protocol [32]. Both 
freshly prepared samples and aliquots obtained after the in vitro digestion procedure de-
scribed in Section 2.4.1 were examined. Precisely 1 g of freeze-dried material was sus-
pended in 9 mL of 80% (v/v) methanol and gently agitated for 20 min, after which the 
mixture was clarified by centrifugation at 10,000× g for 15 min at 4 °C. The supernatant 
was then collected and filtered through a 0.22 µm PTFE syringe membrane to provide the 
extract used for subsequent analyses. 

2.4.3. Total Phenolic Compounds and Antioxidant Activity 

Total phenolics were quantified using a micro-scaled Folin-Ciocalteu assay [33]: 4 µL 
of extract, 16 µL of distilled water, and 100 µL of 0.1 N reagent were mixed, incubated at 
room temperature for 8 min, then 80 µL 0.75 g L−1 Na2CO3 were added and the mixture 
was incubated for 1.5 h at 20 °C in the dark. Absorbance read at 765 nm (Multiskan™ GO 
Microplate Spectrophotometer, Thermo Fisher Scientific Inc., Waltham, USA) was con-
verted to mg gallic acid equivalents per gram of dry matter. Antioxidant (radical-scaveng-
ing) capacity was measured using the ABTS•+ method [34]: 2 µL of the same extract re-
acted with 200 µL of pre-generated ABTS solution for 5 min at 30 °C under shaking, and 
the decrease in absorbance at 734 nm was expressed as mmol Trolox equivalents per gram 
of dry weight. Ferric-reducing antioxidant power followed the FRAP protocol [35], where 
9 µL extract were combined with 270 µL freshly prepared TPTZ-Fe3+ reagent, incubated 6 
min at 36 °C, and absorbance at 595 nm was converted to µmol Trolox equivalents per 
gram of dry weight. 

2.4.4. Phenolic Acids Profiling 

Quantitative profiling of chlorogenic, ferulic, gallic, and caffeic acids followed the 
vetted earlier procedure [36]. The phenolic extract prepared as outlined in Section 2.4.2 
was subjected to LC-MS/MS analysis on the same instrument platform used for glycoal-
kaloid determination. Separation was carried out on a Luna C18 column (3 µm, 150 × 2.0 
mm; Phenomenex, Torrance, CA, USA) employing a binary eluent of 5 mM ammonium 
acetate in water (solvent A) and methanol (solvent B). 
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2.5. Texture Analysis 

To assess the texture characteristics, fifteen samples (cut to predetermined dimen-
sions: 200 mm in length and 20 mm in diameter) were extracted from each batch. Each 
sample was positioned horizontally on the testing platform and subjected to a single shear 
using a Warner-Bratzler attachment equipped with a 73° V-shaped blade. The setup was 
mounted on a TA.XTplus Texture Analyzer (Stable Microsystems, Godalming, UK). A 
50.0 N load cell was used, and the crosshead speed was set at 1.5 mm/s. Two primary 
parameters were recorded: shear force (N), which represented the peak force needed to 
cut through the sample, and total shear work (N × s), which indicated the energy ex-
pended to complete the shear. 

2.6. LF NMR Relaxometry 

Relaxation times, including T1 (spin-lattice relaxation time) and T2 (spin-spin relaxa-
tion time), were measured at a temperature of 20 °C. The measurements were conducted 
using a 1H NMR PS15T pulse spectrometer (ELLAB, Poznań, Poland) operating at 15 
MHz, equipped with an integrated temperature control system. Prior to the experiments, 
samples were placed in the spectrometer and allowed to equilibrate to 20 °C. 

2.6.1. Measurement of Spin-Lattice Relaxation Time (T1) 

The inversion-recovery pulse sequence (π-t-π/2) was employed to measure T1 relax-
ation times. The delay times (t) between pulses ranged from 100 to 1000 ms, with a repe-
tition time of 20 s. For each measurement, 32 free induction decay (FID) signals were col-
lected, with 119 points per FID signal. 

Calculations of the spin-lattice relaxation times were performed using CracSpin soft-
ware (Jagiellonian University, Kraków, Poland), applying the “spin grouping” method 
[37]. The Marquardt minimization method was utilized to fit the multi-exponential de-
cays. The accuracy of the relaxation parameters was determined, and standard deviations 
were calculated. The temporal changes in the current amplitude of the FID signal at the 
applied pulse frequency were described by the equation: M୸ሺtሻ = M଴ ൬1 − 2eି୲୘భ൰ 

where: Mz(t) is the actual magnetization value, M0 is the equilibrium magnetization value, 
t is the delay between pulses, and T1 is the spin-lattice relaxation time. 

2.6.2. Measurement of Spin-Spin Relaxation Time (T2) 

Spin-spin relaxation times (T2) were measured using the Carr-Purcell-Meiboom-Gill 
(CPMG) pulse sequence (π/2-TE/2-(π)n) [38,39]. The delay time between π pulses (TE) 
was 2 ms, with a repetition time of 15 s. The number of spin echoes (n) was set to 100. 
Signal accumulations were used. 

The calculation of spin-spin relaxation times was based on fitting the echo amplitudes 
to the equation: M୶,୷ሺTEሻ = M଴෍p୧eି୘୉୘మ౟୬

୧ୀଵ  

where: Mx,y(TE) is the echo amplitude, M0 is the equilibrium amplitude, TE is the delay 
time between π pulses, and pi is the fraction of protons relaxing with spin-spin relaxation 
time T2i. The calculations were performed using dedicated software with a nonlinear least 
squares algorithm. Standard deviations were used to determine the accuracy of the relax-
ation parameters. 
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2.7. Consumer and Sensory Studies 

Sensory and consumer acceptability evaluations were conducted on four developed 
products (PBG1–PBG4) and a commercial vegan gyros product available in a Polish retail 
chain (designated CPBG, Jeronimo Martins Polska S.A., Kostrzyn, Poland). 

