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Bread serves as a crucial medium for developing functional foods. Functional bread enriched with glucosamine
(GIcN) can be a dietary supplement to support joint health. This study investigated the retention of GlcN in bread
and the formation of deoxyfructopyrazine (DOF) under various formulations. Bread samples containing GlcN and
sugar alcohols demonstrated the highest GlcN retention, accounting for 69.7 %-71.0 % of the added GlcN, and
exhibited the greatest production of DOF. The moisture distribution in the dough samples and the acetal reaction

of sugars with DOF within bread system led to these outcomes. Additionally, bread with these additives displayed
a darker and browner color than the control sample containing GlcN alone. Furthermore, 34 distinct flavor
substances were identified across all bread samples. The study provides valuable insight for developing func-
tional food utilizing GIcN, especially for baked foods.

1. Introduction

Bread, a stable food consumed worldwide, is an excellent source of
carbohydrates and protein (Hasan et al., 2024). With increasing work
pressure and the rapid pace of modern life, the prevalence of suboptimal
or sub-health has risen significantly (Li, Dessie, et al., 2024). As a result,
there is a growing demand for healthier dietary options that not only
satisfy hunger but also provide additional health benefits (Azeredo et al.,
2021; Dominguez-Viera et al., 2022). Functional substances are often
incorporated during bread production, which can address these de-
mands of consumers for functional foods while maintaining its desirable
qualities, such as color and flavor.

There is a growing need for functional breads that enhance joint
flexibility and physical performance among functional nutritional foods.
However, such products remain relatively scarce, making their devel-
opment highly anticipated. Glucosamine (GlcN), a widely used dietary
supplement, is known for its ability to mitigate cartilage wear and
protect joints as well as its proven efficacy and minimal side effects
(Figueroba et al., 2021; Jiang et al., 2018; Reginster et al., 2012). The
recommended daily intake of GIcN varies by region, with a suggested
amount of 1500 mg/day in the United States, Canada, and Australia and
1000-1500 mg/day in Europe (Shintani et al., 2021). Research has
shown the potential of GlcN in various food applications (Shintani et al.,
2021). For instance, incorporating GlcN into low-salt breakfast sausages

has enhanced flavor and consumer acceptance without compromising
texture (Restaino et al., 2019; Soladoye et al., 2021). In addition, studies
have demonstrated that incubating GIcN with proteins extracted from
shrimp by-products increased its antibacterial and antioxidant activities,
highlighting its potential in functional foods (Djellouli et al., 2020). As
bread is a vital staple food consumed worldwide, integrating GlcN into
bread formulation presents an innovative opportunity. Bread enriched
with GIcN could serve as a convenient dietary source of this beneficial
supplement, offering a practical approach to supporting joint health on a
broader scale.

Some studies have demonstrated that under specific conditions, GlcN
undergoes self-condensation to produce deoxyfructosazine (DOF), a
functional substance with notable properties such as immune enhance-
ment. DOF has been shown to inhibit the growth of T-cell interleukin-2,
thereby supporting the immune system in combating inflammation (Zhu
et al., 2007). During the bread-baking process, GlcN may degrade due to
the reaction, while functional substances known as DOF are simulta-
neously generated. Consequently, bread may contain both GlcN and
DOF, offering a valuable reference for developing bread with multiple
functional properties.

Sugar and sugar alcohols are often added during the bread-making
process to ensure the sweetness of bread (Ding & Yang, 2021). These
additives contain reactive functional groups, such as carbonyl and hy-
droxyl groups, which can react with GlcN and have a specific effect on
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the presence of GlcN and DOF in bread. This study investigated the
change rule of DOF produced by GIcN reaction in the baked bread sys-
tem and the effects of sugar or sugar alcohols on their amount. Addi-
tionally, the research examined the key quality differences among bread
samples under varying conditions. The study provides an important
reference for developing multifunctional bread and advancing the
application of GlcN in functional baked foods.

