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This study has assessed how different large-scale dry milling strategies redistribute phenolic acids, carotenoids,
the antioxidant capacity, and mycotoxins in semolina and co-products in three corn hybrids, including a novel
flint x dent genotype. The hybrids exhibited different redistribution patterns, likely because of their different

Camte',wlds, kernel hardness. The soluble and bound phenolic acids, accumulated in the fine and bran fractions, led to higher
Phenolic acids . . . . . . .

Fumonisins retentions in the whole and semi-whole semolina, which also showed the highest mycotoxin content. Caroten-
Moniliformin oids, mainly located in the endosperm fractions, were more abundant in the refined semolina (+45% vs. whole

semolina), which also showed the greatest mycotoxin reduction. Intermediate strategies, such as stone milling
after degermination or bran incorporation, offered a balance between antioxidant retention and safety,
depending on the initial contamination. The flint x dent hybrid showed higher carotenoid and lower mycotoxin
levels than the dent one, thus supporting its potential for by-product recovery and food enhancement.

Chemical compounds studied in this article:
Lutein (PubChem CID: 5281243)
Zeaxanthin (PubChem CID: 5280899)
Gallic Acid (PubChem CID: 370)
Vanillic Acid (PubChem CID: 8468)
Syringic Acid (PubChem CID: 10742)
p-Coumaric Acid (PubChem CID: 637542)
Ferulic Acid (PubChem CID: 445858)
Sinapic acid (PubChem CID: 10743)
Fumonisin B1 (PubChem CID: 2733487)
Moniliformin (PubChem CID: 40452)

corn to be processed via dry milling. These processes yield various
milling fractions and food-grade products with distinct particle sizes,
which determine their functionality, food applications, and

1. Introduction

Yellow corn dent-type hybrids (Zea mays L.) represent a staple,

worldwide cereal crop, due to their versatility and high yield potential.
The hardness of corn kernels, which is genetically determined and
influenced by the relative proportion of the vitreous-to-floury endo-
sperm (Fox & Manley, 2009), allows medium-to-high-hardness dent

marketability.

The increasing consumer awareness of the benefits of a diverse and
healthy diet has driven the demand for nutrient-dense foods, particu-
larly in the gluten-free sector, where improving the nutritional profile

Abbreviations: 3-ADON, 3-acetyldeoxynivalenol; 15-ADON, 15-acetyldeoxynivalenol; ABTS, 2,2-Azino-bis(3-ethylbeenzothiazoline-6-sulfonic acid) diammonium
salt; AC, antioxidant capacity; AFp;, aflatoxin B;; ANOVA, analysis of variance; D, degermination; DB, degerminated bran; D-RM + DB, degermination followed by
roller milling and the incorporation of degerminated bran; D-RM + RB, degermination followed by roller milling and the incorporation of refined bran; D-RM,
degermination followed by roller milling; D-SM, degermination followed by stone milling; FB,, fumonisin By; FB,, fumonisin By; FBror, sum of FB; and FB,; CWBPAs,
cell wall-bound phenolic acids; DAD, diode array detection; DON, deoxynivalenol; DON-3-G, deoxynivalenol-3-glucoside; DONtor, total deoxynivalenol forms, sum
of DON, DON-3-G, 3-ADON, and 15-ADON; DW, dry weight; FRAP, ferric reducing antioxidant power; HPLC, high-performance liquid chromatography; LOQ, limit of
quantification; MON, moniliformin; MS, mass spectrometry; RB, refined bran; RM, roller milling; REGW-F test, Ryan-Einot-Gabriel-Welsch F test; SM, stone milling;
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remains a key challenge (El Khoury et al., 2018). Besides its macronu-
trient composition, corn is also a rich source of bioactive phytochemi-
cals, particularly phenolic acids and carotenoids, which are valued for
their antioxidant properties and potential protective effects against
chronic diseases (Siyuan et al., 2018). Corn is the cereal whose grains
contain the highest concentration of phenolic acids (Adom & Liu, 2002;
Ndolo & Beta, 2014). Additionally, the yellow-orange type corn is the
most carotenoid-rich cereal crop, with levels ranging from 16 to 39 mg
kg~! dry weight (Saenz et al., 2020). Studies on several corn hybrids and
varieties have highlighted a contribution of the genotype to variations in
the levels and profiles of both phenolic compounds and carotenoids (De
La Parra et al., 2007; Dias et al., 2021; Giordano et al., 2018; Zili¢ et al.,
2012).

In this context, corn landraces, which are characterized by genetic
diversity and heterogeneity, represent a valuable resource that can be
exploited, as genetic material, to develop enhanced kernel quality corn
genotypes (Bernardi et al., 2018; Dominguez-Hernandez et al., 2022;
Puglisi et al., 2018). Corn genotypes are classified into flint and dent
kernel types, two genetically divergent germplasm pools distinguished
by their kernel phenotype and historic agronomic adaptation (Unterseer
et al., 2016). Flint types have rounded kernels with a hard, vitreous, and
thick outer endosperm layer, whereas dent kernels contain a larger
proportion of floury endosperm that collapses during drying, forming
the characteristic “dent” at the crown. Northern Flint populations,
selected for early maturity and cold tolerance, spread to the highest
latitudes of the American continent and served as the main progenitors
of European corn, together with Caribbean germplasm. Consequently,
European landraces, typically of the flint type, usually display high
kernel vitreousness (Borras et al., 2022), which confers such favorable
traits as superior dry milling properties (Blandino et al., 2013), lower
fungal penetration (Philippeau et al., 2000), and improved health-
related benefits, for example, lower starch digestibility (Caballero-
Rothar et al., 2022) and higher carotenoid concentrations (Saenz et al.,
2020). While flint types were mainly selected for adaptation to local
environments, U.S. Southern Dent germplasm, characterized by higher
yield potential, became the basis of modern breeding for productivity
and agronomic efficiency (Tamagno et al., 2015). The introduction of
commercial hybrids exploited heterotic effects between European Flint
and U.S. Dent lines for adaptation to mild summer temperatures and
high productivity, combining early vigor and cold tolerance from flints
with the favorable agronomic traits (e.g., standability, number and
weight of harvested kernels, kernel dry down) of dents (Tamagno et al.,
2015; Unterseer et al., 2016). Current breeding efforts aim to broaden
the narrow genetic base of early European hybrids by crossing elite dent
germplasm selected for earliness with open-pollinated local varieties
still grown in small-holding farms (Abdala et al., 2024). Such breeding
strategies are aimed at preserving the physical and nutritional kernel
quality, while satisfying the productivity demands and safety re-
quirements of modern agriculture and industrial food supply chains.

The nutritional advantages offered by selective breeding must be
preserved through post-harvest handling and processing. Milling often
leads to significant phenolic compound losses, which are primarily
concentrated in the bran (Butts-Wilmsmeyer et al., 2018). Conversely,
more than 70% of the total carotenoids are located within the corn
vitreous endosperm (Ndolo & Beta, 2013). Both the corn genotype and
the type of processing significantly influence the final content and
bioavailability of these compounds, thus highlighting the importance of
integrated approaches to maximize their retention (Lozano-Alejo et al.,
2007).

Besides nutritional considerations, food safety is a critical concern
for corn-based products (Locatelli et al., 2022). Mycotoxins, secondary
metabolites produced by the spoilage fungi of the Fusarium, Aspergillus,
Alternaria, and Penicillium genera, compromise the marketability of
corn-based products and pose significant risks for human and animal
health (Marin et al., 2013). Regulatory frameworks primarily focus on
aflatoxins, deoxynivalenol, zearalenone, and fumonisins, although corn
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grains are frequently contaminated by several mycotoxins, including
masked forms and other emerging compounds. Assessing the fate of
these contaminants along the supply chain is crucial for accurate risk
assessments and consumer safety. Combined strategies, including ge-
notype selection and the application of specific agronomic practices, are
fundamental to minimize the contamination levels prior to harvesting
(Blandino, Scarpino, et al., 2017). Several studies have examined the
distribution of the main regulated mycotoxins (Bordini et al., 2017;
Brera et al., 2006; Castells et al., 2008; Vanara et al., 2018) and
emerging ones (Scarpino et al., 2020, 2021) during dry milling, and have
emphasized the critical role of cleaning and milling processes in redis-
tributing contaminants among milling co-products.

Industrial dry milling is the main process adopted for semi-vitreous
dent corn destined for human consumption. Stone milling and dry
degermination produce different outcomes. All the anatomical parts of
the kernel, including the germ and bran, are retained during stone
milling, and such grain components as dietary fiber, lipids, micro-
nutrients, and phytochemicals are preserved. Instead, degermination
physically separates the kernel into endosperm, germ, and pericarp, and
endosperm pieces can be further milled to obtain semolina (Blandino,
Alfieri, et al., 2017), which has a reduced lipid content and longer shelf
life. The choice between these milling strategies depends on the desired
product characteristics, nutritional goals, market demands, and safety
standards. Stone milling only allows whole or semi-whole semolina to be
obtained, with a minimal decontamination capacity, while degermina-
tion can improve food safety by redistributing contaminants in the
milling by-products. Moreover, it offers the opportunity of further
recombining fractionated products to partially reconstitute the
anatomical features of the kernel and obtain semi-whole semolina
(Gwirtz & Garcia-Casal, 2014). Thus, the integration of innovative
milling strategies with selective breeding approaches is fundamental for
the development of corn-based products that are both nutritious and
safe.