2.7.1. Consumer Study 

To determine the appeal of plant-based gyros to the demographic most closely linked 
with vegan-food purchases—young adults—a sensory study was conducted with 100 un-
trained volunteers (19–40 years old; 67 women, 33 men) recruited from the student and 
staff community of the Poznań University of Life Sciences. After providing written in-
formed consent, each participant evaluated samples that had been heated to approxi-
mately 60–70 °C to ensure serving temperatures reflected typical consumption conditions. 
Using a nine-point hedonic scale (1 = “dislike extremely” through 9 = “like extremely”), 
the participants rated taste, aroma, color, texture, appearance, and overall liking in a sin-
gle controlled session. 

2.7.2. Sensory Evaluation Protocol 

The sensory profile of the experimental plant-based gyros was established through 
quantitative descriptive analysis (QDA) conducted in accordance with ISO 13299 [40]. Six 
trained panelists independently quantified the intensity of five descriptors—surface and 
cross-section appearance, color, odor, texture, and overall palatability—using anchored 
10-point scales. Immediately before each session, portions were reheated to 60–70 °C, so 
that the sample temperature during evaluation faithfully reflected typical consumption 
conditions and minimized thermal variability across replicates. 

2.8. Microbiological Stability and Shelf-Life Assessment 

Microbiological stability and shelf-life were assessed under storage conditions de-
signed to simulate refrigeration. Samples were stored at 3.0–8.0 °C in sealed, embossed 
vacuum pack bugs (75 µm, 60 µm PE, 15 µm PA, Hendi B.V., De Klomp, The Netherlands), 
protected from both light and atmospheric oxygen, for a total period of 15 days. 

2.8.1. Detection of Salmonella spp. 

Detection of Salmonella spp. was conducted in accordance with PN-EN ISO 6579-1 
[41] in 25 g of each sample with application of Rappaport-Vassiliadis Soya (RVS) and Mul-
ler-Kauffmann Tetrathionate Novobiocin (MKTTn) broths as a pre-enrichment broths and 
Xylose Lysine Deoxycholate (XLD) and Chromagar Salmonella Plus agar as a selective 
plates. 

2.8.2. Detection of Listeria Monocytogenes 

The detection of Listeria monocytogenes was performed according to PN-EN ISO 
11290-1 [42] in 25 g of each sample with application of ALOA and Oxford agar as a selec-
tive media. 

2.8.3. Quantitative Microbiological Analyses 

For enumeration analyses, 10 g of each sample was homogenized in 90 mL of peptone 
water. Serial 10-fold dilutions were prepared in the same diluent and used for planting. 
Enumeration of mesophilic aerobic microorganisms was conducted according to PN-EN 
ISO 4833-1 [43]. Enumeration of Enterobacteriaceae was carried out in accordance with PN-
EN ISO 21528-2 [44]. Enumeration of Clostridium perfringens was performed according to 
PN-EN ISO 15213-2 [45]; colonies were verified by growth characteristics on blood agar 
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and further tested for acid phosphatase activity. Enumeration of Listeria monocytogenes 
was performed in line with PN-EN ISO 11290-2 [46]. Quantification of coagulase-positive 
Staphylococcus spp. was performed according to PN-EN ISO 6888-1 [47]; confirmation was 
conducted by subculturing on RPF agar and assessing colony morphology. Enumeration 
of yeasts and molds was conducted following PN-EN ISO 21527-1 [48] using surface plat-
ing on Dichloran Rose Bengal Chloramphenicol (DRBC) agar. 

2.9. Statistical Analysis 

The experimental data, expressed as mean ± SD, underwent one-way analysis of var-
iance (ANOVA), followed by Tukey’s post hoc test to identify statistically homogeneous 
groups at α = 0.05 significance level. 

3. Results and Discussion 
3.1. General Nutritional Composition 

The developed plant-based gyros (PBG1–PBG4) demonstrated a favorable nutri-
tional profile, characterized by high protein content, moderate fat levels, and substantial 
dietary fiber. Protein content ranged from 20.85 g/100 g (PBG1) to 21.86 g/100 g (PBG3), 
which indicated that all formulations met the threshold for “high-protein” claims under 
EU regulation (Regulation (EC) No 1924/2006) [49]. The inclusion of concentrated plant 
proteins, particularly from legumes and potato protein isolate, contributed to this result. 
Fat content varied moderately, with values between 13.81 g/100 g (PBG3) and 14.98 g/100 
g (PBG1). This range is typical for meat analogues designed to mimic traditional gyro 
products, allowing for desirable texture and mouthfeel without excessive lipid content 
[50]. The relatively low total carbohydrate content (6.94–9.47 g/100 g) reflects the formu-
lation’s emphasis on protein and fiber, with PBG3 presenting the highest value, likely due 
to its slightly elevated starch component. All variants were also rich in dietary fiber, with 
PBG2 (8.29 g/100 g) and PBG4 (8.26 g/100 g) demonstrating the highest levels. Detailed 
fiber analysis corroborated these findings, which showed a predominance of insoluble di-
etary fiber (IDF: 6.96–7.36 g/100 g), supplemented by small amounts of soluble fiber (SDF: 
0.80–0.93 g/100 g). Notably, PBG2 and PBG4 also exhibited the highest β-glucan content 
(0.91 and 0.87 g/100 g, respectively). These components are known to support health, par-
ticularly by improving glycemic control and reducing cholesterol levels [51,52]. The en-
ergy values ranged from 267.76 to 286.80 kcal/100 g, which aligned with consumer expec-
tations for satisfying yet balanced plant-based meals. 

