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Stable hydrogen (52H) and oxygen (5'%0) isotopic ratios are key in wheat authentication, but the effects of
formulation and drying processes on these ratios remain unclear. This study investigated how gluten-to-starch
ratios, drying methods, and drying time influence 52H and 5'%0 in noodles. Eight noodle formulations and
five drying methods were used, and 960 noodle samples were measured. Results showed gluten-to-starch ratio
significantly affected 5°H, with higher gluten contents (55 %-100 %) causing greater variation. Traditional
drying methods (T40, T60, T80) yielded higher 5°H and 5'%0 values than industrial stepwise drying (130, 140),
indicating stronger isotope fractionation. High-temperature drying, especially T80, led to notable shifts in iso-
topic ratios, particularly in gluten-rich formulations. Although drying time had no statistically significant overall
effect, 5?H and §'%0 increased under certain conditions but stabilized after 240 min. In view of product
authentication, for low-temperature dried noodles, the 5?H and §'%0 isotopic ratios can be considered relatively

stable, but at higher temperature drying, corrections to compensate for the drying effects are required.

1. Introduction

Wheat (Triticum aestivum L.) is a vital cereal crop globally as a staple
food that offers nutrition and energy to humans (Khalid et al., 2023).
With the globalisation of the food market and the increase in availability
and consumption of wheat and its processed products from different
countries, both consumers and merchants have become more interested
than ever in the geographical origin and presumed quality of the food
products they purchase.

With the development of chemical analysis techniques, many
markers for identifying food authenticity, such as mineral elements,
stable isotopes, aroma substances, phenolic components and organic
acids, have been explored (Camin et al., 2017; Danezis et al., 2016;
Pedrosa et al., 2021; Richter et al., 2019; Su et al., 2018). Stable isotopes
are commonly used in provenance and other food authenticity testing.
Consequently, the analysis method of stable isotope ratio analysis (SIRA)

has proven an effective tool for authentication of various types of food,
including wheat kernel (Wadood et al., 2018), rice (Li et al., 2022), tea
(Xia et al., 2022), banana (Wang et al., 2020), tomato (Opatic et al.,
2018), and mushroom (Chung et al., 2018).

Since SIRA has been an increasingly useful tool for ensuring
authenticity in crude wheat grain products (Bacher et al., 2023; Liu
et al., 2016; Luo et al., 2015; Rashmi et al., 2017), understanding how
processing conditions affect isotopic composition will enable better
product differentiation, fraud prevention, and consumer protection in
wheat-based products. Recently, some experts have started to focus on
the authentication of wheat-derived products (Bontempo et al., 2016;
Wadood et al., 2017; Giannioti et al., 2024). For example, Bontempo
et al. (2016) investigated the multi-isotopic signature (62H, 513C, 515N,
580, %*S) of organic and conventional Italian pasta across different
production stages. The study found that pasta production processes did
not significantly affect 513C, 615N, or 5°*S values. However, variations in
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52H and 580 values were observed, likely due to water addition during
pasta production and evaporation during pasta drying. Furthermore,
Wadood et al. (2019) examined shifts in stable isotope ratios from wheat
to boiled noodles. These studies have demonstrated that the cooking
process could affect the final hydrogen and oxygen isotopic composition
(62H and 6180) of foods (Royer et al., 2017; Wadood et al., 2019; Yang,
Erasmus, Sun, Guo, & van Ruth, 2024). Drying is another key process in
the manufacturing of modern wheat-processed products, such as Chi-
nese white noodles, Italian pasta, etc. The drying process consists of a
sequence of stages, typically involving different temperature and hu-
midity conditions to achieve the desired level of moisture reduction in
the product being dried (Bresciani et al., 2022; Villeneuve & Gélinas,
2007). Constant drying is a traditional drying method for noodles pro-
duction. Typical air temperature values during drying range from 40 °C
to 95 °C, with relative humidities between 40 % and 95 % (Ohmura
et al., 2023; Piwinska et al., 2016). Additionally, step-by-step drying is
another, newer, type of drying performed in the industrial production of
noodles, and this involves the temperature and humidity to change over
time. Previous research has demonstrated that the drying process will
subsequently induce water evaporation, starch gelatinisation, protein
degradation, and enzymatic or non-enzymatic reactions, contributing to
the changes in visual, textural, and cooking properties of the products
(Adduci et al., 2024; Lamacchia et al., 2007; Liu et al., 2024). Variations
in drying techniques may induce distinct isotopic signatures in noodles.
Consequently, characterising the isotopic variations during this drying is
critical for establishing reliable authentication protocols and quality
assessment standards. However, limited studies have examined the ef-
fects of drying treatments on isotopic composition in wheat-based
products, especially for §°H and 5'%0.

On the other hand, gluten and starch, two of the primary components
in wheat-based products, have distinct physicochemical properties that
affect water retention and evaporation during processing (Liu et al.,
2023; Wang et al., 2004; Wang et al., 2019; Yang, Erasmus, Sun, Zhang,
et al., 2024; Zhang, 2022), which in turn may affect the stable isotopic
ratios. Gluten, a protein, has a high capacity for binding water, while
starch primarily consists of carbohydrates, which exhibit different
moisture behaviours. These properties are crucial for the isotopic frac-
tionation occurring during the drying of wheat-based products, as the
removal of water during drying processes directly influences §2H and
580 values. However, to the best of our knowledge, there are no studies
available that have focused on the combined effects of formulation
(ratios of gluten-to-starch) and drying treatments on the isotopic
composition of wheat-based products.

This study aims to assess the impact of formulation and the drying
methods, and drying time on the stable isotopic composition of wheat-
processed products using noodles as a model food system. Five com-
mon drying methods were applied to study the change in §°H and 5'%0
in noodles with varying gluten-to-starch ratios during the drying pro-
cess. It addresses three questions: 1) What is the overall main effect of
formulations, drying methods, drying time, and their interactions on the
5%H and 5'%0 values of wheat-processed noodles? 2) How do formula-
tions and drying process affect the 52H and 5'%0 shifts in wheat-derived
noodles? 3) What are the implications of the findings for practical food
authentication testing? This study offers a new insight into the role of
protein and carbohydrate interactions in isotopic fractionation during
the drying process. These findings also contribute a theoretical basis for
food quality control and authentication, supporting the integrity of
wheat-based products in the global market.

2. Material and methods
2.1. Raw materials and formulations
Wheat gluten powder and wheat starch powder, purchased from the

Lotus Health Group Company in Zhou Kou (Henan Province, China),
were used for noodle production. Powders were stored in closed
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containers in the dark at 25C until samples were formulated. Eight
specific formulations of gluten powder to wheat starch powder, in ratios
of 0:100, 15:85, 30:70, 45:55, 55:45, 70:30, 85:15, and 100:0 (w/w)
were prepared. For each formulation, the total weight of every flour
sample was standardized to 1 kg, with gluten and wheat starch precisely
weighed according to the specified ratios. The blended flour samples
were homogenized by manual shaking in a sealed bag for 3 min. Each
formulation had three replicates.

2.2. Noodles preparation

The intermeshing twin-screw extruder (DSE-25, Brabender, Duis-
burg, Germany) was used to manufacture the fresh noodles. The oper-
ational parameters were configured as follows: a screw diameter of 25
mm, a screw length-to-diameter ratio 20:1, a 3 mm diameter of circle
dies, all functioning ambient temperatures (25 °C). The water was mixed
with the flour mixtures during the extrusion process, adjusting the
moisture content to 35 %. The noodle samples were collected once the
extruder reached a steady operational state. After collection, the fresh
samples were cut into 20 cm lengths on a tin plate and subsequently
placed in polyethylene bags for 30 min to cool down. 200 g the fresh
noodles was immediately freeze-dried in a vacuum for 72 h and the
freeze-dried samples were sealed and stored at 4 °C until further
analysis.

2.3. Drying processing

The drying methods were divided into two types:
a) Step-by-step industrial drying

During the industrial drying process, 500 g of noodles were dried in
an oven with a moisture controlled system using the following step-by-
step drying system:

A temperature of 30 °C for main drying process (I30): noodles were
dried at 25 °C, relative humidity(RH)85 % for 30 min as a pre-drying
stage, then the temperature was gradually raised to 30 °C, RH75 % for
240 min as a main-drying process. Subsequently, the samples were dried
at 30 °C, RH 60 % for 60 min as the final drying stage.

A temperature of 40 °C for main drying process (I40): noodles were
dried at 25 °C, relative humidity(RH)85 % for 30 min as a pre-drying
stage, then the temperature was gradually raised to 40 °C, RH75 % for
240 min as a main drying process. Subsequently, the samples were dried
at 30 °C, RH 60 % for 60 min as the final drying stage.

b) Constant traditional drying

The fresh noodles were dried in an oven with air circulation and
controlled temperature, of which the drying temperature was controlled
at 40 °C, 60 °C and 80 °C (T40, T60, and T80), and the relative humidity
was at 75 % for 330 min in total. All sample codes with their corre-
sponding drying methods are listed in Table S1 (provided as Supple-
mentary material). During the drying process, noodle samples were
collected carefully every 30 min. The final moisture content of the
noodles (wet basis) ranged from 12.5 to 13.5 %. All formulations
reached this level at the end of drying.

