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Editorial on the Research Topic

Advances in nutrition, food processing and monitoring

In recent decades, several efforts aimed at providing an understanding of the developing

trends of nutrition in an ever-increasing population have been reported. This is mainly

because there has been an increased consumer demand for enriched foods, special diets, and

functional foods due to growing health concerns. Consumers have become more interested

in foods with added value that can be used for nutritional interventions (1).

Consequently, there have been rapid advances in methodologies and technologies

geared toward improving efficiency and outcomes in the field of nutrition and food

processing. These advances have resulted in the development of several novel methods

and portable point-of-care devices whose operations have largely depended on advances in

science, involving a blend of biology, chemistry, and physics. Some of these methods and

techniques include advanced drying techniques, chromatographic approaches, spectrometry

and spectroscopy, sensor-based devices, and nanotechnologies (2).

This editorial provides details about the Research Topic which brought together a list of

original papers published on advances made in nutrition, food processing, new food product

development, and the use of spectroscopic-based devices for the monitoring of the attributes

of these newly developed food products to combat nutritional deficiencies.

Globally, an estimated two billion people suffer from a chronic deficiency of

micronutrients (3). Even deficiencies in a mild to moderate context have been reported to

be capable of resulting in impaired physical and cognitive abilities, poor physical growth,

and work impairments, which could all be considered as hidden hunger. Diet quality,

therefore, is an important determinant of the development of diet-related chronic diseases

(4). Consequently, there has been a need for the food industry to reformulate foods to

improve their healthiness. Csurka et al. researched the prospect of valorizing powdered

blood from livestock as a substitute for egg allergen in the preparation of sponge cakes and

investigated the physicochemical properties of the cake. The authors reported that cakes

enriched with blood products were not different in preference, compared to the control

non-enriched counterparts. However, the addition of powdered blood products to cakes

increased their hardness, compared to the control sample. The storability properties of the

cakes were negatively affected after 3 days of storage. Food processing impacts the matrix

composition, resulting in changes in physicochemical properties and could potentially

improve the shelf-life of the food.
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Tassy et al. investigated the nutritional quality of packaged

foods launched globally between 2016 and 2018 and those launched

between 2018 and 2020, as reported in the Mintel Global New

Products Database. The authors compared these two time periods

in order to determine whether there has been recent improvement

in food reformulation to improve their healthiness using indicators

including proteins, fibers, sugars, saturated fatty acids, and sodium.

The authors pointed out that food reformulation to improve the

healthiness of packaged food, especially through reductions in the

sodium and sugar content was observed in the period under study.

The effect of the processing method on the nutritional

composition of eggs produced by chickens has been investigated

(Pirkwieser et al.). The authors investigated the effect of

pasteurization and spray drying on the nutritional profile of eggs

from hens. No changes in total fat content, amino acid profile,

α- and δ-tocopherol, lutein, zeaxanthin, essential trace elements,

and cobalamin following the use of the spray-drying method were

observed. These highlights spray drying as an effective processing

method to maintain the nutritional integrity of eggs.

The type of food processing method employed impacts the

structural modification of the matrix of the food. This property

can be exploited to improve the health-promoting properties of

newly developed food products. The effect of the consumption of

steamed potato flour used in composite formulation with wheat

for bread development on metabolic indices has been investigated.

Xu et al. conducted a randomized controlled trial that assessed

the effect of the acute intake (4 weeks) of steamed potato-wheat

bread on weight, lipids, glucose, and Na+/K+ concentrations.

The authors observed significant reductions in body weight, lipid

weight (p = 0.016), body mass index (p = 0.020), low-density

lipoprotein cholesterol (p = 0.035), and the urinary level of

Na+/K+ (p= 0.007).

In the food processing and product development space, the use

of these devices has resulted in maintaining quality standards in

the nutritional, physicochemical, and sensorial integrity of newly

developed food products. Near-infrared spectroscopy (NIRS) is one

common and essential technique that has been used to track food

product quality in recent times. Largely, NIRS devices operate using

spectroscopic principles and have a potential for non-invasive and

on-field analysis using their handheld/portable versions or in-line

setup when automated measurements can be performed. They can

therefore serve as a buffer to keep pace with the novel trends of food

fortification and product development.

For example, Li et al. established a deep neural network method

to classify navel orange surface defects and subsequent automated

classifications of fruits with a normal vs. defective surface. They

used Standard Normal Variate (SNV) transformation to eliminate

baseline drift and an independent component analysis-genetic

algorithm to classify the defective surfaces. In their conclusion,

wavelength selection was crucial in obtaining good classification

accuracies. However, only images from the upper surface of the

navel orange were collected, while lower surface images were not.

Therefore, a major research focus includes capturing and analyzing

images of the entire surface of navel oranges in subsequent online

detection work.

Yali pears are fruits with high nutrients and sensory

qualities but are often subjected to attacks by pests due to

the improper nursing of pear trees. An online rapid non-

destructive detection method for internal defects of Yali pears

based on Vis-NIR was proposed based on a deep learning

model for monitoring Yali pear quality in a bid to guarantee

a high level of sorting of the fruits (Hao et al.). The results

showed that the online discriminant model established based

on spectra pretreated by Savitzky-Golay Smoothing combined

with Convolutional Block AttentionModule-Convolutional Neural

Networks (CBAMCNN) deep learning method yielded the

highest accuracy where the calibration set and validation set

had values of 96.88 and 92.71%, respectively. The rapidness

of the technique was also proven with a prediction time

of 0.032 s for a single Yali pear. The deep learning method

makes full use of its autonomous feature extraction and

learning ability.

In advancing the scope of NIRS for the complex analysis of

moist substances such as many foods and food raw materials,

emerging data analysis techniques such as aquaphotomics have

also been explored. Aquaphotomics is a technique that simply

uses the electromagnetic spectrum of water as a molecular

mirror for advanced analysis with NIRS. This method was

recently applied to monitor the quality changes of the strawberry

fruit during storage in a refrigerator with an electric field

generator (supercooling fridge, SCF) and without it (control

fridge, CF) (Muncan et al.). From their results, strawberries

in CF and SCF showed that exposure to an electric field

leads to a delay in ripening by around 3 days. This was

evidenced by the increased amount of structural, strongly bound

water and vapor-like trapped water in the strawberries stored

in SCF.

Different regression techniques were compared for the

prediction of the total acidity (TA) of intact mangos (5).

It was observed that partial least squares regression, support

vector machine, and artificial neural networking could all

predict TA with good accuracy. However, the highest coefficient

of the determination for TA prediction: 0.985 in calibration

and 0.943 in prediction was achieved using the artificial

neural networks (ANN) approach. ANN also proved to be

the best in terms of the RPD index [Ratio of the standard

error of Performance (or prediction) to standard Deviation]

reaching 4.02.

In conclusion, designing and implementing nutrition-focused

interventions have often involved the use of carefully designed

methodologies such as randomized controlled trials, case-control

studies, and cross-sectional studies. However, achieving good

nutrition depends on and encompasses the entire food supply;

this is the backbone of food processing and monitoring

techniques. Nutrition, food processing, and monitoring have

evolved significantly during the last decades in theory and

practice, particularly due to urbanization and an increasing

global population. NIRS has proven to be a powerful tool as

acknowledged by numerous researchers for being non-invasive and

non-destructive but still providing rapid feedback. The technique,

when applied in tandem with the novel data analysis approaches,

promises to be a good method for food quality evaluations. The

editors would like to thank all authors and reviewers for their

contributions to this Research Topic.
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potato-wheat bread intake on
weight, lipids, glucose, and
urinary Na+/K+: A randomized
controlled trial in Chinese adults
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Steamed potato bread has received much attention from nutritionists and

agriculturalists since it became a staple food of China in 2015. Epidemiological

studies have indicated that potatoes may cause diabetes and hypertension, but

few trials have evaluated this e�ect. Through a clinical trial, we evaluated the

e�ect of steamed potato bread intake on adults. In total, 49 and 30 individuals

were assigned to the intervention and control groups, respectively. Potato-

wheat bread (raw wheat flour and cooked potato flour in the ratio 3:7) and

steamedwheat bread (100% rawwheat flour) were provided to the intervention

and control groups, respectively, once a day for 4 weeks. Compared with the

control group, the intervention group showed significant net changes inweight

(−0.6 kg; 95% confidence interval [CI]:−1.2,−0.1; p= 0.016), body mass index

(BMI, −0.2 kg/m2; 95% CI: −0.4, −0.1; p = 0.020), low-density lipoprotein

cholesterol (LDL-c, −0.22 mmol/L; 95% CI: −0.49, −0.01; p = 0.035), and the

urinary level of Na+/K+ (−2.4; 95% CI: −4.1, −0.7; p = 0.007). In conclusion,

the steamed potato-wheat bread intake for 4 weeks resulted in decreases in

weight, BMI, LDL-c, and the urinary Na+/K+ level among Chinese adults.

KEYWORDS

potato staple food, potato bread, glucose, lipids, BMI, urinary Na+/K+

Introduction

Potato is one of the most essential food crops, and more than 1 billion people

consume it worldwide (1). Although potato consumption is currently the highest

in Western countries, it is rapidly becoming a staple food in some other regions.

For example, in China, potato has received much attention from nutritionists and

agriculturalists recently. In 2015, potato was promoted as a staple food through a food

policy and has been included in the Dietary Guidelines for Chinese Residents (2016

edition) (2).
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Although potatoes are considered healthy and nutritious,

they have a high glycemic index (GI) and glucose load (GL)

(3, 4). Some studies have noted a significant association of high

GI diet and GL with an increased risk of type 2 diabetes (T2D)

(5–7). Furthermore, a meta-analysis revealed a significantly

positive association between high consumption of potatoes and

risk of T2D, especially through the consumption of French fries

(8). Moreover, starch in potatoes becomes digestible on heating,

which can raise glucose levels (9).

Since 2015, various food processing enterprises and scientific

research institutes have actively invested in using potatoes in

noodles, rice noodles, bread, biscuits, and other foods that

are part of the Chinese diet. The production of staple foods

with potatoes has increased to make foods nutritious. Since

the potato staple food policy being proposed by China, many

researches have demonstrated the feasibility of this policy (10,

11). However, the effect of potato as a staple food on Chinese

people is lacking. Among adolescents, consumption of potato

staple food positively affected the total cholesterol (CHO) and

insulin profiles but negatively affected the systolic blood pressure

(SBP) and high-density lipoprotein cholesterol (HDL-c) (12).