Protein digestibility is a critical determinant of nutritional quality in plant-based 
meat analogues, as it reflects amino acid bioavailability. In this study, in vitro analysis 
revealed significant differences in protein digestibility across the developed gyros vari-
ants (Table 2). PBG1 and PBG3 exhibited the highest digestibility values, whereas PBG2 
and PBG4 showed significantly lower digestibility. These differences likely stem from var-
iations in fiber composition among the formulations. The superior digestibility observed 
in PBG1 and PBG3 can be attributed to the use of potato fiber, which is rich in insoluble 
components that are less likely to form viscous gels or interact with proteins in a way that 
hinders enzymatic hydrolysis [53,54]. In contrast, the lower digestibility in PBG2 and 
PBG4 is likely a consequence of the inclusion of oat fiber, known for its high soluble frac-
tion, particularly β-glucans [55]. Soluble fibers can increase the viscosity of the digesta and 
promote the formation of protein-polysaccharide complexes, both of which can limit the 
accessibility of proteolytic enzymes to their substrates [56,57]. These findings align with 
previous research indicating that soluble dietary fibers may negatively impact protein di-
gestibility by creating physical barriers or restricting enzyme diffusion [16,58]. Our results 
underscore the importance of carefully selecting fiber types in the design of plant-based 
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meat analogues to ensure high protein bioavailability without compromising technologi-
cal properties. Further formulation strategies, such as matrix modification or enzymatic 
pre-treatment, may help optimize both the nutritional and functional qualities of these 
products. Future studies should expand the fiber matrix to include additional sources 
such as pea fiber, inulin, and cellulose derivatives. Moreover, gradient-based optimization 
of fiber inclusion levels could help identify ideal concentrations for balancing nutritional 
enhancement with sensory and textural performance. 

Table 2. Nutritional composition of plant-based gyros. 

Parameter PBG1 PBG2 PBG3 PBG4 
Protein content (g/100 g) 20.849 ± 0.233 a 21.573 ± 0.479 a 21.859 ± 0.243 a 21.031 ± 0.063 a 
Fat content (g/100 g) 14.983 ± 0.645 a 14.343 ± 0.833 a 13.813 ± 0.723 a 14.172 ± 0.662 a 
Fiber content (g/100 g) 7.911 ± 0.338 b 8.294 ± 0.388 a 7.762 ± 0.269 b 8.263 ± 0.365 a 
Insoluble dietary fiber (g/100 g) 7.055 ± 0.308 b 7.363 ± 0.351 a 6.963 ± 0.245 b 7.349 ± 0.385 a 
Soluble dietary fiber (g/100 g) 0.855 ± 0.038 b 0.931 ± 0.050 a 0.799 ± 0.023 b 0.914 ± 0.020 a 
β-glucan content (g/100 g) 0.571 ± 0.049 a 0.906 ± 0.062 b 0.535 ± 0.054 a 0.872 ± 0.072 b 
Carbohydrate content (g/100 g) 6.938 ± 0.643 c 9.037 ± 0.643 b 9.470 ± 1.150 b 7.459 ± 1.256 c 
Ash content (g/100 g) 7.059 ± 0.156 a 6.824 ± 0.393 b 7.196 ± 0.290 a 6.705 ± 0.510 b 
Energy value (kcal/100 g) 267.76 ± 4.04 b 286.80 ± 5.13 a 284.46 ± 2.96 a 270.89 ± 1.85 b 
Protein digestibility (%) 96.02 ± 2.11 a 83.52 ± 1.64 b 95.22 ± 1.93 a 85.08 ± 1.98 b 
Values marked with the same lowercase letter in the row do not differ significantly. Values ex-
pressed per 100 g fresh product mass, unless otherwise indicated. 

The formulations also contained appreciable levels of essential minerals (Table 3). 
Calcium levels ranged from 1100 to 1200 µg/g dry matter, whereas magnesium content 
was highest in PBG2 (558 µg/g), likely reflecting the contribution of green leafy vegetable 
or legume-based components. Iron content was substantially higher in PBG1 and PBG2 
(417–422 µg/g) compared to PBG3 and PBG4 (71.4–72.3 µg/g), which indicates that the 
ferritin-fortified lupine sprout powder is an excellent source of iron [59]. Sodium levels, 
although relatively high (14,500–15,600 µg/g dry matter), remain consistent with the flavor 
profile typically associated with gyro-style products. Potassium concentrations followed 
a decreasing trend from PBG1 (14,500 µg/g) to PBG3 (12,100 µg/g), which provided a fa-
vorable Na/K ratio in the PBG1-PBG2 variants. Trace minerals such as zinc (50.1–53.7 
µg/g), copper (41.1–45.0 µg/g), and manganese (46.9–48.2 µg/g) were present at physio-
logically relevant levels, which indicated that these products may contribute to the rec-
ommended dietary intake of these micronutrients [60,61]. Lead (Pb) and cadmium (Cd) 
concentrations were within acceptable regulatory limits for plant-based food products 
[62]. But, a relatively elevated Pb content was observed across all samples (77.9–88.2 µg/g 
dry matter), which showed the importance of ingredient sourcing and quality control in 
minimizing contaminant levels. Cadmium levels ranged from 0.91 to 1.14 µg/g, which, 
although below the maximum levels set for plant products, should be monitored to ensure 
long-term product safety and compliance. The formulations contain physiologically rele-
vant levels of minerals such as zinc, calcium, and copper. However, their bioavailability 
and stability during processing warrant further investigation. Future work will focus on 
assessing nutrient retention and absorption, particularly for critical micronutrients like 
vitamin B12 and zinc. Similarly, although ferritin-rich sprout powder demonstrated su-
perior iron content, its bioavailability remains to be confirmed. Future studies will include 
animal models or human trials to assess iron absorption and its efficacy in addressing iron 
deficiency. 
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Table 3. Mineral profiles of analyzed gyros. 