All drying treatments were performed two replicates for each
formulated noodles. After drying, the dried noodles were placed into a
vacuum freeze-dryer for 72 h. Following freeze-drying, it was sealed in a
bag and stored at 4 °C until further analysis.

2.4. Stable isotope analysis
The dried noodle samples were ground into a fine powder. The

samples were equilibrated and analysed along with international stan-
dards. Samples and reference standards were weighed (1 £ 0.2 mg) into
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Table 1
Results of the multi-factor analysis of variance on the 52H and §'®0 values of noodles considering the factors formulation, drying methods, and drying time and their
interactions.
Factors 52H 5'%0
d.f. MS F-value p-value MS F-value p-value
Formulations 7 13,080.5 1638.0 0.001* 35.3 252.6 0.001*
Drying methods 4 140.8 17.6 0.001* 2.9 20.8 0.001*
Drying time 10 11.1 1.4 0.179 0.2 1.5 0.126
Formulations*Drying methods 28 12.8 1.6 0.028* 0.1 1.0 0.539
Formulations*Drying time 70 8.5 1.1 0.348 0.1 0.4 0.651
Drying methods*Drying time 40 8.9 1.1 0.296 0.0 0.2 0.724
Formulations*Drying methods*Drying time 280 7.6 1.0 0.691 0.0 0.3 0.862

(d.f.) Degree of freedom; (MS) Mean square; * Statistically significant effect (p< 0.05).

silver capsules (6 mm x 4 mm). These capsules were folded and com-
pressed to enclose the sample and to remove the air. Following this, the
encapsulated samples and standards underwent a period of equilibration
under laboratory atmospheric conditions lasting for at least 5 days
before measurement. The analysis was conducted by an Isotope Ratio
Mass Spectrometry (IRMS) system (IsoPrime100, Isoprime, Manchester,
UK). The specific operational parameters were as follows: cracking
temperature set at 1450 °C, the carrier gas (helium) flow rate of 120 mL/
min, and the reference gas pressure of 1200 mbar. The stable isotope
ratios are expressed in the delta (8) notation and referenced against the
Vienna Standard Mean Ocean Water (V- SMOW), which was calculated
using Eq. (1):

6 (%0) = ((Rsample)/(Rsmndard - 1) x 1000 1)

where 8 (%) is the value of 5°H and 6180, while R is the ratio of 2H/"H or
18 /160y,

A multi-point calibration was conducted using USGS54 (Canadian
lodgepole pine), and USGS55 (Mexican ziricote), USGS56 (South African
red ivorywood). The 62HVSM0W_5LAP of USGS54, USGS55 and USGS56
were — 150.4 + 1.1 %o, —28.2 £ 1.7 %o and — 44.0 + 1.8 %o, respec-
tively. The 5'®0ysmow.siap of USGS54, USGS55 and USGS56 were +
17.79 + 0.15 %o, +19.12 £ 0.07 %o, +27.2 £ 0.03 %o, respectively. In
the analysis sequence, two standard samples for calibration were
interspersed after every 10 samples. Each sample was analysed in trip-
licate, and the average of these three measurements was calculated and
used for further data analysis. The laboratory reference’s analytical
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precision was less than 1 %o in 8*H and 0.2 %o in 5'80 for the three
replicates.

2.5. Data analyses

The stable isotope ratio data were first assessed for normal distri-
bution using the Shapiro-Wilk test (Shapiro & Wilk, 1965). After
confirmation of normality, a multi-factor analysis of variance was con-
ducted to assess formulations, drying methods, drying time and their
interactions on 8°H and §'®0 using general linear models (GLM) by
computing contribution rate following mean square value. Following
this, Duncan’s multiple range test was conducted to evaluate the dif-
ference in 5°H and 5'80 between different formulations, using a sig-
nificance level of p < 0.05. (Duncan, 1955). For each formulation,
Student’s paired t-test was conducted to evaluate differences in §2H and
5'%0 in noodles across drying methods. A heat map was generated to
visualise the differences in isotopic values during the whole drying
process. All statistical analyses were performed and figures generated
using SPSS 22.0 software (SPSS Inc., Chicago, USA) and Origin 2021b
(Origin Lab Corporation, Northampton, MA, USA).

3. Results and discussion

3.1. Overadll effects of formulation, drying methods, drying time and their
interaction on hydrogen and oxygen stable isotope ratios

A multi-factor analysis of variance was performed to assess the

B

31,0
30,5 - a

30,0 - b

H

| &

29,0 -

!

28,5

T

& d
. e %

0:10015:8530:7045:5555:4570:3085:15100:0

28,0 -

Fig. 1. Boxplots of 8°H (A) and 8'80 (B) wheat noodles grouped according to the formulations. Different letters based on Duncan’s multiple range test indicate

significantly different mean values (p < 0.05).
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Table 2
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The §2H value in noodles with different gluten-to-starch ratios (w: w) under varying drying conditions.

Formulation(gluten: starch)/ (w: w)