However, no trial has been conducted to evaluate the effect

of Chinese potato staple food intake among adults, especially

in the form of secondary processing production. Hence, more

studies are required to determine the effect of potato staple

food on human health. Glucose and lipids were hypothesized

to not increase abnormally and the urinary Na+/K+ levels

were hypothesized to decrease after frequent intake of potato-

wheat bread in adults. Then, this study assessed the effect of

steamed potato-wheat bread intake on blood glucose, lipids,

blood pressure, and urinary Na+/K+ in adults. So, this study

may provide theoretical support for the policy from health

effect perspective.

Materials and methods

Study design

An intervention trial was designed. Adult participants

were recruited by using posters and social media (from

September 26 to October 23, 2016) from Chinese Academy

of Agricultural Science. The participants were allocated to

either the intervention group (52 subjects) or control group

(33 subjects) randomly in accordance with a random number

table, 3 participants in intervention and 3 participants in control

moved out during the study. In total, 79 participants were

analyzed in the study (30 in the control group and 49 in

the intervention group). The intervention group was provided

steamed potato-wheat bread produced through blending raw

wheat flour and cooked potato flour, and their counterparts in

the control group were provided steamed bread produced by

using raw wheat flour only. Dehydrated cooked potato flour was

FIGURE 1

CONSORT flowchart of the study.

blended with wheat flour at 30% by weight to make steamed

potato-wheat bread (raw wheat flour and cooked potato flour

in the ratio 3:7). The baseline data was collected in 28 October

2016, and the final physical examination was performed after

4 weeks’ intervention. During the intervention, steamed bread

was consumed as staple food at lunch once every day. Other

foods were provided to both groups as usual by the research

group, both intervention and control participants could choose

the vegetables from the supplied category except bread. Figure 1

illustrates the flow of the trial. This trial was registered with the

Chinese Clinical Trial Registry (ChiCTR1900027027).

Participants were excluded from the study if (I) they had

serious illnesses (e.g., congenital heart disease and kidney

disease), (II) they had potato or wheat flour allergies, (III) they

could not withstand daily steamed bread intake for 4 weeks, or

(IV) they had recently participated in similar interventions.

This trial was conducted in accordance with the

Declaration of Helsinki and was approved by the China Ethics

Committee of Registering Clinical Trials (Approval Number:

ChiECRCT20190210). The informed consent document was

voluntarily signed by participants.

Assessment of intervention e�ects

Some anthropometric measurements were obtained and

urine and blood indictors were evaluated both at baseline

and at the end of the intervention. Fasting body weight was

measured to the nearest 0.1 kg using a digital scale (RGT-140,

Wujin Hengqi Co. Ltd., Changzhou, China), and height was
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measured using a stadiometer HP-M (Tsutsumi, Tokyo, Japan).

The participants did not wear shoes or overcoats during these

measurements. Body mass index (BMI) was calculated as weight

in kilograms divided by height in meters squared (kg/m2). Blood

pressure was measured by trained nurses to the nearest 2 mmHg

using amercury sphygmomanometer; during this measurement,

patients were in sitting position with at least 10min of rest before

the measurement. SBP and diastolic blood pressure (DBP) were

based on the first and fifth Korotkoff sounds, respectively.

Two measurements were collected for all participants at 10min

intervals, and the average values were used for the analysis.

Fasting venous blood samples (5mL) and urine samples

(10mL) were collected in themorning after 10–14 h of overnight

fasting. Serum glucose (GLU) was determined through the

glucose-oxidase method (Daiichi Pharmaceutical Co., Ltd,

Tokyo, Japan) within 4 h after the sample was obtained. CHO,

triglycerides (TG), low-density lipoprotein cholesterol (LDL-c),

and HDL-c were determined through enzymatic methods by

using commercial kits (Daiichi Pharmaceutical Co., Ltd, Tokyo,

Japan). Serum insulin was determined through the AxSYM

assay based on microparticle enzyme immunoassay technology.

Urine samples were collected at the first voiding after waking

in the morning for measuring urinary sodium and potassium

concentrations. Urinary Na+ and K+ concentrations (mmol/L)

were measured using an ion-specific electrode method, and then

the Na+/K+ molar ratio was calculated.

Analytical methods for different nutrients in bread

included direct drying (water), the Kjeldahl method (protein),

the Soxhlet extractor method (fat), enzymatic gravimetry

(fiber), fluorometry (vitamin C), high-performance liquid

chromatography (β-carotene, vitamin E, vitamin B1, and

vitamin B2), the ignition weight method (ash), inductively

coupled plasma optical emission spectrometry (sodium,

potassium, calcium, iron, and zinc), and the calculation method

(energy and carbohydrate). The nutritional analysis indicated

that steamed potato-wheat bread provided less energy, protein,

fat, carbohydrate, sodium, and iron but more fiber, vitamin E,

vitamin B1, vitamin B2, ash, potassium, calcium, and zinc than

the wheat bread (Supplementary Table 1). The bread intake was

measured using a daily food record. The diet and activities of

the participants during the intervention period were collected

with questionnaire including “whether there is any change in

your diet?”, “whether you have taken any measures to control

your weight?” and “activities and exercises in your leisure time.”

Statistical analysis

According to the power calculation, a minimum of 26

participants was required for each group for 90% power to detect

the effect with a two-sided significance level of 0.05, which was

based on the lipid parameter from an intervention study among

adolescents (12).

The average daily bread intake was calculated as the

indicator of bread intake for participants; then, the energy and

nutrients provided by steamed bread were analyzed based on

the average bread intake and nutritional content of the bread.

The continuous variables (such as age, height, weight BMI and so

on) were expressed as mean and standard deviation, and binary

variables (such as proportion of sex, proportion of nation) were

expressed as sample and percentage. The t and chi-square tests

were used to compare differences in baseline characteristics

between control and intervention groups. The paired t-test was

used for within-group comparison. The linear mixed effects

model was used to compare the changes in continuous variables

from the baseline to the end of the study between the control

and intervention groups overall after adjusting for confounding

factors, including sex, energy intake and physical activity. The

intervention effects values were estimated according to Beta

values, and 95% confidence interval was then calculated. The

effects in subgroups of males and females were analyzed with

samemodel andmethod. The statistical significance level was set

at p < 0.05. The SAS software package version 9.2 (SAS Institute

Inc, Cary, NC, USA) was used for analysis.

Results

General characteristics

The average age of participants was 41.0 ± 8.6 years for the

control group and 42.8 ± 8.2 years for the intervention group.

The proportions of female participants were 53.3 and 71.4%

in the control and intervention groups, respectively. Although

the weight of the control group at baseline was more than

that of the intervention group, no significant difference in BMI

was observed between the two groups. The intervention group

consumed significantly more bread than their counterparts did,

but the energy provided by the steamed bread daily was not

significantly different (Table 1). Compared with the control

group, the intervention group received significantly more fiber,

vitamin E, vitamin B1, vitamin B2, potassium, and calcium

and less sodium than the control group (Table 2). There’s no

significant difference between intervention and control groups

for the proportion of subjects without changes in diet (60.9%

vs. 80.0%, p = 0.181), proportion of subjects with weight

uncontrolled (80.4% vs. 93.3%, p = 0.389), and the average

activity time (0.3 ± 0.3 vs. 0.4 ± 0.3, hours / day, p = 0.411)

during the intervention period.

Physical measurement

At baseline, the weight and BMI were 64.7 kg and 23.4

kg/m2, respectively, for the control group and 62.9 kg and 23.5

kg/m2, respectively, for the intervention group. Compared with
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TABLE 1 Characteristics of participants at baseline.

Characteristics Control group Intervention group

Total (N) 30 49

Sex [N (%)]#

Male 14 (46.7) 14 (28.6)

Female 16 (53.3) 35 (71.4)

Nation [N (%)]#

Han people 26 (86.7) 46 (93.9)

Minority 4 (13.3) 3 (6.1)

Age [year, Mean (SD)]† 41.0 (8.6) 42.8 (8.2)

Height [cm, Mean (SD)]† 165.7 (8.4) 163.1 (6.5)

Weight [kg, Mean (SD)]† 64.7 (12.5) 62.9 (11.4) *

BMI [kg/m2 , Mean (SD)]† 23.4 (3.0) 23.5 (3.3)

Bread intake [g/day, 113.8 (50.3) 136.9 (34.9) *

Mean (SD)]†

*p < 0.05. #Comparison based on chi-square test. †Comparison based on t-test. BMI,

body mass index.

TABLE 2 Nutrients provided by the daily steamed breads (mean ± SD).

Nutrients Control group Intervention group P-Value

Energy (kcal) 278.4± 123.1 301.2± 76.9 0.313

Protein (g) 9.5± 4.2 8.7± 2.2 0.355

Fat (g) 1.9± 0.8 1.7± 0.4 0.217

Carbohydrate (g) 54.6± 24.1 61.1± 15.6 0.194

Fiber (g) 0.6± 0.3 1.2± 0.3 <0.001

Vitamin E (mg) 0.80± 0.35 1.24± 0.32 <0.001

Vitamin B1 (mg) 0.08± 0.04 0.12± 0.03 <0.001

Vitamin B2 (mg) 0.02± 0.01 0.07± 0.02 <0.001

Sodium (mg) 223.76± 98.96 14.04± 3.58 <0.001

Potassium (mg) 148.94± 65.87 429.03± 109.47 <0.001

Calcium (mg) 16.81± 7.44 19.76± 5.04 0.062

Iron (mg) 1.13± 0.50 1.19± 0.30 0.582

Zinc (mg) 0.47± 0.21 0.64± 0.16 0.133

The t-test was used for the comparison between groups.

the control group, the net changes in weight and BMI for the

intervention group after 4 weeks of bread intake were −0.6 kg

(95% confidence interval [CI]: −1.2, −0.1; p = 0.016) and

−0.2 kg/m2 (95% CI: −0.4, −0.1; p = 0.020), respectively.

The SBP and DBP were 121.6 and 75.1 mmHg, respectively,

for the control group and 121.2 and 72.3 mmHg, respectively,

for the intervention group. Net blood pressure changes in the

intervention group were as follows: SBP increased by 0.1 mmHg

(95% CI:−4.9, 5.1; p= 0.967) and DBP increased by 2.8 mmHg

(95% CI: −0.6, 6.2; p = 0.100). For the sex-based subgroup

analysis, net changes in SBP were 2.2 mmHg (95% CI:−4.9, 9.3;

p = 0.532) and −0.7 mmHg (95% CI: −7.9, 6.5; p = 0.851) for

male and female participants, respectively, and the net changes

in DBP were 5.3 mmHg (95% CI: 0.4, 10.1; p = 0.034) and 1.2

mmHg (95% CI: −3.6, 6.0; p = 0.624) among male and female

participants, respectively (Table 3, Figure 2).