This study has investigated how different dry milling strategies affect
the distribution of both health-promoting bioactive compounds and
harmful mycotoxins in corn intended for human consumption. Three
mono-varietal lots, including a new flint x dent hybrid developed from
local germplasm, were processed, and the resulting fractions were
analyzed for their phytochemical content, contaminants, and antioxi-
dant capacity. To the best of the authors’ knowledge, this is the first
study to have simultaneously evaluated the impact of industrial dry
milling strategies on both health- and safety-related compounds in all
the process-derived fractions and final semolina. The aim of this inte-
grated approach has been to identify processing-genotype combinations
of corn that maximize their nutritional benefits, while minimizing the
safety risks, thereby supporting the development of innovative corn-
based food products that are aligned with modern dietary and regula-
tory requirements.

2. Materials and methods
2.1. Samples and milling processes

The present study has compared three commercial corn lots culti-
vated in 2022 in the same growing area (Turin province in Northwest
Italy). The lots were monovarietal and included two commercial dent x
dent hybrids (DKC6092 and P1547), selected from those commonly used
in industrial food mills to produce hominy grits, and an innovative flint
x dent hybrid (Pignoletto x SN148). The flint x dent hybrid was
developed from local germplasm by crossing the Pignoletto rosso open-
pollinated flint variety (male parent), an old genotype still cultivated in
Northwest Italy for food purposes, with the SN148 dent pure line (fe-
male parent). The kernels of the studied genotypes are presented in
Fig. S1.

The kernel hardness of each hybrid was characterized by deter-
mining the total milling energy (TME), as reported in Blandino et al.
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(2013). This parameter provides an indirect evaluation of the relative
quantity of vitreous and soft fractions of the endosperm and allows the
selected lots to be discriminated into medium, medium-high, and high
hardness lots (1427, 1563, and 1684 J for DKC6092, P1547, Pignoletto
x SN148, respectively).

All the corn lots were processed in an industrial mill by means of
three milling strategies based on different dry milling technologies
without employing a tempering process (Fig. 1). The starting raw ma-
terial in all the processes was dry cleaned grains with a moisture content
ranging from 12 to 13%. The first process involved stone milling
(Milleral, Imas Machinery, Turkey) of cleaned grains without degermi-
nation (SM), and it allowed whole semolina, containing germ and bran,
to be obtained. The second process involved stone milling, without a
previous degermination step, followed by sieving (SM-S), to separate
animal feed flour, a mixture of impurities, bran and a portion of the
mealy endosperm with a fine particle size (< 315 pm) from a semi-whole
semolina containing germ and bran. The other process was based on a
dry degermination system: an impact degerminator (Ocrim, Cremona,
Italy) was used to break down the kernels into corn grits, an interme-
diate product of the process made of 1000-2500 pm pieces of the
endosperm. After the degermination process, the main by-products were
animal feed flour, degerminated bran (DB), and the germs, which were
separated by means of a plansichter and a gravity separator (Ocrim,
Cremona, Italy). The corn grits were then milled using two different
processes: the first involved stone milling and separation of the corn
flour, that is, the low-particle size flour derived from the softer parts of
the endosperm (< 315 pm), which allowed semi-whole semolina to be
obtained without germs; the second milling process involved roller
milling (RM), with a series of passages through a sieving and classifying
system composed of roller mills, plansichters, and flour purifiers (San-
gati, Padua, Italy), which allowed refined semolina to be obtained.
These additional grinding and classifying steps resulted in a further
separation of the corn flour and the refined bran (RB). The two types of
bran obtained from both the degermination (DB) and refining steps (RB)
were collected, milled using a Cyclotec 1093 sample mill (Foss, Padua,
Italy), and blended with the refined semolina obtained from the deger-
mination and roller-milling process in a 25:75 ratio, to produce another
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two types of semi-whole semolina. Overall, 6 cornmeal types of semolina
were obtained from the different milling strategies, and they were
named as follows: whole semolina, obtained from stone milling of the
grains, without prior degermination (SM); semi-whole semolina, ob-
tained from stone milling of the grains and sieving, without prior
degermination (SM-S); semi-whole semolina, obtained from incorpo-
rating the degerminated bran with the degerminated refined semolina
(D-RM + DB); semi-whole semolina, obtained from incorporating the
refined bran with the degerminated refined semolina (D-RM + RB);
semi-whole semolina, obtained from stone milling the degerminated
grits (D-SM); refined semolina, obtained from roller milling the deger-
minated grits (D-RM). All the cornmeal semolina were characterized for
their particle size (Table S1) and proximal composition (Table S2).

The cleaned grains, 7 milling fractions (co-products and by-products,
including animal feed flour, bran, and corn flour), and 6 cornmeal
semolina types, one obtained from each corn lot, were analyzed to
establish the occurrence and distribution of the biologically active
compounds and mycotoxins. Each corn lot (200 t) was subjected to the
previously described milling processes for 40 h. Overall, 126 samples
were collected (3 genotypes x15 milling fractions or semolina x 3
replicates). The samples were collected according to European Com-
mission Regulation (EC) No. 401/2006 (European Commission, 2006).
Each aggregate sample was the result of a careful blending of forty 100 g
incremental samples, which were collected over a period of 1 h at reg-
ular intervals. A 1 h sampling was performed three times for each lot and
each milling process in order to obtain three replicates.

The cleaned grains and the milling fractions were further ground to
0.50 mm using a laboratory mill (ZM-200, Retsch, Haan, Germany) to
obtain a fine and homogeneous particle size, and the samples were
stored at —25 °C until being analyzed.

2.2. Compositional analyses

The proximal composition of the 6 types of cornmeal semolina is
reported in Table S2. The protein and ash contents were determined
according to the AOAC combustion 992.23 and direct 923.03 methods,
respectively (AOAC International, 2005). The starch content was

Cleaned grains

-/

Stone milling Stone milling Stone milling (SM)
(SM) (SM)
l A
Sieving Sieving

Animal

Corn
Slour

feed
flour

‘Whole
semolina
(SM)

Semi-whole
semolina
(SM-S)

semolina
(D-SM)

Fig. 1. Flow diagram of the different milling processes.

Dry-degermination (D)
process

Animal feed
flour

Semi-whole
semolina
(D-RM+DB)

Degerminated
bran (DB)

Corn

7

Refining process

(roller milling RM, sieving) Corn flour

Semi-whole

Semi-whole
semolina
(D-RM+RB)

Refined bran
(RB)

Refined

(D-RM)

D, degermination; SM, stone milling; SM-S, stone milling followed by sieving; D-RM + DB, degermination followed by roller milling and the incorporation of
degerminated bran; D-RM + RB, degermination followed by roller milling and the incorporation of refined bran; D-SM, degermination followed by stone milling; D-
RM, degermination followed by roller milling. The milling strategies are reported in the rectangles. The collected and analyzed raw materials and co-products (italics)

and the final cornmeal semolina (bold) are reported in the ovals.



C. Sardella et al.

measured according to Commission Regulation (EU) No 118/2010 of 9
February 2010, Annex I (European Commission, 2010). The fat and the
total soluble and insoluble dietary fiber were measured according to the
Soxhlet AOAC 2003.05 method and enzymatic-gravimetric AOAC
991.43 method, respectively (AOAC International, 2005). The moisture
was determined by oven drying (Falc Instrument S.r.1., Treviglio, Italy)
the samples at 105 °C to a constant weight, and the results of the
chemical analyses were expressed on a dry-weight (DW) basis.

2.3. Chemical analyses

2.3.1. Chemicals

2,2'-Azino-bis(3-ethylbeenzothiazoline-6-sulfonic acid) dia-
mmonium salt (ABTS), ethanol (CHROMASOLV®, 99.8%), ethyl acetate
(CHROMASOLV®, 99.8%), (+)-6-hydroxy-2,5,7,8-tetramethylchro-
mane-2-carboxylic acid (Trolox, 97%), hydrochloric acid (37%), iron
(III) chloride hexahydrate (FeCls-6H20, >98%), methanol (CHROMA-
SOLV®, 99.9%), potassium sulfate (>99%), sodium hydroxide (>98%),
2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ), butylated hydroxytoluene (BHT,
>99%), tert-butyl methyl ether (HPLC grade), and phenolic acid stan-
dards (caffeic acid >98%, p-coumaric acid >98%, ferulic acid >99%,
gallic acid >99%, protocatechuic acid >99%, p-hydroxybenzoic acid
>99%, sinapic acid >98%, syringic acid >95%, and vanillic acid >97%)
were purchased from Merck KGaA (Darmstadt, Germany). -Carotene
and lutein were purchased from Sigma (St. Louis, MO). p-Cryptoxanthin
and zeaxanthin were purchased from Extrasynthese (Z. I. Lyon-Nord,
Genay, France). All the chemicals and analytical standards used for
mycotoxin LC-MS/MS analysis were purchased from Sigma Aldrich (St.
Louis, MO), or from VWR (Milan, Italy). The solvents were all gradient
grade or LC-MS grade. Water (HPLC grade) was prepared using an ELGA
PURELAB Ultra system (M-medical, Cornaredo, Milan, Italy).