Drying method Drying time/min 0:100 15:85 30:70 45:55 55:45 70:30 85:15 100:0
Fresh noodle —40.5 + 1.3 —45.8 +£ 0.5 —48.6 + 0.1 -55.1 +1.8 -60.9 + 0.0 —63.5+ 1.2 —68.5 + 1.3 -70.1 £ 2.2
130 30 -39.9+0.1 —45.4 + 0.4 —48.3 +£0.8 -54.9 + 0.7 —61.1 + 0.4 -64.2 £ 1.7 —68.2 + 0.6 -69.7 +£ 1.0
60 —39.8 +£ 0.4 —45.0 £ 0.3 —485+ 1.1 —54.9 +£ 0.2 —60.5 + 0.4 —63.6 + 1.7 —68.4 +£ 0.1 —70.3 £ 0.2
90 —-39.7 £ 1.0 —45+ 0.3 —48.5+ 0.2 —-54.7 +£ 0.4 —60.0 + 0.7 —63.9 + 0.2 —68.0 + 0.5 -70.5 + 0.4
120 —40.7 £ 1.1 —45.2 + 0.6 —48.4 +£ 0.4 —-54.3 +£ 0.2 -59.9 + 0.2 -63.4+1.3 —68.7 + 0.2 -70.3 + 0.6
150 —40.0 + 0.4 —45.2+ 0.4 —48.2+0.8 —54.2 +£ 0.0 —59.9 £ 0.7 —63.5+ 1.1 —69.0 + 0.7 —70.1 £ 0.6
180 —39.6 + 0.4 —44.9 £ 0.2 —48.3 £ 0.6 —54.4+ 0.6 —59.9 + 0.1 —63.3 + 1.1 —68.3 + 0.2 —69.8 + 0.4
210 —40.7 +£ 0.5 —45.2 + 0.3 —48.4 + 0.6 —-54.4 + 0.2 -60.1 +£1.1 -63.8 £ 1.9 —-68.2 + 0.0 —69.8 + 0.4
240 —40.1 +£ 0.6 —45.0 £ 0.1 —48.3+1.3 —54.7 £ 0.2 —59.7 £ 0.6 —63.6 + 1.3 —67.9+£ 0.3 —69.9 £ 0.3
270 —40.0 £ 0.1 —449+1 —48.6 £ 0.2 —54.2+ 0.2 —59.5+0.1 —63.2 + 0.8 —67.9 +£ 0.5 —69.6 + 0.1
300 —40.4 +£ 0.3 —45.1 £ 0.3 —48.4 £ 0.3 —54.4+0.2 —59.7 +£ 0.4 —63.1 £ 1.1 —67.6 + 0.0 —69.8 +£ 0.2
330 —40.2 + 0.4 —44.9 + 0.4 —48.5+ 0.3 -54.2 + 0.1 -59.5 + 0.1 —63.4 + 0.7 —67.9 + 0.6 —69.5 + 0.1
140 30 —40.3 +£ 0.5 —45.3+£0.7 —48.6 £ 0.2 —55.1 +£ 0.2 —60.9 + 1.1 —63.8 £ 0.1 —68.3 + 0.0 —70.1 £ 0.1
60 —39.8 + 0.4 —45.3 £ 0.4 —48.6 + 0.4 —55.2 + 0.3 -59.2 + 0.6 —63.8 + 0.2 —68.3 + 0.2 —69.6 + 0.5
90 39.6 + 0.4 —45.3 +£ 0.2 —48.2 + 0.4 —-54.8 £ 0.5 —58.8 +£ 0.2 —63.7 + 0.5 —68.0 + 0.9 —70.6 + 0.3
120 —39.6 £ 0.1 —449+ 0.6 —48.3+0.1 —-541+1.1 —58.6 + 0.6 —63.2 + 0.2 —68.1 +£ 0.1 —70.4 £ 0.9
150 —39.4+ 0.5 —448 £ 0.4 —48.5+ 0.5 —54.7 £ 0.3 —58.5+ 0.2 —63.1 £ 0.1 —67.7 £ 0.0 —70.0 £ 0.2
180 —-39.7 £ 0.2 —44.5+ 0.9 —48.4 + 0.0 —-54.5+1.2 —58.5+ 0.8 —63.0 + 0.2 —67.0 +£ 0.8 -70.7 +£ 0.3
210 —39.7 £ 0.2 —44.7 £ 0.2 —48.5+ 0.5 —53.7 £ 0.0 —58.7 £ 0.5 —63.6 + 0.8 —66.8 + 0.1 —69.5 + 0.5
240 —39.5+ 0.5 —445+1.1 —48.5+0.1 —53.9+£ 0.2 —58.9+0.1 —63.4 +£ 0.1 —66.7 + 0.2 —70.3 £ 0.4
270 —-39.9+0.1 -44.4+1.0 —48.4 + 0.1 -53.9+15 —58.9 +£ 0.5 —63.1 + 0.8 —66.9 + 0.5 —-69.2 + 0.4
300 —40.2 + 0.4 —44.9 £ 0.0 —48.6 + 0.7 —53.7 £ 0.7 -59.0 +£ 0.9 —63.3 + 0.6 —66.3 + 0.3 —69.0 + 0.7
330 —39.6 £ 0.2 —44.8 £ 0.6 —48.3+0.1 —53.7+£0.1 —58.6 £ 0.1 —63.1 £ 0.2 —66.8 + 0.1 —68.9 + 0.7
T40 30 —40.5+ 1.3 —45.6 +£ 0.5 —48 + 0.9 —-54.7 +£ 0.8 -60.2 + 0.2 —63.0 + 0.3 —68.0 + 0.2 —69.7 + 0.3
60 —-39.9+1.1 —-45.2 + 1.5 —47.9+£ 0.3 —55.6 + 0.5 —60.1 + 0.2 —62.4 + 1.3 —67.4 + 0.4 —70.0 + 0.4
90 —40.2 +£ 0.2 —45.8 £ 0.1 —47.8 £ 0.3 —55.6 + 1.5 —60.3 +£ 0.5 —62.2 + 1.7 —67.5+ 0.3 —70.4 + 0.4
120 —40.2 +£ 0.2 —45.1+£0.7 —48.0 £ 0.5 —55.0 £ 0.9 —60.2 £ 0.1 —62.6 + 1.2 —67.4+1.3 —70.1 £ 0.2
150 —40.1 + 0.4 —45.0 £ 0.5 —47.9 £ 0.7 —-54.7 +£ 0.3 -59.7 +£ 0.5 —62.9 + 0.7 —-67.8 + 0.6 —-69.2 + 0.7
180 —40.4 +£1.2 —45.2+ 0.2 —48.2+1.0 —54.4+ 0.2 —59.8 + 0.4 —62.7 £ 0.8 —67.5 + 0.4 —69.9 + 0.7
210 —40.2 +£ 0.3 —45.4 £ 0.0 —48.3+£0.3 —55.1 + 0.6 —59.5+ 0.2 —62.4 + 0.9 —67.2+ 0.3 —70.7 £ 0.3
240 —40.2 +£ 0.1 —45.6 + 0.7 —48.2 + 0.1 —55.0 + 0.3 —59.6 + 0.0 —62.8 + 0.2 —67.6 + 0.3 -70.1 + 0.4
270 —40.6 + 1.0 —44.5+ 0.8 —48.4 £ 0.3 —54.4 £ 0.2 —59.1 +£ 0.6 —62.9 + 0.7 —67.4+0.3 —69.9 + 0.8
300 —40.6 + 0.2 —45.4 £ 0.2 —48.2+ 0.7 —55.1 +£0.3 —59.3+0.2 —62.5+ 0.1 —67.4+ 0.6 —70.1 £ 0.6
330 —39.8 +£0.7 —45.1 £ 0.6 —48.3 £ 0.5 —54.6 + 0.0 —59.4 + 0.1 —62.1 + 1.0 —67.5+ 0.2 —70.1 £ 0.1
T60 30 —-39.4+0.1 —-456 £ 1 —48.0 + 0.0 —-54.4 + 0.3 -59.3 +0.1 —63.5 £ 0.5 —67.4 + 0.4 —-69.5 + 1.3
60 —-39.3+ 0.6 —45.1 £ 0.0 —48.4+ 1.5 —-54.1 £ 0.5 —60 + 0.4 —62.9 + 1.5 —67.1 £ 0.1 —69.1 £ 0.1
90 —-39.1+1.2 —45.8 £ 0.0 —46.7 £ 0.1 —-54.1 +£ 0.5 —59.4 + 0.9 —62.5 + 0.3 —67.0 +£ 0.0 —69.5 + 0.9
120 —40.7 £ 0.5 —45.1 +£ 0.0 —47.0 £ 0.1 —53.9 +£ 0.2 -59.1 +£0.1 —62.0 +£ 0.4 —66.4 + 0.0 —-69.1 +£0.1
150 —39.6 £ 0.1 —44.8 £ 0.2 —47.5+ 0.6 -53.2+ 0.5 —58.6 £ 0.1 —62.2 + 0.3 —66.4 + 0.0 —68.9 £ 0.3
180 —39.6 + 0.2 —45.1 £ 0.9 —47.0 £ 0.3 -524+15 —58.3 £ 1.0 —61.7 + 0.0 —65.9 + 0.1 —68.3 + 0.6
210 —40.3 £ 0.5 —45.1 £ 0.7 —46.7 £ 0.5 —53.4+0.7 -575+1.1 —61.5 + 0.1 —65.8 + 0.1 —68.7 + 2.0
240 —40.0 + 0.2 —45.2 + 0.4 —47.5+0.3 —53.6 + 0.4 -57.7 £ 0.9 —61.0 + 0.8 —66.2 + 0.8 -68.1 £ 1.0
270 —40.2 + 0.6 —45.1+1.6 —45.9+ 0.5 —52.5+ 0.9 —57.0+ 1.1 —60.6 + 1.3 —66.1 + 0.2 —67.8 +1.1
300 —39.9+0.3 —44.9 £ 0.6 —45.8 + 0.6 —-52.4+1.7 -56.8 +1 —60.6 + 0.9 —66.5 + 0.4 —-67.3+0.9
330 -39.1+1.2 —44.5 + 0.4 —47.2+1 -52.8 + 0.8 -56.6 + 1.3 —60.6 + 0.6 —66.2 + 0.8 -67.2 + 0.9
T80 30 —39.4+ 0.4 —43.6 £ 0.6 —48+1.2 —54.1 +£ 0.4 —59.4 + 1.0 —63 + 0.7 —67.8+£ 0.5 —70.7 £ 0.2
60 —39.7 £ 0.6 —45.1 £ 0.4 —50.9 + 0.3 —54.6 + 0 —-60.6 + 1.3 —63.4 + 0.4 —68 + 1.6 —-69.2 + 0.4
90 —39.9+0.8 —43.8 + 2.4 —475+1.2 —54.6 + 0.5 -56.5 + 1.1 —62.8 + 0.2 —66 + 1.9 —69.6 + 0.2
120 -39.7 £ 1.7 —45.2 +£ 0.3 —47.9+0.8 —54.7 £ 0.3 —60 + 0.8 —63.4 + 0.6 —-66.4 + 1.5 —68.0 + 0.0
150 —-39.4+1.2 —45.6 £ 0.5 —49.1+0.1 —53.6 £ 1.2 —57.5+0.2 —63.5+ 1.6 —65.7 £ 1.0 —67.5+ 0.5
180 —-39.2+1.1 —43.7 £ 0.6 —45.8 + 0.3 -51.9 + 0.6 —55.9 +£ 0.3 —62.8+0 —66.8 + 0.4 —68.6 + 0.6
210 —39.4+0.2 —43.8 £ 0.7 —47.2+ 0.5 —53.7 +£ 0.6 -57.4+1.4 —62.6 + 0.1 —66.0 + 0.5 —67.6 + 0.6
240 —39.4+0.1 —45.7 £ 2.4 —48.8+1.2 —-54.1 +£ 0.6 —57.4+0 —60.3 + 0.6 —65.4 + 0.6 —67.1 £ 0.5
270 —-39.7 £ 1.3 —43.7 +£1 —46.4 + 0.3 —52.6 + 0.2 -56.9 + 0.5 —60.3 + 0.4 —65.3 + 0.2 —66.6 + 0.3
300 —39.8 +£0.8 —43.5+ 0.3 —47.3 £ 0.9 -51.8 + 1.4 -56.7 £ 0 —60.8 + 1.2 —64.8 + 0.8 —66.4 + 1.1
330 -38.9+0.1 —42.4+1.2 —46.9 + 1.8 -525+1.1 -55.8 +1.9 —60.5 + 0.2 —-64.9+0 —66.8 + 0.6