2. Materials and methods
2.1. Materials

High-gluten flour was purchased from Beijing Guchuan Food Co. Ltd.
(Beijing, China), this flour complies with GB/T 8607 in China and
contains 12.2 g protein, 1.8 g fat, and 73 g carbohydrates per 100 g.
Edible butter was purchased from Shanghai Gaofu Food Co., Ltd.
(Shanghai, China). Edible sodium chloride was bought from the China
National Salt Industry Corporation (Beijing, China). Edible fructose and
edible glucose were bought from Zibo Prebiotic Edge Biotechnology Co.,
Ltd. (Shandong, China) and Weifang Revitalizing Coke Co., Ltd. (Shan-
dong, China), respectively. Yeast powder was obtained from Angel Yeast
Co. Ltd. (Beijing, China). Glucosamine (purity >99 %) was bought from
Sigma-Aldrich. Xylitol (purity >98 %) and sorbitol (purity >98 %) were
obtained from J&K Scientific Co., Ltd., which also supplied 2,5-DOF (>
95 % purity) and HPLC-grade acetonitrile. All other chemicals used were
of analytical grade, and deionized water was utilized throughout the
study.

2.2. Preparation of bread samples

Baked bread samples were prepared using 24.0 g high-gluten flour,
2.4 g edible sodium chloride, 3.0 g glucosamine, 2.4 g yeast powder
(which was evenly mixed with 120 mL of water at approximately 40 °C),
and a certain amount of sugar or sugar alcohol. The additive formula-
tions included 21.0 g glucose (GlcN-G), 21.0 g fructose (GlecN-F), 17.73 g
xylitol (GleN-X) or 21.23 g sorbitol (GlcN-S). The molar numbers of
sugar and sugar alcohol added were equivalent.

The ingredients were mixed into dough using a dough mixer (ASM-
DA600, Appliance Co. of America, USA). Subsequently, 10.0 g butter
was added and blended into the dough to achieve a smooth surface. The
dough was placed in an oven (T4-L326F, Midea, China) and fermented
at 30 °C for 1 h. Afterward, the dough was removed, kneaded, vented,
and divided into three portions of equal weight. Each portion was placed
in the same toast mold (7.5 cm x 7.5 cm x 7.5 c¢m) and fermented at
30 °C for 30 min. The toast mold was then covered, and the doughs were
baked at 160 °C for 30 min. Once baked, the bread samples were
removed from the mold and allowed to cool at room temperature for 2 h
before testing.

2.3. Determination of GIcN content

The bread samples weighing 5.0 g were initially mixed with 40 mL of
water and subjected to ultrasonic treatment with the ultrasonic instru-
ment (KQ-600DE, Kunshan Shumei Co., Ltd., China) for 30 min. The
resulting solution was centrifuged with the high-speed centrifuge
(H1750R, Cence Co., Ltd., China) at 3000 rpm for 10 min to obtain the
supernatant. Subsequently, 10 mL of the supernatant was mixed with 30
mL of anhydrous ethanol and refrigerated at 4 °C for 3 h. The mixture
was centrifuged at 5000 rpm for 10 min to obtain the supernatant. The
collected supernatant was purified using a C;g column, which had been
pre-activated with methanol and water. The purified liquid was evap-
orated under rotation with the rotary evaporator (OSB-2100, EYELA U.
S.A. branch office, Japan) at 70 °C until approximately 10 mL remained,
and its volume was adjusted to 25 mL. Finally, the solution was diluted
tenfold and filtered through a 0.22 pm PES filter membrane to obtain the
test samples.
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The analysis of GlcN was performed using an ion chromatography
(IC) system equipped with a pulse amperometric detector (ICS-5000+,
Thermo Scientific, USA) and a Carbopac™ PA10 column (Thermo Sci-
entific, USA, 4 x 250 mm), and the mobile phase comprised phase A
(H,0) and phase B (250 mmol/L NaOH). The elution program was as
follows: 0—15 min, 80 % A and 20 % B; 15.1-20 min, 20 % A and 80 % B;
and 20.1-30 min, 80 % A and 20 % B. The flow rate was maintained at
0.6 mL/min, with an injection volume of 25 pL. Standard solutions of
GlcN were prepared at various concentration gradients to generate
standard curves, which were subsequently used to calculate the GlcN
content in different bread samples.