2.3.2. Analytical methods

The soluble phenolic (SPA) and cell wall-bound (CWBPA) acids were
individually extracted through a two-step method and analyzed by
means of HPLC-DAD. Details of the sample preparation procedure and
of the chromatographic conditions can be found in Giordano et al.
(2019). The total carotenoid content (TCC) was determined as the sum
of the individual compounds (p-carotene, p-cryptoxanthin, lutein, and
zeaxanthin). Extraction and quantification by HPLC-DAD were con-
ducted according to the method described by Panfili et al. (2004). The
phenolic acids and carotenoids were both expressed in mg kg~! DW.

ABTS and ferric reducing antioxidant power (FRAP) assays were
conducted to determine the antioxidant capacity (AC), following the
QUENCHER procedure (direct measurements on solid samples), as
described by Serpen et al. (2008). The obtained results were expressed as
mmol Trolox equivalents (TE) kg’1 DW.

The main regulated and emerging mycotoxins were determined by
means of a multi-mycotoxin LC-MS/MS analysis. The extraction phase
and the chromatographic and mass spectrometric parameters are re-
ported in detail in Scarpino et al. (2019).

2.4. Statistical analyses

An analysis of variance (ANOVA) was conducted for each corn
hybrid to compare the distribution of the phytochemical compounds,
the antioxidant capacity levels, and the mycotoxin contamination in the
analyzed milling fractions/coproducts. The final levels of the 6 types of
cornmeal semolina obtained from the different milling strategies were
compared, considering the effects of the hybrid (H), the type of cornmeal
semolina (S), and their interactions. Means were identified as signifi-
cantly different (p < 0.05) using the Ryan-Einot-Gabriel-Welsch F
(REGW-F) statistical test. The data were tested for normality and ho-
moscedasticity prior to the analysis. The analyses were all carried out
using SPSS software, version 29.0.1 (SPSS, Inc., Chicago, IL, USA).
Principal Component Analysis (PCA) was performed in the R
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environment (R Core Team, 2016). The data were preliminary stan-
dardized by subtracting the means and then dividing by the standard
deviations of each variable.

3. Results and discussion

3.1. Distribution of phytochemicals and antioxidant capacity in the corn
milling fractions

3.1.1. Phenolic acids

The study quantified 9 hydroxycinnamic and hydroxybenzoic acids
in the corn grains and milling fractions, in both their soluble (SPA) and
cell wall-bound (CWBPA) forms (Table S3 and S4). The total contents,
calculated as the sum of the individual derivatives, are reported in
Table 1. DKC6092 exhibited the highest SPA and CWBPA contents in the
cleaned grains of the tested hybrids, followed by P1547 and Pignoletto x
SN148. Overall, the total SPA + CWBPA (1753-2088 mg kg’l) fell
within the range of values previously reported by Adom and Liu (2002)
for yellow corn (1749 mg kg’l), and by Zili¢ et al. (2012) for colored
corn (1556-4521 mg kgfl), while it was lower than that reported for
dent (4543 mg kg™ 1) and flint corn (3455 mg kg~ 1) by Das and Singh
(2015), and for white dent corn (2198-3214 mg kg~1) by Chiremba et al.
(2012). These differences between studies could be attributed to varia-
tions in genetic background (which depend on the breeding materials
used to develop the germplasm), growing conditions, analytical
methods, and number of identified compounds. The nutritional rele-
vance of phenolic acids in both soluble and bound forms is well known
(Calinoiu & Vodnar, 2018; Celik & Gokmen, 2022), but their distribu-
tion across corn milling fractions has been poorly documented and is
limited to grain botanical fractions. This study provides new information
by analyzing their fate in various industrial dry milling processes.

The sieving procedure following stone milling led to the removal of
the animal feed flour, which had a higher SPA content than the grains
(+22%) in all the hybrids. The redistribution among the fractions,
resulting from dry milling following degermination, differed among the
hybrids, even though the total SPAs were predominantly concentrated in
the milling co-products generated during the degermination step.
DKC6092 and P1547 showed higher SPA levels in the degerminated
bran (DB; 412 mg kg~ 1; +-35% vs. grains) and germ (336 mg kg~1; +20%
vs. grains), respectively, while Pignoletto x SN148 consistently showed
higher SPA concentrations in the degerminated co-products (average
350 mg kg™1; +52% vs. grains). The subsequent milling of grits, using
either stone or roller mills, further redistributed the SPAs in the milled
co-products, which had similar or lower amounts than the grains, and
resulted in a significant reduction of these compounds in both the semi-
whole and refined final semolina. The corn flour separated by stone
milling accumulated more SPAs than that derived from roller milling for
DKC6092 and P1547 (more than double and 43% higher, respectively),
while no significant differences were detected for Pignoletto x SN148.
The refined bran (RB) retained a relatively high number of SPAs in both
DKC6092 and Pignoletto x SN148, which was comparable with the
grains. These findings are aligned with those of prior studies that indi-
cated an uneven distribution of the total phenolic (Ndolo & Beta, 2014)
and bound (Chiremba et al., 2012) acids in corn kernels, and differences
between the soluble and bound fractions (Das & Singh, 2015), with
implications on the recovery of these nutritionally valuable compounds
at an industrial level. Das and Singh (2015) reported that the germ,
which is usually discarded, contributed by approximately 60% to the
total free phenolic acids in both dent and flint corn, followed by the
pericarp and endosperm. The same authors also observed higher levels
of free phenolic acids in the grains of the genotype characterized by a
higher soft/hard endosperm ratio. In this work, the genotype charac-
terized by higher kernel hardness, Pignoletto x SN148, despite its lower
initial grain concentrations, yielded more SPAs in the degerminated co-
products, thus suggesting the potential application of its milling co-
products for food fortification and value-addition purposes.



Table 1
The distribution of the soluble (SPAs) and cell wall-bound (CWBPAs) phenolic acids, carotenoids (TCC), and antioxidant capacity (AC) in the products and co-products of different milling processes and different corn
hybrids.

Hybrid Degermination process (D) Dry milling process Milling fraction SPAs CWBPAs TCC ACagts ACgrap
(mgkg ") (mg kg™ (mg kg™ (mmol TE kg 1) (mmol TE kg™
DKC6092 Corn grains 305 be 1782 c 19.3 bed 10.5 c 13.2 b
None SM-S Animal feed flour 350 b 1350 e 13.9 e 11.3 be 12.0 be
Semi-whole semolina (SM-S) 268 c 1747 cd 20.2 be 9.7 c 11.2 c
D Animal feed flour 330 b 1552 d 19.2 bed 10.4 c 11.0 c
Degerminated bran (DB) 412 a 2386 b 23.7 b 10.5 c 13.3 b
Germ 345 b 1280 e 14.6 de 13.8 a 13.7 b
SM Corn flour 350 b 772 f 18.2 cde 10.7 c 9.3 d
Semi-whole semolina (D-SM) 122 e 651 f 23.6 b 7.0 d 5.4 ef
RM Corn flour 166 d 266 g 21.8 be 6.6 d 3.8 f
Refined bran (RB) 330 b 2625 a 22.4 be 12.3 b 15.7 a
Refined semolina (D-RM) 186 d 396 g 31.7 a 5.8 d 5.5 e
p® ek ke ek wk
P1547 Corn grains 279 be 1552 a 21.8 be 10.3 de 11.8 c
None SM-S Animal feed flour 356 a 1325 b 20.0 bed 11.9 c 14.1 b
Semi-whole semolina (SM-S) 258 cd 1628 a 22.7 b 9.6 ef 10.9 c
D Animal feed flour 235 de 1237 b 17.1 d 11.8 cd 11.8 c
Degerminated bran (DB) 300 b 1685 a 21.5 be 139 b 17.8 a
Germ 336 a 1207 b 5.5 e 17.8 a 18.6 a
SM Corn flour 227 e 531 d 21.2 be 8.5 f 8.4 d
Semi-whole semolina (D-SM) 130 g 440 de 24.4 ab 6.7 g 6.7 ef
RM Corn flour 159 f 329 e 17.7 cd 5.1 h 6.5 f
Refined bran (RB) 172 f 1063 c 23.7 b 11.0 cde 7.8 de
Refined semolina (D-RM) 116 g 333 e 27.7 a 6.6 g 5.0 g
p @ sk ko sk sk o
Pignoletto x SN148 Corn grains 231 c 1522 c 22.8 d 13.5 d 13.1 c
None SM-S Animal feed flour 291 b 1690 b 16.3 f 16.4 c 17.3 b
Semi-whole semolina (SM-S) 232 c 1471 c 229 d 12.2 d 12.8 c
D Animal feed flour 363 a 3097 a 18.2 ef 16.9 be 20.6 a
Degerminated bran (DB) 349 a 3165 a 19.9 e 18.6 ab 20.6 a
Germ 339 a 1185 d 13.2 g 19.2 a 19.0 ab
SM Corn flour 192 d 758 e 23.7 cd 10.1 e 8.7 d
Semi-whole semolina (D-SM) 67 f 433 f 28.9 b 6.6 fg 4.6 ef
RM Corn flour 181 d 360 f 24.4 cd 7.8 f 5.9 e
Refined bran (RB) 206 cd 1140 d 26.2 be 13.1 d 12.8 c
Refined semolina (D-RM) 103 e 181 g 32.8 a 5.2 g 3.7 f
p (F) *khk *kk *kk *hk xhk