130, 140 indicates industrial step-by-step drying methods under 30 °C and 40 °C (main-drying process), respectively; T40, T60, T80 indicates traditional constant drying

methods under 40 °C, 60 °C, and 80 °C, respectively.

impact of formulation, drying treatment and drying time and their in-
teractions on the 5°H values using the general linear model (GLM). As
expected, formulation significantly affected the 5?H value in noodles (p
< 0.001, Table 1). Meanwhile, in all eight formulated noodles, the §%H
values were also significantly affected by the drying method (p = 0.001)
(Table 1), with T80-dried samples being more 5°H-enriched than its
counterparts (Table 1). However, for other factors, only the interactive
effects between formulation and drying methods had a significant
impact on 8?H. The 5'0 values, like 5°H, were significantly influenced
by both formulations and drying methods (p < 0.001). Differently, other
factors like drying time did not alter the !0 values notably (p > 0.05),

nor were there significant interactions observed. Generally, the mean
square value was used to assess the relative contribution rate of each
factor. For §2H, the significant factors ranked in order of contribution
from highest to lowest were: Formulations > Drying methods > For-
mulations x Drying methods. For 5'0, Formulation had the greatest
impact, followed by Drying methods. Overall, formulation and the
drying methods were the factors that contributed largest to the differ-
ences in stable isotope ratios observed.
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Table 3
The 680 values in noodles with different gluten-to-starch ratios (w: w) under varying drying conditions.

Formulation(gluten: starch) (w: w)

Drying method Drying time/min 0:100 15:85 30:70 45:55 55:45 70:30 85:15 100:0
Fresh noodle 27.8 £ 0.1 28.0 + 0.1 28.3+0.1 28.3+0.1 28.4 + 0.2 28.6 + 0.0 29.1 +£0.0 29.5+0.1
130 30 28.0 + 0.0 28.4 + 0.2 28.3+0.1 28.4 + 0.5 28.5+ 0.2 28.7 £ 0.0 29.5+0.3 29.5+0.1
60 28.1 £ 0.0 28.3+0.2 28.6 £ 0.2 289 +0.1 28.5+0.1 29.0 £ 0.0 29.2+0.2 29.6 + 0.1
90 28.0 + 0.0 28.3 +0.3 28.4 £ 0.2 28.4 +0.1 28.9 + 0.0 28.7 £ 0.2 29.2 +£0.2 29.6 + 0.3
120 28.1 +0.1 28.4 + 0.3 28.5+ 0.2 28.5+0.3 28.5+ 0.1 29.0 + 0.0 29.4 +0.3 29.7 £ 0.1
150 28.2+0.1 28.2+0.1 28.5+ 0.4 28.4+0.1 28.9+£ 0.0 29.5+ 0.2 29.3+0.2 30.0 £ 0.1
180 28.1 £ 0.1 28.4 + 0.3 28.4 £ 0.2 28.6 + 0.2 28.5+ 0.2 28.7 £ 0.5 29.6 + 0.2 29.6 + 0.5
210 28.2+ 0.4 28.3 +0.3 28.6 + 0.2 28,5+ 0.4 29.0 £ 0.2 29.1 +£0.1 29.3+0.3 29.8 £ 0.3
240 28.1 £ 0.0 28.2 + 0.0 28.5+0.1 28.5+0.1 28.6 + 0.4 29.0 £ 0.3 29.5+0.1 29.5+0.1
270 28.0 £ 0.1 28.3+0.2 28.5+0.2 28.4+0.4 28.7 £ 0.2 28.8+0.4 29.4+0.4 30.0 £ 0.1
300 28.1 £ 0.1 28.2 + 0.2 28.5+ 0.3 28.5+0.1 28.9 + 0.0 29.2+0.3 29.5 +0.2 29.7 £ 0.2
330 28.0 + 0.0 28.3+0.1 28.5+0.1 28.4 +0.2 28.8 £ 0.1 29.3+0.2 29.5 +0.2 29.8 £ 0.2
140 30 279+ 0.1 28.2+0.3 28.4+0.1 28.4+0.4 28.6 £ 0.1 28.8+0.1 29.2+0.3 29.5+0.1
60 28.0 £ 0.1 28.2 +0.1 28.4 + 0.0 28.5 + 0.0 28.7 £ 0.0 28.9 + 0.9 29.2 +£0.1 29.5+ 0.1
90 28.0 + 0.0 28.2+0.1 28.5+0.1 28.5+0.3 28.5+0.1 28.9+0.1 29.3+0.1 29.9 £ 0.7
120 28.2+0.2 28.2 + 0.0 28.3+£ 0.0 28.4+0.2 28.7 £ 0.0 28.7 £ 0.1 29.3+0.1 29.7 £ 0.1
150 279 +0.1 28.1 £0.1 28.5+ 0.2 28.4 + 0.0 285+0 289 +0.1 29.3+0.1 29.9+0.3
180 28.2+0.1 28.1 £ 0.1 28.4 £ 0.2 28.4+0.3 28.7 £ 0.1 28.7 £ 0.3 29.3 +£0.2 29.8 £ 0.3
210 28.1+0.1 28.1 £ 0.0 28.5+0.8 28.4+0.1 28.8 £ 0.0 28.9+0.2 29.3+0.5 29.8 £ 0.1
240 28.3+0.1 282+ 0.6 28.4+0.3 28.6 +£ 0.2 28.7 £ 0.2 28.3+0.7 29.3+0.4 29.8 £ 0.3
270 28.1 £ 0.1 28.2 + 0.1 28.4 £ 0.2 28.4 + 0.5 28.6 + 0.1 28.9 + 0.4 29.2 +0.1 29.6 + 0.2
300 28.0 £ 0.0 28.1+£0.1 28.5+ 0.5 28,5+ 0.1 28.8 £ 0.2 28.9 + 0.0 29.2 +0.2 29.7 £ 0.5
330 28.0 £ 0.2 28.3+0.1 28.5+0.1 28.4+0.1 28.7 £ 0.0 29.0 £ 0.1 29.4+0.4 29.7 £ 0.1
T40 30 27.9+0.3 28.2 +0.1 28.6 + 0.2 28.5+ 0.2 28.7+0 28.7+0 29.4 +0.3 29.8 + 0.6
60 28 +0.2 28.3 +0.1 28.5+ 0.2 28,5+ 0.1 28.5+ 0.5 29 + 0.7 29.5+0.3 29.9 £ 0.3
90 28.1+0.1 28.3 +£0.2 28.6 + 0.8 285+ 0.4 29+ 0.3 29.1 £ 0.1 29.4+0.4 29.6 £ 0.1
120 28.1 £0.1 28.4 £ 0.2 28.4+0.2 28.5+0.1 288+ 0 29.1 £ 0.7 29.4+0.3 29.8 £ 0.4
150 28 +0.2 28.3 +0.3 283+ 0 28.5+0.3 28.7 £ 0.2 29.2 £ 0.2 29.4 +0.3 29.7+0
180 28.1 +£0.2 28.4+0.1 29.1 £ 0.6 28.4+0.1 28.6 £ 0.2 29.2 £ 0.2 29.4+0.3 29.5+0.3
210 28.1 £0.1 28.4 £ 0.2 29 +£0.2 28.7 £ 0.1 28.7 £ 0.2 29 +£0.2 29.7 £0.3 29.7 £ 0.3
240 28.0 + 0.0 28.5+ 0.3 28.6 + 0.2 28.5+ 0.4 28.7 £ 0.2 29+ 0.1 29.4 + 0.4 29.7 £ 0.4
270 281+0 28.5+ 0.4 28.5+0.3 28.4+0.2 28.9 + 0.4 29.1 £ 0.1 29.3+0.3 29.6 + 0.2
300 28.1+0.1 283+0 28.6 £ 0.1 28.4+0.3 28.8+0.3 293+0 29.4+0.3 29.7 £ 0.1
330 28.1 £ 0.1 28.4 +0.1 28.6 + 0.2 28.4+0.2 28.8 £ 0.1 29.3 £ 0.1 29.5 +0.2 29.6 + 0.4
T60 30 281+0 28.2+0.1 28.4 + 0.2 28.6 + 0.1 28.6 + 0.2 29+ 0.3 29.7 £ 0.1 29.8 + 0.0
60 28.2+0.1 285+ 0 28.6 £ 0.2 28.6 + 0.0 28.6 £ 0.0 29.1 £ 0.2 29.3 +£0.0 30.1 £ 0.2
90 279+ 0.1 28.5+ 0.1 28.3 £ 0.2 28.6 + 0.0 28.9 £ 0.2 28.8 + 0.0 29.5+ 0.4 30.1 £ 0.4
120 28.0 + 0.0 285+ 0 28.3 £ 0.0 28,5+ 0.1 28.6 + 0.1 28.9 + 0.0 29.4 + 0.4 30.2 £ 0.2
150 28.2+0.1 28.6 £ 0 28.6 £ 0.1 28.6 + 0.4 29.0 £ 0.0 28.8+0.2 29.3+0.2 29.8 £ 0.1
180 28.2+0.1 28.6 + 0.2 28.8 £ 0.3 28.6 + 0.1 28.8 £ 0.1 29.0 £ 0.1 29.3 +£0.1 29.6 + 0.3
210 28.1 £ 0.1 285+ 0 28.6 + 0.1 28.8 + 0.0 28.6 + 0.0 28.9 + 00 29.7 £ 0.1 30.2 £ 0.1
240 28.1 £ 0.0 28.4+0 28.3+0.1 28.6 + 0.2 28.8 £ 0.1 28.9+0.1 29.5 +0.1 29.7 £ 0.1
270 28.1+0.1 28.4+£0.2 28.9+0.2 28.5+0.3 28.7 £ 0.0 289+0 29.5+0.1 30.0 £ 0.0
300 28.1 £ 0.1 28.5 + 0.2 28.7 £ 0.1 28.7 £ 0.0 28.7 £ 0.1 29 +0.1 29.7 +£0.3 30.1 £ 0.3
330 28.2+0.1 28.6 + 0.1 28.5+0.1 28.7 +£0.1 28.8 £ 0.3 29.4+0 29.8 +£0.1 30.0 £ 0.2
T80 30 28.6 £ 0 28.1+£0.2 28.8 £ 0.2 28.5+0.1 28.7 £ 0.7 28.8+0.8 29.6 £ 0.9 29.9 £ 0.5
60 285+ 0 28.5+ 0.1 28.8 + 0.1 28.8 +0.1 28.8 + 0.3 29.3 £ 0.1 29.6 + 0.0 30.1 + 0.4
90 28.7 £ 0.3 285+ 0 28.6 + 0.1 28.6 + 0.3 29.1 £ 0.3 29.0 + 0.6 29.7 +£0.3 30.4 + 0.5
120 28.5+0.3 28.5+ 0.1 28.6 + 0.2 28.6 + 0.1 28.7 £ 0.3 29.4 £ 0.5 29.5+0.3 30.0 + 0.6
150 28.3+0.2 28.6 £ 0.1 28.6 £ 0.3 28.6 +£ 0.2 294+ 0.3 29.3+0.2 29.8 +£0.1 29.8 £ 0.9
180 28.6 + 0.3 28.8 + 0.3 28.7 £ 0.2 28.7 +£0.3 28.7 £ 0.4 29.3 +0.1 29.6 + 0.4 29.9 £ 0.5
210 28.5+0.3 28.5 + 0.4 28.7 £ 0.1 28.8+0.3 28.6 + 0.2 29.3+0.1 29.6 + 0.1 30.4 + 0.5
240 28.4+0.2 28.3+0.2 28.7 £ 0.2 28.8 £ 0.7 28.7 £ 0.5 29.3+0.1 29.6 £ 0.3 29.8 £ 0.0
270 28.7 + 0.4 28.7 + 0.4 28.7 £ 0.5 28.9 + 0.6 28.7 £ 0.4 29.4 + 0.2 29.6 + 0.3 30.0 £ 0.2
300 28.7 £ 0.1 28.7 £ 0.3 28.6 + 0.5 28.7 +£0.2 28.8 £ 0.3 29.4 + 0.5 29.7 £ 0.6 30.3+0.3
330 28.6 + 0.1 28.6 + 0.1 28.6 + 0.2 28.6 + 0.2 29.1 £ 0.4 29.6 + 0.4 29.9 +£0.2 30.2 £ 0.2