Blood indicators

Compared with the control group, both lipid metabolic

indicators (i.e., CHO, TG, HDL-c, and LDL-c) and blood glucose

exhibited a decreasing trend in the intervention group, and

a significant net change (mean between-group difference) of

−0.22 mmol/L for LDL-c (95% CI: −0.49, −0.01; p = 0.035)

was observed in the intervention group after 4 weeks of potato

bread intake (Figure 2). After the sex-based subgroup analysis,

a significant net change in LDL-c of −0.28 mmol/L (95% CI:

−0.55, −0.01; p = 0.049) was observed in female participants,

but male participants exhibited no significant changes. For GLU,

a decreasing trend were observed −0.05 mmol/L (95% CI:

−0.28, 0.19; p= 0.689) in intervention women (Table 3).

Urinary sodium and potassium

Compared with the control group, urinary Na+ and K+

excretions in the intervention group changed by −7.1 (95%

CI: −29.1, 14.9; p = 0.520) mmol/L and 14.4 (95% CI: −4.7,

33.5; p= 0.136) mmol/L, respectively. Significant changes in the

Na+/K+ ratio were observed of −2.4 (95% CI: −4.1, −0.7; p =

0.007) overall,−2.9 (95%CI:−5.6,−0.1; p= 0.039) amongmen,

and−1.7 (95%CI:−4.0, 0.7; p= 0.162) amongwomen (Table 3).

Discussion

To the best of our knowledge, this is the first trial to evaluate

the effect of steamed potato-wheat bread intake on Chinese

adults. The results revealed significant effects on weight, BMI,

LDL-c, and the urinary Na+/K+ ratio after the intake of steamed

potato-wheat bread as staple food once daily for 4 weeks in this

study. Compared with the wheat bread group, the potato-wheat

bread group showed a significant net decrease in weight, BMI,

LDL-c, and the urinary Na+/K+ level.

Vitamin C is often lacking in the diet of individuals without

access to fresh produce. Although vitamin C is destroyed during

the cooking process and potatoes have a moderate content of

vitamin C compared with some other fruits and vegetables,

potatoes play a critical nutritional role as the primary source

of vitamin C in many countries, as well as providing fiber,

potassium, calcium, iron, vitamin B6, niacin, and folate, which

are related to a reduced risk of several chronic diseases (13). The

importance of potatoes for vitamin C intake is partly because

they can be stored, but the Chinese steamed potato-wheat bread

was made from a mixture of cooked potato flour and wheat
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TABLE 3 Outcomes of the intervention for groups and subgroups.

Subgroups Variable Control group Intervention group Effect

Baseline End Baseline End Beta (95% CI) P-Value

Overall Weight (kg) 64.7± 12.5 65.2± 12.7** 62.9± 11.4 62.6± 11 −0.6 (−1.2,−0.1) 0.016

BMI (kg/m2) 23.4± 3.1 23.5± 3.1** 23.5± 3.3 23.4± 3.1 −0.2 (−0.4,−0.1) 0.020

SBP (mmHg) 121.6± 13.8 120.2± 14.9 121.2± 15.9 120± 16.3 0.1 (−4.9, 5.1) 0.967

DBP (mmHg) 75.1± 11.1 70.3± 9.3** 72.3± 11.2 70.2± 10.8 2.8 (−0.6, 6.2) 0.100

GLU (mmol/L) 5.29± 0.58 5.37± 0.55 5.10± 0.47 5.12± 0.50 −0.01 (−0.39, 0.07) 0.900

INS (mIU/L) 11.19± 3.17 13.17± 3.81** 9.91± 6.18 12.94± 6.12** 1.22 (−0.49, 2.93) 0.158

CHO (mmol/L) 4.8± 0.82 4.86± 0.89 4.71± 0.78 4.58± 0.80 −0.17 (−0.43, 0.09) 0.194

TG (mmol/L) 1.29± 1.02 1.62± 2.33 1.07± 0.47 1.16± 0.54 −0.22 (−0.80, 0.35) 0.440

LDL-c (mmol/L) 3.08± 0.87 3.15± 0.87 2.86± 0.8 2.67± 0.78** −0.22 (−0.49,−0.01) 0.035

HDL-c (mmol/L) 1.44± 0.28 1.47± 0.34 1.61± 0.36 1.58± 0.37 −0.24 (−0.77, 0.29) 0.371

Urinary Na+ (mmol/L) 129.4± 34.5 141.5± 43.4 134.3± 39.5 138.8± 35.7 −7.1 (−29.1, 14.9) 0.520

Urinary K+ (mmol/L) 39.7± 27.0 48.0± 33.5 31.5± 20.4 54.1± 35.5** 14.4 (−4.7, 33.5) 0.136

Urinary Na+/K+ 4.7± 2.8 4.3± 2.5 6.0± 3.6 3.3± 1.7** −2.4 (−4.1,−0.7) 0.007

Male Weight (kg) 74.5± 8.6 75.1± 8.7* 73.3± 11.8 73.0± 11.1 −0.7 (−1.9, 0.4) 0.178

BMI (kg/m2) 25± 2.4 25.2± 2.4* 25.6± 3.5 25.5± 3.3 −0.3 (−0.6, 0.1) 0.093

SBP (mmHg) 126.1± 12.5 124.8± 13.4 124.3± 17.1 125.2± 12.2 2.2 (−4.9, 9.3) 0.532

DBP (mmHg) 79.9± 10.5 73.7± 9.5** 74.5± 11.9 73.5± 10.2 5.3 (0.4, 10.1) 0.034

GLU (mmol/L) 5.38± 0.38 5.44± 0.4 5.49± 0.39 5.5± 0.54 0.06 (−0.28, 0.40) 0.727

INS (mIU/L) 11.57± 2.52 13.85± 3** 12.5± 8.71 16.49± 8.94* 1.72 (−2.29, 5.73) 0.386

CHO (mmol/L) 4.88± 0.74 4.84± 0.78 4.82± 0.92 4.7± 0.85 0.01 (−0.42, 0.44) 0.955

TG (mmol/L) 1.46± 1.14 1.38± 0.74 1.27± 0.61 1.34± 0.71 0.18 (−0.42, 0.77) 0.545

LDL-c (mmol/L) 3.19± 0.78 3.22± 0.89 3.07± 0.97 2.87± 0.84 −0.14 (−0.65, 0.36) 0.567

HDL-c (mmol/L) 1.39± 0.34 1.38± 0.32 1.44± 0.3 1.45± 0.25 0.02 (−0.13, 0.17) 0.778

Urinary Na+ (mmol/L) 135.3± 31.1 136.3± 44.7 140.8± 44.5 140.6± 44.5 −1.2 (−43.6, 41.2) 0.954

Urinary K+ (mmol/L) 48.5± 30.3 44.9± 37.1 31.8± 19.5 42.6± 19.6 14.4 (−17.6, 46.5) 0.364

Urinary Na+/K+ 3.9± 2.4 4.6± 2.6 5.9± 3.1 3.8± 1.8** −2.9 (−5.6,−0.1) 0.039

Female Weight (kg) 56.1± 8.3 56.5± 8.5 58.7± 8.2 58.4± 7.8 −0.5 (−1.1, 0) 0.072

BMI (kg/m2) 22± 2.9 22.1± 2.9 22.7± 2.9 22.6± 2.7 −0.3 (−0.6, 0) 0.048

SBP (mmHg) 117.6± 14.1 116.2± 15.3 120± 15.5 117.9± 17.4 −0.7 (−7.9, 6.5) 0.851

DBP (mmHg) 70.9± 10.1 67.3± 8.4* 71.4± 11 68.9± 11 1.2 (−3.6, 6.0) 0.624

GLU (mmol/L) 5.22± 0.71 5.3± 0.66 4.94± 0.41 4.97± 0.39 −0.05 (−0.28, 0.19) 0.689

INS (mIU/L) 10.86± 3.7 12.57± 4.41** 8.88± 4.58 11.52± 3.87** 0.99 (−0.44, 2.41) 0.171

CHO (mmol/L) 4.74± 0.91 4.89± 0.99 4.66± 0.72 4.53± 0.78 −0.29 (−0.63, 0.05) 0.097

TG (mmol/L) 1.15± 0.92 1.83± 3.15 0.99± 0.38 1.08± 0.44 −0.58 (−1.44, 0.29) 0.184

LDL-c (mmol/L) 2.98± 0.96 3.09± 0.88 2.78± 0.72 2.59± 0.75* −0.28 (−0.55,−0.01) 0.049

HDL-c (mmol/L) 1.49± 0.21 1.54± 0.34 1.68± 0.36 1.64± 0.4 −0.10 (−0.25, 0.05) 0.176

Urinary Na+ (mmol/L) 123.9± 37.6 146.4± 43.1 131.5± 37.6 137.9± 31.7 −14.7 (−41, 11.6) 0.265

Urinary K+ (mmol/L) 31.5± 21.3 50.9± 30.8* 31.5± 21.1 59.4± 40.0** 8.9 (−15.7, 33.5) 0.470

Urinary Na+/K+ 5.4± 3.0 4.2± 2.5 6.0± 3.8 3.1± 1.6** −1.7 (−4.0, 0.7) 0.162

The linear mixed effects model was used for comparing the groups. The comparison of overall participants was adjusted for sex, energy intake and physical activity. The paired t-test was

used for within-group comparison; **p < 0.01; *p < 0.05. BMI, body mass index; CI, confidence interval; SBP, systolic blood pressure; DBP, diastolic blood pressure; GLU, serum glucose;

INS, serum insulin; CHO, total cholesterol; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; TG, triglycerides.
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FIGURE 2

Significant intervention e�ects (β) in the two groups: (A) weight, (B) body mass index, (C) low-density lipoprotein cholesterol, and (D) urinary

Na+/K+.

flour, and most vitamin C was destroyed while processing the

bread; thus, little vitamin C was left in the steamed potato bread

(<0.044 mg/100 g). Compared with wheat staple food, potato

staple bread contains more potassium and less sodium, which is

associated with cardiovascular health, may control hypertension,

and decreases the urinary Na+/K+ level.

