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acceptability, clean- Gluten-free breads typically exhibit rapid firming and limited natural color diversity, which issues are usually addressed

label, consumer test, through multiple additives. This study evaluated the properties of adding fresh elderberry (Sambucus nigra) and spinach

principal component (Spinacia oleracea) purées (15-35 %, flour basis) as multifunctional ingredients for sorghum (Sorghum oryzoidum) gluten-free

analysis, texture profile bread. Nine bread recipes were analysed for their instrumental texture, crumb CIELAB color, sensory profile, and consumer

analysis acceptability at 6 h and 24 h post-baking. At 6 h, bread with added spinach puree at 35 % achieved wheat-like softness, while
bread with added elderberry pureeincreased crumb firmness. After 24 h, all breads firmed, but bread with added 35 % of spinacj
puree remained substantially softer than the sorghum reference sample. Elderberry purée shifted crumb color towards red-
violet hues, spinach puree did it towards green-yellow hues, while the variants of bread with added spinach showed the lowest
24 h color change (AE*ab< 3.5). Consumer scores were consistently high (>7.0 on day 1), with 35 % elderberry-enriched bread
which retained the highest liking rating after 24 h. These findings demonstrate that fresh plant purées can expand natural
colours diversity and attenuate early firming in gluten-free bread, supporting their application as clean-label alternatives to
the conventional additives.

FUNDING: This work was supported by the National Agency for Research and Development (NARD), Republic of Moldova, through the research proj-
ect “Exploratory analysis of food security in the Republic of Moldova based on metrics of sustainable and nutritional quality (SNuQ) of food products”
(grant No. 23.70105.5107.05), implemented at the Technical University of Moldova.
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MMIOPE 13 CBEJXUX SAITOJ BY3WHBI UJIN IMIOPE 13 LIIMUHATA
KAK IBOMHOM HATVYPAJIBHBIN KPACUTEJIb U MOAVJISITOPBI
KOHCHUCTEHIIMM COPTOBOTO BE3IJIIOTEHOBOTO XJIEBA
HA PAHHUX CPOKAX ITOCJIE BBIIIEUKU
Cumentok P. 1.*, llypkany [I. H.

TexHuuueckuit Yuuepcuret Monnossl, Kuninues, Peciy6ika Mongosa

OTKPBITHIN JOCTYI

K/IIOYEBBIE CIOBA: AHHOTAL A

npuemiemMocmo, Be3rmioTeHOBRI X1e6 06BIYHO GBICTPO UEPCTBEeT M MMeeT OrpaHKYeHHOe pa3sHooOpasye MPUPOAHBIX LIBETOB, UTO, KaK
npupooHole MPaBUIIO, UCIIPABIISIETCS MHOTOUMCIEHHbIMM 106aBKaMM. B 9TOi cTaThe OLIEHMBAIOTCSI CBOVCTBA IMIOPE M3 CBEXMUX SITOZ,
UHepedueHmbl, 6y3uHbI (Sambucus nigra) v unuHata (Spinacia oleracea) (15-35 % oT KonmuyecTBa MyKn), IpMMeHEHHbIX B KAUeCTBe MHOTO-
noonadaroujue (byHKIMOHABHBIX VHTPEIMEHTOB /1JIs1 6€3ITTI0TEHOBOTO XJ1e6a, BBITIEUeHHOTO 13 cOpro (Sorghum oryzoidum). Beln mpoBeneH
nod onpedesnenue aHaau3 AeBSITU PellenTyp, e MHCTPYMEeHTATbHO OLleHMBa/lIach KOHCUCTEHLMS, IIBeT MsikuIIa 1o 1mkasne useta CIELAB,
«uucmas mukemKa»,  mpodIb OPraHONENTUIECKIX CBOMCTB M YPOBEHD MOTPEOGUTENbCKOI TPUEeMIEMOCTH yepe3 6 1 24 yaca I0CiIe BBIIIeYKN.
nompebumenvckas Yepes 6 yacoB xj1eb ¢ Job6aBieHeM LINMMHATA B KOMUYECTBE 35 % DOCTUT YPOBHS MSTKOCTU, CPABHUMOTO C IIIEHNYHBIM
OUyeHKa, aHanu3 x71e60M, B TO BpeMs Kak 1o6aBieHHas Gy3MHa MOBbICMIA YepCTBOCTh MsiKuIa. Yepes 24 yaca Bce BUIbI x1e6a 3auepCTBern,
OCHOBHbIX HO XJ1€0, MCIIeUeHHbI ¢ J06aBIeHMEeM IIMHATA B KOANYECTBe 35 %, 0CTaBaJICSl 3HAUMTETBHO MSITye, HeskeTy KOHTPOJIbHbI
KOMNOHEHMO8, obpaselr, BbITIeUeHHbI 13 copro. [Tiope 13 srof, 6y3MHbI U3MEHWIIO LIBET XJIEOHOT0 MSIKMILA B CTOPOHY KPaCHO-(GMOTETOBbIX
axanus npopuis OTTEHKOB, ITI0pe U3 IIMIHATA — B CTOPOHY 3€/IeHO-KeJITOr0 OTTEeHKA, TPV 9TOM BapMaHTHI pellelTa ¢ 106aBJIeHHbIM LI -
KOHCUcmeHyuu HATOM TI0Ka3a/i HayMeHblllee u3MeHeHue [BeTa yepes 24 uaca (AE*ab< 3,5). [Torpe6uTenbCKie OLeHKM Gl HeM3MEHHO

BBICOKMMM (27,0 B MepBbIii IeHb), IPU ITOM Xj1e6 ¢ mobaBiaeHueM 35 % Oy3MHbI COXPaHWI HAMBBICIIYIO OLIEHKY U depe3
24 vaca. DTy pe3y/abTaThl TOKa3bIBAIOT, YTO MPUMEHEHNE MIOPE U3 CBEXKNUX PACTUTEIbHBIX MaTepMUaao0B CIIOCOGHO pacIim-
PUTH ecTeCTBEHHOEe pasHooOpasye 1[BeTa ¥ YMEeHbIIUTD IIPeXKIeBpeMeHHOe YepCTBeHe 6e3rMoTeHOBOro xieba, uTo moj-
TBEPXKIAET 11e1eCO06Pa3HOCTb UX MPUMEHEHMSI B KAUeCTBE aJIbTePHATUBBI TPAAUIIMOHHBIM J0OABKaM, ITOa A0 MM IO,
orpeesieHNe «UMCTast ITUKETKAY.

OUHAHCHPOBAHUE: [laHHast cTaThst Gbl7ia BBIITOJHEHA IIPU MOAIEepKKe HallMoHaaAbHOTO areHTCTBa Mo MccaenoBanusam u paspaborkam (NARD)
Pecriy6iky MosiioBa B paMKax 1CCIe0BaTeIbCKOro mpoekTa «ViccaeqoBaTenbCKiit aHains MpofLoBOIbCTBEHHO 6e3o0macHocTH B Pecry6iike Mos-
JIOBa Ha OCHOBE [TOKAa3aTeseit 9KOOTMIEeCKO UMCTOThI Y TUTATENbHOI IleHHOCTH (SNUQ) NmuIeBbIX TPOAYKTOB» (TpaHT N2 23.70105.5107.05), peanu-
3yemMoro B TexHuueckom yHuBepcuteTe MONIOBBI.