2.4. Determination of DOF content

The supernatant was obtained following the procedure outlined in
Section 2.3 and transferred to a 50 mL volumetric flask, and the volume
was adjusted to 50 mL. The solution was filtered through a 0.22 pm PES
filter membrane to obtain the test samples. These samples were analyzed
using an HPLC system with an ultraviolet detector (SPD20-A, Shimadzu,
Japan). An amino column (Shim-pack GIST NH2, 4.6 x 250 mm, 5 pm,
Shimadzu, Japan) was used to analyze the DOF contents, with the col-
umn temperature maintained at 30 °C. The injection volume was set to 5
pL. The mobile phase consisted of a 20:80 (v/v) isocratic mixture of
water and acetonitrile, with a 0.4 mL/min flow rate. Each analysis cycle
lasted 30 min, and the resulting data were processed using LabSolutions
software (Version 5.98). Standard curves for 2,5-DOF were generated
using a series of standard solutions with varying concentration gradi-
ents, and the 2,5-DOF content in various bread samples was calculated
according to these standard curves.

2.5. Determination of moisture

Low-field nuclear magnetic resonance (LF-NMR) was used to detect
the moisture distribution in dough samples made with different addi-
tives. The detection method followed the approach of Pan et al. (Pan
et al., 2024) with slight modifications. LF-NMR measurements were
performed using a LIME-MRI-D12 analyzer (Limecho Technology Co.,
Ltd., Beijing, China). Each dough sample, weighing 20.0 g, was placed
into the sample cells for analysis. T2 relaxation scanning was then
performed with the experimental parameters set as follows: the echo
time was 300 ps, the echo count was 5000, the reduction time was 3 s,
and the number of scans was 16. The T2 transverse relaxation time of the
sample was obtained using the Carr-Purcell-Meiboom-Gill (CPMG) pulse
sequence, and the data were inverted using the synchronous iterative
reconstruction technique.

2.6. Determination of acetal reaction products

The method for extracting acetal reaction products from bread
samples followed the same procedure as the previous DOF extraction.
Acetal reaction product was detected using an Agilent 1260 liquid
chromatography system coupled with an Agilent 6460 ESI-triple quad-
rupole mass spectrometry system (Agilent, USA). For analysis, a Shim-
pack GIST NH2 amino column (Shim-pack GIST NH2, 4.6 x 250 mm,
5 pm, Shimadzu, Japan) was used with the column temperature main-
tained at 30 °C. The injection volume was set at 5 pL. The elution was
executed using a mobile phase comprising a 20:80 (v/v) isocratic
mixture of Solution A (water with 0.1 % v/v formic acid) and Solution B
(acetonitrile with 0.1 % v/v formic acid) at a flow rate of 0.4 mL/min.
Each cycle for the acetal reaction products lasted 25 min, whereas the
standard DOF cycle lasted 40 min. The mass operating conditions were
set as follows: sheath gas temperature, 400 °C; gas flow, 12 L/min;
nebulizer pressure, 45 psi; and capillary voltage, 3850 V. Positive ion
multiple reaction monitoring (MRM) and the product ion mode were
used for sample analysis.

In the quantitative determination using MRM mode, the precursor
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ion for the acetal reaction product of sugar and DOF was m/z = 467,
with its characteristic product ion was m/z = 377. The fragmentation
voltage for the precursor ions was set at 135 V, and the collision energy
for the product ions was 30 V. For 2,5-DOF, the precursor ion was m/z =
305, with the characteristic product ion was m/z = 227. The fragmen-
tation voltage for these precursor ions was also set at 135 V, while the
collision energy for the product ions was 15 V. The standard curve was
constructed using 2,5-DOF as a reference, and the quantities of the acetal
reaction products were calculated accordingly.