Parameter PBG1 PBG2 PBG3 PBG4 
Calcium, Ca (µg/g d.m.) 1120 ± 90 a 1110 ± 110 a 1200 ± 110 a 1100 ± 90 a 
Magnesium, Mg (µg/g d.m.) 512 ± 55 a 558 ± 39 a 477 ± 31 b 481 ± 38 b 
Sodium, Na (µg/g d.m.) 15,600 ± 1250 a 15,200 ± 1300 a 14,700 ± 1000 a 14,500 ± 1100 a 
Potassium, K (µg/g d.m.) 14,500 ± 1300 a 14,400 ± 1200 a 12,100 ± 1000 b 12,700 ± 1100 b 
Iron, Fe (µg/g d.m.) 417 ± 33 a 422 ± 29 a 71.4 ± 5.6 b 72.3 ± 6.1 b 
Zinc, Zn (µg/g d.m.) 50.1 ± 3.2 b 51.3 ± 3.4 ab 53.7 ± 4.8 a 53.3 ± 4.7 a 
Copper, Cu (µg/g d.m.) 44.7 ± 4.9 a 45.0 ± 3.8 a 41.1 ± 3.3 b 42.7 ± 3.8 b 
Manganese, Mn (µg/g d.m.) 48.2 ± 2.7 a 46.9 ± 4.4 a 47.5 ± 4.3 a 47.2 ± 3.7 a 
Lead, Pb (µg/g d.m.) 88.2 ± 8.1 a 86.7 ± 7.0 a 78.4 ± 7.3 a 77.9 ± 8.5 a 
Cadmium, Cd (µg/g d.m.) 0.905 ± 0.088 b 1.141 ± 0.155 a 1.088 ± 0.184 ab 1.131 ± 0.123 a 
Values marked with the same lowercase letter in the row do not differ significantly. Values ex-
pressed per 1 g dry matter unless otherwise indicated. 

3.2. Glycoalkaloid Contents 

The use of potato-derived protein isolate, obtained from waste potato juice, intro-
duces a potential safety concern due to the natural occurrence of glycoalkaloids, particu-
larly α-solanine and α-chaconine. These compounds are known for their toxicity at ele-
vated levels, with documented effects including gastrointestinal distress, neurological 
symptoms, and in extreme cases, acute toxicity [63,64]. Therefore, monitoring their con-
centration in the final product is critical to ensure consumer safety. 

The total glycoalkaloid (TGA) content in the analyzed vegan gyros variants ranged 
between 33.31 µg/g dry matter (PBG2) and 44.71 µg/g dry matter (PBG3), summing the 
levels of α-solanine and α-chaconine (Table 4). The highest levels were detected in PBG1 
(32.41 µg/g α-solanine and 12.37 µg/g α-chaconine) and PBG3 (32.11 and 12.60 µg/g, re-
spectively), whereas PBG2 and PBG4 demonstrated markedly lower concentrations of α-
chaconine (5.26 and 5.42 µg/g, respectively), which suggested possible differences in the 
batch of protein isolate or additional TGA content in potato fiber used for the production 
of PBG1 and PBG3. Although present, the glycoalkaloid concentrations remained below 
established safety thresholds. According to the European Food Safety Authority (EFSA), 
the total glycoalkaloid content in food should not exceed 100 µg/g dry weight [65], and 
ideally, for processed foods, levels below 20 µg/g fresh weight (approximately 50–60 µg/g 
dry matter depending on moisture) are considered safe for chronic consumption. None of 
the formulations approached this upper limit, although PBG1 and PBG3 were closer to 
the critical range, and as such, warrant continued monitoring during scale-up or commer-
cial production. It is important to emphasize that α-chaconine is typically more toxic than 
α-solanine, with synergistic effects when both are present [32,66]. Therefore, the signifi-
cantly lower α-chaconine levels in PBG2 and PBG4 are particularly beneficial in terms of 
toxicological risk reduction. These variants may thus be more suitable from a regulatory 
and consumer safety perspective. 

Table 4. Results of glycoalkaloid contents in analyzes gyros. 

Parameter PBG1 PBG2 PBG3 PBG4 
α-Solanine content (µg/g d.m.) 32.405 ± 0.619 a 28.047 ± 1.186 b 32.110 ± 1.028 a 27.971 ± 1.327 b 
α-Chaconine content (µg/g d.m.) 12.365 ± 1.895 a 5.264 ± 0.375 b 12.601 ± 1.301 a 5.418 ± 0.478 b 
Values marked with the same lowercase letter in the row do not differ significantly. Values ex-
pressed per 1 g dry matter unless otherwise indicated. 
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3.3. Antioxidant Activity and Phenolic Acid Bioaccessibility 

To evaluate the bioaccessibility and potential health-promoting properties of the de-
veloped vegan gyros formulations, in vitro gastrointestinal digestion was performed. An-
tioxidant activity and levels of selected phenolic acids were analyzed before and after di-
gestion to assess the release and transformation of antioxidant compounds under simu-
lated physiological conditions. Initial total phenolic content (TPC) values ranged from 1.60 
to 1.86 mg GAE/g (gallic acid equivalent per gram) dry matter (Table 5), which aligned 
with values reported for other plant-based meat analogues containing legume proteins 
and fiber-rich carriers [16]. Notably, after digestion, TPC values increased significantly by 
approximately 2- to 2.5-fold, which indicated an improved extractability of polyphenolic 
compounds from the food matrix. The gastric and intestinal phases likely disrupted pro-
tein-phenolic and fiber-phenolic complexes, thus enhancing phenolic release [67,68]. 