130, 140 indicates industrial step-by-step drying methods under 30 °C and 40 °C (main-drying process), respectively; T40, T60, T80 indicates traditional constant drying
methods under 40 °C, 60 °C, and 80 °C, respectively.

3.2. Effects of formulation on the stable isotope ratios in noodles

3.2.1. Effects of formulation on 5°H values in noodles

Fig. 1A and Table 2 show that 2H values of fresh noodles ranged on
average — 70.1%o0 to —40.5%oc. These values are within the range re-
ported previously (Yang et al., 2024). Despite drying treatments, dried
noodles with 100 % starch always had the highest 5H values (ranging
from —38.9 %o to —40.6 %o), while noodles with 100 % gluten recorded
the lowest values (ranging from —66.8 %o to —70.7 %o). In the current
study, it is assumed that the starch flour was H enriched, while the
gluten flour (that comprised protein and less lipids and ash) was 2H

depleted (Yang et al., 2024). The results were in line with the prior
paper, in which the relative 2H abundance of organic compounds follows
this sequence from most to least abundant: amino acid > organic acid >
carbohydrates > bulk materials > protein (Dahal & Schmit, 2018). This
also implies that the influence of formulation was higher than other
factors, which was consistent with the results presented in Section 3.1.

Noodles with different formulations showed various changes in §2H
due to drying treatment. For starch-dominant formulation (0:100
gluten-to-starch ratios), the §H values in noodles under various drying
treatments changed minimally, stabilising around —38.9 %o. For noodles
with 15:85 and 30:70 gluten-to-starch ratios (low-gluten formulations),
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Fig. 2. The 5°H values in noodles formulated with different gluten-to-starch ratios (w: w) under various drying conditions. 130, 140 indicates industrial step-by-step
drying methods under 30 °C and 40 °C (main-drying process), respectively; T40, T60, T80 indicates traditional constant drying methods under 40 °C, 60 °C, and

80 °C, respectively.

all drying methods showed minimal impact on &§2H values, with fluc-
tuations typically within a 1.0 %o to 3.6 %o range. The drying method of
T80 tended to produce slightly higher 52H values than others, particu-
larly over longer times. Additionally, the 52H values across methods for
the 30:70 formulation was quite close, with differences mainly within a
1.6 %o range. The results suggest that even at a lower gluten concen-
tration, the formulations exhibited sensitivity to drying treatments,
especially when subjected to high temperatures. This also suggests that
the heat-sensitive properties of gluten begin to play a role in promoting
isotopic fractionation, but the effects remain moderate compared to
higher gluten-content formulations. As gluten ratios continue to increase
(from 45 %-70 %), the impact of drying treatments became more pro-
nounced (p < 0.05). Particularly, the noodles with 55:45 of gluten-to-
starch ratios exhibited the largest isotopic shift, ranging from 0.64 %o
to 6.12 %0 among various drying treatments. Moreover, for noodles with
higher gluten content (85 %-100 %) showed a substantial increase in
8%H values, especially under T60 and T80 drying methods, indicating
that noodles with higher gluten levels are more sensitive to elevated
temperatures.

3.2.2. Effects of formulation on 580 in noodles

Fig. 1B shows that significant differences in 580 were observed
between noodles with different formulations. Like 82H, the 580 values
for low-gluten noodles tend to remain relatively stable across different
drying times, with only minor fluctuations observed (Table 3). For
example, 5'80 values for 0:100 noodles increased slightly from 27.9 %o
at 30 min to 28.2 %o at 330 min. This indicates that low-gluten formu-
lations are less sensitive to isotopic fractionation during drying than
their high-gluten counterparts. Similar trends were observed for the
15:85 ratio, where 5'80 values under the T80 drying method increased
from 28.1 %o at 30 min to 28.7 %o at 330 min.

For noodles with formulation of 30:70, 45:55 and 55:45, the 5180
values exhibit a more pronounced increase as drying progresses,
particularly under high-temperature treatments like T80. For instance,
the 45:55 noodles under T80 drying had an increase from 28.5 %o to
29.9 %o. This suggests that higher gluten content results in more

noticeable isotopic fractionation during the drying process. Similarly,
for the 55:45 formulation, the 5'80 values increased from 28.7 %o to
30.0 %o under the same drying conditions. High-gluten formulations
(70:30, 85:15, and 100:0 ratios) exhibited the most significant changes
in 5'80 values during drying, especially under high-temperature con-
ditions. The 100:0 gluten-to-starch ratio showed a sharp increase in §'20
values, with values reaching 30.3 %o after 330 min of T80 drying.

3.3. Effects of the drying process on the stable isotope ratios in noodles
with different formulations

3.3.1. Comparison in 5°H between different drying processes

The overall trend shows that drying tends to increase the §2H values
for all formulated noodles (Fig. 2). Increasing drying time generally
results in slight fluctuations in 8H values for each drying method.
However, the values do not consistently increase or decrease across all
gluten-to-starch ratios. This suggests that the 5°H value’s response to the
drying process is complex and may depend on the specific formulation of
the noodle. Fig. 2 shows a clear separation in §°H values between
different drying methods. The 52H values in noodles for 130 and 140
tends to stay consistently lower across the drying process, while T80
shows the most pronounced effects over the drying time.