2.7. Color and flavor substance determination of bread

2.7.1. Color

The color (L* - lightness, a* - redness, and b* - yellowness) of the
bread samples was measured using a chroma meter (CR-400, Konica
Minolta, Japan). The L*, a*, and b* values for each group were analyzed
as the average of three readings. The total color difference AE between
the control and the samples with different additives was calculated ac-
cording to the methods described by Sui (Sui, 2017), with AE =

VO 1) (@ =)+ 07 -8

2.7.2. Flavor substance

The flavor compounds were detected using Headspace-Gas Chro-
matography-lon Mobility Spectrometry (HS-GC-IMS, FlavourSpec®, G.
A.S., Germany). The detection method was based on Ping and Zhao et al.
(Ping et al., 2024; Zhao et al., 2024) with slight modifications. Each
sample (2.0 g) was placed in a 20 mL headspace vial and equilibrated at
60 °C in a water bath for 15 min. Subsequently, 500 pL of headspace air
was injected into the injector column without splitting and driven into
the 60 °C column by nitrogen (>99.999 %) as the carrier gas. The IMS
was operated in positive ion mode with the following carrier gas flow
rate program: 0-2.0 min, 2.0 mL/min; 2.1-10.0 min, a linear increase to
10.0 mL/min; 10.1-20.0 min, a linear increase to 100.0 mL/min,
20.1-40.0 min, held constant at 100.0 mL/min. Flavor compounds were
identified based on retention index and IMS time databases (G.A.S).

2.8. Statistical analysis

All experiments were performed in at least three independent trials,
with the results expressed as the mean + standard deviations. Data
analysis was performed using IBM SPSS Statistics 19.0 software (SPSS
Inc., USA).

3. Results and discussion
3.1. Retention amount of GIcN

The recommended daily intake of GlcN is between 1000 and 1500
mg/day to play the role of joint protection better. In addition, according
to survey data, people usually consume an average of 100-200 g of
bread per day (Cauvain, 2016). The bread samples in this study were
prepared using a common recipe, with each batch consisting of 240 g of
flour and a specified proportion of sugar and other ingredients to pro-
duce 350-400 g of bread (Graca et al., 2022; Tuta Simsek, 2022).
Therefore, 3.0 g of GlcN was added to each batch of bread to make
functional bread products containing an amount suitable for consumers
to obtain the dietary supplement.

However, reactions involving GlcN may occur in bread baking,
resulting in its reduction. Additionally, adding sugar or sugar alcohol
may influence the change of GlcN. IC was used to determine the change
in GlcN levels in bread samples (350-400 g) post-baking. The standard
curve used for quantification was y = 4.1923x — 1.4951(R? = 0.9987).
The remaining GlcN content in bread samples with different additives is
presented in Fig. 1. For all the experimental samples, the amount of GlcN
decreased after baking, which was consistent with previous studies
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Fig. 1. The GlcN retention and DOF production (n = 3).

Note:

Data values with different superscript letters (a-c) in the same group differ
significantly (Duncan test at p < 0.05).

Different abbreviations mean: GlcN only (the sample added with 3 g GlcN but
no other sugars or sugar alcohols), GlcN-G (the sample added with 3 g GlcN and
21 g glucose), GlcN-F (the sample added with 3 g GlcN and 21 g fructose), GlcN-
X (the sample added with 3 g GIcN and 17.73 g xylitol), GlcN-S (the sample
added with 3 g GleN and 21.23 g sorbitol).

(Dhungel et al., 2018; Hong & Betti, 2016). Bread containing only GlcN
retained 0.48 g, corresponding to 15.9 % of the initially added GlcN,
which was significantly lower than other groups (P < 0.01). The results
indicate that adding sugar or sugar alcohol can mitigate the loss of GlcN
during baking. Bread samples with fructose or glucose retained
1.29-1.50 g of GlcN, equivalent to 42.9-49.9 % of the added amount.
However, there was no significant difference in retention amount of
GlcN between bread samples with fructose and glucose. Meanwhile,
there was also no significant difference in retention amount of GlcN
between the bread samples with xylitol and sorbitol. But bread samples
with sugar alcohol retained more GlcN than bread samples with sugar,
which retained the highest GIcN levels. Bread samples with sugar
alcohol retained 2.09-2.13 g GlcN, accounting for 69.7-71.0 % of the
initial GlcN, and the formulation may serve as effective dietary sup-
plement for GlcN.