FOR CITATION: Siminiuc, R., Turcanu, D. (2026). Fresh elderberry or spinach ~ OJIsI TUTUPOBAHHMS: Cumusioxk, P. W., Lypkany, 1. H. (2026). ITiope
purées as dual natural colour and early texture modulators in sorghum gluten-  u3 cBexkux sirox Oy3MHBI WM TIOPe U3 IINMHATA KaK ABOMHOM HATypaabHBIN
free bread. Food Systems, 9(1), 98-105. https://doi.org/10.21323/2618-9771-2026-  KpacuTelb M MOLYIATOPbl KOHCUCTEHIMY COProBOro Ge3IMITeHOBOro xieba
9-1-98-105 Ha paHHUX CPOKax Mocje Bbimeuykua. [Tuujessie cucmemst, 9(1), 98—105. https://doi.
org/10.21323/2618-9771-2026-9-1-98-105
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1. Introduction

The gluten-free (GF) bread market has been expanding steadily, driv-
en by the diagnostics of celiac disease and non-celiac gluten sensitivity,
as well as by voluntary adoption of “clean” foods or perceived healthier
diets among non-celiac consumers [1,2]. Yet GF breads still lag behind
wheat analogues in three persistent quality domains: crumb openness,
early (first 24 h) firmness kinetics and naturally appealing color diversity,
which together influence repurchase behavior [3-6]. Current technologi-
cal optimization commonly relies on cumulative “packages” of hydro-
colloids (xanthan, psyllium), refined starches, emulsifiers and enzyme
systems; for visual differentiation, added colorants or processed extracts
are frequently used [3,7-10]. While effective for volume or softness sta-
bilization, this multi-additive reliance can lengthen ingredient lists and
erode clean-label positioning, increasingly valued in free-from-artificial
ingredients products [11,12]. These pressures motivate interest in whole,
recognizable plant ingredients able to contribute both technical& func-
tional (hydration, matrix support) and sensory (natural color) parameters.

Sorghum flour is a relevant GF platform due to its gluten absence,
starch functionality and phenolic potential, though unaided it can yield
compact crumb and limited elasticity [13,14]. The local hybrid Sorghum
oryzoidum (“soryz”) — featuring pale kernels, neutral taste, and a mod-
erate protein content (approximately 10%) — adds specific advantages:
(i) a light, neutral crumb matrix that accentuates pigment contributions
from added plant purées; (ii) valorization of an underutilized regional
resource; (iii) distribution of compatible proteins fractions (albumins,
globulins and glutelins) with forming a stable matrix in the presence of
hydrocolloids [15,16].

Elderberry (Sambucus nigra) fruits, abundant and under-exploited
locally, supply anthocyanins (cyanidin derivatives, including acylated
forms), phenolics and simple sugars with intense red-violet dying capac-
ity [17]. Using fresh integral purée rather than extracts or powders retains
fibers, pectins and organic acids that may manage water distribution and
engage in weak hydrogen bonding or aromatic stacking with polysac-
charides/hydrocolloids — mechanisms proposed (not directly confirmed
here) to influence early crumb microstructure [18,19].

Spinach (Spinacia oleracea) purée contributes chlorophylls, carot-
enoids (lutein, B-carotene), predominantly insoluble fibers (plus a sol-
uble fraction), vitamins and moderate phenolic levels [20], providing
a green — yellow hues palette complementary to the red — violet elder-
berry spectrum without using of any synthetic colorants. Cellular inclu-
sions and fibers may dissipate localized mechanical stress during baking/
cooling, this way potentially supporting acceptable chewiness without
increasing perceived density [21].

Literature gaps still persist: many GF enrichment studies use pigment
extracts or dried powders, or examine a single botanical kind while pro-
cessing texture or color in isolation [22]. Integrated evidence is scarce
for two fresh, unpasteurized plant purées with complementary pigment
spectra — under-utilized S. nigra and accessible S. oleracea — applied at
graded inclusion levels (15-35%) in a neutral S. oryzoidum matrix with

concurrent evaluation of early instrumentally tested texture (6 h/24 h
TPA), measuring of colour by CIELAB (including A over 24 h), descriptive
sensory profile and consumer acceptability within the initial freshness
window.

The objective of this study was to determine whether fresh elderberry
and spinach purées, used at 15-35% inclusion levels, can simultane-
ously improve early crumb texture and broaden natural color diversity in
sorghum-based gluten-free bread. Novel contributions include: (a) dual
valorization of a spontaneous local resource and a widely accessible
horticultural species as unpasteurized whole purées; (b) establishment
of a bidirectional natural color platform (red-violet vs. green — yellow)
within a neutral sorghum matrix; (c) integrated multidimensional (tex-
ture — color — sensory) assessment focused on the early staling window;
and (d) orientation toward reducing reliance on added colorants and aux-
iliary functional ingredients consistent with clean-label objectives.

2. Materials and methods

The study compared nine bread recipes: one wheat-based bread (WB)
used as reference sample, two gluten-free control sample formulations
based on sorghum flour [S-GFB and S-GFB+CS], and six gluten-free
variants enriched with graded levels (15, 25, 35% w/w of flour basis) of
S. nigra or S. oleracea purée. All bread samples were prepared at labo-
ratory scale in the Department of Food and Nutrition at the Technical
University of Moldova under identical processing conditions, as described
in Section 2.2.

Instrumental evaluations (Texture Profile Analysis and CIELab color
measurement) and sensory assessments were performed at 6.0£0.5 h (af-
ter complete cooling to 23+ 1°C) and 24.0+0.5 h post-baking. The fruits
of S. nigra were manually harvested at full ripeness (September 2024)
from wild stands in Floresti district (Republic of Moldova). After removal
of the pedicels, the fruits were rinsed with potable water, drained, and
homogenized using a laboratory blender, then passed through a 0.5 mm
mesh stainless-steel sieve to remove the seeds. Fresh leaves of S. oleracea
were purchased in September 2024 from the local growers at the central
agricultural market. After rejecting damaged leaves, they were washed,
drained, and blended with potable water at a 4:1 ratio (leaf mass: water,
Ww/w) to obtain a smooth, particle-free purée. The purées were used im-
mediately after preparation, unpasteurized, without freezing or storage
longer than 1 h.