Table 5. Content of antioxidants and overall antioxidant potential measured pre- and post-diges-
tion. 

Parameter PBG1 PBG2 PBG3 PBG4 
Prior to the in vitro digestion 
TPC (mg/g d.m.) 1.763 ± 0.077 a 1.863 ± 0.065 a 1.601 ± 0.079 b 1.623 ± 0.101 b 
TEACABTS (µmol/g d.m.) 9.915 ± 1.927 a 6.983 ± 1.173 ab 8.163 ± 1.054 a 6.067 ± 0.634 b 
TEACFRAP (µmol/g d.m.) 1.522 ± 0.147 a 1.497 ± 0.032 b 1.443 ± 0.099 b 1.606 ± 0.192 a 
Gallic acid (µg/g d.m.) 0.564 ± 0.018 a 0.388 ± 0.159 b 0.554 ± 0.032 a 0.567 ± 0.035 a 
Caffeic acid (µg/g d.m.) 0.162 ± 0.005 b 0.188 ± 0.015 a 0.124 ± 0.01 c 0.199 ± 0.015 a 
Ferulic acid (µg/g d.m.) 0.827 ± 0.016 a 0.652 ± 0.013 c 0.759 ± 0.02 b 0.723 ± 0.092 bc 
Chlorogenic acid (µg/g d.m.) 0.375 ± 0.011 c 0.381 ± 0.063 b 0.331 ± 0.02 d 0.499 ± 0.025 a 
After the in vitro digestion 
TPC (mg/g d.m.) 4.276 ± 0.222 a 3.994 ± 0.220 b 3.876 ± 0.197 b 4.127 ± 0.391 a 
TEACABTS (µmol/g d.m.) 55.900 ± 7.543 b 52.952 ± 9.377 b 71.138 ± 13.716 a 37.248 ± 7.393 c 
TEACFRAP (µmol/g d.m.) 2.671 ± 0.334 a 2.728 ± 0.336 a 2.316 ± 0.195 a 2.507 ± 0.474 a 
Gallic acid (µg/g d.m.) 1.145 ± 0.045 b 1.652 ± 0.012 a 1.644 ± 0.091 a 1.662 ± 0.044 a 
Caffeic acid (µg/g d.m.) 0.150 ± 0.001 b 0.155 ± 0.003 b 0.161 ± 0.011 a 0.166 ± 0.002 a 
Ferulic acid (µg/g d.m.) 0.859 ± 0.023 a 0.682 ± 0.026 d 0.767 ± 0.020 b 0.707 ± 0.001 c 
Chlorogenic acid (µg/g d.m.) 0.980 ± 0.039 b 1.144 ± 0.018 a 1.102 ± 0.105 a 1.072 ± 0.011 ab 
Values marked with the same lowercase letter in the row do not differ significantly. Values ex-
pressed per 1 g dry matter unless otherwise indicated. 

The antioxidant activity measured by ABTS assay increased post-digestion, with 
PBG3 exhibiting the highest final activity (71.14 µmol TE/g dry matter), which suggested 
that its specific matrix composition favored the liberation of bioactive compounds. This 
observation aligns with prior studies demonstrating enhanced polyphenol bioaccessibil-
ity following digestion [69,70]. FRAP values also increased across all variants, although 
the changes were comparably more moderate, thus reflecting the specificity of the assay 
toward electron transfer mechanisms. The discrepancy between ABTS and FRAP suggests 
that digestion favors the release of radical scavengers rather than reducing agents alone 
[71,72]. Before digestion, ferulic acid was the most abundant free phenolic acid (0.65–0.83 
µg/g dry matter), which is expected given its prevalence in cereal and fiber-rich compo-
nents. But, following digestion, chlorogenic and gallic acid levels increased substantially, 
with chlorogenic acid levels rising by more than 2.5-fold in all variants, particularly in 
PBG1 and PBG2. This suggests the breakdown of chlorogenic acid precursors or the re-
lease of bound forms during enzymatic hydrolysis [73,74]. The post-digestive increase in 
gallic acid, particularly in PBG2-PBG4 (up to ~1.66 µg/g), indicates hydrolysis of galloy-
lated tannins or protein-polyphenol complexes. These results reinforce the understanding 
that phenolic acids exist in bound forms within plant matrices and become bioaccessible 
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upon enzymatic digestion [75–77]. Notably, ferulic and caffeic acid concentrations re-
mained relatively stable before and after digestion. This could be attributed to their partial 
degradation under alkaline intestinal pH or to limited release from insoluble structures 
[78]. Nevertheless, the net antioxidant capacity increased significantly, which indicated 
that other phenolic or non-phenolic antioxidants (e.g., Maillard reaction products) may 
have contributed to the post-digestive antioxidant potential. Although in vitro digestion 
revealed enhanced antioxidant release, future research should include in vivo compara-
tive studies to evaluate physiological effects such as anti-inflammatory or anti-fatigue re-
sponses. These investigations will help establish the health relevance of the observed an-
tioxidant activity. 