To further quantify the difference in §2H values between different
drying methods, a paired t-test was performed. It revealed that I30-dried
noodles with 0:100, 15:85, 30:70 and 45:55 of gluten-to-starch ratios
had no statistically significant differences in §?H values from those that
were dried by applying 140, with the mean differences ranging from
—1.01 %o to 0.03 %o in each case (Table 4). It indicated that for the
noodles with a higher starch content, slight changes in drying conditions
(I30 to 140) did not significantly alter the §%H value in noodles. How-
ever, for noodles with higher gluten contents (55:45, 70:30, 85:15 and
100:0), the difference between 130 and 140 was significant (p < 0.01),
indicating that these type of formulations are more sensitive to changes
in 8%H values when drying conditions are adjusted. When comparing the
noodles subjected to drying methods T40, T60, and T80, significant
differences were observed for all formulated noodles. For the noodles
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Table 4

Paired t-test results for differences in 8?H values of noodles formulated with
different gluten-to-starch ratios under various drying conditions. Minimum,
mean, and maximum differences in 3-values of noodles between drying methods
at the same drying time point throughout the drying process are provided.

Gluten: Comparison t-value d. p-value Difference (%o) (A-B)
Starch (AvsB) f. - ___
w: W) min mean  max
130 vs. 140 —3.56 10 0.300 -2.1 -0.8 0.3
140 vs. T40 -3.95 10 0.001* -07 1.2 1.2
0:100 T40 vs. TGO  —5.22 10 <0.001* -0.2 -0.8 -0.4
T40 vs. T8O  1.33 10 0.014* -02 -03 —0.4
T60 vs. T80 3.30 10 0.008* -0.4 —-1.2 -0.8
130 vs. 140 -2.62 10 0.130 -0.2 -1.0 0.3
140 vs. T40 4.14 10 0.001* -01 0.5 1.1
15:85 T40 vs. T60 -3.19 10 0.005* -0.4 -0.2 0.0
T40vs. T8O  —12.79 10 <0.001* -3.4 -23 -1.5
T60 vs. TR0  —14.88 10 <0.001* -29 -21 -1.5
130 vs. 140 0.44 10 0.336 -0.3 0.0 0.3
140 vs. T40 —4.59 10 <0.001* -0.4 -0.3 -0.6
30:70 T40 vs. TGO  —3.35 10 0.004* -01 -0.5 0.0
T40 vs. T8O  —5.64 10 <0.001* -0.2 -1.3 -0.5
T60 vs. T80 —4.29 10 <0.001* -0.3 -0.7 -0.5
130 vs. 140 -1.35 10 0.100 -0.8 0.2 0.5
140 vs. T40 3.37 10 0.004* 1.1 0.6 0.0
45:55 T40 vs. T60 -8.19 10 <0.001* —-1.4 -1.6 -1.5
T40 vs. T8O  —8.45 10 <0.001* -2.4 -1.8 -1.1
T60 vs. T8O  —0.95 10 0.180 -09 -0.1 0.5
130 vs. 140 —7.96 10 0.010* -14 -1.0 —0.1
140 vs. T40 3.89 10 0.002* 1.3 0.8 -0.8
55:45 T40 vs. TGO  —6.29 10 <0.001* -15 -1.6 -0.9
T40 vs. T8O  —26.24 10 <0.001* -39 -35 -2.8
T60 vs. T80 -7.60 10 <0.001* —-2.4 -1.9 -1.9
130 vs. 140 -3.16 10 0.005* -04 0.2 -0.2
140 vs. T40 —5.76 10 <0.001* -03 -0.8 -1.4
70:30 T40 vs. TGO  —2.89 10 0.008* -1.0 -09 -0.5
T40vs. T8O  —6.19 10 <0.001* -2.5 -1.5 -0.5
T60 vs. T8O  —4.90 10 <0.001* -1.5 -0.7 -1.0
130 vs. 140 —4.79 10 <0.001* -15 -0.8 0.1
140 vs. T40 0.88 10 0.200 0.4 0.2 -0.2
85:15 T40 vs. TGO  —8.29 10 <0.001* -1.4 -1.0 —-0.6
T40 vs. T8O  —6.27 10 <0.001* -1.2 -1.6 —0.2
T60 vs. T80 —2.53 10 0.016* 0.1 -0.5 0.4
130 vs. 140 —-0.54 10 0.020* -0.8 -0.1 0.9
140 vs. T40 0.58 10 0.288 1.2 0.1 -0.8
100:0 T40 vs. T60 —5.46 10 <0.001* -2.9 -1.5 -1.7
T40vs. T8O  —10.70 10 <0.001* -3.8 2.7 -3.3
T60 vs. T8O  —8.01 10 <0.001* -0.9 -1.2 -1.7

(d.f.) Degree of freedom; (*) Statistically significant effect (p <0.05); 130, 140
indicates industrial step-by-step drying methods under 30 °C and 40 °C (main-
drying process), respectively; T40, T60, T80 indicates traditional constant dry-
ing methods under 40 °C, 60 °C, and 80 °C, respectively.

made up of pure starch (0:100), the most substantial difference was
observed for T60 vs. T80, with a significant mean difference of —1.16 %o.
Meanwhile, the most significant changes for other noodles with gluten
were observed between T40 and T80, with the absolute mean difference
ranging from 1.53 %o to 3.49 %o. T40 vs T60 and T60 vs T80 also display
significant changes, but not as pronounced as for T40 vs. T80.
Comparing industrial drying (I30 and I40) with traditional drying (T40,
T60, T80) reveals that the latter consistently shows higher §2H values,
indicating more intense drying and greater isotope fractionation under
such drying methods.

Overall, different drying methods (especially at higher temperatures,
such as T80) significantly impact the 5°H values in noodles, with the
extent of change depending on the gluten-to-starch ratio. Meanwhile,
those with higher gluten contents (i.e., 55:45, 70:30, 100:0) exhibit
more significant differences in §2H values between drying methods,
particularly when comparing T40, T60, and T80. Across most formula-
tions, T80 consistently results in the most considerable changes in §2H
values, indicating that high temperature drying strongly influences the
isotopic composition of the noodles.
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3.3.2. Comparison in 5180 between different drying processes

Fig. 3 presents the 5!%0 values plotted over time for different gluten-
to-starch formulations under various drying methods (I30, 140, T40,
T60, T80). Like 5H, drying treatment leads to higher 8'%0 values in
noodles. While drying time did not show a strong linear effect on 5'80
values (Section 3.1), 3*80 values increased with increasing drying time,
particularly in the initial stages of drying (first 120-180 min). The iso-
topic shifts in 880 values for noodles dried while applying industrial
drying methods (I30 and I40) were relatively moderate compared to
other methods (Fig. 3). Meanwhile, the differences between these two
drying methods were relatively small and less pronounced compared to
other methods. Like 5%H values, 130 tended to show less impact on 520
values compared to 140, particularly in the initial stages of drying.
Moreover, in starch-rich formulations (e.g., 0:100 and 15:85), the dif-
ference between I30 and 140 was minimal, while the differences be-
tween 130 vs. 140 became more significant in gluten-rich formulations
(e.g., 70:30, 85:15, and 100:0 ratios) (p<0.05).

When comparing T40, T60, and T80, it was observed that T80 led to
the most pronounced increase in 5'%0 values followed by T60 and then
T40 (Table 5). The difference in 5'%0 values between T40 and T80
ranged from 1.0 %o to 2.0 %o, with the most significant differences
observed in gluten-rich formulations (e.g., 85:15 and 100:0). Gluten-
rich formulations exhibited greater changes in §!%0 values as drying
temperature increases, with T80 leading to the most pronounced frac-
tionation. Starch-rich formulations, on the other hand, show smaller
differences between T40, T60, and T80, as starch releases water more
rapidly, limiting the extent of isotope fractionation.

3.4. Changes in the stable isotope ratios in noodles under different drying
processes

3.4.1. 5°H changes over the drying process

Fig. 4 presents the changes in 5?H values between dried noodles and
fresh noodles (6°Hyrieq — °H fresh) With varying gluten-to-starch ratios
under different drying methods (130, 140, T40, T60, and T80) and times
(30 min interval for 330 min in total). The fractionation value ranged
from 0.2 to 2.1 %o, 0.4-3.0 %o, 0.1-2.2 %o, 1.0-5.0 %o, 1.7-5.8 %o, under
130, 140, T40, T60 and T80 at the drying endpoint, respectively. For
noodles with a lower gluten content (e.g., 0:100, 15:85), the drying
methods (I30, 140, T40) cause only minor changes in §°H values,
which<0.92 %o. As the gluten-to-starch ratio increased (moving towards
100:0), changes in the 52H values showed a more noticeable increase,
particularly under drying methods like T60 and T80. Additionally, the
T80 drying method resulted in the most significant changes in 5%H
values across all gluten-to-starch ratios, indicating that higher temper-
ature drying substantially altered the isotopic composition, especially in
high-gluten noodles. Interestingly, the noodles with 55:45 of gluten-to-
starch ratios showed the highest changes in 52H values regardless of the
drying methods.