Adiposity and potato consumption have been positively

associated in previous trials (14, 15); more specifically, the

intake of boiled, baked, and mashed potatoes was associated

with a slight increase in body weight in both sexes (14) and

an increase in waist circumference in women (15). However, in

this trial, compared with the wheat bread group (control group),

the weight and BMI decreased in potato-wheat bread group

(intervention group). The positive associations between potatoes

and body weight from cohort studies may have been confounded

by unmeasured factors of unhealthy lifestyle (16). Furthermore,

French fries showed a stronger association with weight gain

than intake of other potato foods (14, 17). This may be due to

the higher energy density of French fries compared with baked,

boiled, and mashed potatoes (18) and the unhealthy lifestyle

that may be related to the intake of French fries (19). Another

study reported that consumption of French fries is associated

with a higher mortality risk, but total potato consumption was

not associated with mortality (20). For the Chinese staple potato

bread was processed by using the steaming method, and the

potato bread provided less energy than the wheat bread (230.8

kcal/100 g vs. 248.5 kcal/100 g). Although the intervention group

received more energy than the control group, the weight of the

intervention group appeared to relatively decrease.

Beyond the nutritional properties of a quality staple food,

potato may have a role to play in human health over a lifetime

of consumption. Potato has been implicated in contributing

to diabetes because of its high GI and GL (5, 21). Studies on

potatoes have shown GI values as high as 118 (22) and have

associated high GI and GL with an increased risk of several

chronic diseases (23–25). Moreover, diets rich in potatoes are

commonly unhealthy (20). The nutrient content of potatoes

is dependent on the cooking method (26, 27). Fried potatoes

typically contain high amounts of fats and salts. Boiling, baking,

and microwaving can reduce vitamin C, thiamin, riboflavin,
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niacin, folic acid, and vitamin B6 in potatoes. Roasting or

baking could enhance the availability of minerals in potatoes.

Heating potatoes converts their native starch granules to rapidly

digestible starch (28). Hence, boiled potatoes have higher GI

than potatoes cooked using other methods. Therefore, the effects

of potato consumption are greatly dependent on the type of

potato product consumed.

Some epidemiological studies have shown that potatoes are

positively associated with T2D (6, 7) and gestational diabetes

mellitus (29). In a cross-sectional study involving 4,774 Iranian

adults, the frequency of potato consumption was associated

with high fasting blood glucose level (30) and T2D. Moreover,

three prospective studies in the USA have reported that high

potato consumption was associated with a high risk of diabetes

mellitus and hypertension (31, 32). Thus, potato consumption

has a significant role in the progression of T2D. Unlike other

vegetables, potatoes have a high GI and are rich in starch,

which is absorbed rapidly (22, 33). High potato consumption

may lead to a sharp increase in postprandial blood glucose

concentrations, resulting in β-cell dysfunction or exhaustion and

T2D (34–36). However, some prospective studies have reported

that potato consumption is not associated with the risk of

incident cardiovascular disease (37) and hypertension (38). One

prospective cohort consisting of 64,227 Chinese women without

a history of T2D found that the risk of T2D was reduced by

28% in the category with the highest consumption of potatoes

versus the category with the lowest potato consumption (39).

Increased potato consumption during a 20-year follow-up study

was inversely related to 2-h glucose level (40). Furthermore, the

increasing effect on glucose level was not observed in this trial,

possibly because the processed method was used for the potato

staple bread. The potato flour used to produce the steamed

potato bread was made from cooked potato. Previous researches

indicated that repeated cooking can increase the resistant starch

in potato by 10% (41, 42). After a secondary heating treatment

with a cooling interval, the proportion of resistant starch in

steamed potato breadmight increase. Resistant starch reportedly

plays a role in controlling blood glucose and insulin levels (43,

44). Additionally, the different potato cultivars from different

areas may play a role.

The Chinese potato stapling strategy is closely related to

agriculture, nutrition, and public health. A novel potato cultivar

was needed for the staple bread. A novel potato cultivar for

potato staple food should be bred and selected based on certain

traits, such as high dry weight, which is one of the most essential

traits for staple food processing. However, based on the possible

relationship between potato consumption and T2D, a high

resistance starch cultivar maybe one target. Biotechnology-based

tools are now widely used to enhance and expand the traditional

remit of potatoes in food production. Enabling potatoes to

produce therapeutic compounds through modification of their

functionality is now a reality. In this review, strong corporation

from nutritionists, agriculturalists, and public health researchers

will be needed to improve this crop. Moreover, potatoes could

be genetically modified to improve the functional properties of

tuber-derived flour through the expression of beneficial traits

related to the gene (45).

This trial had also some limitations. Firstly, the duration

of steamed potato bread intake was short; Secondly, there was

a lack of dietary analysis and digestibility measures; Thirdly,

though main confounding factors have been controlled, still

some factors can’t be controlled about the population, and

subgroups were not considered in the sample design; Lastly, the

concentration in a spot voiding urine not 24-h urinary excretion

for sodium and potassium may cause the results inaccurate. All

these factors may have affected the results. However, this is the

first clinical trial to evaluate the effect of steamed potato bread

on blood pressure, glucose, lipids, and urinary Na+ and K+ in

healthy Chinese adults, and it could provide valuable evaluation

data for the potato stapling strategy in China.

Conclusion

The intake of steamed potato bread, which was made from

a blend of wheat flour and cooked potato flour, once daily

for 4 weeks in adults could decrease weight, BMI, LDL-c,

and the urinary Na+/K+ level, and especially increase DBP in

male participants.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary material, further inquiries

can be directed to the corresponding author/s.

Author contributions

HX led the development of the manuscript and primary data

analysis. HX, YG, HF, and JS contributed to the research design

and trial methodology. HX, XW, YM, JQ, and SC contributed

to the sample data collection. All authors contributed to the

revision and approval of the final content of the manuscript.

Funding

This study was supported by the Special Research Grant

for Nonprofit Public Service of China (Agriculture) (grant

number 201503001) and Science and Technology Innovation

Project of the Chinese Academy of Agricultural Science (grant

number ASTIP2022).

Acknowledgments

We would like to acknowledge the support from all the team

members and the participating subjects.

Frontiers inNutrition 07 frontiersin.org

14

https://doi.org/10.3389/fnut.2022.987285
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Xu et al. 10.3389/fnut.2022.987285

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be

found online at: https://www.frontiersin.org/articles/10.3389/

fnut.2022.987285/full#supplementary-material

References

1. Hermansen A, Lu D, Forbes G. Potato production in China and Norway:
similarities, differences and future challenges. Potato Res. (2012) 55:197–
203. doi: 10.1007/s11540-012-9224-7

2. Chinese Nutrition Society. Dietary Guidelines for Chinese. Beijing: People’s
Medical Publication House (2017). p. 362.

3. Nayak B, Berrios JJ, Tang J. Impact of food processing on
the glycemic index (GI) of potato products. Food Res Int. (2014)
56:35–46. doi: 10.1016/j.foodres.2013.12.020

4. Kusnadi D, Barclay AW, Brand-Miller JC, Louie J. Changes in dietary glycemic
index and glycemic load in Australian adults from 1995 to 2012. Am J Clin Nutr.
(2017) 106:189–98. doi: 10.3945/ajcn.116.150516

5. van Bakel MM, Kaaks R, Feskens EJ, Rohrmann S, Welch AA, Pala V,
et al. Dietary glycaemic index and glycaemic load in the European prospective
investigation into cancer and nutrition. Eur J Clin Nutr. (2009) 63:188–
205. doi: 10.1038/ejcn.2009.81

6. Salmerón J, Manson JE, Stampfer MJ, Colditz GA, Wing AL, Willett WC.
Dietary fiber, glycemic load, and risk of non-insulin-dependent diabetes mellitus
in women. JAMA. (1997) 277:472–7. doi: 10.1001/jama.277.6.472

7. Salmerón J, Ascherio A, RimmEB, Colditz GA, SpiegelmanD, Jenkins DJ, et al.
Dietary fiber, glycemic load, and risk of NIDDM in men. Diabetes Care. (1997)
20:545–50. doi: 10.2337/diacare.20.4.545

8. Zhang Y, You D, Lu N, Duan D, Feng X, Astell-Burt T, et al. Potatoes
consumption and risk of type 2 diabetes: a meta-analysis. Iran J Public Health.
(2018) 47:1627–35.

9. Augustin L. Glycaemic index in chronic disease. Nutrafoods. (2013) 12:117–
25. doi: 10.1007/s13749-013-0061-3

10. Gao B, Huang W, Xue X, Hu Y, Huang Y, Wang L, et al. Comprehensive
environmental assessment of potato as staple food policy in China. Int J Environ
Res Public Health. (2019) 16:2700. doi: 10.3390/ijerph16152700

11. Xu H, Wang X, Ma G. Nutrition feasibility analysis of development of potato
as a staple food (in Chinese). Food Nutr China. (2015) 21:13–17.

12. Xu H, Guo Y, Lu S, Ma Y, Wang X, Zhao L, et al. Effect of steamed
potato bread intake on glucose, lipids, and urinary Na+ and K+: a randomized
controlled trial with adolescents. Int J Environ Res Public Health. (2020)
17:2096. doi: 10.3390/ijerph17062096

13. Darooghegi Mofrad M, Djafarian K, Mozaffari H, Shab-Bidar S. Effect of
magnesium supplementation on endothelial function: a systematic review and
meta-analysis of randomized controlled trials. Atherosclerosis. (2018) 273:98–
105. doi: 10.1016/j.atherosclerosis.2018.04.020

14. Mozaffarian D, Hao T, Rimm E, Willett W, Hu F. Changes in diet and
lifestyle and long-term weight gain in women and men. N Engl J Med. (2011)
364:2392–404. doi: 10.1056/NEJMoa1014296

15. Halkjær J, Tjønneland A, Overvad K, Sørensen TI. Dietary predictors
of 5-year changes in waist circumference. J Am Diet Assoc. (2009) 109:1356–
66. doi: 10.1016/j.jada.2009.05.015

16. Nicklas TA, O’Neil C, Fulgoni VL. Differing statistical approaches
affect the relation between egg consumption, adiposity, and cardiovascular
risk factors in adults. J Nutr. (2015) 145:170–6S. doi: 10.3945/jn.114.19
4068

17. Linde JA, Utter J, Jeffery RW, Sherwood NE, Pronk NP, Boyle RG. Specific
food intake, fat and fiber intake, and behavioral correlates of BMI among
overweight and obese members of a managed care organization. Int J Behav Nutr
Phys Act. (2006) 3:1–8. doi: 10.1186/1479-5868-3-42

18. Camire ME, Kubow S, Donnelly DJ. Potatoes and human health. Crit Rev
Food Sci Nutr. (2009) 49:823–40. doi: 10.1080/10408390903041996

19. Langsetmo L, Poliquin S, Hanley DA, Prior JC, Barr S, Anastassiades T, et al.
Dietary patterns in Canadian men and women ages 25 and older: relationship to
demographics, body mass index, and bone mineral density. BMC Musculoskelet
Disord. (2010) 11:20. doi: 10.1186/1471-2474-11-20