3.4. Consumer Acceptance and Sensory Attractiveness 

The consumer and sensory evaluation of the developed gyros formulations demon-
strated clear differences between products enriched with ferritin-rich sprout powder and 
those fortified with inorganic iron salts. Figures 1 and 2 illustrate that formulations en-
riched with sprout powder consistently outperformed those fortified with inorganic iron 
salts across all sensory attributes. In particular, products containing sprout powder 
achieved higher scores for flavor, aroma, appearance, and texture. Consumers described 
these variants as having a more harmonious and appealing taste profile, with the sprout 
powder functioning as a natural flavor enhancer that subtly enriched the seasoning notes 
of the PBGs. The sprout powder enhanced flavor complexity and balance, thus mitigating 
the off-notes often associated with iron fortification. In stark contrast, formulations forti-
fied with inorganic iron salts, such as ferrous sulfate, were consistently rated lower in 
overall acceptability. Participants frequently reported the presence of a metallic or astrin-
gent aftertaste in these samples, which negatively influenced their sensory appeal. Such 
metallic off-flavors are a known limitation of inorganic iron fortification in plant-based 
products. Visual appeal and texture were also favorably influenced by the incorporation 
of sprout powder. Products enriched with sprout powder were described as having a 
more uniform color, an attractive appearance, and a cohesive, pleasant texture. Sprout 
powder integrated seamlessly into the matrix, which improved structural cohesion and 
contributed to a more pleasant mouthfeel. Conversely, products with added iron salts 
were often noted to have minor color irregularities and a slightly grainier texture, which 
further decreased their sensory quality. 
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Figure 1. Mean consumer acceptability scores for plant-based gyros formulations enriched with fer-
ritin-rich sprout powder or fortified with inorganic iron salts (PBG1-PBG4) and commercial plant-
based gyros (CPBG). 

 

Figure 2. Detailed sensory profiling of plant-based gyros formulations: comparison of products con-
taining ferritin-rich sprout powder and those fortified with inorganic iron salts (PBG1-PBG4) and 
commercial plant-based gyros (CPBG). 

To contextualize consumer acceptance, we included a commercially available plant-
based gyros (CPBG) as a benchmarking control. In the consumer test, the commercial 
product received the lowest rating for overall appearance, despite being judged to have 
the most appealing color. Across the remaining attributes, consumers rated PBG1 as the 
most attractive product, with scores exceeding those of CPBG. A similar pattern was ob-
served in the sensory evaluation, where PBG1 achieved the highest overall score. Im-
portantly, these findings highlight the potential of ferritin-rich sprout powder not only as 
a source of bioavailable iron, but also as a multifunctional ingredient that improves the 
sensory characteristics of plant-based meat analogues. The sprout powder acts similarly 
to a seasoning component by adding complexity and depth to the flavor profile without 
the need for artificial additives [79]. The patented production method for these ferritin-
enriched sprouts thus represents a promising innovation for the design of novel plant-
based products and offers a dual benefit of enhanced nutritional value and improved con-
sumer appeal. This approach could play a pivotal role in future food development strate-
gies aimed at addressing iron deficiency while meeting growing consumer demand for 
plant-based foods that are both health-promoting and sensorially attractive. 

3.5. Textural Properties 

Texture plays a pivotal role in consumer acceptance of plant-based meat analogues, 
as it influences the perceived quality and meat-like authenticity [80,81]. In the present 
study, two fundamental textural parameters were evaluated: firmness, expressed as the 
maximum shear force (N), and shear work (N × s), which represented the energy required 
to cut through the sample and is associated with cohesiveness and structural integrity 
[82]. Among the tested formulations, PBG4 demonstrated the highest firmness (3.83 ± 0.61 
N) and shear work (19.64 ± 2.81 N × s), which indicated a more compact and cohesive 
structure relative to the other variants (Table 6). In contrast, PBG2 exhibited the lowest 
firmness (3.11 ± 0.54 N) and the lowest shear resistance. These textural differences are 
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attributable to variations in matrix composition, particularly fiber type and carbohydrate 
content. The main compositional differences arose from the type of dietary fiber em-
ployed: PBG1 and PBG3 incorporated potato fiber, whereas PBG2 and PBG4 contained 
oat fiber, characterized by relatively higher β-glucan content and superior water-binding 
capacity. Notably, oat fiber typically enhances moisture retention and elastic cohesive-
ness, whereas the markedly higher firmness of PBG4 compared to PBG2 suggests that 
additional matrix interactions played a role. The PBG2 contained a higher carbohydrate 
content (9.04 g/100 g) than PBG4 (7.46 g/100 g), which could have exerted a plasticizing 
effect, reducing matrix rigidity and mechanical resistance in PBG2. Conversely, the ele-
vated β-glucan content in PBG4 (0.872 g/100 g) likely contributed positively to gelation 
and viscoelasticity, which aligned with the observed increase in shear work. Furthermore, 
variations in fat and sodium content may have influenced the structural properties. The 
lower fat content in PBG3 and PBG4 likely facilitated denser matrix formation during 
thermal processing. In contrast, the higher sodium levels in PBG1 and PBG2 could have 
altered protein-polysaccharide interactions by weakening matrix strength. PBG3, with in-
termediate firmness and shear work values, contained both ferrous sulfate and a lower 
fiber level compared to PBG4, which potentially affected water retention, protein cross-
linking, and overall textural integrity. These findings underscore the critical role of fiber 
type and minor ingredients in modulating textural performance. Oat fiber, rich in soluble 
fractions such as β-glucans, appears to enhance matrix viscosity and gelation, which sup-
ported higher shear resistance when balanced with water content [83,84]. In contrast, po-
tato fiber, with a greater proportion of insoluble components, may contribute to less co-
hesive textures, as reflected by the lower shear work in PBG1 and PBG3. The interactions 
between protein, starch, fiber, and fat—modulated by water activity and emulsifier pro-
file—emerge as key factors defining mechanical performance. 