D, degermination; SM, stone milling; SM-S, stone milling followed by sieving; RM, roller milling; DB, degerminated bran; RB, refined bran; SPAs, soluble phenolic acids; CWBPAs, cell wall-bound phenolic acids; TCC, total
carotenoid content; AC, antioxidant capacity obtained from the QUENCHER-ABTS and -FRAP assays. The results are expressed on a DW basis. Means followed by different letters in the same column are significantly
different, according to the REGW-F test [(*) p (F) < 0.05, (**) p (F) < 0.01, and (***) p (F) < 0.001, and ns, non-significant].
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The distribution of the individual SPAs among the milling fractions
differed (Table S3), thus confirming the different concentrations
observed in the botanical fractions of dent and flint corn by Das and
Singh (2015): ferulic, p-coumaric, and p-hydroxybenzoic acids were
mainly detected in the germ (110, 58, 10 mg kg ™}, respectively), while
others, such as protocatechuic (42-48 mg kg™1), sinapic (160-184 mg
kg™1), and syringic acids (9-11 mg kg~!), were mostly found in the co-
products containing floury and bran parts of the kernels (animal feed
flour, DB, corn flour from stone milling). Little information is available
about the composition of the soluble form of phenolic acids in corn
milling fractions, and, to the best of the authors’ knowledge, this is the
first study to have reported the fate of the main hydroxycinnamic and
hydroxybenzoic SPAs during different types of dry milling.

The animal feed flour separated by stone milling contained signifi-
cantly higher levels of CWBPAs than the grains, albeit only those in
Pignoletto x SN148 (+11%), while the sieving of DKC6092 and P1547
yielded lower CWBPA concentrations (—24 and — 15%, respectively).
DKC6092 yielded the highest concentration in RB after degermination
(2625 mg kg~ '; +47% vs. the grains), followed by DB (2386 mg kg,
+34% vs. the grains), while the CWBPAs of P1547 and Pignoletto x
SN148 accumulated the most in the degerminated co-products. A
marked increase was observed for Pignoletto x SN148, as both the DB
and the animal feed flour contained more than twice the CWBPA con-
centration found in the grains. Corn flour separated by stone milling
retained higher CWBPA concentrations than that separated by roller
milling for all the hybrids. Only in the case of Pignoletto x SN148, did
the corn flour separated by stone and roller milling contain a signifi-
cantly higher number of CWBPAs than the semolina. Another study has
observed a loss of both content and variability of bound ferulic and p-
coumaric acids at the flaking grit stage (Butts-Wilmsmeyer et al., 2018),
thus suggesting the possibility of returning the removed phenolic acids
to processed food products through co-product extraction. Our study
further delineates how different hybrids exhibit various redistribution
patterns in milling co-products, likely because of the different pro-
portions of floury and horny endosperm. Das and Singh (2015) observed
a greater contribution of the flint corn pericarp to the total bound
phenolics (78%) than that of dent corn (55%). Del Pozo-Insfran et al.
(2006), who compared the ferulic acid content of corn genotypes, while
varying the flour texture, and Chiremba et al. (2012), who compared the
bound phenolic acids, found higher values in the harder genotypes than
in the softer ones. The larger accumulation of Pignoletto x SN148
phenolic acids in the pericarp-rich co-products observed for all the
milling strategies may be linked to its flint genetic background and
higher kernel hardness. Indeed, phenolic acids are believed to influence
grain structural properties, as they form close linkages, within the plant
cell walls, with arabinoxylans and lignins, and have been reported to be
closely correlated with kernel hardness and other physical properties of
corn (Chiremba et al., 2012). Although the present study has only
analyzed a limited number of hybrids, the three genotypes were selected
to represent distinct kernel hardness levels, thus capturing the range of
variability relevant to milling behavior. The observed trends provide a
strong basis for understanding the influence of kernel hardness on
fraction composition and can be further validated in future studies
involving a wider genetic background. The results suggest that the
milling of genotypes characterized by higher levels of kernel hardness
could result in an enhanced accumulation of phenolic acids in specific
milling co-products, which could be recovered as a cost-effective source
of antioxidants and used to serve either as functional ingredients for
food addition purposes or for bioactive compound extraction, when
safety standards are not met.

The distribution of individual bound phenolic acids within the
milling fractions was less heterogenous than that of the soluble form
(Table S4), with ferulic acid mostly being present in DB (average 1963
mg kg™!) and consistently showing the highest share (77-88%), fol-
lowed by p-coumaric and sinapic acid, which were also mainly accu-
mulated in DB (321 and 100 mg kg™!). The p-coumaric share increased
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in the germ fraction (17%) and decreased to 6% in the fine fractions
(corn flour and refined semolina); the average contribution of sinapic
acid was around 4% in all the fractions, except in the corn flour and
refined semolina (8%).

3.1.2. Carotenoids

The highest TCC in the cleaned grains, calculated as the sum of
B-carotene, B-cryptoxanthin, zeaxanthin, and lutein (Table 1), was found
in Pignoletto x SN148, followed by P1547 and DKC6092, in agreement
with previous studies that indicated higher carotenoid concentrations in
hard endosperm yellow-corn (Saenz et al., 2021). Unlike the phenolic
acids, the carotenoids were concentrated more in the refined semolina
obtained via roller milling than in the milling co-products. The animal-
feed flour separated after stone milling was characterized by a similar
TCC (P1547) or lower (—28%, DKC6092 and Pignoletto x SN148) than
the grains. The lowest TCC was found in the germ (—24%, —75%, —42%
vs. grains for DKC6092, P1547, and Pignoletto x SN148, respectively).
The degerminated co-products from DKC6092 and P1547, such as bran
and feed flour, retained comparable carotenoid levels to the cleaned
grains, and only the roller milling refining step resulted in a semolina
with a significantly higher TCC than the cleaned grains. Instead,
Pignoletto x SN148 showed a lower level of TCC in all the degerminated
co-products, with semolina (both semi-whole and refined) having higher
levels than the grains. Only in Pignoletto x SN148 did the two bran
types significantly differ, with RB containing 32% more TCC than DB
(26.2vs19.9 mg kg’l). These observations, at an industrial level, reflect
the distribution pattern observed for hand-dissected corn fractions by
other authors, who reported higher carotenoid concentrations in the
endosperm and aleurone layer than in the germ, but not for other ce-
reals, like wheat, oats, and barley (Ndolo & Beta, 2013). Ndolo and Beta
(2013) and Kean et al. (2011) observed negligible or low amounts of
TCC (1.8-6.5 mg kg™!) in the outer pericarp, respectively, in mechani-
cally separated bran fractions. Ortiz et al. (2018) found a lower TCC of
about 15% in flour with a particle size <212 pm than in meal and grit
fractions of biofortified pro-vitamin A cultivars, in good agreement with
the findings of the present study. Other works that had focused on
carotenoid retention during the dry milling of biofortified pro-vitamin A
corn found no significant carotenoid losses during the production of
debranned corn (Mugode et al., 2014) or degerminated flour (Kean
et al., 2011). Although direct comparisons are not possible, due to dif-
ferences in the dry milling method and co-product particle sizes, the
distribution pattern observed in the present study is similar to what Kean
etal. (2011) found for decorticated bran fractions, that is, a significantly
lower carotenoid content (18.0 mg kg’l) than in decorticated flour
fractions (30.8 mg kg™1) and corn grains (22.5 mg kg™1).

HPLC revealed a differential distribution of individual compounds
within the milling fractions (Table S5). A high xanthophyll/carotene
ratio was observed in both types of bran and in the degerminated
semolina, while the corn flour, animal feed flour, and germ were char-
acterized by lower values. The animal feed flour and degerminated co-
products (with the exception of the germ) showed a higher content of
zeaxanthin than lutein, the latter mainly being accumulated in the
milling fractions derived from the endosperm following degermination.
The floury parts of the endosperm (animal feed and corn flour) were
characterized by a higher p-cryptoxanthin/p-carotene ratio, while the
relative abundance of p-carotene was greater in the germ and bran.