While 52H values changed throughout the drying process, the period
between 120 and 240 min appeared crucial for defining the final isotopic
signature in noodles, especially under high-temperature conditions like
T80 (Fig. 4). During the initial drying phase (up to 90 min), noticeable
fluctuations in 82H values across different formulations are observed.
This period indicates the start of moisture loss and isotopic changes in
the noodles. Noodles with higher gluten contents (e.g., 100:0) showed
more pronounced changes in §°H during this phase, highlighting its
importance in affecting isotopic composition. From 120 to 240 min, 5%H
values continued to change but started to stabilise slightly for some
formulations. However, for drying methods like T60 and T80, the §2H
values showed a more noticeable increase during this period. For
example, in T80 drying, 5°H values increased significantly for formu-
lations with higher gluten ratios (e.g., 70:30, 100:0), up to 6.1 %o. This
time is crucial because it marks the period when the isotopic changes
become more consistent, indicating ongoing dehydration and potential
chemical changes. In the later stages of drying (270 to 330 min), 5°H
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Fig. 3. The §'®0 values in noodles formulated with different gluten-to-starch ratios (w: w) under various drying conditions. I30, 140 indicates industrial step-by-step
drying methods under 30 °C and 40 °C (main-drying process), respectively; T40, T60, T80 indicates traditional constant drying methods under 40 °C, 60 °C, and

80 °C, respectively.

values tend to plateau or show minimal changes. This stabilisation
suggests that the drying process has reached a point where most of the
moisture has been removed, and further changes in isotopic composition
are limited. However, in higher-temperature drying methods (like T80),
significant §2H reductions were still observed even in the later stages,
particularly for high-gluten formulations (e.g., 100:0), indicating a
critical impact of prolonged high-temperature exposure.

3.4.2. 5'80 changes over the drying process

Fig. 5 demonstrates a clear relationship between drying temperature,
time, and gluten content in determining the extent of 520 isotopic
changes in noodles. The changes of 5!%0 from fresh noodles to dried
noodles were in the range of 0.0-0.6 %o, 0.0-0.6 %o, 0.1-0.7 %o, 0.1-0.8
%o, 0.1-0.9 %o under 130, 140, T40, T60, T80, respectively. High-gluten
formulations (over 55 % of gluten content) and high-temperature dry-
ing methods (T60, T80) consistently led to the largest shifts in 5%0
values, with significant isotopic enrichment occurring primarily within
the first 240 min of drying (p<0.05). Like 52H, after 240 min, 5'%0
values begin to stabilise across all formulations. This trend is particu-
larly evident in high-gluten formulations, where the §!80 values pla-
teaued (Table 2 and Fig. 5). The stabilisation indicates that isotopic
fractionation slowed down as the product reached a more stable mois-
ture content, because less water was available for evaporation. These
findings highlight the importance of understanding both temperature
and drying time during drying of wheat-based products, as they directly
influence isotopic composition.

3.5. General discussion

3.5.1. Comparison with other studies

The shifts in ?H and 5'80 values observed in this study align with
findings from previous research on stable isotope fractionation during
drying. For example, research by Bontempo et al. (2016) on isotopic
fractionation in the pasta production chain demonstrated that drying
can significantly enrich both §°H and §'®0 values due to moisture
evaporation. However, they did not compare the different drying
treatments. Furthermore, a study by Liu et al. (2018) reported slight

changes in tea leaves for §2H and 520 after drying, ranging from 1.0 %o
to 1.1 %o, and 0.2 %o to 0.4 %o, respectively. Another study applied in tea
leaves indicated that different drying methods would result in different
52H values, in which the difference between drying methods could be up
t0 7 %o for §2H (Xia et al., 2021). The current study suggests that isotopic
fractionation in wheat noodles is more temperature-dependent, with
lower-temperature drying conditions preserving the original isotopic
composition more effectively. This is supported by previous research,
which found that high temperature drying significantly influenced the
isotopic variation in biological samples (Suh & Diefendorf, 2020).

Moreover, the current study found the interaction effects (formula-
tion x drying method) are significant for 5H but not §'80. The observed
greater sensitivity of °H can be attributed to several fundamental fac-
tors. Firstly, hydrogen isotopes participate directly in the extensive
hydrogen-bonding network of gluten-starch matrices. The -OH groups in
starch and -NH groups in gluten are more active providing more sites for
hydrogen isotope fractionation (Wright, 2017). In contrast, the oxygen
atoms in biomolecules are often involved in relatively stable chemical
bonds, such as C—0, O—H and P—O bonds, resulting in less oxygen
isotopic fractionations. Furthermore, hydrogen in organic molecules
exhibits greater kinetic isotope effects during drying due to its lighter
mass and higher mobility (Hendry, 2010). The higher relative mass
difference between 'H and %H (100 %) versus 160 and %0 (12.5 %)
makes §2H more responsive to vapor pressure differences during drying
of different formulations. This enhances fractionation in 62H, while the
heavier oxygen atoms show more stable isotopic behavior.

3.5.2. Influence of formulation: Gluten-to-starch ratios

Limited studies have examined the effect of gluten content on iso-
topic composition during drying processes. However, our results indi-
cate that noodles with a higher gluten content (e.g., 100:0, 85:15)
experience more significant isotopic shifts, particularly under high-
temperature conditions. During drying, the deformation of gluten and
some reactions may occur, these changes in gluten’s properties
contribute to its greater sensitivity to isotopic fractionation during the
drying process, then leading to greater isotopic changes in noodles.
However, the fractionation process of 2H/'H and '%0/'70 in plant



J. Yang et al.

Table 5

Paired t-test results for differences in 8?H values of noodles formulated with
different gluten-to-starch ratios under various drying conditions. Minimum,
mean, and maximum differences in 3-values of noodles between drying methods
at the same drying time point throughout the drying process are provided.

Gluten: Comparison t-value d. p-value Difference (%o) (A-B)
Starch (A vs B) f. -
min Mean max
(w: w)
130 vs. 140 0.52 10  0.306 -0.2 0.0 0.2
140 vs. T40 0.19 10  0.426 -0.2 0.0 0.2
0:100 T40 vs. T6O  —2.08 10  0.032* -02 -0.1 0.2
T40vs. T8O  —12.01 10 <0.001* —-0.7 —0.5 -0.3
T60 vs. T80 -7.60 10 <0.001* -0.8 —-0.4 —-0.1
130 vs. 140 4.49 10 <0.001* 0.0 0.1 0.3
140 vs. T40 —5.50 10 <0.001* -0.3 -0.2 0.1
15:85 T40 vs. T60 —-3.08 10 0.006* -0.3 -0.1 0.1
T40vs. T8O  —3.12 10  0.005* -0.5 0.2 0.2
T60 vs. T8O  —1.24 10 0.121 -0.2 0.0 0.1
130 vs. 140 1.16 10 0.137 -0.1 0.0 0.2
140 vs. T40 —2.54 10 0.015* -0.7 -0.2 0.2
30:70 T40 vs. T60  0.98 10 0.175 -0.3 0.1 0.4
T40 vs. T8O  —0.83 10 0.213 -0.3 0.1 0.4
T60 vs. T80 —-2.03 10 0.035* -0.4 -0.1 0.1
130 vs. 140 1.34 10  0.105 0.1 0.1 0.4
140 vs. T40 —0.94 10 0.186 -0.2 0.0 0.1
45:55 T40 vs. T60 —4.65 10 <0.001* 0.4 0.1 0.0
T40 vs. T8O  —4.82 10 <0.001* —-0.4 -0.2 0.0
T60 vs. T8O  —1.37 10  0.100 -0.4 0.1 0.1
130 vs. 140 0.82 10 0.217 -0.2 0.1 0.3
140 vs. T40 -2.10 10 0.031* -0.5 -0.1 0.1
55:45 T40 vs. T60  0.42 10  0.343 -0.3 0.0 0.2
T40 vs. T8O  —5.91 10 <0.001* -0.6 —0.3 0.1
T60 vs. T80 -7.81 10 <0.001* -0.6 —-0.4 -0.1
130 vs. 140 2.02 10  0.036% -0.2 0.1 0.6
140 vs. T40 —5.12 10 <0.001* -0.5 -0.3 0.0
70:30 T40 vs. T6O  2.47 10  0.017* -03 0.2 0.4
T40 vs. T8O  —4.21 10 <0.001* -0.3 -0.2 0.1
T60 vs. T8O  —4.82 10 <0.001* —-0.6 —0.3 0.3
130 vs. 140 3.54 10  0.003* -01 0.1 0.3
140 vs. T40 —5.50 10 <0.001* -0.4 -0.2 -0.1
85:15 T40 vs. TGO  —2.27 10  0.023* -04 -0.1 0.1
T40 vs. T8O  —5.18 10 <0.001* -0.4 -0.2 0.1
T60 vs. T80 —2.00 10 0.037* -0.5 -0.1 0.1
130 vs. 140 -0.35 10 0.037* -0.3 0.0 0.4
140 vs. T40 0.62 10  0.275 -0.4 0.0 0.3
100:0 T40 vs. T60 —4.90 10 <0.001* -0.5 -0.3 0.0
T40 vs. T8O  —4.75 10 <0.001* -0.9 -0.4 -0.1
T60 vs. T8O  —2.11 10 <0.031* -0.4 -0.1 0.2