2.1. Sample formulation

The detailed compositions of all samples (wheat-based reference
sample, gluten-free control samples based on sorghum flour, and purée-
fortified gluten-free variants) are presented in the Table 1, expressed
both as grams per batch and baker’s percentage (values in parentheses;
flour basis=100 g total cereal solids). The nine formulations comprised
WB (wheat-based reference sample), S-GFB (sorghum-based gluten-free
control sample), S-GFB +CS (sorghum-based gluten-free dilution control
samples with corn starch), and six purée-fortified variants prepared with

Table 1. Formulation of control and gluten-free breads enriched with S. nigra or S. oleracea purée: absolute amounts per batch (g)
and baker’s percentages (g (%), values in parentheses =baker’s % w/w relative to 100 g total cereal solids)
Ta6nuua 1. Perrentypa KOHTPOJIBHOTO 00pasiia xjie6a u 6e3rII0TeHOBOro x/1e6a, 060raleHHOro mope us S. nigra i S. oleracea:
a6CoIIOTHOE KOJIMYECTBO J00AaBOK HA MapTHIO (T) U MeKapCKuii mpoueHT (T (%), 3HaYeHus B CKOOKaX = MeKapCKMii MPOLIeHT
B BECOBOM BBIP@yKEHUM OTHOCUTENbHO 100 r 0611ero copepskaHmst CyXuX 3ePHOBbIX BEIIEeCTB)

Ingredients WB S-GFB S-GFB+CS S-GIFSB‘% SN S-GZFSB%J: SN S-G;‘SISO/: SN S-GIFSB(%- SO S-GZFSB‘;;SO S-G;SBD/: SO
Water 120 (60%) 200 (100%) 200 (100%) 220(110%) 200 (100%) 200 (100%) 190 (95%) 180 (90 %) 170 (85%)
Sour cream (20% fat) 70 (35%) 70 (35%) 70 (35%) 70 (35 %) 70 (35%) 70 (35%) 70 (35 %) 70 (35%) 70 (35%)
S. nigra purée 0(0%) 0(0%) 0(0%) 30 (15%) 50 (25%) 70 (35%) 0(0%) 0(0%) 0(0%)
S. oleracea purée 0(0%) 0(0%) 0(0%) 0(0%) 0(0%) 0(0%) 30 (15%) 50 (25 %) 70 (35%)
Sugar 10 (5%) 10 (5%) 10 (5%) 10 (5%) 10 (5%) 10 (5%) 10 (5%) 10 (5%) 10 (5%)
Dry yeast 4(2%) 4(2%) 4(2%) 4(2%) 4(2%) 4(2%) 4(2%) 4(2%) 4(2%)
Salt 3(1.5%) 3(1.5%) 3(1.5%) 3(1.5%) 3(1.5%) 3(1.5%) 3(1.5%) 3(1.5%) 3(1.5%)
Xanthan gum 0(0%) 4(2%) 4(2%) 4(2%) 4(2%) 4(2%) 4(2%) 4(2%) 4(2%)
Psyllium powder 0(0%) 4(2%) 4(2%) 4(2%) 4(2%) 4(2%) 4(2%) 4(2%) 4(2%)
Baking powder 0(0%) 3(1.5%) 3(1.5%) 3(1.5%) 3(1.5%) 3(1.5%) 3(1.5%) 3(1.5%) 3(1.5%)
Wheat flour 200 (100 %) 0(0%) 0(0%) 0(0%) 0(0%) 0(0%) 0(0%) 0(0%) 0(0%)
Sorghum flour 0(0%) 200 (100%) 100 (50%) 100 (50 %) 100 (50%) 100 (50%) 100 (50 %) 100 (50%) 100 (50%)
Corn starch 0(0%) 0(0%) 100 (50%) 100 (50 %) 100 (50%) 100 (50 %) 100 (50 %) 100 (50%) 100 (50%)
Total (g) 407 498 498 548 548 568 518 528 538

Legend: WB=wheat-based bread (reference sample); S-GFB=sorghum-based gluten-free bread (gluten-free control sample); S-GFB+CS =sorghum-based gluten-
free bread with added corn starch (dilution degree control sample); SN15, SN25, SN35=S-GFB+CS formulations containing 15, 25, and 35 % S. nigra purée, respec-
tively; SO15, SO25, SO35=S-GFB +CS formulations containing 15, 25, and 35 % S. oleracea purée, respectively. Percentages are expressed on flour basis.
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graded levels (15, 25, and 35 %, w/w of flour basis) of S. nigra (SN15, SN25,
SN35) or S. oleracea (SO15, SO25, SO35).

To ensure process consistency, the amount of added water was ad-
justed according to volume of purée adding and moisture contribution
in order to maintain comparable dough consistency across formulations.
Accordingly, added water varied inversely with added purée volume,
particularly for the higher-moisture S. oleracea purée (in this recipe the
water volume was accordingly reduced to maintain target dough consis-
tency). The ingredients common to all recipes (2% dry yeast, 5% sugar,
1.5% salt, 2% xanthan gum, 2 % psyllium powder, 1.5% baking powder;
baker’s %) remained unchanged. Each recipe was prepared in triplicate,
with one batch per day over three consecutive days, each batch represent-
ing an independent experimental unit. Ingredients were weighed using
a precision scales (model XE PLUS-600R, CAS Corporation, China).

2.2. Technological process

The dry phase (flour, starch, salt, sugar, yeast, hydrocolloids, baking
powder) and the liquid phase (water, sour cream, vegetable purée) were
homogenized separately, then combined and mixed for 2.0 min at speed 3
(medium) using an Electrolux Speedy Mixer (model SPEEDY250, 0.25 kW,
Electrolux, Italy), maintaining a total solids-to-water ratio of 1:0.85. The
final dough (batter) temperature was 27.0=1.0°C.

The resulting batter (approximately 450 g per loaf) was poured
into non-stick metal loaf pans (internal dimensions 20x 10x8 cm;
length x width x height) to rest for 15-20 minutes at 20-22°C (bench
rest/pre-fermentation). The main fermentation was carried out for 70—
80 minutes (until visible volume increased by approximately 80-90 %) in
a UNOX Rossela TM proofer (XF193-B, UNOX S.p.A., Italy) at 30-35°C
and 70-85 % relative humidity.

Baking was performed in a UNOX Rossela convection oven (model
XFT193, UNOX S.p.A., Italy) in two stages: 30 minutes at 175°C fol-
lowed by 30 minutes at 180 °C, without steam injection. The loaves were
considered fully baked when the internal crumb temperature reached
96.0£1.0°C, then the loaves were cooled on the racks to 23-25°C (ap-
proximately 90 minutes) before analytical and sensory measurements.

2.3. Instrumental analysis

Texture (TPA). Crumb texture profile analysis was performed us-
ing a TA.HD Plus C texture analyser (Stable Micro Systems, UK). Crumb
cubes (20 % 20 X 20 mm), taken from the central area of three independent
loaves (three cubes per loaf), were tested at 23+1°C (n=9). Each sample
underwent double compression to 50% deformation using a cylindri-
cal probe P/36R (@ 36 mm), with a test speed of 1 mm/s for all phases
(pre-test, test, and post-test). The following parameters were obtained
from the force-time curves: hardness, adhesiveness, springiness, gum-
miness, and chewiness. Cohesiveness was used only as an intermediate
factor in these calculations and therefore is not tabulated. Measurements
were performed at 6£0.5 h (day 1, after complete cooling) and 24+0.5 h
(day 2) after baking. Results are presented as mean*standard deviation.