3.1.3. Antioxidant capacity

The free-radical scavenging potential (ABTS assay) and ferric-
reducing activity (FRAP assay) of the milling products/co-products
were also evaluated (Table 1). When using ABTS, the germs of all the
hybrids exhibited the highest antioxidant capacity (AC). The animal feed
flour, and the DB along with germ consistently exhibited higher AC in
P1547 and Pignoletto x SN148 than the grains in both assays. Overall, a
progressive reduction in AC was observed in all the hybrids after
degermination, as corn flour and RB yielded similar or lower values than
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Table 2
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The distribution of the total fumonisins (FUMrort), total deoxynivalenol (DONtot), moniliformin (MON), aflatoxin B, (AFg;), and zearalenone (ZEA) in the products

and co-products of different milling processes and different corn hybrids.

Hybrid Degermination process (D)  Dry milling process  Milling fraction FBror DONrtoT AFg, ZEA MON
(gkg™  Gigkg™D  Gigkg D (uigkgD  (ugkg )
DKC6092 Corn grains 2998 d 3998 d <LOQ 85 d 725 c
None SM-S Animal feed flour 4071 b 4344 ¢ <LOQ 93 c 983 b
Semi-whole semolina (SM-S) 2332 e 3569 e <LOQ 77 e 603 d
D Animal feed flour 6748 a 5204 a <LOQ 119 a 1663 a
Degerminated bran (DB) 3394 c 5048 b <LOQ 110 b 948 b
Germ 875 g 3214 f <LOQ 61 f 330 f
SM Corn flour 1453 f 2824 g <LOQ 39 g 493 e
Semi-whole semolina (D-SM) 503 h 2565 h <LOQ 41 g 361 f
RM Corn flour 1108 fg 2654 h <LOQ 39 gh 590 d
Refined bran (RB) 486 h 1995 i <LOQ 33 i 217 g
Refined semolina (D-RM) 383 h 1887 i <LOQ 36 h 182 g
p(® ns
P1547 Corn grains 5269 d 3078 d 32 e 51 d 505 c
None SM-S Animal feed flour 7068 c 3403 ¢ 46 b 55 c 612 b
Semi-whole semolina (SM-S) 4034 e 2851 e 27 f 45 e 444 d
D Animal feed flour 10783 a 4290 a 38 d 71 a 1025 a
Degerminated bran (DB) 7543 b 4050 b 43 ¢ 67 b 628 b
Germ 1597 h 209 f 53 a 37 f 249 g
SM Corn flour 2051 g 1933 gh <LOQ 21 g 364 e
Semi-whole semolina (D-SM) 1307 h 2000 g <LOQ 22 g 299 f
RM Corn flour 3411 f 1877 h 1.7 g 22 g 479 cd
Refined bran (RB) 617 i 1399 1 <LOQ 16 h 163 h
Refined semolina (D-RM) 565 i 1503 i <LOQ 18 h 154 h
p® 3
Pignoletto x SN148 Corn grains 1593 c 2244 d <LOQ 42 d 379 c
None SM-S Animal feed flour 2168 b 2391 ¢ <LOQ 45 c 648 b
Semi-whole semolina (SM-S) 1383 d 1981 e <LOQ 33 e 308 d
D Animal feed flour 5131 a 2999 a <LOQ 57 a 1156 a
Degerminated bran (DB) 2210 b 2586 b <LOQ 53 b 647
Germ 800 f 1967 e <LOQ 28 f 168 e
SM Corn flour 803 f 1405 g <LOQ 17 g 189 e
Semi-whole semolina (D-SM) 403 g 1174 h <LOQ 18 g 283 d
RM Corn flour 1113 e 1562 f <LOQ 16 g 203 e
Refined bran (RB) 301 g 865 i <LOQ 10 i 115 f
Refined semolina (D-RM) 262 g 920 i <LOQ 13 h 90 f

p®

ns

D, degermination; SM, stone milling; SM-S, stone milling followed by sieving; RM, roller milling; DB, degerminated bran; RB, refined bran; FBror, total fumonisins, sum
of fumonisins B; and B5); DONtor, total deoxynivalenol, sum of DON, deoxynivalenol-3-glucoside (DON-3-G), 3-acetyldeoxynivalenol (3-ADON), and 15-acetyldeox-
ynivalenol (15-ADON); AFg,, aflatoxin B; (LOQ = 1.6 ug kg’l); ZEA, zearalenone; MON, moniliformin; LOQ, limit of quantification. 3-ADON, nivalenol (NIV), and
enniatin B (ENN B) were <LOQ (LOQ =10, 10, and 1.4 ugkg™", respectively). Means followed by different letters in the same column are significantly different,
according to the REGW-F test [(*) p (F) < 0.05, (**) p (F) <0.01, and (***) p (F) < 0.001, and ns, non-significant].

the grains, except for the RB of DKC6092, whose AC was found to be
significantly higher than that of the grains in both assays, most likely
due to the large number of CWBPAs (Comert & Gokmen, 2017). Instead,
the RB of P1547 and Pignoletto x SN148 was consistently characterized
by a lower AC than that of DB. The effectiveness in the recovery of
antioxidant-rich fractions differed in the refining step, as the corn flour
separated by stone milling had a superior AC than the corn flour sepa-
rated by roller milling, which showed the lowest AC of all the milling co-
products.

3.2. Distribution of the mycotoxins in the corn fractions

The fate of the main regulated and emerging mycotoxins detected in
the different milling fractions/co-products of the three hybrids is re-
ported in Table 2. In 2023, the rainy and cooler weather conditions,
from May to September, favored the growth of Fusarium spp., which led
to a significant contamination of all the corn hybrids by Fusarium-
derived metabolites. Aspergillus-derived metabolites were only found in

the form of aflatoxin By (AFp;) in the P1547 grains below the maximum
level of 5.0 pg kg ™! (European Commission, 2023), and in some milling
fractions. Pignoletto x SN148 consistently showed the lowest contami-
nation levels of the hybrids in both the grains and milling fractions.
P1547 exhibited the highest FBror content, reaching 5269 pg kg~ in the
grains, thereby exceeding the EU limit for unprocessed corn grains
(4000 pg kg™1). The grains of all the hybrids were contaminated with
DON (data not shown) above the 1500 pg kg™! limit for unprocessed
corn grains, with DKC6092 exhibiting the highest level (3062 pg kg™1),
followed by P1547 and Pignoletto x SN148 (2364 and 1726 pg kg !,
respectively). Some DON plant metabolites were also detected, i.e. DON-
3-G and 15-ADON, while 3-ADON was always under the limit of quan-
tification (<LOQ). The DONtot composition was 77% for DON, 15% for
DON-3-G, and 8% for 15-ADON. DKC6092 also exhibited the highest
levels of ZEA (85 pg kg™ 1), another regulated mycotoxin produced by
Fusarium spp., although the limit (100 pg kg~!) was not exceeded. As
MON is an emerging mycotoxin, no regulatory limits have been estab-
lished. However, the different susceptibility to MON accumulation
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between hybrids, and the overall higher contamination of the cleaned
grains of the present study (379-725 pg kg™1), compared to previously
reported data from the same growing area (215 pg kg~; Scarpino et al.,
2020), deserves mentioning.

The animal feed flour obtained after degermination represented the
fraction with the highest contents of FBror, DON1oT, ZEA, and MON for
all the hybrids. The inverse relationship between the particle size of corn
milling fractions and FBror content is well known in the literature
(Bordini et al., 2017; Vanara et al., 2018), and has recently been
described for more than 30 mycotoxins and other fungal metabolites,
including DON and ZEA, with their masked or modified forms, and MON
(Scarpino et al., 2021). The FBror and MON levels increased 2.3-fold in
DKC6092 and P1547, and 3.1-fold in Pignoletto x SN148, compared to
the grains. The DONtoT and ZEA concentrations also increased in all the
hybrids, although to a lesser extent (average 1.3- and 1.4-fold, respec-
tively). Conversely, the increase in Fusarium toxins was less pronounced
in the animal feed flour obtained following stone milling and sieving,
that is, 1.4-fold for FBtor and MON, and 1.1-fold for DONtoT and ZEA.
This strategy resulted in a significant reduction of mycotoxin contami-
nation in the semi-whole semolina, compared to the grains. However,
the decontamination was less pronounced than that achieved when
applying degermination. Indeed, degermination was effective in redis-
tributing the contamination in the animal feed flour as well as in the DB,
with FBror, DON1ot, and ZEA increasingl.3-fold, and MON 1.4-fold.
The germ instead presented significantly lower FBror, DONtoT, ZEA,
and MON (-63, —21, —30, and — 54%, respectively) contents than the
grains. The only exception was the AFg; found in the P1547 milling
fractions, in which the germ showed the largest increase (1.7-fold).
Mycotoxins are produced at fungal growth sites, which mainly appear at
the pedicel and on the surface layers (Zheng et al., 2024). Although
located on the outside of the kernel, the germ has been observed to be an
unsuitable substrate for the production of FBror by F. verticilloides (Shim
et al., 2003), and this is consistent with the germ concentration levels of
the metabolites produced by Fusarium spp. of the Liseola section, i.e.
FBror and MON, observed in the present study. Instead, mycotoxins
produced by Fusarium spp. of the Discolor section, such as DON and ZEA,
have mainly been found in high-fat fractions, such as the germ, with
increased contents, that is, about 4 (Schollenberger et al., 2008) and 2.8
(Scarpino et al., 2021) times higher for DON, and 3.1 (Brera et al., 2006)
and 5.2 (Scarpino et al., 2021) times higher for ZEA, than cleaned grains.
However, in the present study, ZEA has mostly been found in the finer
size fractions and bran. The high contamination rates in the animal feed
flour and DB are attributable to the fact that these fractions are obtained
from the fine particles that are mainly generated by the floury endo-
sperm surrounding the germ, where a higher development of fungal
species is possible (Bluhm & Woloshuk, 2005; Philippeau et al., 2000),
and from the milling of the outer layers, i.e. pericarp and tip cap, which
act as a physical barrier to mycelial penetration (Castells et al., 2008).
The higher contamination of the germ with aflatoxins than with the
other investigated mycotoxins aligns with previous redistribution data
that showed a more superficial accumulation, which mostly affected the
germ (Brera et al., 2006; Castells et al., 2008; Scarpino et al., 2021). The
data of the present study suggest that the mycotoxin concentrations in
both milling co-products should be carefully evaluated, as they pose a
risk to both animals and consumers when incorporated in feed and food
formulations, either to recover a milling by-product within a circular
economy framework or to increase the nutritional value of the final
product. Stone milling after degermination led to higher FBygr, DONToT,
and MON accumulations in the corn flour than in the semi-whole
semolina, while no significant differences were observed for ZEA. Rol-
ler milling after degermination produced corn flour that was generally
more contaminated than that obtained after stone milling. The addi-
tional bran fraction separated during roller milling (RB) exhibited low
contamination levels, with significant reductions of 8.9, 2.8, 3.3, and
4.6-fold for FBror, DONToT, ZEA, and MON, respectively, compared to
DB. The RB fraction also displayed the lowest mycotoxin concentrations
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of all the milling products and did not significantly differ from those
observed in the refined semolina obtained from the same process, thus
making it a suitable food-grade milling fraction for use as a functional
ingredient for food fortification purposes.