3.2. Production amount of DOF

Since GleN would self-condense to form the functional substance
DOF under heating conditions, which was associated with the decrease
in GleN (Jia et al., 2017; Zhu et al., 2007). The production of DOF was
analyzed. HPLC was utilized to quantify the DOF content in bread
samples of each batch after baking. The standard curve was determined
asy = 22,285x — 353.27 (R2 = 0.9993) and is shown in Fig. 1.

No DOF was produced in the control sample without GlcN. The DOF
production in bread samples containing only GlcN was 0.14 g, which
differed significantly from the other groups (P < 0.01). The DOF pro-
duction in samples with reducing sugar ranged from 0.18 to 0.19 g for
the GlcN-F and GIcN-G groups. In contrast, samples with sugar alcohol,
GlcN-X, and GlcN-S exhibited higher DOF production amounts of
0.23-0.24 g.

These results indicate that reducing sugar and sugar alcohol en-
hances DOF production, with sugar alcohols showing a more pro-
nounced effect. However, no significant difference in DOF production
was observed between samples containing fructose and glucose or those
containing xylitol and sorbitol.
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The study considered two factors in investigating the differences in
DOF production. First, the moisture distribution within the reaction
system likely plays an important role because the moisture distribution
can affect the chemical reaction (Chaplin, 2006). Second, other re-
actions may influence DOF production. Therefore, further analyses were
conducted to explore the moisture distribution in bread doughs with
different additives and to identify other reactions affecting DOF
formation.

3.3. Moisture status in dough samples

LF-NMR has been used to study the moisture existence status in the
food according to the T2 relaxation time graph. The graph includes three
peaks: T21 (0-1 ms), T22 (1-100 ms), and T23 (100-1000 ms), repre-
senting bound water, immobilized water, and free water, respectively. A
longer T2 relaxation time indicates greater water mobility (Li et al.,
2012).

The proportion of different types of moisture in dough samples was
analyzed and presented in Fig. 2. The results showed that the proportion
of T21 bound water in the sample dough containing only GlcN was 2.5
%, a value significantly lower than those in other groups (P < 0.01).
Dough samples containing sugar or sugar alcohol additive exhibited
higher T21 bound water proportions, ranging from 5.0 % to 7.4 %. This
increase might be attributed to the poly-hydroxyl nature of fructose,
glucose, xylitol, and sorbitol, which are present in greater amounts than
GlcN in the bread system. These hydroxyl groups bind water molecules
via hydrogen bonding, increasing the bound water proportion in the
dough (Ball, 2008; Chaplin, 2006). Moreover, sugar and sugar alcohols
exhibit stronger water-binding capacities than gluten and starch, hin-
dering the interaction of water molecules with gluten and starch. Thus, it
relatively increased the immobility of this part of water (Huang, Guo,
Wang, Ding, & Cui, 2016; Peng, Li, Ding, & Yang, 2017). It was shown by
an increase in the proportion of T21.

The bound water in the GlcN-F dough sample was 5.10 % of T2

He

-
1
H o

e

The proportion of T21 in dough samples (%)

T T T T T
GIcN only GIcN-F GlIeN-G GleN-X GIceN-S

Different additive formulations

Fig. 2. Moisture difference of difference dough samples (n = 3).

Note:

Data values with different superscript letters (a—c) differ significantly (Duncan
test at p < 0.05).

Different abbreviations mean: GlcN only (the sample added with 3 g GlcN but
no other sugars or sugar alcohols), GlcN-G (the sample added with 3 g GlcN and
21 g glucose), GlcN-F (the sample added with 3 g GlcN and 21 g fructose), GlcN-
X (the sample added with 3 g GlcN and 17.73 g xylitol), GIcN-S (the sample
added with 3 g GlcN and 21.23 g sorbitol).