Colour (CIELab). The L*, a*, and b* parameters of the crumb were re-
corded using a CR-400 colorimeter (Konica Minolta, Japan), with D65 il-
luminant and 8 mm aperture. The instrument was calibrated before each
session using the manufacturer-supplied white calibration plate (BC-10).
Two 10-mm crumb slices were taken from each of three independent
loaves (3 x 2), giving n=6 colour readings per formulation per time point.
The total colour difference between day 1 and day 2 was calculated fol-
lowing the standard ISO 11664-4:2019 [23]:

aEy, = (o + (e + (a0 0

where AL*, Aa®, and Ab* are the differences between the corresponding mean
values at the two time points. Perceptibility thresholds adopted for AE*ab
were: <1 imperceptible; 1-3.5 slightly perceptible; 3.5-6 clearly visible;
>6 highly noticeable.

2.4. Sensory analysis

Quantitative Descriptive Analysis (QDA). Descriptive evaluation was
conducted in accordance with the standard ISO 13299:2016 [24]. Test-
ing booths, lighting conditions (D65, 1000 Ix), and serving procedures
complied with ISO 8589:2007 [25]. The panel consisted of 12 trained as-
sessors (6 women, 6 men; aged 20-50), selected based on triangle tests
(selection threshold >80 % correct identifications) and repeatability veri-
fication (non-significant within-one-assessor variance, p >0.05). Training
was carried out in four 90-minute sessions using reference samples to
define three texture attributes: bite firmness, springiness, and chewiness.
The intensity of each attribute was rated using an 11-point category scale
(0="very low”, 10="very high”) with discrete integer scores and anchored
descriptors at 0, 5, 10.

Cubic crumb samples (20 x 20 x 20 mm) were presented in randomized
monadic order, coded with three-digit numbers, at 23+ 1°C under D65
lighting (1000 Ix). Each sample was evaluated at two time points (6+0.5 h
and 24+0.5 h post-baking; day 1 and day 2) to assess early texture evo-
lution (one evaluation per an assessor per formulation per time point;
n=12 replicates per formulation per time point). Water and unsalted
crackers were provided as palate cleansers; a 60-90 s interval was intro-
duced between trying the samples.

Hedonic consumer test. Acceptability was assessed in accordance with
ISO 11136:2020 [26,27].The study involved 100 untrained consumers
(38 following a gluten-free diet for >6 months and 62 without dietary
restrictions), aged 20-60 years, recruited voluntarily based on written
informed consent, with the possibility to withdraw at any time. Samples
(25 g slices, coded with three-digit numbers) were served at 23%1°C in
individual booths. Each participant received five samples per session,
presented in a Williams Latin balanced design using an incomplete bal-
anced block plan across two sessions (day 1 and day 2). Appearance, oral
texture, taste, and overall acceptability were rated on a 9-point hedonic
scale (1=dislike extremely; 9=1like extremely).

The study was approved by the Ethics Committee of the Technical
University of Moldova. The study protocol complied with the Declaration
of Helsinki and received ethics clearance as stated in the Institutional
Review Board Statement.

2.5. Statistical data analysis

Raw data sets were verified and recorded in Microsoft Excel 365 (Mi-
crosoft Corporation, Redmond, WA, USA), and then statistically analyzed
using GraphPad Prism 10.5 (GraphPad Software LLC, San Diego, CA, USA).
For each instrumental and sensory variable, the mean and standard devia-
tion (mean+SD) were calculated; the significance level was set at a.=0.05
(two-tailed criterium). Normality of residuals was checked by Shapiro—
Wilk test and homogeneity of variances by Levene’s test; where assump-
tions were not violated, parametric tests were retained. Instrumental tex-
ture and colour data were evaluated using two-way ANOVA with factors
“Formulation” (9 levels) and “Time” (day 1 vs day 2) plus their interac-
tion. QDA attributes (bite firmness, springiness, chewiness) were analyzed
similarly. Hedonic attributes were analyzed by two-way ANOVA. Planned
polynomial contrasts (linear, quadratic) were applied to graded purée lev-
els (15-25-35%). Correlations between textural, chromatic, and sensory
parameters were estimated using Pearson’s correlation coefficient; the re-
sulting matrices were represented as heatmaps (non-significant cells were
left uncoloured, p >0.05). Integration of instrumental and sensory variables
was performed by Principal Component Analysis (PCA) on standardized
data (mean=0, SD=1). The first two principal components explained 73 %
of the total variance on day 1 and 67 % on day 2, consistent with the results
reported. Loadings with absolute value >0.60 were considered salient.

Results

3.1. Texture indices

Two-way ANOVA revealed significant main effects of formulation
and storage time factors, as well as a significant formulation X storage
time factors interaction, for hardness, adhesiveness, gumminess, and
chewiness (p<0.0001 for all). At 6 h post-baking (day 1), crumb hardness
ranged from 578.9+3.1 g in the wheat-based reference sample (WB) to
1,487.0+2.5 g in the S-GFB+SN (25 %) formulation. Among gluten-free
(GF) samples, the S-GFB+S0O (35 %) variant exhibited the lowest hard-
ness (608.9%2.6 g), although it remained significantly higher than WB
(p<0.05). Relative to WB, hardness was approximately 144 % higher in the
sorghum control sample (S-GFB) and 157 % higher in S-GFB+SN (25 %).
Gumminess and chewiness followed the same general pattern as hard-
ness, with the highest values consistently observed for S-GFB +SN (25 %),
whereas the lowest values were recorded for WB or S-GFB+SO (35 %), de-
pending on the additive and storage time (Table 2).

After 24 h of storage (day 2), hardness increased in all samples, with abso-
lute increases ranging from 488.0 g in WB to 1,129.5 g in S-GFB+SN (25%).
The relative ranking of formulations remained unchanged, with S-GFB+SN
(25 %) remaining the firmest and S-GFB+SO (35 %) as the softest GF variant.
On the day 2, S-GFB+SO0 (35 %) showed a hardness of 1,098.1+3.6 g, corre-
sponding to approximately 56 % lower hardness than the sorghum control
sample. Gumminess and chewiness also increased after storage and largely
mirrored the hardness pattern across formulations, being consistent with
progressive crumb firming during post-baking storage.