Table 6. Results of texture analysis. 

Parameter PBG1 PBG2 PBG3 PBG4 
Firmness (N) 3.210 ± 0.319 b 3.107 ± 0.336 b 3.337 ± 0.238 b 3.833 ± 0.207 a 
Share work (Ns) 14.72 ± 1.94 c 15.84 ± 3.11 c 17.35 ± 1.86 b 19.64 ± 2.81 a 
Values marked with the same lowercase letter in the row do not differ significantly. 

3.6. Water Behavior 

Low-field nuclear magnetic resonance (LF NMR) relaxometry was employed to char-
acterize the water mobility and physical state of water fractions in both raw PBG batters 
and the final cooked products. Relaxation times T1 (spin-lattice) and T2 (spin-spin), includ-
ing T21 and T22 components, were used to characterize water mobility and distribution 
[85]. In the uncooked batters (Table 7), T1 values ranged from 118.07 ms in PBG2 to 139.92 
ms in PBG4, which indicated variations in proton-lattice energy exchange rates that reflect 
differences in protein-water and fiber-water interactions. The longest T1 values in PBG3 
and PBG4 suggest the presence of more mobile water populations, likely related to higher 
hydration and looser binding within the protein-fiber network. The higher β-glucan con-
tent in PBG4 may also contribute to increased water entrapment in a viscous gel phase 
[83], by slowing spin-lattice relaxation. Regarding spin-spin relaxation, T21 values (tightly 
bound water) ranged from approximately 29.9 ms in PBG2 to 35.8 ms in PBG3, whereas 
T22 values (loosely bound or free water) ranged from about 84.7 ms in PBG1 to 91.1 ms in 
PBG3, with higher T22 values in PBG3 and PBG4 implying greater free water availability 
or weaker matrix entrapment, which correlated with higher hydration and more porous 
structure in the raw state. Thermal processing led to a notable reduction in both T1 and T2 
values across all variants and indicated protein denaturation and matrix densification. T1 
values decreased by 10–20 ms, with the lowest in PBG2 (106.09 ms), which indicated 
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strong protein-water interactions and tighter proton-lattice coupling, potentially influ-
enced by oat fiber. T21 values also decreased by 8–10 ms, which suggested reduced mobil-
ity of bound water fractions [85] as protein aggregation and starch retrogradation pro-
gressed. PBG1 and PBG2 exhibited the shortest T21 times (22.4 and 21.7 ms), which indi-
cated greater water immobilization consistent with their slightly higher insoluble fiber 
density and starch-fiber synergy. T22 values decreased but remained higher in PBG3 and 
PBG4 (around 69–70 ms), which suggested the retention of more loosely bound water, 
likely due to their higher water content and soluble fiber (SDF, β-glucans). Correlating 
these findings with texture and composition, PBG4, which had the highest firmness (3.83 
N, Table 6) and shear work (19.64 N × s, Table 6), also exhibited the highest post-cooking 
T1 and T22 values, which suggested partial water retention in a structured yet flexible ma-
trix enabled by high β-glucan content and balanced fat and protein levels. In contrast, 
PBG2, with the lowest firmness and shortest relaxation times, reflected tighter water bind-
ing but lower structural resistance, perhaps due to a denser yet brittle matrix lacking plas-
ticity. PBG3, though softer, showed the highest pre-cooking water mobility, which high-
lighted the potential for reformulation with gelling aids or alternative fibers to improve 
structural stability upon cooking. These results confirm that water mobility is intricately 
linked to matrix composition and processing, which in turn influences final texture and 
stability [86,87]. LF NMR thus provided sensitive indicators of microstructural transitions 
during processing and revealed how ingredient choices modulate water dynamics, ulti-
mately to shape the textural profile of plant-based meat analogues. 

Table 7. LF NMR relaxometry results of batters and final products. 

Relaxation Time PBG1 PBG2 PBG3 PBG4 
Batters 

T1 (ms) 121.81 ± 0.44 b 118.07 ± 0.51 b 137.55 ± 0.58 a 139.92 ± 0.47 a 
T21 (ms) 31.25 ± 0.91 ab 29.94 ± 1.02 b 35.77 ± 1.09 a 33.93 ± 0.93 a 
T22 (ms) 84.66 ± 4.21 b 85.31 ± 4.30 b 91.06 ± 5.78 a 90.94 ± 5.09 a 

Final products 
T1 (ms) 110.22 ± 0.51 b 106.09 ± 0.43 c 111.03 ± 0.46 b 118.00 ± 0.52 a 
T21 (ms) 22.39 ± 0.79 b 21.73 ± 0.66 b 23.37 ± 0.83 a 24.06 ± 0.98 a 
T22 (ms) 64.31 ± 5.77 c 67.92 ± 4.58 b 68.92 ± 3.05 b 70.04 ± 3.66 a 

Values marked with the same lowercase letter in the row do not differ significantly. 