20. Veronese N, Stubbs B, Noale M, Solmi M, Vaona A, Demurtas J, et al.
Fried potato consumption is associated with elevated mortality: an 8-y longitudinal
cohort study. Am J Clin Nutr. (2017) 106:162–7. doi: 10.3945/ajcn.117.154872

21. Wirfält E, McTaggart A, Pala V, Gullberg B, Frasca G, Panico S, et al. Food
sources of carbohydrates in a European cohort of adults. Public Health Nutr. (2002)
5:1197–215. doi: 10.1079/PHN2002399

22. Atkinson FS, Foster-Powell K, Brand-Miller JC. International tables of
glycaemic index and glycaemic load values. Diabetes Care. (2008) 31:2281–
3. doi: 10.2337/dc08-1239

23. Fan J, Song Y, Wang Y, Hui R, Zhang W. Dietary glycemic index,
glycemic load, and risk of coronary heart disease, stroke, and stroke
mortality: a systematic review with meta-analysis. PLoS ONE. (2012)
7:e52182. doi: 10.1371/journal.pone.0052182

24.Mirrahimi A, Chiavaroli L, Srichaikul K, Augustin LS, Sievenpiper JL, Kendall
CW, et al. The role of glycemic index and glycemic load in cardiovascular disease
and its risk factors: a review of the recent literature. Curr Atheroscler Rep. (2014)
16:381. doi: 10.1007/s11883-013-0381-1

25. Sieri S, Krogh V, Agnoli C, Ricceri F, Palli D, Masala G, et al. Dietary glycemic
index and glycemic load and risk of colorectal cancer: results from the EPIC-Italy
study. Int J Cancer. (2015) 136:2923–31. doi: 10.1002/ijc.29341

26. Siri-Tarino PW, Sun Q, Hu FB, Krauss RM. Meta-analysis of prospective
cohort studies evaluating the association of saturated fat with cardiovascular
disease. Am J Clin Nutr. (2010) 91:535–46. doi: 10.3945/ajcn.2009.27725

27. Augustin J, Johnson SR, Teitzel C, True RH, Hogan JM, Toma RB, et al.
Changes in the nutrient composition of potatoes during home preparation: II.
Vitamins. Am J Pota Res. (1978) 55:653–62. doi: 10.1007/BF02852138

28. García-Alonso A, Goñi I. Effect of processing on potato
starch: in vitro availability and glycaemic index. Die Nahrung. (2000)
44:19–22. doi: 10.1002/(SICI)1521-3803(20000101)44:1&lt;19::AID-
FOOD19&gt;3.0.CO;2-E

29. Bao W, Tobias DK, Hu FB, Chavarro JE, Zhang C. Pre-pregnancy potato
consumption and risk of gestational diabetes mellitus: prospective cohort study.
BMJ. (2016) 352:h6898. doi: 10.1136/bmj.h6898

30. Khosravi-Boroujeni H, Mohammadifard N, Sar-rafzadegan N, Sajjadi F,
Maghroun M, Khosravi A, et al. Potato consump-tion and cardiovascular disease
risk factors among Iranian population. Int J Food Sci Nutr. (2012) 63:913–
20. doi: 10.3109/09637486.2012.690024

31. Muraki I, Rimm EB, Willett WC, Manson JE, Hu FB, Sun Q. Potato
consumption and risk of type 2 diabetes: results from three prospective cohort
studies. Diabetes Care. (2016) 39:376–84. doi: 10.2337/dc15-0547

Frontiers inNutrition 08 frontiersin.org

15

https://doi.org/10.3389/fnut.2022.987285
https://www.frontiersin.org/articles/10.3389/fnut.2022.987285/full#supplementary-material
https://doi.org/10.1007/s11540-012-9224-7
https://doi.org/10.1016/j.foodres.2013.12.020
https://doi.org/10.3945/ajcn.116.150516
https://doi.org/10.1038/ejcn.2009.81
https://doi.org/10.1001/jama.277.6.472
https://doi.org/10.2337/diacare.20.4.545
https://doi.org/10.1007/s13749-013-0061-3
https://doi.org/10.3390/ijerph16152700
https://doi.org/10.3390/ijerph17062096
https://doi.org/10.1016/j.atherosclerosis.2018.04.020
https://doi.org/10.1056/NEJMoa1014296
https://doi.org/10.1016/j.jada.2009.05.015
https://doi.org/10.3945/jn.114.194068
https://doi.org/10.1186/1479-5868-3-42
https://doi.org/10.1080/10408390903041996
https://doi.org/10.1186/1471-2474-11-20
https://doi.org/10.3945/ajcn.117.154872
https://doi.org/10.1079/PHN2002399
https://doi.org/10.2337/dc08-1239
https://doi.org/10.1371/journal.pone.0052182
https://doi.org/10.1007/s11883-013-0381-1
https://doi.org/10.1002/ijc.29341
https://doi.org/10.3945/ajcn.2009.27725
https://doi.org/10.1007/BF02852138
https://doi.org/10.1002/(SICI)1521-3803(20000101)44:1&lt
https://doi.org/10.1136/bmj.h6898
https://doi.org/10.3109/09637486.2012.690024
https://doi.org/10.2337/dc15-0547
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Xu et al. 10.3389/fnut.2022.987285

32. Borgi L, Rimm EB, Willett WC, Forman JP. Potato intake and incidence
of hypertension: results from three prospective US cohort studies. BMJ. (2016)
353:i2351. doi: 10.1136/bmj.i2351

33. McGill CR, Kurilich AC, Davignon J. The role of potatoes and potato
components in cardiometabolic health: a review. Ann Med. (2013) 45:467–
73. doi: 10.3109/07853890.2013.813633

34. Riccardi G, Rivellese AA, Giacco R. Role of glycemic index and glycemic
load in the healthy state, in prediabetes, and in diabetes. Am J Clin Nutr. (2008)
87:269–74S. doi: 10.1093/ajcn/87.1.269S

35. Bhupathiraju SN, Tobias DK, Malik VS, Pan A, Hruby A, Manson JE,
et al. Glycemic index, glycemic load, and risk of type 2 diabetes: results from 3
large US cohorts and an updated meta-analysis. Am J Clin Nutr. (2014) 100:218–
32. doi: 10.3945/ajcn.113.079533

36. Ceriello A, Esposito K, Piconi L, Ihnat MA, Thorpe JE, Testa R, et al.
Oscillating glucose is more deleterious to endothelial function and oxidative
stress than mean glucose in normal and type 2 diabetic patients. Diabetes. (2008)
57:1349–54. doi: 10.2337/db08-0063

37. Larsson SC, Wolk A. Potato consumption and risk of cardiovascular
disease: 2 prospective cohort studies. Am J Clin Nutr. (2016) 104:1245–
52. doi: 10.3945/ajcn.116.142422

38. Hu EA, Martinez-Gonzalez MA, Salas-Salvado J, Corella D, Ros E,
Fito M, et al. Potato consumption does not increase blood pressure or
incident hypertension in 2 cohorts of Spanish adults. J Nutr. (2017) 147:2272–
81. doi: 10.3945/jn.117.252254

39. Villegas R, Liu S, Gao YT, Yang G, Li H, Zheng W, et al.
Prospective study of dietary carbohydrates, glycemic index, glycemic
load, and incidence of type 2 diabetes mellitus in middle-aged Chinese
women. Arch Intern Med. (2007) 167:2310–6. doi: 10.1001/archinte.167.21.
2310

40. Feskens EJ, Virtanen SM, Rasanen L, Tuomilehto J, Stengård J,
Pekkanen J, et al. Dietary factors determining diabetes and impaired glucose
tolerance. A 20-year follow-up of the Finnish and Dutch cohorts of the seven
countries study. Diabetes Care. (1995) 18:1104–12. doi: 10.2337/diacare.18.8.
1104

41. Meng T, Yan Y, Zhao C, Ye X. Effect of Chinese cooking on the resistant
starch and other main nutrient elements in potatoes (in Chinese). Sci Technol Food
Industry. (2012) 33:86–9.

42. Berry CS. Resistant starch: formation and measurement of starch that
survives exhaustive digestion with amylolytic enzymes during the determination
of dietary fibre. J Cereal Sci. (1986) 4:301–14. doi: 10.1016/S0733-5210(86)80034-0

43. Raigond P, Ezekiel R, Raigond B. Resistant starch in food: a review. J Sci Food
Agric. (2015) 95:1968–78. doi: 10.1002/jsfa.6966

44. Tian J, Chen J, Ye X, Chen S. Health benefits of the potato
affected by domestic cooking: a review. Food Chem. (2016) 202:165–
75. doi: 10.1016/j.foodchem.2016.01.120

45. Mullins E, Milbourne D, Petti C, Doyle-Prestwich BM, Meade C.
Potato in the age of biotechnology. Trends Plant Sci. (2006) 11:254–
60. doi: 10.1016/j.tplants.2006.03.002

Frontiers inNutrition 09 frontiersin.org

16

https://doi.org/10.3389/fnut.2022.987285
https://doi.org/10.1136/bmj.i2351
https://doi.org/10.3109/07853890.2013.813633
https://doi.org/10.1093/ajcn/87.1.269S
https://doi.org/10.3945/ajcn.113.079533
https://doi.org/10.2337/db08-0063
https://doi.org/10.3945/ajcn.116.142422
https://doi.org/10.3945/jn.117.252254
https://doi.org/10.1001/archinte.167.21.2310
https://doi.org/10.2337/diacare.18.8.1104
https://doi.org/10.1016/S0733-5210(86)80034-0
https://doi.org/10.1002/jsfa.6966
https://doi.org/10.1016/j.foodchem.2016.01.120
https://doi.org/10.1016/j.tplants.2006.03.002~
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


TYPE Original Research

PUBLISHED 29 August 2022

DOI 10.3389/fnut.2022.979594

OPEN ACCESS

EDITED BY

John-Lewis Zinia Zaukuu,

Kwame Nkrumah University of Science

and Technology, Ghana

REVIEWED BY

Raquel Braz Assunção Botelho,

University of Brasilia, Brazil

Mohammad Hojjatoleslamy,

Islamic Azad University of

Shahrekord, Iran

*CORRESPONDENCE

Tamás Csurka

csurka.tamas@uni-mate.hu

SPECIALTY SECTION

This article was submitted to

Nutrition and Food Science

Technology,

a section of the journal

Frontiers in Nutrition

RECEIVED 27 June 2022

ACCEPTED 28 July 2022

PUBLISHED 29 August 2022

CITATION

Csurka T, Varga-Tóth A, Kühn D,

Hitka G, Badak-Kerti K, Alpár B,

Surányi J, Friedrich LF and

Pásztor-Huszár K (2022) Comparison

of techno-functional and sensory

properties of sponge cakes made with

egg powder and di�erent quality of

powdered blood products for

substituting egg allergen and

developing functional food.