3.2. Color parameters

Two-way ANOVA revealed significant main effects of formulation and
storage time, as well as a significant formulation X storage time interac-
tion, for crumb L*, a*, and b* coordinates (p<0.0001 for all effects, except
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Table 2. Instrumental Texture Profile Analysis (TPA) of control and gluten-free breads fortified with S. nigra or S. oleracea purée
(hardness, adhesiveness, gumminess, chewiness at 6 h (Day 1) and 24 h (Day 2) post-baking)

Ta6nuua 2. UHCTpyMeHTa/IbHbI aHammn3 npodwis KoHcucreHun (TPA) KOHTpoIBHOrO 06pa3na x/1eda ¥ 6e3rII0TEHOBOro X/1e6a, 060ralleHHOro mope
u3 S. nigra i S. oleracea (4epcTBOCTD, JINIIKOCTH, KII€MKOCTb, Pa3)XKEBHIBAEMOCTb Yepe3 6 yacoB (geHsb 1) u 24 yaca (IeHb 2) 1oc/ie BBIIIEYKN)

Sample Hardness (g) Hardness (g§) Adhesiveness Adhesiveness Gumminess Gumminess Chewiness (g) Chewiness (g8)
p Day 1 Day 2 (g's) Day 1 (g-s) Day 2 (g) Day 1 (g) Day 2 Day 1 Day 2

WB 578.9+3.1% 1066.9+4.1% -507.6+4.0°  -1143.0%5.0° 303.3+2.8° 643.3%4.7° 345.9+3.0° 600.6%5.0°
S-GFB 1410.9+2.1"  2480.0#5.0"  -1089.0+3.0" -2751.1+5.4! 559.4%+4.6° 961.6+5.98 724.8+4.88 867.0%5.3
S-GFB+CS 797.6%4.9° 1435.7%4.3 -724.8%3.9°  -1292.0+4.6' 427.5%4.1° 832.7%4.5 470.4%3.8° 832.7+4.5°
S-GFB+SN15 741.1%+4.5¢ 1339.0+4.1¢ -735.5£3.60  -1205.0+4.89  422.7%3.3° 776.6%4.3¢ 425.9+2.9° 776.6%4.3°
S-GFB+SN25 1487.0%2.5! 2616.5+2.5  -1338.0£3.4  -2643.0+3.1"  862.5%4.2¢ 1918.0+3.6! 862.5+4.2" 1766.0+3.8"
S-GFB+SN35 730.0+2.5¢ 1281.5+2.5¢ —-657.0%4.1°  -1067.2+3.9% 423.4+4.0° 717.6%4.1¢ 423.4+4.0° 597.4+3.9°
S-GFB+S015 984.0%2.2¢ 1771.0£3.18  -885.624.0° —1594.0+4.45  570.7+4.3 1027.0%4.6" 570.7+4.3" 1027.0+4.68
S-GFB+S025 774.0+2.6° 1393.0£2.9°  -696.624.2¢  -1254.3+4.2°  448.9+4.0¢ 807.9%4.1° 448.9+4.0¢ 807.9%4.1¢
S-GFB+S035 608.9%2.6° 1098.1£3.6° -537.524.1°>  -1161.2%4.8° 378.3£3.7° 539.1+4.4% 333.9%3.52 570.0%4.4

Legend: WB=wheat-based bread (reference sample); S-GFB=sorghum-based gluten-free bread; CS=corn starch; SN=S8. nigra purée; SO=S. oleracea purée; 15, 25,

35=purée inclusion level (% flour basis).

Note: Values are mean*SD (n=9; 3 loaves X 3 central crumb cubes). For each textural parameter, means within the same column bearing different superscript let-
ters differ significantly among formulations at p<0.05 according to Tukey’s multiple-comparisons test following two-way ANOVA. Negative adhesiveness values

denote detachment work.

storage time for b*, p=0.0004). At 6 h post-baking (day 1), crumb light-
ness (L*) ranged from 33.87+0.13 for S-GFB+SN (25 %) to 78.00%0.14 for
S-GFB +CS, compared with 64.96+0.14 for WB and 75.32+0.33 for S-GFB
(Table 3).

The addition of elderberry purée decreased L* values and shifted a*
coordinates toward positive values (red-violet hues), whereas spinach
purée increased b* values (yellow tones) and shifted a* toward more
negative values (greenish hues). On the day 1, all formulations differed
significantly in L*. For a*, S-GFB and S-GFB+CS were statistically com-
parable, whereas for b*, S-GFB+SN (25 %) and S-GFB+SN (35 %) did not
differ significantly.

After 24 h of storage (day 2), formulation-dependent changes were ob-
served in crumb colour coordinates and total color difference. WB showed
the highest increase in lightness (AL*=8.07+0.26) and the largest total
color difference (AEab=8.32%0.10), indicating a highly noticeable crumb
color change during storage. In contrast, S-GFB presented a slight de-
crease in lightness (AL=-1.50+0.22) and a much smaller total colour
difference (AEab=2.22%0.18). Among elderberry-enriched bread vari-
ants, the largest variation occurred in S-GFB+SN (25 %) (AL=6.13+0.28;
AEab=6.45%+0.17), whereas S-GFB+SN (35%) showed the greatest
colour stability (AEab=0.50%+0.33). Spinach-enriched bread formula-
tions showed lower total colour differences, with AEab values ranging
from 1.22 to 3.17, corresponding to slightly perceptible changes. On the
day 2, all formulations continued to differ significantly in L. For a*, WB
and S-GFB+CS were statistically comparable, whereas for b*, S-GFB + SN
(25%) and S-GFB+SN (35%) again did not differ significantly. Overall,
storage induced formulation-dependent changes in crumb colour. Com-
pared with WB and S-GFB+SN (25 %), spinach-containing breads gener-
ally exhibited lower total colour differences during storage, although the
highest colour stability was observed for S-GFB + SN (35 %).

3.3. Quantitative Descriptive Analysis (QDA)

On the day 1, bite firmness scores ranged from 4.30+0.45 in S-GFB +
+ SN (35%) and S-GFB+SO (15%) to 5.80+0.50 in S-GFB+SO (35%).
Springiness values ranged from 5.30%0.45 to 5.90£0.55, whereas chewi-
ness ranged from 5.00+0.50 in WB and S-GFB+S0 (25 %) to 6.10£0.65 in
S-GFB+SN (35 %) (Table 4).

Tukey’s post hoc test showed partial overlapping among formulations
for all three sensory descriptors. On the day 1, S-GFB+SO (35 %) had the
highest bite firmness score, whereas S-GFB+SN (35%) and S-GFB+SO
(15 %) showed the lowest values. For springiness, the highest values were
observed in S-GFB+SN (15 %) and S-GFB + SN (25 %), whereas S-GFB+SO
(15 %) showed the lowest score. For sensory chewiness, S-GFB+SN (35 %)
showed the highest score, whereas WB and S-GFB + SO (25 %) were among
the lowest-rated samples.

At the day 2, bite firmness increased across all samples by approxi-
mately 1.4 to 2.3 units, whereas springiness remained relatively stable
or decreased slightly depending on formulation. The highest bite firm-
ness scores were observed in S-GFB+SO (35%), S-GFB+SN (25 %), and
S-GFB, whereas S-GFB+SN (35%) remained the lowest. S-GFB+CS re-
tained the highest springiness score, while S-GFB+SO (35%) showed
the lowest value. Sensory chewiness increased in all formulations, with
S-GFB+S0 (35 %) reaching the highest score, whereas S-GFB+SN (35 %)
and S-GFB+S0 (25 %) remained among the lowest-scoring samples.

Although S-GFB +S0 (35 %) was instrumentally the softest gluten-free
formulation, its bite firmness score was relatively high, indicating that in-
strumental and sensory texture were not fully superimposable. This dis-
crepancy suggests that oral texture perception was influenced not only
by crumb mechanical resistance, but also by structural and mouthfeel-
related attributes captured differently by instrumental and sensory mea-
surements.