T21 corresponds to the moisture existence status of bound water in the samples.
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moisture, and that of the GlcN-G dough sample was 5.16 %, with no
significant difference between them. In addition, GlcN-X exhibited a
bound water proportion at 6.81 %, and GlcN-S showed the highest
bound water proportion at 7.36 %. Among these, the dough sample
containing sorbitol had the largest bound water proportion, attributable
to the higher number of hydroxyl groups per molecule in sorbitol, which
enhances its water-binding ability (Ding & Yang, 2021; Mantzari et al.,
2010). For samples with different additives, the Pearson correlation
analysis was carried out for the proportion of dough T21 and the pro-
duction amount of DOF in bread. The result showed a significant posi-
tive correlation between them (r = 0.97, 95 % BCaCI [0.94, 0.99], P <
0.05). It was because the self-condensation of two molecules of GlcN can
form one molecule of DOF, losing two molecules of H,O (Henry et al.,
2012; Hrynets et al., 2016; Rohovec et al., 2001). The reaction was be
promoted through reducing the existence of free water, due to these
additives’ stronger bonding ability with water molecules.

3.4. Analysis of the acetal reaction product

In the bread system, the generated DOF contains multiple ortho-
hydroxyl groups. Fructose and glucose contain carbonyl groups that
may undergo an acetal reaction, influencing the amount of DOF
(BeMiller, 2019). The acetal reaction product of sugar with DOF was
monitored using HPLC-MS/MS.

The MS? analysis was conducted in positive ion mode to identify the
structure of the reaction product. The m/z of precursor ion [M + H] *
was at 467, and the m/z of fragment ions were at 449, 431, 377, 305, and
287, respectively. According to these fragmentation ions, the fracture
rule of the acetal reaction product can be derived, as shown in the Fig. 3.
Glucose was used as an example, with fructose following a similar
fragmentation pattern.

The acetal reaction occurred between the carbonyl group of the
reducing sugar and the two hydroxyl groups of the DOF, and a molecule
of water was lost at the same time. The precursor ion (m/z = 467) and
the corresponding fragments were detected in product ion mode. The
precursor ion contained multiple hydroxyl groups, which were easily
shed together with hydrogen from adjacent carbon atoms, losing a
molecule of water. This dehydration produced product ion (1) m/z =
449 and product ion (2) m/z = 431 after losing one or two water mol-
ecules, respectively. In the product ion (1), the carbonyl group formed
by dehydration could form a conjugate structure with pyrazine ring,
which was stable. Fragmentation at site A of the precursor ion generated
(3) ion (m/z = 377), corresponding to the loss of a glyceraldehyde
molecule. The (4) ion (m/z = 305) was formed when the chemical bond
of precursor ion was broken at site B, losing a molecule of glucose res-
idue. Further dehydration of (4) ion resulted in product ion (5) with m/z
= 287. According to these fragmentation rules, it was confirmed there
was the acetal compound in the bread system. Additionally, the content
of the compound was quantitatively analyzed.

MRM mode was used to calibrate and qualitatively detect the acetal
reaction product, with its content measured using 2,5-DOF. The ion pair
(m/z = 467/377) was selected to quantitative analysis for the acetal
product, the ion pair (m/z = 305/227) was selected to quantitative
analysis for 2,5-DOF, and 2,5-DOF was used as a reference for quanti-
fying the acetal product. It could be obtained that in group GlcN-F, the
content of acetal reaction product of sugar and DOF in bread sample was
32.98 + 3.93 mg, whereas, it was 36.37 + 4.79 mg in group GlcN-G.
These values were measured using 2,5-DOF. The results indicate that
the GIcN-G group produced more acetal products than the GleN-F group.
This difference was attributed to the greater reactivity of the aldehyde
group in glucose during the acetal reaction compared to the ketone
group in fructose (Asatkar & Basak, 2023).