Front. Nutr. 9:979594.

doi: 10.3389/fnut.2022.979594

COPYRIGHT

© 2022 Csurka, Varga-Tóth, Kühn,

Hitka, Badak-Kerti, Alpár, Surányi,

Friedrich and Pásztor-Huszár. This is

an open-access article distributed

under the terms of the Creative

Commons Attribution License (CC BY).

The use, distribution or reproduction

in other forums is permitted, provided

the original author(s) and the copyright

owner(s) are credited and that the

original publication in this journal is

cited, in accordance with accepted

academic practice. No use, distribution

or reproduction is permitted which

does not comply with these terms.

Comparison of
techno-functional and sensory
properties of sponge cakes
made with egg powder and
di�erent quality of powdered
blood products for substituting
egg allergen and developing
functional food

Tamás Csurka1,2*, Adrienn Varga-Tóth1, Dorottya Kühn1,

Géza Hitka3, Katalin Badak-Kerti4, Boglárka Alpár1,2,

József Surányi1,2, László Ferenc Friedrich1 and

Klára Pásztor-Huszár1

1Department of Livestocks Products and Food Preservation Technology, Institute of Food Science

and Technology, Hungarian University of Agriculture and Life Sciences, Budapest, Hungary,
2Doctoral School of Food Sciences, Hungarian University of Agriculture and Life Sciences, Budapest,

Hungary, 3Department of Postharvest, Commerce, Supply Chain and Sensory Science, Institute of

Food Science and Technology, Hungarian University of Agriculture and Life Sciences, Budapest,

Hungary, 4Department of Grain and Industrial Plant Processing, Institute of Food Science and

Technology, Hungarian University of Agriculture and Life Sciences, Budapest, Hungary

Animal blood is a valuable resource, which is usually not utilized in a

value-added way by the industry like other animal by-products, even though it

has plenty of benefits in terms of sustainability and human health, particularly

against iron deficiency anemia. Animal blood is perfectly suitable for providing

special functions, which are necessary for functional foods, and improving

techno-functional properties based on the previous reports published in the

literature. In this paper, egg powder was substituted by powdered animal

blood products (whole blood powder, blood plasma powder, and hemoglobin

powder) in sponge cake. Techno-functional and sensory properties (texture

by texture profile analysis and three-point breaking test, water activity, dry

matter content, and color) were instrumentally measured and then a sensory

evaluation was carried out by unskilled panelists. Quality characteristics

(texture, color, and dry matter content) were daily measured on the day

of baking and then every 24h for 3 additional days because freshly baked

cakes are usually consumed within 3 days. Based on the results, powdered

blood products are suitable for substituting the egg powder in sponge cakes

and developing functional foods. Blood powders can increase the hardness,

chewiness, and breaking force of cakes, giving them the ability to be stu�ed

with more fillings and molded into special shapes without compromising on
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the sensory characteristics. They can also increase the intensity of the cocoa

flavor, which results in a richer, darker color without deceiving the consumers.

KEYWORDS

animal blood, by-product, functional food, iron, iron deficiency anemia, sensory

properties, sustainability, techno-functional properties

Introduction

Animal blood is usually handled as hazardous waste and

annihilated or in the best case used for producing feed raw

material. However, it may play a role in sustainability in value-

added further processing, and more sustainable products are

preferred by consumers (1). Blood, which is obtained during

the bleeding process when animals are slaughtered, accounts

for a significant proportion of their live weight depending on

the muscle mass: 7.6–8.3% in the case of cattle, 4.5–6% in the

case of pig, 7.6–8.3% in the case of sheep, average 6.6% in the

case of horse, and 5–10% in the case of poultry. Blood is a

liquid connective tissue. Plasma is the intercellular part, in which

the red blood cell (RBC) fraction or hemoglobin fraction is

suspended. The RBC fraction attains its name from red blood

cells because they make up the majority of this fraction, but

it contains other blood cells like leucocytes, lymphocytes, and

macrocytes, as well as many thrombocytes (2). Two-thirds of

the blood take part in the circulatory system, and the residual

one-third is present in the resting state and stored in organs

like the spleen, liver, lungs, and other tissues (e.g., capillaries of

skin). These blood storage organs are able to supply blood to

the circulatory system in special cases (e.g., large blood loss). In

many ways, animal blood can be an excellent rawmaterial for the

development and production of common and functional foods

(3–7), and it is also suitable for the development of functional

foods for allergen replacement purposes, as it is hypoallergenic

(8, 9).

Functional foods are foods that contain higher than average

amounts of ingredients, often artificially added, that have been

shown to have a positive effect on health at the average normal

consumption of the food (e.g., vitamin-enriched foods), or

foods that contain lower than expected amounts of harmful

ingredients at the average normal consumption of each food

product (e.g., reduced-fat products). A functional food may

also be a food intended for a specific group of consumers

(e.g., people who suffer from a food allergy and bodybuilders).

Functional foods are economically competitive and acceptable

products that can be enriched with, for example, blood-derived

bioactive peptides, protein (with good gelling and foaming

properties), or hem-iron. Functional foods can play a major

role in human nutrition during the current pandemic (10–

13). A functional food can be a food that serves a specific

need, such as the needs of consumers with egg allergies.

IgE-mediated egg allergy affects up to 8.9% of children in

developed countries (14).

It is hard to substitute egg white in bakery products because

of its solubility, heat coagulation, foaming, and emulsifying

properties (15). Animal blood plasma has already been used

in bakery products and shown a similar effect to egg white in

texture and appearance of cakes when blood plasma is used

as an egg white alternative if blood plasma and egg white

were in similar form (e.g. powder or liquid) and amount (16,

17). Plasma proteins contain mostly globular proteins (about

60 w/w% albumins and 40 w/w% globulins) and around 3–

4 w/w% fibrinogen (18). According to recent studies, these

are better for developing binding than meat powders, gelatin,

wheat gluten, isolated soy proteins, and sodium alginate with

calcium carbonate (19). In addition, other blood protein

fractions (globulins, serum albumin, and hemoglobin) are better

emulsifiers than an egg (20), in which egg white proteins

contain 54–55 w/w% albumin, and egg yolk proteins contain

14 w/w% serum albumin, 41 w/w% glycoproteins, and 45 w/w%

immunoglobulins (21). Investigating the effect of blood proteins

on texture is important not only for substituting egg-allergenic

ingredients or developing a harder, better texture, but also for

improving the sustainability of animal slaughter and preventing

or treating iron deficiency anemia.

The prevalence of anemia caused by iron deficiency is

around 30% globally. Symptoms of anemia include physical and

mental decline and miscarriage in pregnant women. Non-hem-

iron absorption is <10%, but hem-iron absorption is 15–35%,

and non-hem-iron is much more exposed to inhibitory effects

due to the different metabolic pathways (22, 23).

A 100 g of porcine whole blood powder is able to cover

the daily essential amino acid needs of an average 70 kg adult

male with the exception of methionine (24), which can be

supplemented with cereals. The iron content of porcine blood is

1,490.14mg/kg, and in bovine blood, the iron content is 2,810.62

mg/kg expressed in terms of blood matter content (25, 26).

In Russia and other post-Soviet states, blood chocolates and

blood-colored candies are popular, especially for iron-deficient

children. It is a good idea to give natural, well absorbable iron

to children in the form of sweets or cakes. Due to our culture

and trends, by-products such as blood are unlikely to become

a major product in the foreseeable future, and the direct use of

by-products on their own should not be forced. Therefore, the

impact of blood and blood fractions on the techno-functional
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and organoleptic properties of foods should be investigated, and

the results should be used to support andmotivate industrial use.

Proteins have several different techno-functional properties.

Hydration properties (water–protein interactions, such as

hydration, water-holding capacity, dispersibility, solubility,

and swelling) and surface properties (such as emulsification

and foaming capacity) are very important basic properties.

Rheological properties (protein–protein interactions, such as

precipitation, gelation, and texturization) and sensory properties

(such as taste (first of all, umami), texture, and color) are also

basic properties but are affected by much more synergistic and

divergent effects. Besides, techno-functional properties have a

fifth category: the other properties (like adhesion, cohesion,

film formation, etc.), which cannot be clearly classified under

the previous ones (27). Blood plasma proteins are perfect cold

binder agents (28), which can be helpful in the forming and

handling of the batter before the heat treatment. In different

food products, plasma proteins could improve the heat stability

of the colloid system and decrease the heat treating loss (29–33).

Blood products were successfully used in Kenya and Chile for

improving the iron content of bakery products and in Russia in

the case of sweets (34, 35).

The purpose of this paper was to briefly summarize

the importance and role of blood in the development of

functional (enriched with iron and/or protein and allergen-

free) foods and investigate the effect of egg powder substitution

in sponge cake with several types of blood powders (whole

blood powder, hemoglobin powder, and plasma powder) on

instrumentally measured sensory properties (color and texture)

and techno-functional properties (pH, water activity, and dry

matter content). Results were validated by a sensory evaluation

of developed cakes. The objectives of this research were

to compare the effect of egg powder, blood powder, blood

plasma powder, and hemoglobin powder in cakes on quality-

determining techno-functional and sensory properties (texture

by texture profile analysis and three-point breaking test, water

activity, dry matter content, color, appearance, taste and smell

intensity, and liking) for substituting egg allergen by these

valuable animal by-products.

Materials and methods

Materials

Whole blood powder and the powdered form of two main

blood products (plasma powder and hemoglobin powder) were

investigated for substituting egg powder and for developing

functional product features (iron content). Thus, the protein

content of the cake matrix was closely the same as the basic

egg powdered in each sample type. Raw material specifications

and a food nutrition database (26) were used for calculating the

recipe. The amount of egg powder was calculated from average

M-sized eggs, which is 58 g of weight. The cocoa-flavored sponge

cake was prepared based on a common mix recipe, in which the

protein content of the egg was substituted by different powdered

blood products. The fat content of the egg was substituted by

sunflower oil. Recipes are shown in Table 1. The water content

of the egg was replaced by just water in case of each recipe.

Determinative special ingredients, which were used during this

investigation, were the follows:

• Hemoglobin powder 92B (Sonac Burgum

B.V., Netherlands).