Table 3. CIELAB crumb color parameters at 6 h (Day 1) and 24 h (Day 2) and total color difference (AE*ab)
in control and gluten-free breads fortified with S. nigra or S. oleracea purée
Ta6nuua 3. [TapameTpsl nBeTa XJae6HOro Msakuiia 1o mkaxe nusera CIELAB uepes 6 yacos (meHsb 1) u 24 yaca (aeHsb 2), a TaKKe o0mas
pasuuna B usete (AE"ab) B KOHTpOIbHOM 0Gpasiie x1e6a 1 Ge3IIIOTEHOBOM X/IeGe, 060oranieHHOM miope u3 S. nigra wiu S. oleracea

Sample L*D1 a* D1 b* D1 L*D2 a* D2 b* D2 AL* Aa* Ab* AE*ab

WB 64.96+0.14° -1.71+0.48" 17.88+0.37° 73.03+0.35" -1.77+0.21¢ 19.90+0.327 8.07£0.26 -0.06%0.18 2.02+0.23 8.32+0.10
S-GFB 75.3240.33" -0.80+0.44° 15.68+0.39° 73.82+0.31% -0.73£0.34° 17.31+0.45° -1.50+0.22 0.07+0.31 1.63*0.16 2.22+0.18
S-GFB+CS  78.00+0.14' -1.00+0.30° 14.00£0.49¢ 76.21+0.38" -2.02%0.17¢ 15.09%0.19% -1.79+0.48 -1.02%0.12 1.09+0.34 2.33+0.38
S-GFB+SN15  45.00+0.40° 11.00£0.48" 7.00+0.18° 47.80%0.20° 11.31%0.32" 7.69£0.48° 2.80%0.47 0.31%£0.36 0.69£0.22 2.90+0.21
S-GFB+SN25  33.87+0.13* 14.81+0.16" 5.14£0.42* 40.00£0.26° 13.00£0.22% 6.00+0.26° 6.13+0.28 -1.81+0.16 0.86=0.18 6.45+0.17
S-GFB+SN35  37.51%0.16° 13.90%0.43% 547%0.42° 38.00+0.10° 14.00£0.21" 5.50%0.25* 0.49+0.15 0.10£0.15 0.03£0.26 0.50+0.33
S-GFB+SO15  70.00+0.18¢% -3.00£0.19° 25.00%£0.21% 71.00£0.27° -2.80%0.33° 22.00+0.26° 1.00+0.41 0.20£0.42 -3.00+0.29 3.17+0.19
S-GFB+S025  68.00+0.327 -4.50+0.10° 28.00+0.41" 69.00£0.49¢ -4.80+0.23° 27.00£0.40" 1.00%0.44 -0.30%0.11 -1.00%0.15 1.45+0.12
S-GFB+S035  66.57£0.40° -6.07%0.19° 31.56+0.20' 67.74%0.14° -6.42%0.49" 31.53£0.44' 1.17+0.33 -0.35%0.36 -0.03%0.35 1.22%0.39

Legend: WB=wheat-based bread (reference sample); S-GFB=sorghum-based gluten-free bread; S-GFB+CS=sorghum GF bread with added corn starch;
SN15/SN25/SN35=S-GFB with 15/25/35 % S. nigra purée; SO15/S025/S035=S-GFB with 15/25/35 % S. oleracea purée (percentages on flour basis).

Note: Values are mean*SD (n1=6 colour readings per formulation per time point; 3 loaves x 2 slices). For L*, a*, and b* coordinates, means within the same column
bearing different superscript letters differ significantly among formulations at p<0.05 according to Tukey’s multiple-comparisons test following two-way ANOVA.
AL*, Aa®, Ab*, and AE*ab denote day 2 — day 1 differences. Perceptibility thresholds (AE*ab): <1 imperceptible; 1-3.5 slightly perceptible; 3.5-6 clearly visible;

>6 highly noticeable.
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Table 4. Quantitative Descriptive Analysis (QDA) texture attributes for the bread samples
Tab6nuiia 4. KommuecTBeHHbIN onucaTenbHbli aHanns (KOA) mapameTpoB KOHCUCTEHIMU 06pas3IoB xjie6a

Sample Bite firmness Day 1 Bite firmness Day 2 Springiness Day 1 Springiness Day2  Chewiness Day 1 Chewiness Day 2
WB 4.50%0.30% 6.80+0.60° 5.60+0.55% 4.90%0.40" 5.00+0.50%° 7.10£0.70%
S-GFB 5.40+0.45" 7.30£0.65° 5.80+0.50* 5.10+0.45° 5.40+0.55%¢ 7.90+0.65"
S-GFB+CS 4.70%0.55%% 6.40+0.55° 5.70+0.45% 5.80+0.55° 5.10+0.70% 7.30£0.60%
S-GFB+SN 15% 4.80%0.40 6.20+0.50% 5.90+0.50° 4.70%0.45" 5.60+0.65" 7.80+0.60"
S-GFB+SN 25% 5.20+0.50" 7.40£0.65° 5.90+0.55° 4.70%0.65% 5.70+0.55° 7.90+0.60"
S-GFB+SN 35% 4.30%0.45¢ 5.90+0.55¢ 5.50+0.60% 4.80%0.45% 6.10+0.65¢ 6.90+0.60°
S-GFB+S0 15% 4.30%0.50° 6.00+0.60¢ 5.30+0.45" 4.90%0.45" 5.40+0.55%¢ 7.40+0.55%
S-GFB+S0 25% 4.50%0.55% 6.10+0.55% 5.70+0.50% 5.10+0.50" 5.00£0.60° 7.00£0.65°
S-GFB+S0 35% 5.80+0.50° 7.60£0.70° 5.40+0.55% 4.60%0.50° 5.60%0.60" 8.20%0.65°

Legend: WB=wheat-based bread (reference sample); S-GFB =sorghum-based gluten-free bread; CS =corn starch; SN=8. nigra purée; SO=S. oleracea purée; numer-

als (15, 25, 35)=% purée (flour basis).

Note: Values are mean+SD (n=12; one evaluation per assessor per formulation per time point). Within each column and for each sensory attribute, means bearing
different superscript letters differ significantly among formulations at p<0.05 according to Tukey’s multiple-comparisons test following two-way ANOVA.

3.4. Hedonic test — overall acceptability

Two-way ANOVA revealed significant effects of formulation, stor-
age time, and formulation X time factors interaction on overall hedonic
acceptability (p=0.0007 for interaction; p<0.0001 for formulation and
time). On the day 1, all gluten-free breads achieved mean scores > 7.0,
comparable to or slightly higher than the wheat control (WB: 6.70£0.70).
The highest scores were observed in S-GFB+SN (15%) (7.40£0.70) and
S-GFB+SN (35 %) (7.50+0.72), whereas WB remained among the lowest-
rated samples. Although numerical differences among formulations did
not exceed 0.80 points, Tukey’s test indicated significant differences be-
tween selected pairs of the samples (Table 5).