3.3. Nutritional and health-related traits of the cornmeal semolina

The application of different milling strategies and the addition of
bran to the refined flour resulted in 6 final types of semolina with
different proximal compositions (Table S2), which reflected the
different degrees of refinement. The whole (SM) and semi-whole (SM-S)
semolina types obtained from stone milling were characterized by
higher dietary fiber, lipids, and ash contents than the semi-whole (D-SM)
and refined (D-RM) semolina types obtained after degermination, which
instead had higher starch contents. The bran incorporated into the
refined D-RM semolina allowed semolina (D-RM -+ DB and D-RM + RB)
to be obtained with higher protein and fiber contents than the starting D-
RM semolina, while the lipid content remained within a comparable
range.

The biologically active compound contents as well as those of the
mycotoxins from both the hybrids (H) and cornmeal semolina (S) were
significantly differentiated by ANOVA. However, different response
levels were observed, due to consistently significant S x H interactions
(Tables 3 and 4).

3.3.1. Phytochemicals and antioxidant capacity

As shown in Table 3, the SPA content in DKC6092 was significantly
higher than in P1547 (4+26%) and Pignoletto x SN148 (+56%), as was
the CWBPA content (+19% compared to the other hybrids). A similar
number of SPAs and CWBPAs to those of the whole SM semolina was on
average retained in the semi-whole SM-S semolina, since sieving only
removed a small fraction (about 10%) of bran, impurities, and floury
endosperm. All the semolina obtained by degermination instead had
lower concentrations of phenolic acids than those obtained from the
stone milling of grains, in agreement with the redistribution observed in
the milling co-products. However, the decrease was more pronounced
for the CWBPAs (—81%) than for the SPAs (—50%) for the most refined
semolina (D-RM). By applying degermination, bran incorporation was
the most effective strategy in enhancing phenolic acids, with DB incor-
poration generally outperforming RB. The high SPA concentration in the
DB of DKC6092 resulted in a semi-whole semolina (D-RM + DB) with a
similar SPA level to that of the SM semolina (Fig. 2A), while a significant
decrease was recorded for the other two hybrids (—35%). The inclusion
of RB did not offer any advantages, in terms of SPAs, but it did increase
CWBPAs (Fig. S2), especially in DKC6092 and Pignoletto x SN148
(+203% vs. D-RM semolina). Even higher CWBPAs were achieved for
DB incorporation than for RB, thus the D-RM + DB semolina showed less
of a decrease (—29%) than the SM one.

The relative abundance of the individual compounds of the three
hybrids did not differ. Hydroxybenzoic sinapic acid within the soluble
fraction was the most abundant. It ranged from 52 to 56%, followed by
ferulic acid (12-17%), protocatechuic (12-16%), and p-coumaric
(7-9%). These findings contrast with those of Butts-Wilmsmeyer et al.
(2018), who only detected cinnamic acid, a precursor of phenolic acids,
in large flaking grits, as well as low levels of ferulic and p-coumaric
acids. The bound fraction was dominated by ferulic acid (86-88%),
followed by p-coumaric (8-9%) and sinapic (3-4%) acids, while the
other compounds accounted for <0.5% to the total amount. The relative
abundance of some compounds varied as a function of the milling
strategy, particularly in the soluble form (Fig. 2A), thereby reflecting the
composition of the milling co-products (Table S3). The soluble sinapic,
ferulic, and p-coumaric acid shares were similar in the SM and SM-S
types of semolina, whereas the semolina from degerminated grains
showed a decrease in ferulic and p-coumaric acids, and an increase in
sinapic acid. To the best of the authors’ knowledge, this is the first study
to have reported the distribution of phenolic acids in cornmeal semolina
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Table 3

The soluble (SPAs) and cell wall-bound (CWBPAs) phenolic acid, and carotenoid (TCC) contents, and the levels of antioxidant capacity (AC) of the cornmeal semolina
of each corn hybrid obtained from different milling strategies.

Factor Degermination process (D)  Source of variation SPAs CWBPAs TCC ACagTs ACgrap
(mg kg’l) (mg kg’l) (mg kg’l) (mmol TE kg’l) (mmol TE kg’l)
Hybrid (H) DKC6092 231 a 1072 a 257 b 8.3 b 8.6 a
P1547 184 b 910 b 248 b 8.1 b 8.4 a
Pignoletto x SN148 148 ¢ 891 b 27.7 a 9.4 a 8.3 a
p® . sk e s ns
Cornmeal semolina (S)  None Whole (SM) 272  a 1619 a 213 d 114 a 127 a
Semi-whole (SM-S) 253 b 1599 a 219 d 105 b 116 b
D Semi-whole (D-RM+DB) 205 ¢ 1034 b 280 b 9.2 c 9.4 c
Semi-whole (D-RM+RB) 156 d 741 c 289 ab 7.8 d 6.6 d
Semi-whole (D-SM) 107 f 508 d 256 ¢ 6.8 e 5.6 e
Refined (D-RM) 135 e 303 e 308 a 5.9 f 4.7 f
P F) sekk Kk *kk ok Tk
HxS p(® . ok % sk

D, degermination; SM, stone milling; SM-S, stone milling followed by sieving; D-RM+DB, degermination followed by roller milling and the incorporation of deger-
minated bran; D-RM+RB, degermination followed by roller milling and the incorporation of refined bran; D-SM, degermination followed by stone milling; D-RM,
degermination followed by roller milling; SPAs, soluble phenolic acids; CWBPAs, cell wall-bound phenolic acids; TCC, total carotenoid content; AC, antioxidant ca-
pacity obtained from the QUENCHER-ABTS and -FRAP assays. The milling strategies applied to obtain the cornmeal semolina are detailed in Fig. 1. The results are
expressed on a DW basis. Means followed by different letters in the same column are significantly different, according to the REGW-F test [(*) p (F) <0.05, (**) p
(F) <0.01, and (***) p (F) < 0.001, and ns, non-significant].

Table 4
The total fumonisins (FUMror), total deoxynivalenol (DONror), aflatoxin B; (AFg;), zearalenone (ZEA), and moniliformin (MON) contents of the cornmeal semolina of
each corn hybrid obtained from different milling strategies.