• Plasma powder 70B (Sonac Burgum B.V., Netherlands).

• Vepro 95 phf whole blood powder (Solvent Kereskedoház

Zrt., Hungary).

• Egg powder (Capriovus Kft., Hungary).

Replacement of fat in egg yolk is also necessary because fats

and oils are important ingredients of bakery products. Themajor

functions of lipids are to soften and tenderize the texture of the

product by adding moisture, to make it richer and to improve

the retention of quality. Sunflower oil was used in our research

because it has no effect on the taste and smell of the product.

Methods

Experimental design

In this paper, the results are presented according to a 4

× 4 full factorial experimental design for comparison of the

effect of four different protein raw materials (egg powder, whole

blood powder, blood plasma powder, and hemoglobin powder)

with the same protein quantity and sample groups with four

different storage times (0, 1, 2, and 3 days). The aim of the

research plan was to detect the effect of different factors (sample

type and storage time) on several techno-functional and sensory

properties to investigate the quality of cakes.

Sample preparation

The batter was prepared in a bowl. Dry ingredients were

mixed well, and then melted margarine was added into the dry

mix, and all these were mixed thoroughly. Finally, the milk and

water were added to the mix and then were further mixed using

a household mixer. The raw foamy batter was filled into a metal

tray and then heat-treated in a combined oven/steamer (Lainox

VE051P Type LX, Italy) at 180◦Cwith air mixing for 20min. The

sponge cake was sliced and stored for 3 additional days after the

day of baking, because a fresh cake is expected to be stored for a

maximum of 3–4 days before consumption.

The development of nutritional properties for the whole

mass of all ingredients can be calculated according to

the specifications and nutritional facts of ingredients. This

theoretical development was only mathematically calculated in
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TABLE 1 Ingredients [g or ml] in recipes of di�erent investigated products.

Ingredients Cocoa flavored

sponge with egg

powder (control)

Cocoa flavored

sponge with whole

blood powder

Cocoa flavored sponge

with hemoglobin

powder

Cocoa flavored

sponge with

plasma powder

Wheat plain flour (g) 300 300 300 300

Powdered sugar (g) 250 250 250 250

Margarin (g) 120 120 120 120

Milk with 2.8% fat (ml) 100 100 100 100

Cocoa powder with 15–16 w/w%

fat content (g)

40 40 40 40

Baking powder (g) 12 12 12 12

Vanilla aroma (g) 2 2 2 2

Egg powder / Whole blood powder

/ Hemoglobin powder / Plasma

powder (g)

28 14,16 13,8 18

Water (g) 88 92,06 92,66 88,8

Sunflower oil (g) - 10,64 10,64 10,64

the case of 1% whole blood powder without any measurement,

and no decomposition was assumed.

Storage experiment

It was also intended to carry out a storage experiment. From

the day of production, the change in the quality of the sponge

cake was examined during storage at room temperature for 3

days, since the product is expected to be consumed within this

period of time at the latest in the case of fresh pastries and cakes.

The storage conditions correspond to the average expected home

storage conditions for the cakes, that is, at room temperature

in imperfectly sealed (folded) plastic bags. In order to eliminate

the effect of random changes in relative humidity in the air of

the storage room, parallel samples were produced and sifted 1

day apart.

A 4-day storage period has been established because the

texture and the drymatter content of the bakery products change

in 4 days under room conditions according to the industrial

experiments and previous studies (36, 37).

Texture measurement

The texture of sponge cakes was measured by using a

Stable Micro System (SMS) TA. XT Plus texture analyzer (Stable

Microsystem, United Kingdom). A computer controlled the

movement of the upper rod. Different probes can be used to

measure the different shear, compressive, and torsional stresses

in different directions lasting for different time periods while

investigating the behavior of the samples with this equipment.

Texture profile analysis (TPA) was carried out, and the

following attributes were measured: (1) Hardness: the resistance

[N] at maximum compression during the first compression. It is

the force necessary to attain a given deformation. It represents

the hardness of the sample at first bite. (2) Cohesiveness: The

ratio [-] of positive force during the second compression cycle

to that of the first one (downward strokes only). It indicates

the strength of the internal bonds that make up the body of

the sample. (3) Springiness: It is expressed as a ratio [mm mm-

1] or percentage of a product’s original height. Springiness is

measured in several ways, but most typically, based on the

distance of the detected height during the second compression

divided by the original compression distance. (4) Chewiness:

The force [N] required to chew a solid sample till a steady state

of swallowing (hardness multiplied by cohesiveness multiplied

by springiness) (38, 39). Sponge cake samples were sliced into

sections with 40 × 40mm square floor area and 20mm height.

The probe was a p/75v steel cylinder plate. The pre-test speed of

the probe was 10mm s−1, and the test speed and post-test speed

were 1mm s−1. Maximal compression was 50% of sample height

(10mm), and it lasted 1 s. Then the sample was allowed to relax.

The sampling frequency was 50/s. Each sample was measured

three times.

A fracture test was carried out, and the breaking force was

measured, which is the peak force that can be measured when

the cake dough sample is split into two portions. In the case of

cakes with a hard crust, the peak force can be measured at the

time of the breaking of crust instead of the full dough. HDP/3PB

three-point bend rig probe was used. The probe started on the

surface of the samples and then moved across the sample with a

1mm s−1 test speed.

The limitation of this investigation is that lipids can affect

the texture of gels and heat-treated gels (40). However, the aim

of this research was the substitution of egg allergen in sponge
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cake. This limitation was a compromise for the substitution of

egg powder without any additives.

Color measurement

Minolta CR-400 (Konica Minolta, INC., Japan) chroma

meter was used for the measurement of reflection colors. The

measurement was based on the fact that any color can be

generated by the mixture of three colors defined by light

wavelength. The ratio of these three different wavelength lights

is plotted in a coordinate system called CIELAB color space.

The color coordinates can be numbered, facilitating the analysis

of colors. In the case of blood, there is a relationship between

the red color (and chroma) and the iron content and thereby

between the physical and chemical attributes.

The instrument was calibrated with a standard white etalon.

Each sample was measured three times on a white plate

with the same illumination. The measured attributes were as

follows: redness/greenness (a∗), yellowness/blueness (b∗), and

brightness (L∗). Chroma (C∗) was calculated according to the

following equation:

Equation (1): C
∗

=

√

a
∗2+b

∗2 (41).

Hue angle was also an important color attribute, which was

calculated according to the following equation:

Equation (2): hab=arctan
b
∗

a
∗ (42).

Water activity measurement

Water activity was measured by using Novasina LabMaster-

aw neo-type instrument (Novasina AG, Switzerland) that

requires a very small sample amount and can fully control

the temperature between 0 and 60◦C during the measurement.

Measurements were performed at room temperature to control

the integrity of samples for relevant data detection. Each sample

group was measured two times.

Dry matter content measurement

About 3–5 g of sample was measured by using a Kern ABJ-

NM/ABS-N (Kern & Sohn GmbH, Germany) analytical balance

and placed in an open Petri dish. Then the samples were dried

at 120◦C until a constant mass was obtained in a laboratory

drying oven (Labor Muszeripari Muvek, Hungary). The samples

were cooled in a desiccator, and then their residual mass was

measured by using an analytical balance. Each sample was

measured three times.

Sensory evaluation

A sensory evaluation was carried out in a lab equipped

with adequate facilities (without confounding factors and with

panel members separated in time and/or space). An online

questionnaire was filled out by the panel members during the

evaluation. The samples for the evaluation of this parameter

were the analytical samples with an extra “placebo” sample,

which was the same as the egg powdered sample but was

colored with activated carbon. Vegetable activated carbon is

an allowed food additive marked by E 153 according to one

of the strictest regulations for food additives (the Regulation

(EC) No 1333/2008 of the European Parliament and of the

Council of 16 December 2008 on food additives) (43). Thanks

to the active carbon, this egg powdered sample group had

the same color as the whole blood powdered and hemoglobin

powdered samples for the naked eye. Thus, it was possible

to examine the perception of the product texture and taste

without influencing the preconceptions of the color. The latter

condition was necessary because a placebo/nocebo effect was

found in earlier investigations. It means that taste perception

depends on visual perception. Specifically, darker and/or more

saturated color can mean a stronger taste and higher nutrition

content for consumers (44–46). Panel members were informed

that sponge cakes, which they taste, may contain blood, blood

plasma, or extra cocoa (There was no sample with extra cocoa).

They were informed that they may have got similar samples

or different samples, but each panel member got the same five

samples in a different sequence. Samples were labeled by a

random three-digit number code, and each panel member got

the samples in a different sequence to eliminate the effect of

successive tasting, because the previous sample can influence

the opinion of the next sample. Panel members were provided

water to naturalize between the samples. The panel consisted

of 33 panelists: 17 men and 16 women. The average age of

panelists was 29.8 years, while the minimum age was 20 years

and the maximum age was 56 years. The panel members were

common consumers and not experts. Panel members had to

test the samples and rank objectively the flexibility, crumbling,

stickiness, dryness, intensity of cocoa smell, and intensity of

cocoa flavor, as well as subjectively the smell, taste, and texture

in category scales with five levels in a descriptive test. They could

write a comment about the samples and rank the samples based

on their preferences.

Statistical analysis

The measurement results were evaluated by applying IBM

SPSS statistic v25 (IBM Corp., Armonk, NY) (47) and Microsoft

Excel 365 version: 2010 (build: 13328.20356) software. A full

factorial design was used, and results were statistically evaluated

in three parts to detect the effect of raw material and storage

time 1) on instrumentally measured texture parameters in the

first analysis, 2) on color parameters in the second analysis,

and 3) on sensory attributes in the third analysis. Dry matter

content and water activity provided trend-like results. These two

attributes could not provide a statistically significant difference.

Multivariate analysis of variance (MANOVA) was carried out,

to compare the means of different sample groups of the related
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variables (48). The normality of residuals was checked by

Shapiro–Wilk test in the case of texture and color attributes

and D’Agostino’s K-squared test (49) in the case of sensory

attributes. The normality of residuals for sensory attributes

was not completely adequate for MANOVA, but in order to

evaluate the results,MANOVAwas carried out for all of the three

attribute groups. According to Levene’s test, the homogeneity of

variances was adequate for the MANOVA in the case of color

attributes and some texture attributes (hardness, chewiness, and

breaking force). MANOVA is robust enough to test the equality

of covariance matrices; hence, in the case of attributes with no

adequate homogeneous covariance matrices according to the

results of Levene’s test, Box’s M test (50) was carried out. In the

case of each measured attribute analyzed in one MANOVA, the

degree of freedom was the same, and differences in the maximal

and minimal standard deviation values of the compared sample

groups to the power of two were <2. So, homoscedasticity was

adequate for MANOVA in the case of each texture, color, and

sensory attribute. The value of the unexplained variance rate

(Wilks’s lambda) was evaluated. The homogeneous groups were

separated by Tukey’s HSD post-hoc test.