Through qualitative and quantitative analysis, it was observed that
the acetal reaction between sugar and DOF led to decreased DOF content
in bread samples. In contrast, sugar alcohols, which contain only hy-
droxyl groups without carbonyl groups, did not react with the hydroxyl
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Fig. 3. Fracture path of the acetal reaction product.
Note: The chemical bonds broke at sites of “A” and “B”.

group of DOF, thereby reducing the consumption of DOF. Consequently, 3.5. Color and flavor substance of bread samples

both the acetal reaction and the moisture difference resulted in lower

DOF content in bread samples containing sugar than in those containing The color and flavor of bread are critical factors influencing its

sugar alcohol. quality and serve as key consumer preference indicators. Hence, it is
essential to evaluate whether adding GlcN to the bread system impacts

Control GlcN only

GleN-F GleN-G GleN-X GleN-S

Fig. 4. Appearance of bread samples.

Note: Different abbreviations mean: Control (the sample without GlcN or sugars or sugar alcohols), GlcN only (the sample added with 3 g GlcN but no other sugars or
sugar alcohols), GlcN-G (the sample added with 3 g GlcN and 21 g glucose), GlcN-F (the sample added with 3 g GlcN and 21 g fructose), GlcN-X (the sample added
with 3 g GleN and 17.73 g xylitol), GIcN-S (the sample added with 3 g GlcN and 21.23 g sorbitol).
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these two key qualities (Dong et al., 2024).

3.5.1. Chromatic aberration and appearance of bread samples

The color of bread, especially the crust and internal color, is an
important indicator of bread quality and significantly influences con-
sumer preferences (Castro et al., 2017; Chen et al., 2022).

When different additives were used in bread, their appearance were
shown as Fig. 4. Noticeable color differences were observed in the crust
between bread samples containing additives and the control sample
without additives. Chromatic aberration analysis was conducted on both
the bread’s outer surface and interior portion, with the results presented
in Table 1.

When the values of AE > 3 were observed, it indicated that this color
difference was noticeable to the human eye (Sozer et al., 2014). For the
crust of the sample bread, the value of AE > 3 was observed in the
samples with added GlcN, reducing sugar or sugar alcohol, compared to
the control bread. However, for the internal of the bread, AE < 3 was
recorded across samples with additives and the control bread, aligning
with the bread’s visual appearance. These results suggest that the ad-
ditives had a more pronounced effect on the crust than internal color.
This difference might be attributed to the crust’s greater exposure to air
than the inside portion, which facilitates water evaporation and creates
more suitable water activity conditions for the Maillard reaction during
the baking (Sun et al., 2024). Additionally, the crust of the bread con-
taining additives appeared darker and browner than the control bread,
and the measured values of chromatic aberration were also in accor-
dance with this phenomenon. The L* values of additive-containing
bread samples were significantly lower than those of the control
bread, while the a* and b* values were higher than those of the control
bread. These differences might be due to the addition of GlcN which
further promoted the Maillard reaction during bread baking process
(Purlis, 2010), which is consistent with the previous works (Viturat
et al., 2023; H. Yang et al., 2020). However, no significant difference in
L", a’, and b values was detected among the samples with different
additive formulations. In summary, these findings demonstrated that
adding GlcN, sugars, or sugar alcohols contributes to enhancing the crust
color of bread with limited impact on the internal crumb color.

3.5.2. Flavor substance of bread samples

To evaluate whether the flavor characteristics of bread were altered
by using GIcN, six samples, including a control bread sample, were
analyzed using GC-IMS to identify volatile flavor substances. Across
these six samples, a total of 34 volatile flavor substances were detected,
comprising seven alcohols, six aldehydes, seven ketones, three acids,
four esters, one furan, and six pyrazines. Twelve substances were
detected to exist in both monomeric and dimeric forms, marked as “M”
and “D” respectively. The fingerprint shown in Fig. 5 was employed to

Table 1
Chromatic aberration of bread samples (n = 3).
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showcase pertinent details about the compounds in the samples. In this
graph, rows corresponded to the selected signal peaks from individual
samples, while columns represented the signal peaks of the same com-
pound across all samples (Zhang, Wang, et al., 2024). The intensity of
each substance’s concentration is depicted by the hue of the signal peaks
(Zhang, Guo, et al., 2024). Brighter colors have higher concentrations of
volatile components (Li et al., 2024). The results reveal that bread
samples with different formulations showed minimal variation in overall
flavor substances, indicating that the addition of GlcN, sugar, and sugar
alcohol did not have a remarkable effect on the flavor characteristics of
the bread. However, bread samples containing sugar exhibited a higher
production of flavor substances, especially ketones. This increase was
likely due to the higher degree of Maillard reaction between reducing
sugar and amino acids or proteins in the bread system compared to the
sugar alcohol (Conceicao et al., 2024; Han et al., 2023; Liu et al., 2024;
F. Yang et al., 2025; Zhou et al., 2024).