Table 5. Overall hedonic acceptability of the bread samples
(9-point scale: 1=dislike extremely; 9=like extremely).
Values are mean SD (n=100 consumer)

Ta6nuua 5. O61as reJoOHUCTUYECKas MIPUEeMIEMOCTh 06pa3IioB xjieda
(110 9-6a/IBHOI 1IKaJIe, rae: 1=KpaiiHe He HPAaBUTCS; 9 = KpaiiHe HPaBUTCS).
3HayeHNs NpeACTaBIeHbI KaK CpeiHee * CTaHJapTHOE OTK/IOHEHNe
(n=100 morpe6uTeeit)

Sample Day 1 Day 2
WB 6.70£0.70° 5.90%0.80°
S-GFB 7.000.75%° 6.200.85%
S-GFB+CS 7.100.78" 6.10+0.88%
S-GFB+SN 15% 7.40%0.70° 6.00+0.90
S-GFB+SN 25% 7.20%0.74% 6.20+0.88%
S-GFB+SN 35% 7.50%0.72° 6.80%0.85°
S-GFB+S0 15% 7.20%£0.76™ 6.40%0.88"
S-GFB+S0 25% 7.30%£0.75" 6.50£0.90™
S-GFB+S0 35% 7.10£0.79" 6.30£0.92°

Legend: WB=wheat-based bread (reference sample); S-GFB=sorghum-based
gluten-free bread; CS=corn starch; SN=8. nigra purée; SO=S. oleracea purée;
numerals (15, 25, 35)=% purée (flour basis).

Note: Values are mean SD (n=100 individual ratings per sample per day). With-
in each column, means bearing different superscript letters differ significantly
among formulations at p<0.05 according to Tukey’s multiple-comparisons test
following two-way ANOVA. Hedonic scores were recorded on a 9-point scale
(1=dislike extremely; 9=like extremely).

On the day 2, overall acceptability decreased in all samples by 0.70 to
1.40 points. The smallest reduction was recorded for S-GFB+SN (35 %)
(final score 6.80%+0.85), which remained the highest-rated variant, where-
as WB showed the lowest value (5.90+0.80). Despite this decline, all glu-
ten-free formulations retained scores at or above 6.0, remaining within
the acceptable hedonic range.

3.5. Correlation between instrumental parameters

and sensory perception

Day 1. Pearson correlation coefficients (formulation means, n=9) in-
dicated a compact instrumental texture cluster: hardness, gumminess,
and instrumental chewiness were strongly inter-correlated (r=0.90-0.99,
p £0.001), while adhesiveness correlated inversely with these parameters
(r=-0.96 to -0.99, p<0.001). Bite firmness (QDA) showed a weak, non-
significant association with hardness (r=0.31, p>0.05). Overall accept-
ability showed a non-significant trend with chewiness (QDA) (r=0.63,
p=0.07) and no association with springiness (r=0.06, p>0.05). Only the
high inter-correlations within instrumental parameters and their inverse
relation with adhesiveness were statistically robust (Figure 1).
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Figure 1. Pearson correlation matrix of instrumental texture,
crumb colour, sensory texture attributes, and overall
acceptability of bread samples on the day 1
Legend: Pearson correlation matrix of instrumental texture parameters
(hardness, adhesiveness, gumminess, instrumental chewiness), crumb color
coordinates (L*, a*, b*), sensory texture attributes [bite firmness, springiness,
and chewiness assessed by Quantitative Descriptive Analysis (QDA)], and overall
hedonic acceptability of bread samples on the day 1. Cell values represent
Pearson correlation coefficients (r) calculated using formulation means (n=9).
Blue indicates positive correlations and red indicates negative correlations;
color intensity is proportional to the absolute value of the correlation coefficient
(Ir]). White cells denote non-significant correlations (p >0.05)

Pucynok 1. MaTtpuna koppensinuii IIupcoHa MHCTpyMeHTaIbHO
U3MEPEHHBbIX XapaKTePUCTUK KOHCUCTEHIIUH, [IB€Ta MsIKH/IIIA,
OpPraHoOJISIITUYECKUX XapaKTePUCTUK KOHCUCTEeHIIIN Xneﬁa n Oﬁmel‘/'[
npuemIeMocT# 06pasLoB xye6a B 1-it JeHb

Day 2. After 24 h, the instrumental texture cluster persisted, with
gumminess and instrumental chewiness remaining extremely inter-
correlated (r=0.99), while hardness retained a strong but attenuated as-
sociation with gumminess and instrumental chewiness (r=0.81-0.84).
Adhesiveness continued to correlate inversely very strongly with hard-
ness (r=-0.98), though its inverse links to gumminess and instrumental
chewiness weakened (r=-0.73 to —-0.76). Bite firmness (QDA) showed
only a weak, non-significant correlation with hardness (r=0.39), indi-
cating that storage did not increase alignment between perceived and
instrumental firmness. Overall acceptability showed weak, non-signif-
icant negative associations with bite firmness and chewiness (QDA)
(r=-0.41 to -0.43). This pattern may indicate a tendency toward bet-
ter acceptance of formulations retaining lower perceived firmness and
chewiness after 24 h, but the associations were not statistically sig-
nificant. Correlations with colour coordinates remained weak or absent
(Figure 2).

PCA. On Day 1, PC1 (48 %) represented a firmness-adhesiveness axis
(positive loadings >0.60 for hardness, gumminess, instrumental chewi-
ness, bite firmness (QDA); strong negative for adhesiveness), while PC2
(25 %) was mainly associated with variation in a*, overall acceptability,
and springiness (QDA) (Figure 3a).
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Figure 2. Pearson correlation matrix of instrumental texture,
crumb colour, sensory texture attributes, and overall
acceptability of bread samples on the day 2
Legend: Pearson correlation matrix of instrumental texture parameters
(hardness, adhesiveness, gumminess, instrumental chewiness), crumb color
coordinates (L%, a*, b*), sensory texture attributes [bite firmness, springiness,
and chewiness assessed by Quantitative Descriptive Analysis (QDA)], and overall
hedonic acceptability of bread samples on the day 2. Cell values represent
Pearson correlation coefficients (r) calculated using formulation means (n=9).
Blue indicates positive correlations and red indicates negative correlations;
color intensity is proportional to the absolute value of the correlation coefficient
(I7]). White cells denote non-significant correlations (p>0.05).
PucyHok 2. MaTtpuna koppeasinmii IInpcoHa MHCTpyMeHTaIbHO
M3MEepPEeHHBIX XapaKTepPUCTUK KOHCUCTEHIUHN, [ BeTa MAKMILA,
OpPraHoOJICIITUYECKUX XapaKTePUCTUK KOHCUCTEeHIIN XJIEGa n 06]1Ie"/’[
npuemMmiIeMocTi 06pas3noB xi1e6a Bo 2-ii IeHb

On the day 2, the first two components explained 67 % of variance
(PC1=41%, PC2=26%). PC1 remained dominated by the instrumental
axis (gumminess and instrumental chewiness highest; hardness moder-
ate; adhesiveness negative), with bite firmness (QDA) loading modestly,
indicating limited convergence of instrumental and perceived firmness
after storage. PC2 captured residual sensory-color variation; overall ac-
ceptability was positioned away from the high-chewiness/high-firmness
region, in line with its weak negative associations with sensory firmness
and chewiness (Figure 3b).