Factor Degermination process (D) Source of variation FBror DONrtor AFp, ZEA MON
(rgkg™H (ng kg™ (hgkg ™M (ngkg ™M (rgkg ™
Hybrid (H) DKC6092 1347 b 2955 a <LOQ 54 a 452 a
P1547 2440 a 2236 b 2.9 a 30 b 347 b
Pignoletto x SN148 830 c 1477 c <LOQ 24 c 255 c
p (F) *k%k *hk ns *kk *xk
Cornmeal semolina (S) None Whole (SM) 3287 a 3107 a 3.2 a 59 a 536 a
Semi-whole (SM-S) 2583 b 2801 b 2.7 b 52 b 452 c
D Semi-whole (D-RM-+DB) 1769 c 2600 c <LOQ 30 c 490 b
Semi-whole (D-RM-+RB) 455 e 1479 e <LOQ 24 e 172 e
Semi-whole (D-SM) 738 d 1913 d <LOQ 27 d 314 d
Refined (D-RM) 403 e 1437 e <LOQ 22 f 142 f
p(® Kk wkk * Kk sk
H X s p (F) ek Kk ns ke ke

D, degermination; SM, stone milling; SM-S, stone milling followed by sieving; D-RM+DB, degermination followed by roller milling and the incorporation of deger-
minated bran; D-RM+RB, degermination followed by roller milling and the incorporation of refined bran; D-SM, degermination followed by stone milling; D-RM,
degermination followed by roller milling; FBror, total fumonisins, sum of fumonisins B; and B,); DONtor, total deoxynivalenol, sum of DON, deoxynivalenol-3-
glucoside (DON-3-G), 3-acetyldeoxynivalenol (3-ADON), and 15-acetyldeoxynivalenol (15-ADON); AFg;, aflatoxin B; (LOQ =1.6pg kg’l); ZEA, zearalenone;
MON, moniliformin; LOQ, limit of quantification. 3-ADON, nivalenol (NIV), and enniatin B (ENN B) were <LOQ (LOQ =10, 10, and 1.4 pug kg’l, respectively). Means
followed by different letters in the same column are significantly different, according to the REGW-F test [(*) p (F) < 0.05, (**) p (F) < 0.01, and (***) p (F) < 0.001, and
ns, non-significant].

obtained from different dry milling processes. Research on dry milling
has largely focused on laboratory-scale studies for the recovery of phy-
tochemicals from by-products (Ali et al., 2025; Li et al., 2017) to produce
cornflakes (Butts-Wilmsmeyer et al., 2018) and snack foods (Ortiz et al.,
2018; Thakur et al., 2017), or to produce mechanically decorticated
fractions for use in porridge and traditional products (Kean et al., 2011;
Mugode et al., 2014; Pillay et al., 2014). However, dry milling processes
are also widely employed to obtain cornmeal semolina, which is char-
acterized by a smaller particle size than grits, and is commonly used for
polenta, baked or fried products (Blandino, Alfieri, et al., 2017), and
gluten-free alternatives (Bresciani et al., 2021).

The highest TCC (Table 3) was observed in the Pignoletto x SN148
semolina, which differed significantly from the other two hybrids
(+10%), although the results varied according to the milling strategy
(Fig. 2B). The lowest TCC was observed in the SM and SM-S semolina
types, which showed no significant differences, while degermination
and roller milling was the most effective strategy in maximizing the TCC
in the D-RM semolina (+45%; Table 3). Only DKC6092 and Pignoletto x

SN148 showed significant differences among the semolina types
(Fig. 2B), with D-RM semolina showing the greatest TCC increase (+64
and + 44% vs. SM semolina, respectively). Bran incorporation increased
the TCC of DKC6092 by about 55%, regardless of the type of bran, and a
similar amount to that of the D-RM semolina was reached. The appli-
cation of stone milling after degermination led to an average TCC in-
crease in the D-SM semolina (+20%), compared to stone milling without
prior degermination. This increase was more pronounced and significant
only for Pignoletto x SN148 (+27%). Since carotenoids are primarily
located in the vitreous endosperm (Ndolo & Beta, 2013), roller milling
was the most effective strategy in maximizing the TCC, and especially in
Pignoletto x SN148 (32.8 mg kg™ in its D-RM semolina; Fig. 2B). The
incorporation of bran led to a slight but significant drop in the TCC
(—10%) compared to D-RM, regardless of the type of bran.

The carotenoid profile of Pignoletto x SN148 semolina differed from
DKC6092 and P1547, with higher p-carotene (10% vs. 6%), p-cryptox-
anthin (20% vs. 15%), similar lutein (31% vs. 29%), and lower zeax-
anthin (39% vs. 50%) levels. Higher kernel hardness has been associated



C. Sardella et al.

Food Chemistry 500 (2026) 147472

350 1 DKC6092
300 A
250 -
200 -

150 A

SPAs (mg kg!)

100 -

50 A

SPAs (mg kg')
vy
(=}

—_

(=3

(=]
L

w
(=}
L

f=}

)

(Y3

f=}
)

Pignoletto x SN148

SPAs (mg kg™)
—_ — [3*) [y ] (98]
(=3 W (=3 W (=]
(=] (=) (=] (=) (=)

w
(=}
L

(=}

Refined
(D-RM)

Semi-whole
(D-SM)

Semi-whole  Semi-whole
(D-RM+DB) (D-RM+RB)

Whole
(SM)

Non-degerminated

Semi-whole
(S-SM)

Degerminated

[0 Protocatechuic ac. [ Sinapic ac. B Syringic ac. Vanillic ac.

M| Caffeic ac. [ Ferulic ac. £3 Gallic ac. M p-Coumaric ac. { p-Hydroxybenzoic ac.

B
40 1 DKC6092
35 A
ab ab 2
30 A
- 25 be
-&‘J C
g20{ ¢
S
= 15 A
10 A
5
0 - T
40 9 P1547
35 A
30 A 5 a
~ a
- 4 a
PR a N
on
E 20 A
S
= 15 A
10 A
5 4
0 1 T
40 4 Pignoletto x SN148
35 A a
30 b L b
E" 25 A c c
on
E 20 A
S
= 15 A
10 A
5
0 -
Whole Semi-whole | Semi-whole Semi-whole Semi-whole Refined
(SM) (5-SM) | (D-RM+DB) (D-RM+RB)  (D-SM) (D-RM)
| Non-degerminated Degerminated
W B-Carotene [ B-Cryptoxanthin [ Lutein M Zeaxanthin

Fig. 2. Comparison of the soluble phenolic acid (SPA; A) and carotenoid (TCC; B) contents in the cornmeal semolina of different milling processes and different corn

hybrids.

SM, stone milling; SM-S, stone milling followed by sieving; D-RM + DB, degermination followed by roller milling and the incorporation of degerminated bran; D-RM
+ RB, degermination followed by roller milling and the incorporation of refined bran; D-SM, degermination followed by stone milling; D-RM, degermination followed
by roller milling. The results are expressed on a DW basis. Different letters above the columns indicate significant differences between the six groups at p (F) < 0.05,

according to the REGW-F test.

with an improved ability of storing more carotenoids (Kljak et al., 2024;
Saenz et al., 2020). Moreover, the composition of carotenoids has been
observed to account for the formation of a vitreous endosperm, which
influences the stability of amyloplast membranes during kernel desic-
cation and affects the interactions between starch granules and protein
bodies (Wang et al., 2020). Saenz et al. (2021) reported higher levels of
pro-vitamin A carotenoids in genotypes of increasing kernel hardness, as
observed in the present study. However, a greater kernel hardness has
been associated with higher concentrations and proportions of all
B-branch carotenoids, zeaxanthin included (Kljak et al., 2024; Saenz
et al., 2021). The higher levels of zeaxanthin usually reported in hard
endosperm flint genotypes than in dent ones (Borras et al., 2022; Nuss &
Tanumihardjo, 2010) were not observed for the flint x dent hybrid
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analyzed in the present study, thus highlighting differences in the
expression of the main enzymes that regulate the biosynthetic pathway
which favors either the a- or the p-branch. The pro-vitamin A carotenoid
content of the Pignoletto x SN148 D-RM semolina (9.8 mg kg™!)
exceeded that of the conventional dent hybrids (6.1 mg kg™!), and
approached the 12-15 mg kg™! target that is considered nutritionally
relevant for biofortification purposes (Menkir et al., 2017).

The carotenoid distribution across the milling fractions influenced
the semolina profiles (Fig. 2B): higher xanthophyll/carotene and lower
zeaxanthin/lutein ratios were observed in all the degerminated semo-
lina types. The p-criptoxantina and f-carotene shares were found to be
higher in the non-degerminated semolina, while the relative abundance
of zeaxanthin was greater in the D-RM + DB semolina. Previous studies
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reported lower levels of zeaxanthin, p-cryptoxanthin, and p-carotene
(Ortiz et al., 2018; Pillay et al., 2014), or only p-cryptoxanthin (Mugode
et al., 2014), in degerminated and dehulled endosperm fractions.
ACapTs was observed to be significantly higher in the Pignoletto x
SN148 semolina than in the other analyzed hybrids (+15%), while no
significant differences were found for ACprap (Table 3). However,
Pignoletto x SN148 was characterized by more pronounced percentage
decreases for increasing degrees of refinement than SM semolina
(Fig. S3). The SM semolina exhibited the highest AC, and, although a
drop was observed after sieving (—8%), it was only significant for
Pignoletto x SN148 (ACaprs) and for DKC6092 (ACpgrap). The D-RM
semolina retained the lowest absolute values (—48 and —63%, for
ACpprs and ACprap, respectively, vs. SM semolina) of all the
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degerminated semolina types. The D-RM + DB semolina was always
observed to have a higher AC than RB, which, together with D-SM,
maintained similar or slightly higher values than the D-RM semolina,
depending on the hybrid and the assay.