4. Conclusion

GlcN was incorporated into the bread-baking process to create
functional bread to support joint health. The retention amount of GlcN
and the production amount of DOF under different formulations were
investigated. The bread samples with sugar alcohol had the highest
retention of GIcN, with 69.72 %-71.00 % of the added GIcN, effectively
supplementing GlcN than the other samples. A portion of the lost GlcN
was converted into DOF. Meanwhile, the bread samples with sugar
alcohol yielded the highest DOF production. The mechanism of the
above phenomenon was explained via the water distribution in the
dough samples and the acetal reaction of sugar with DOF in the bread
system. In addition, bread samples with GlcN additives exhibited a
darker appearance compared to the samples without GlcN. As for flavor
substances, bread samples with sugar produced more ketones, and there
was no significant difference among the other groups. The amounts of
GlcN and DOF functional substances were simultaneously analyzed,
which provides a valuable reference for the development of foods with
multiple functions, especially for baking bread.
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Category The crust of bread The internal of bread
L a b AE L a b" AE

control 79.00 £ 2.59 2 —0.41 +0.49 ¢ 23.54 +3.17 9 83.15+1.03 ¢ -1.24 £ 0.09 * 16.82 £ 0.53 ¢

GIcN only 60.95 + 0.41 ¢ 9.66 + 0.16 ° 33.43 +£1.09 ¢ 2291 83.31 +0.49 ¢ ~1.80 £ 0.08 ¢ 17.96 +1.39 % ¢ 1.28
GIcN-F 62.94 £0.10°°¢ 10.20 +0.15° 33.75+1.20¢ 21.79 81.99 + 0.90 ¢ ~1.51 +£0.042"¢ 16.89 +1.81 ¢ 1.19
GIcN-G 57.43 + 0.44 9 11.86 + 0.31 ° 33.68 +£1.45°¢ 26.81 82.97 £0.43°¢ -1.72+0.20°°¢ 19.18 + 0.26 © 2.42
GleN-X 64.42 £1.04°°¢ 8.76 +£ 0.72 ¢ 32.44 +0.56 ¢ 19.39 82.75 + 0.66 ¢ —1.87 +0.04 ¢ 17.43 £ 0.96 ° ¢ 0.96
GIcN-S 60.78 + 1.03 ¢ 11.43 +0.70 2 33.53 +0.04 ¢ 23.92 82.41 +1.41°¢ ~1.45+0.42°P¢ 17.65 + 0.61° ¢ 1.13

Note:

Data values with different superscript letters (a-d) in the same column differ significantly (Duncan test at p < 0.05).

Different abbreviations mean: Control (the sample without GlcN or sugars or sugar alcohols), GlcN only (the sample added with 3 g GlcN but no other sugars or sugar
alcohols), GlcN-G (the sample added with 3 g GlcN and 21 g glucose), GlcN-F (the sample added with 3 g GlcN and 21 g fructose), GlcN-X (the sample added with 3 g
GIcN and 17.73 g xylitol), GIcN-S (the sample added with 3 g GlcN and 21.23 g sorbitol).

AE is the total color difference and AE = \/(L —15)% + (¢ —ay)? + (b —by)*
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Note: Different abbreviations mean: Control (the sample without GlcN or sugars or sugar alcohols), GlcN only (the sample added with 3 g GlcN but no other sugars or
sugar alcohols), GlcN-G (the sample added with 3 g GlcN and 21 g glucose), GlcN-F (the sample added with 3 g GlcN and 21 g fructose), GlcN-X (the sample added
with 3 g GleN and 17.73 g xylitol), GIcN-S (the sample added with 3 g GlcN and 21.23 g sorbitol).
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