3.7. Microbiological Stability 

To evaluate the microbiological stability of the developed PBG formulations, samples 
were stored under refrigerated conditions and analyzed on days 1, 8, and 15 of storage 
(Table 8). The assessment included enumeration of total mesophilic aerobic microorgan-
isms, yeasts and molds, Enterobacteriaceae, as well as screening for key foodborne path-
ogens, specifically Listeria monocytogenes, Salmonella spp., Staphylococcus aureus, and Clos-
tridium perfringens. Initial mesophilic counts were low across all variants (2.47–2.87 log 
CFU/g), which reflected effective thermal processing and hygienic handling. By day 8, 
mesophilic counts increased modestly (2.99–3.47 log CFU/g) but remained well within ac-
ceptable levels for chilled ready-to-eat (RTE) products. By day 15, microbial counts in-
creased significantly in PBG3 and PBG4, exceeding the 7 log CFU/g threshold associated 
with spoilage. In contrast, PBG1 (6.36 log CFU/g) and PBG2 (6.66 log CFU/g) remained 
below this limit, which suggested relatively greater microbial stability that could be at-
tributed to differences in matrix composition or lower moisture availability in these vari-
ants. Precarious increase in mesophilic counts in all formulations at the 15th day has been 
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recognized as a point in which formulations became microbiologically unstable and fur-
ther measurements have been suspended. 

Table 8. Microbiological stability of plant-based gyros formulations (PBG1-PBG4) during refriger-
ated storage over 15 days: counts of mesophilic aerobic microorganisms, yeasts and molds, Entero-
bacteriaceae, Staphylococcus aureus, Clostridium perfringens, and Listeria monocytogenes (log CFU/g). 

Sample Day Mesophilic Aerobic 
Microorganisms Yeast and Mould Enterobacteriaceae S. aureus C. perfringens L. monocytogenes 

PBG1 
1 2.864 1.100 <0.100 <0.100 <0.100 <0.100 
8 3.175 2.595 <0.100 <0.100 <0.100 <0.100 
15 6.359 3.006 1.65 <0.100 <0.100 <0.100 

PBG2 
1 2.473 1.460 <0.100 <0.100 <0.100 <0.100 
8 3.474 2.555 <0.100 <0.100 <0.100 <0.100 
15 6.663 5.145 <0.100 <0.100 <0.100 <0.100 

PBG3 
1 2.652 1.454 <0.100 <0.100 <0.100 <0.100 
8 2.998 2.471 <0.100 <0.100 <0.100 <0.100 
15 8.967 3.983 <0.100 <0.100 <0.100 <0.100 

PBG4 
1 2.868 0.774 <0.100 <0.100 <0.100 <0.100 
8 3.155 2.988 <0.100 <0.100 <0.100 <0.100 
15 7.059 5.907 <0.100 <0.100 <0.100 <0.100 

Yeasts and molds exhibited a comparable growth pattern over time. Initial levels 
were below 1.5 log CFU/g in all formulations. By day 15, PBG2 (5.15 log CFU/g) and PBG4 
(5.91 log CFU/g) exhibited higher fungal counts, which may be associated with the 
inclusion of oat fiber in these variants. The water-binding capacity and nutrient 
composition of oat fiber could have supported fungal proliferation under refrigerated 
condition [88,89]. In comparison, PBG1 (3.01 log CFU/g) and PBG3 (3.98 log CFU/g) 
displayed lower yeast and mold growth, potentially due to tighter matrix structures and 
reduced water mobility, as indicated by complementary LF NMR analysis. 
Enterobacteriaceae were detected only in PBG1 at day 15 (1.66 log CFU/g), whereas Listeria 
monocytogenes, Salmonella spp., Staphylococcus aureus, and Clostridium perfringens were 
absent from all samples at all storage time points. Despite signs of spoilage after 10 days, 
all formulations remained microbiologically safe throughout the 15-day storage period. 
All formulations can be considered microbiologically stable for at least 8 days under 
refrigerated conditions. Given the observed increases in microbial counts beyond this 
period—particularly in PBG3 and PBG4—a conservative shelf-life of approximately 10 
days is recommended for these variants unless additional preservation measures are 
adopted such as preserving ingredients, MAP, etc. The enhanced stability of PBG1 and 
PBG2 may be linked to compositional factors limiting microbial proliferation, such as 
lower levels of free water or differences in matrix structure. Overall, the results 
demonstrate that the developed PBG formulations are safe, minimally processed 
alternatives with potential for short-term commercial distribution under refrigerated 
storage. 

4. Conclusions 
This study demonstrates the feasibility of transforming potato juice protein—a 

previously underutilized by-product—into a nutritionally robust and sensorially 
appealing plant-based gyros. The incorporation of ferritin-rich sprout powder enhanced 
iron bioavailability as well as improved flavor and texture, thereby addressing common 
limitations of plant-based meat analogues. The formulations exhibited high protein 
content, favorable fiber profiles, and significant antioxidant potential, particularly after 
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simulated digestion. Microbiological analyses confirmed product safety for up to 10 days 
under refrigerated storage. 

Future research should explore shelf-life extension strategies, such as natural 
preservatives or modified atmosphere packaging. Additionally, scaling up production 
and conducting in vivo bioavailability studies will be critical for commercial translation. 
The valorization of agro-industrial side streams such as potato juice aligns with circular 
economy principles and offers a promising pathway toward more sustainable food 
systems. To improve commercial applicability, future work will explore preservation 
strategies such as natural antimicrobial agents, modified atmosphere packaging (MAP), 
and high-pressure processing. These approaches may extend shelf-life while maintaining 
product safety and quality. 

5. Patents 
The results presented in this article were used to prepare a patent application to The 

Patent Office of the Republic of Poland (patent application No. P.446897, dated 29 
November 2023). 
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