3.3.2. Mycotoxins

Pignoletto x SN148 consistently exhibited the lowest levels of
mycotoxin contamination in all the semolina types (Table 4). FBror
contamination followed a similar reduction trend among the hybrids:
sieving alone led to a significant reduction (—21%), compared to SM
semolina. Among the degerminated semolina types, the reduction per-
centage was less marked for D-RM + DB semolina (—46%) than for D-SM
semolina (—78%). The D-RM + DB and D-RM semolina types presented
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Fig. 3. Comparison of the fumonisin (FBror; A) content, as the sum of B; and By, and moniliformin (B), in the cornmeal semolina of different milling processes and

different corn hybrids.

SM, stone milling; SM-S, stone milling followed by sieving; D-RM + DB, degermination followed by roller milling and the incorporation of degerminated bran; D-RM
+ RB, degermination followed by roller milling and the incorporation of refined bran; D-SM, degermination followed by stone milling; D-RM, degermination followed
by roller milling. The results are expressed on a DW basis. Different letters above the columns indicate significant differences between the six groups at p (F) < 0.05,

according to the REGW-F test.
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the lowest FBror levels (—87%), and significant differences in the ab-
solute values were only observed in P1547 (794 vs. 565 pg kg™1), since
higher contamination levels of the grains led to more marked differences
among the final semolina types (Fig. 3A). FB; remained the dominant
fumonisin, but it showed reduced shares (75% and 80%) in the D-RM
and D-RM + RB semolina types. Interestingly, only degermination fol-
lowed by roller milling, or RB incorporation, resulted in semolina from
all the hybrids that was compliant with EU regulations for cornmeal
semolina destined for consumers (1000 pg kg ~1). Only in the case of low
contamination levels of the initial grains (DKC6092 and Pignoletto x
SN148), did degermination followed by stone milling (D-SM) also meet
the legal limits.

AFp; was only found in the SM and SM-S semolina types of P1547.
Only the D-RM + RB and D-RM semolina of Pignoletto x SN148 satisfied
the EU limit of 750 pg kg~ ' for DON (Fig. S4 A), while all the semolina
types complied with the 100 pg kg ! limit for ZEA (Fig. S4B) set for corn
destined for human consumption. The DONto1 decontamination trend
was similar to that of FBror, but the decrease percentages were less
pronounced (Table 4). A weaker decontamination of DON, and partic-
ularly of DON-3-G, than of FBror has already been mentioned in pre-
vious publications, in which the variable effects of the process were
ascribed to the degree of fungal penetration into the endosperm (Brera
et al., 2006; Scarpino et al., 2021). Sieving after stone milling led to a
modest but significant reduction in the SM-S semolina of about 10 and
12% of DONtor and ZEA, respectively, for all the hybrids, while stone
milling after degermination led to a greater reduction in the D-SM
semolina (—38 and — 54%). The highest level of decontamination was
reached in the D-RM semolina (—54 and — 63%, respectively). Incor-
porating RB into the refined flour determined a significantly higher
DONTtor level, compared to the refined flour without RB, albeit only in
the case of P1547 (1334 vs. 1146 pg kg™'; Fig. S4A), as also happened
for FBrot. Additionally, it resulted in higher ZEA contents in both P1547
and Pignoletto x SN148. DB incorporation posed a risk of increasing the
contamination level of the refined flour to even higher levels than RB
incorporation. This was especially evident when highly contaminated
bran was used, as in the case of DONtoT for DKC6092, where the final
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content was slightly lower (—4%) than that of the SM semolina.
Although DON-3-G/DON was similar in the SM flour across hybrids
(20%), it varied according to the degree of refinement and the hybrid.
Indeed, higher percentages were observed for P1547 and Pignoletto x
SN148 in the D-RM semolina, which reached up to 22%.

The D-RM + DB semolina was the second most contaminated one
with MON, after the SM semolina (average reduction of 9%; Table 4).
The levels were statistically similar to the SM semolina for P1547
(Fig. 3B), which was followed by SM-S (—16%), D-SM (—41%), D-RM +
RB (—68%), and D-RM (—74%). Scarpino et al. (2020) observed lower
abatement levels for pearl and break meals (—57%) than cleaned grains.
A relatively high MON contamination was observed in RB, and the
derived D-RM + RB semolina always showed significantly higher levels
than those of D-RM. It is worth mentioning that the occurrence of MON
has mainly been monitored in grains and little information is available
about its occurrence in corn milling products or foods. The herein ob-
tained data for the food-grade corn milling products destined for human
consumption ranged from 142 to 536 pg kg™ ?, and they are within the
range reported by Gutema et al. (2000) 26-774 pg kg ™! for commercial
food-grade corn samples, but they are higher than those found in recent
works on flour and grits (126, 190, 82-214 pg kg™1) (Herrera et al.,
2017; Scarpino et al.,, 2020; Von Bargen et al., 2012). The limited
reduction of MON, relative to FBror, raises concerns about exposure,
especially since the co-occurrence of the two toxins has already been
reported (Scarpino et al., 2020). This is particularly important if the
milling process does not effectively remove fine particles or if highly
contaminated bran is recovered from the process.

3.3.3. Multivariate analysis

Multivariate analysis was used to obtain further information on the
differences in the phytochemical compound and mycotoxin contents of
the three species and different types of semolina. PCA partially sepa-
rated the three species on PC2, with the Pignoletto x SN148 semolina
types all being placed in the upper part of the score plot, unlike those of
DKC6092 and P1547, which were all placed in the lower part, whereas
the types of semolina were mainly differentiated on PC1 (Fig. 4A). The
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Fig. 4. Multivariate analysis of the phytochemical compound and fungal metabolite contents in the cornmeal semolina of the three corn hybrids evaluated in this
study. A, score plot of the principal component analysis (PCA); B, loading plot for the separation in A. The sample plots are grouped on the basis of the average mean
of 3 replications. The loadings of the variables of PC1 and PC2 are shown in Fig. S5.

SM, stone milling; SM-S, stone milling followed by sieving; D-RM + DB, degermination followed by roller milling and the incorporation of degerminated bran; D-RM
+ RB, degermination followed by roller milling and the incorporation of refined bran; D-SM, degermination followed by stone milling; D-RM, degermination followed
by roller milling; FB_TOT, total fumonisins; DON_TOT, total deoxynivalenol; AF_B1, aflatoxin By; ZEA, zearalenone; MON, moniliformin; SPAs, soluble phenolic acids;
CWBPAs, cell wall-bound phenolic acids; AC, antioxidant capacity obtained from the QUENCHER-ABTS and -FRAP assays.
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loading plot (Fig. 4B) and the loadings of the variables (Fig. SS5A and
S5B) showed that Pignoletto x SN148 was particularly rich in p-caro-
tene, B-cryptoxanthin, and ACaprs, but poor in zeaxanthin and less
contaminated by mycotoxins than the conventional hybrids. The SM and
SM-S semolina types of all the hybrids and the D-RM + DB semolina
types of DKC6092 and P1547 were richer in phenolic acids and char-
acterized by higher antioxidant properties, but also by a greater
contaminant risk. The other strategies applied to obtain semi-whole and
refined semolina, all following degermination, were more effective in
maximizing both the carotene and xanthophylls concentrations and
reducing mycotoxin contamination.

4. Conclusions

This study highlights that corn grains can be an excellent source of
phytochemicals, and that the breeding of novel hybrids from flint corn
germplasm with high kernel hardness shows promise for the dry milling
industry to produce ingredients with enhanced nutritional value (higher
protein content) and health-promoting compounds, particularly carot-
enoids. Nevertheless, the careful selection of appropriate dry milling
strategies is crucial to simultaneously meet specific nutritional targets
and ensure food safety. Tailoring milling approaches to the specific
characteristics of each corn lot is essential to comply with safety stan-
dards. In low contamination scenarios, strategies such as stone milling
(alone or with sieving) or the incorporation of degerminated bran into
refined flour, each of which has a progressively greater mycotoxin
abatement capacity, can be adopted to maximize the antioxidant po-
tential of the derived semolina and to deliver the highest possible
phenolic acid, mineral, and dietary fiber contents. When contamination
levels are higher, especially for mycotoxins characterized by a weaker
decontamination potential, such as DONor and MON, strategies such as
stone milling of degerminated grains or the selective recovery of refined
bran can be adopted. These strategies are progressively more effective in
reducing mycotoxin levels, and they are able to preserve a portion of
phenolic acids and further enhance the carotenoid content. The roller
refining of degerminated grains remains the best strategy to ensure food
safety for highly contaminated lots, to minimize the mycotoxin risk, and
to preserve the carotenoid composition as much as possible.

The improved mycotoxin resistance observed in the new flint x dent
hybrid, compared to conventional ones, supports its potential for the dry
milling industry, as it allows milling strategies to be applied to obtain
whole or semi-whole semolina and/or the recovery of less contaminated
by-products, in line with circular economy principles. Future studies
should assess the agronomic performance of this genotype and investi-
gate the bioavailability and stability of its bioactive compounds during
food processing, with the ultimate goal of supporting the development of
healthier and sustainable corn-based foods.
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