(d.f.) Degree of freedom; (*) Statistically significant effect (p <0.05). 130, 140
indicates industrial step-by-step drying methods under 30 °C and 40 °C (main-
drying process), respectively; T40, T60, T80 indicates traditional constant dry-
ing methods under 40 °C, 60 °C, and 80 °C, respectively.

protein and carbohydrates is still poorly understood. Several researchers
have extensively studied the behavior of gluten proteins to relatively
high temperatures. Lavelli et al. (1996) showed that a temperature at
65C particularly influenced the S—S structure of HMW albumins and
their linkage to glutenin oligomers and that LMW albumins and gliadins
are affected at higher temperatures. Moreover, Singh and MacRitchie
(2004) revealed a high sensitivity of glutenin to heat; and a deformation
above 55 °C was observed for glutenin and 70 °C for gliadin, which
resulted to the formation of new disulfide bonds through disulfide/
sulfhydryl (SH) exchange processes. At very high-temperature condi-
tions (up to 80 °C), gliadin is linked to glutenin through a sulfthydryl-
disulfide (SH) exchange mechanism (Lagrain et al., 2005). Further-
more, at moisture levels over 20 %, sulfhydryl/disulfide bond exchange
reactions induced an irreversible conformational shift (Weegels et al.,
1994). These reactions are related to the formation of the S—S structure
and the release of -SH, in which the hydrogen atoms are involved.
However, the underlying mechanism and relationship between
protein behaviours and isotopic variation still need to be elucidated. On
the other hand, previous research demonstrated that gluten and starch
have different water-binding properties (Yu et al., 2018). As the gluten
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content increased, the water evaporation rate in noodles during drying
decreased. This means that the higher the starch content in the raw
noodles, the faster the water was removed from the noodles, may lead to
less isotopic fractionation (Yang et al., 2024). Hence, noodles with a
higher starch content can reach the equilibration state more quickly
than noodles with higher gluten content. This shorter time leads to
reduced isotopic fractionation.

3.5.3. Influence of the drying process

In the current study, we found that drying methods significantly
affected both 8H and 8'®0 in all noodles, especially under high tem-
perature drying. These results were in accordance with some prior
studies that there are significant effects of oven-drying on isotopic ratios
for biological samples (De Lecea et al., 2011; Suh & Diefendorf, 2020).
However, in the current study additional nuances were uncovered.
Noodles dried by stepwise industrial drying methods (I30 and I40)
presented 52H and §'80 values close to those of the fresh noodles. That
may be attributed to the relatively lower temperature at pre-drying and
final-drying periods, except for the main drying procedure. Previous
studies illustrated that the noodles produced by step-by-step drying
methods presented a better water distribution and less substance loss
(Wang et al., 2019; Yu et al., 2018). T40 dried noodles aligned, because
it showed relatively small isotopic changes due to drying. Furthermore,
although drying time did not influence the isotopic ratios significantly in
Section 3.1, 120 to 240 min appears to be a crucial time point to
determine the final isotopic fingerprint in all noodles across various
drying methods (Section 3.3). This suggests that the conditions of the
drying process during this window is key to the eventual isotopic
composition of the noodles.

The effects of drying procedures on stable isotope ratios appear to be
poorly understood, but there has been some speculation about mecha-
nisms that might cause differences in §2H and §!%0 during drying; these
include (i) the evaporative enrichment effect and (ii) heat from drying
possibly degrading or removing some compounds like protein, lipid,
volatile compounds in samples (Bontempo et al., 2016). Isotopically
light molecules will preferentially diffuse out of a system and leave the
reservoir enriched in the heavy isotope. In the case of evaporation, the
greater average translational velocities of isotopically lighter water
molecules allow them to break through the liquid surface preferentially
and diffuse across a boundary layer, resulting in an isotopic fraction-
ation between vapor and liquid that is superimposed on the equilibrium
isotopic fractionation between liquid and gaseous H,O (Sharp, 2017).
That partially explains why the dried noodles had higher §2H and §'%0
values than the fresh ones. On the other hand, drying samples under
high temperatures can cause complex changes and potential losses of
starch, protein, amino acids, and volatile organic compounds (Ogawa &
Adachi, 2017). Except for some changes in gluten or starch mentioned in
Section 3.5.2, during the drying process, a thermal deactivation of en-
zymes occurs. The most significant enzymes are amylases, proteinases,
lipoxidases, and lipoxygenases. Amylases are responsible for breaking
down starch chains, which results in the presence of maltose, a reducing
sugar, which may promote Maillard reactions. In active form, lip-
oxidases and lipoxygenase catalyse the oxidation and destruction of the
vitamins (i.e., tocopherols and carotenes) (Piwinska et al., 2016). All
these enzymes have different heat sensitivities. Additionally, Meng et al.
(2024) demonstrated that the total flavonoid content and total phenolic
content are reduced significantly when the buckwheat noodles are dried
at high temperatures (over 60 °C). Furthermore, a study found that the
total amino acids of cereals were significantly decreased after drying at
60 °C (Badmus et al., 2019; De Quirés & Lopez-Hernandez, 2021).
Another study on cereals also found that total amino acid, total poly-
unsaturated fatty acid, and total vitamin C decreased in high tempera-
ture drying (De Quirés & Lopez-Hernandez, 2021). However, the
relationships between the changes in these components and the isotopic
shift in noodles still requires further investigation, which is beyond the
scope of this study.
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Fig. 4. The difference in 5%H value between dried and fresh noodles (6?Hyyieq — 52Hfresh), formulated with different gluten-to-starch ratios, under various drying
methods and times. 130, 140 indicates industrial step-by-step drying methods under 30 °C and 40 °C (main-drying process), respectively; T40, T60, T80 indicates
traditional constant drying methods under 40 °C, 60 °C, and 80 °C, respectively.

The practical implications of this study are substantial, especially in
the context of wheat-based food authentication. Insights into isotopic
shifts resulting from formulation and drying help to develop laboratory
protocols that mitigate the effects of isotopic fractionation during food
processing. These advancements are essential for ensuring accurate
isotopic analysis in the authentication of processed wheat-derived
products. Additionally, from the views of isotope analysis, regardless
of the drying types, noodles dried at low temperatures (around 40 °C)
show minimal isotopic fractionation. However, given the sensitivity of
52H and 5'%0 values to high temperature and the significant effect of
formulation, an offset for the isotopic ratio should be considered and
constructed for compensating the variation of stable isotopic ratios
induced by high temperature (over 60 °C) when applied for authenti-
cation purposes. Moreover, although the drying process is mainly gov-
erned by temperature because the isotope exchange between noodles
and the atmosphere may occur, humidity is also a variable that should
be further investigated.

4. Conclusion

In this study, the effects of formulations (gluten-to-starch ratios),
drying methods, drying time, and their interactions on the wheat-based
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noodles’ hydrogen (§2H) and oxygen (5'20) isotopic compositions were
explored. For the hydrogen isotope, formulation (gluten-to-starch ra-
tios) is the main factor that significantly influenced &%H followed by
drying methods and the interaction between both factors (for-
mulation*drying methods). Regarding §'%0, only formulation and dry-
ing methods showed a significant effect. Additionally, noodles with a
higher gluten protein content (from 55 to 100 %) presented a higher
isotopic variation despite the drying methods, whereas starch-
dominated noodles showed a small shift in both §?H and §!%0. In
addition, all formulated noodles showed an increase in 6°H and 880
values after drying, which varied by drying treatments, with the highest
increases up to 6.1 %o and 0.9 %o, respectively. Comparing industrial
stepwise drying (I30 and 140) with traditional constant drying (T4O0,
T60, T80), the latter consistently produced noodles with higher §°H, and
5180 values, indicating more intense drying and greater isotope frac-
tionation under such drying methods. Among traditional drying, the
5180 and 8%H values both showed significant shifts in response to high-
temperature drying methods like T80, particularly in high-gluten for-
mulations. Although, drying time did not show a significant effect on
isotopic ratios, the study still found that the 52H, 5'80 values began to
stabilise after drying for 240 min across all formulations. Overall, we
suggest that both formulation and drying conditions need to be
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Fig. 5. The difference in '%0 value between dried and fresh noodles (§'80iq — 5'%0 fresh), formulated with different gluten-to-starch ratios, under various drying
conditions. 130, 140 indicates industrial step-by-step drying methods under 30 °C and 40 °C (main-drying process), respectively; T40, T60, T80 indicates traditional

constant drying methods under 40 °C, 60 °C, and 80 °C, respectively.

considered when isotope ratio analysis is applied for food authentication
purposes. Furthermore, a correction is needed to account for the isotopic
ratios offset that occurs during high temperature drying.
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