4. Discussions

This study shows that the partial replacement of the solid phase
in sorghum-based gluten-free bread with fresh integral S. nigra and
S. oleracea purées enables the simultaneous achievement of clear chro-
matic differentiation and the maintenance of consumer acceptability af-
ter 24 h in the gluten-free bread formulations. The principal contribution
lies in demonstrating that minimally processed, unpasteurised plant pu-
rées can act as multifunctional clean-label ingredients while modulating
instrumental texture in a formulation-dependent manner [11,28].

4.1. Texture and color: Integrated interpretation

The strong clustering of instrumental parameters (hardness, gummi-
ness, chewiness) and their inverse correlation with adhesiveness confirms
the mechanical interdependence already reported in other hydrocolloid-
rich gluten-free matrices [3]. The inclusion of purées did not disrupt this
structure; rather, it modulated the magnitude of textural responses in
a formulation-dependent manner, with several purée-containing breads
showing reduced firmness relative to the entirely sorghum control sam-
ple. This attenuation is consistent with mechanisms previously reported
for vegetable or fibre ingredients, namely water retention mediated by
dietary fibre and partial dilution of the starch-protein fraction [7,29].

From a chromatic perspective, S. nigra shifted the crumb towards posi-
tive a* coordinates (red-violet hues), while S. oleracea induced shifts to-
wards more negative a* and higher b* values (green-yellow tones), thus
generating two distinct visual identities without deterioration of hedonic
scores [7,29].The relatively low AE* values observed in spinach variants
suggest greater short-term pigment stability, whereas the marked in-
crease in lightness observed in the WB control and in S-GFB+SN (25 %)
indicates more pronounced colour evolution during storage. Such chang-
es likely reflect moisture redistribution and starch realignment processes,

6 ® Loadings
® PC scores
4
o o
- ) A ess_QDA
2 2 dhesiveness_g ”
o8
S o -
2 Y \\\W  GDA @
”- Fim@ Gumgninegs.-sg g
g oA fahevages
-4 T T T
4 2 0 2 4 6
PC1 (48 %)
g ® | oadings
® PC scores
4 °
a
8 2 dhesivé
& \\
3o o
4 o Sty QDA S RSSO ®)
2- . “ramenRDh
4 T T T
-4 -2 0 2 4 6

PC1 (41 %)
Figure 3. PCA biplots of instrumental, sensory, colour,
andhedonic variables
Legend: (a) Day 1; (b) Day 2. Arrows indicate variable loadings and points
indicate the scores of the nine bread formulations. Variables included
instrumental texture parameters, sensory QDA attributes, crumb colour
coordinates (L*, a*, b*), and overall hedonic acceptability. Variance explained by
PC1/PC2 was 48 %/25 % for the day 1 and 41 %/26 % for the day 2.
PucyHok 3. [IBoViHbIe AyarpaMMbl IlepeMeHHBIX MHCTPYMEHTAa/IbHbIX,
OpPraHoJIeNITUYEeCKUX, IBETOBBIX U re JOHUCTUYECKUX 3HaAYeHMUI aHaaIu3a
OCHOBHOro KomroseHTa (PCA)

which phenomena are described in early staling studies of gluten-free
and composite breads [7,30]

4.2. Correlation with sensory perception and acceptability

The weak correspondence between perceived bite firmness and instru-
mental resistance parameters indicates that oral perception of structure
is influenced by additional factors not fully captured by TPA, such as pore
distribution, local moisture, bolus formation, and hydrocolloid-water
interactions. This pattern is consistent with previous findings in gluten-
free breads [31].

Overall acceptability scores remained high on the day 1 and decreased
moderately after 24 h, a trend consistent with early staling mechanisms
involving moisture redistribution and starch retrogradation. Despite the
increase in instrumental firmness during storage, consumer ratings for all
gluten-free formulations remained at or above the acceptance threshold,
suggesting that these early texture changes were not sufficient to impair
liking within the evaluated time frame. Among the formulations, the 35 %
elderberry-enriched bread variant combined pronounced visual differenti-
ation with the highest hedonic score after 24 h, indicating good short-term
consumer liking retention. In contrast, spinach purée-enriched bread con-
tributed to colour diversification with only limited reductions in acceptabil-
ity, suggesting that consumers tolerated natural chromatic shifts as long as
overall sensory quality remained within an acceptable range [21,32].

4.3. Limitations and future directions

This study has several limitations. First, the temporal window was re-
stricted to 24 h, which does not cover the full staling kinetics of gluten-
free bread [30]. Second, the correlation analysis was based on a limited
number of formulation means (n=9), thus reducing statistical power and
requiring cautious interpretation of moderate coefficients [33]. Third,
no rheological or microstructural data (e.g., dynamic oscillatory tests,
imaging) were collected, and no water-state analyses (DSC or low-field
NMR) were performed, so the proposed mechanisms remain inferential
only [34,35]. Fourth, the use of unpasteurised purées did not allow assess-
ment of microbiological stability or long-term pigment retention [36,37].
Finally, post-baking nutritional parameters, such as dietary fibre content
and residual anthocyanins or carotenoids, were not measured [38].

Future studies should extend the observation period beyond 24 h,
ideally to 48-72 h, to track firmness and color dynamics trajectories to-
gether with starch retrogradation kinetics [30,39]. Additional analyses
should include rheology and quantitative imaging (X-ray micro-CT, SEM,
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digital image analysis) to better relate crumb microstructure to textural
evolution [34,35], as well as DSC and low-field NMR to assess water re-
distribution. Chromatographic monitoring (HPLC-DAD, LC-MS) of an-
thocyanins, chlorophylls, and carotenoids would further clarify pigment
stability [36,38]. Moreover, validation using a dedicated celiac consumer
panel, alongside a general consumer cohort, would strengthen the trans-
lational relevance of the sensory findings [31,40].

5. Conclusion

Fresh whole S. nigra and S. oleracea purées added to the recipes
demonstrated potential as multifunctional clean-label ingredients in
sorghum-based gluten-free bread. Their inclusion provided clear bidi-

rectional chromatic differentiation (red-violet vs. green-yellow) while
maintaining consumer acceptability within 24 h after the breads baking.
The bread with added 35 % of elderberry puree achieved the most favour-
able balance between distinctive color and hedonic retention, whereas
spinach-containing bread formulations contributed to visual diversifica-
tion without compromising consumer liking.

The partial decoupling observed between instrumental TPA metrics
and perceived bite firmness highlights the need for future studies with
inclusion of microstructural and rheological analyses. Overall, these
findings support the potential use of fresh, unpasteurised plant purées
as a dual strategy for natural color enrichment and short-term textural
modulation in gluten-free bread.
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