Results and discussion

The effect of cereal proteins on the amino acid composition

of blood and their worldwide consumption makes a sponge

cake a perfect model product to study the effect of powdered

blood products that are used as a substitute for egg powder in

batter and cakes. In order to technologically design the structure

of the cake, it is essential to understand the structure of the

foams. As a result of mechanical stress (mixing), the foaming

agents (protein emulsifiers) create a foam with an airy structure,

the volume of which increases rapidly in the first stage of the

whipping, and then gradually this growth slows down; finally,

the air bubbles grow andmerge when exceeding the critical value

and the foam collapses (51, 52). Air absorption of batter depends

on beater speed, geometric properties, surface tension, and

viscosity of the batter (53). The amount and type of emulsifiers

affect the bubble structure and distribution, which influence the

quality of the final bakery product (54). Generally, emulsifiers

may be proteins or lipids. Protein emulsifiers are responsible

for mechanically strong viscoelastic films, and lipids enable

weaker films to counteract changes in interfacial tension when

the interface is perturbed (52). Protein-emulsifier interactions

affect the rheology of emulsions according to recent studies

(55–57). The dispersion medium of the foams can be liquid

or solid, while the dispersed phase can only be gaseous. In

the case of sponge cake batter, the proteins of the egg white

(ovalbumin, conalbumin, ovomucoid, globulin, and ovomucin)

are usually responsible for the formation of the foam structure.

Under strong mechanical action, gas bubbles are dispersed in

the liquid egg, the water-soluble proteins are denatured and then

adsorbed on the surface of the colloidal solution, and the bubbles

are surrounded by the formed film layer. Since albumin-type

proteins typically make up the majority of proteins in the blood,

especially in plasma, the blood is similarly capable of forming a

colloidal structure. Foaming is affected by the following factors:

pH and salinity. Flour and sugar are responsible for foam

stability and foam hardness of bakery products. The discharged

sponge flan is essentially a solid (58, 59). If the egg is substituted

in a bakery product, the fat content of the egg also needs to

be substituted.

Texture

The normality of residuals was checked by Shapiro–Wilk

test [hardness: W(160) = 0.993, p = 0.65; springiness: W(160)

= 0.967, p = 0.05; cohesiveness: W(160) = 0.977, p = 0.08;

chewiness: W(160) = 0.994, p = 0.734; breaking force: W(160)

= 0.986, p = 0.102], and the homogeneity of variances was

checked by Levene’s test attributes [hardness: F(15,144) = 2.137,

p = 0.011; chewiness: F(15,144) = 1.272, p = 0.227; breaking

force: F(15,144) = 1.904; p= 0.027] and Box’sM test (springiness,

cohesivity: n= 10,N = 160) to confirm that MANOVA could be

carried out.

Sponge cakes were made with egg powder, whole blood

powder, hemoglobin powder, and blood plasma powder as a

protein source and stored for 3 days. The texture of the cakes

in all the sample groups was similar to a common sponge cake.

The nominal differences between the results of different sample

groups were not significant, but a significant difference was

found in the case of each measured texture attribute. The effect

of the raw material and storage time on texture attributes was

investigated by the first MANOVA. The overall MANOVA result

was significant for the sample type, that is, the protein source in

the used raw material, (Wilks’s lambda: 0.009, p < 0.001) and

the storage time (Wilks’s lambda: 0.028, p < 0.001). The two-

way interaction between the sample type and storage time was

also significant (Wilks’s lambda: 0.054, p < 0.001). The results of

Wilks’s lambda tests indicate a strong relationship between the

factors and dependent variants, but the effect for the sample type

was the strongest.

Different sample types could be separated from each other.

Tukey’s post-hoc test could significantly (p= 0.05) separate three

groups based on hardness: the cakes with egg powder were the

softest with an average hardness value of 6.92N, cakes with

whole blood powder and blood plasma powder were similar

with average hardness values of 9.1 and 9.4N, respectively,

and cakes with hemoglobin powder were the hardest with the

average hardness value of 11.9N. It can be explained by the

fact that albumin content is similar in egg and blood plasma

and can develop a lighter batter with more air bubbles due
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to their foaming properties. Whole blood powder contains

plasma proteins, but hemoglobin powder does not. If the aim

of product development is a harder cake, which can show,

for instance, a greater weight of filling or higher iron content,

hemoglobin powder enrichment is an ideal choice. But, if the

aim of product development is a nearly common sponge cake

texture without egg allergen, blood plasma powder or whole

blood plasma powder is the best choice. The hardness values

of cakes made with 20– 40 g kg−1 egg in other studies were

below these values, and were closer to the values of the cake

made with egg powder (60–62). Based on springiness, Tukey’s

post-hoc test could significantly (p= 0.05) separate two different

groups with nominally not much significant difference. The

samples prepared with whole blood powder and egg powder

were similar with average springiness values of 0.69 and 0.71,

respectively, and these were different from samples prepared

with hemoglobin powder and blood plasma powder which

showed average springiness values of 0.75 and 0.77, respectively.

Springiness values of cakes made with the egg from the previous

studies were found to be 0.82, 0.56, and 0.85. The second

result was closer to the value of the cake made with plasma

powder and egg powder. The higher springiness values can be

explained by the fact that using fresh eggs makes a better foam

than using a powdered egg (60–62). In the case of chewiness,

there was a significant difference (p = 0.05) between all sample

groups, but the difference was not statistically significant. The

samples with egg powder were less chewable with an average

chewiness value of 4.01N. Then the samples with whole blood

powder showed an average chewiness value of 4.43N. Cakes

with blood plasma powder had a greater chewiness value

(average 5.24N), and cakes with hemoglobin powder was the

most chewable (average 6.18N). There was one comparable

chewiness result, that is, 5.17N (Rodriguez-García). It was closer

to the cakes made with blood plasma powder. There was a

significant difference (p = 0.05) between all sample groups

with regard to the breaking force. This value best reflected the

foaming ability of different protein sources because air bubbles

in the cake dough weaken the structure of cakes and make

it easier to break it. The results of chewiness and breaking

force may play a role in product development like hardness

values. Samples with egg powder were the easiest breakable

with an average of 5.42 breaking force. Breaking force values

(average 6.08N) of samples with blood plasma powder were

close to the values of egg powdered samples. The breaking

force of samples with whole blood powder (average 7.31N)

and hemoglobin powder (average 8.17N) was also significantly

different (p= 0.05).

Storage time also had a significant effect on texture.

However, this change was a nominally small difference between

the texture attributes of different sampling times. Consumers

often eat the cakes only 2 or 3 days after purchase. Based on

these results, each cake composition can guarantee a constant

quality until the third day after the baking day. In the case of

hardness, a nominally significant change could be observed only

between the samples prepared from blood plasma powder on

the second and third storage days. Thus, the average hardness

value of sample groups on the third day was 32% greater

than the average hardness value of sample groups on the first

and second days. Chewiness results were similar: There was a

significant difference (p= 0.05) between the chewiness of sample

groups on the third day and sample groups on other days,

and there was no significant difference between the chewiness

values of the sample groups from the starting day, and the first

and second storage days. Average chewiness values increased

by 34% for the third storage day from the average value of

sample groups with 0, 1, and 2 days of storage time. Increasing

hardness and chewiness and nearly stagnant springiness values

during storage were reported in other studies as well (63–66).

It can be explained by syneresis caused by drying, which had

been significant on the second and third days. In the case of

springiness and cohesiveness, there was no significant difference

between the sample groups with different storage time periods.

The effect of storage time is the clearest in the case of breaking

force, which is related to the drying of the crust. Increasing

crust hardness caused an increasing breaking force. There was

a significant difference (p = 005) between all the sample groups

with different storage time periods in case of breaking force,

which is similar to the common cakes. The values of color

attributes of sponge cake sample groups made with different

protein raw material and stored for different times can be seen

in Figure 1.

Color

The normality of residuals was checked by Shapiro–Wilk test

[a∗: W(60) = 0.98, p = 0.442; b∗: W(60) = 0.984, p = 0.644;

L∗: W(60) = 0.989, p = 0.878; C∗: W(60) = 0.968, p = 0.121;

Hue angle: W(60) = 0.978, p = 0.367], and the homogeneity of

variances was checked by Levene’s test attributes [a∗: F(19, 40) =

2.172, p= 0.222; b∗: F(19, 40) = 1.809, p= 0.057; L∗: F(19, 40) =

1.370, p = 0.197; C∗: F(19, 40) = 2.982, p = 0.002; Hue angle:

F(19, 40) = 1.916, p= 0.042] to confirm that MANOVA could be

carried out.

As it was expected, the colorization of heat-treated

hemoglobin had the main effect on the color attributes, which

could be observed in all the color attributes (L∗, a∗, b∗, and

C∗). The color difference between the different sample types

could be seen by the naked eye, and a significant difference

was found based on the calculated total color differences. The

values of color attributes of sponge cake sample groups made

with different protein raw materials can be seen in Figure 2. The

effect of the raw material and storage time on color attributes

was investigated by the first MANOVA. The overall MANOVA
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FIGURE 1

Texture attributes [(A) hardness [N]; (B) springiness [-]; (C)

cohesiveness [-]; (D) chewiness [N]; (E) breaking force [N]] of

sponge cake sample groups with di�erent protein raw materials

(wep, whole egg powder; bpp, blood plasma powder; wbp,

whole blood powder; hgb, hemoglobin powder) and stored for

di�erent time periods (0 day – day of baking after cooling, 1 day,

2 days, and 3 days).

FIGURE 2

Color attributes [(A) a* - redness-greenness [-]; (B) b* -

yellowness-blueness [-]; (C) L* - lightness [-]; (D) C* - chroma

[-]; (E) hab - hue angle] of sponge cake sample groups with

di�erent protein raw materials (wep, whole egg powder; bpp,

blood plasma powder; wbp, whole blood powder; hgb,

hemoglobin powder).
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result was significant for the sample type, that is, used protein

source raw material (Wilks’s lambda: 0.004, p < 0.001), and the

storage time (Wilks’s lambda: 0.012, p < 0.001). The protein

raw material better determined the dependent variables. The

effect of storage time also was significant, but the nominal

differences between the average color values of different sample

groups were very small (1-2 values on the color coordinate

scales), while some color values were doubled between two

different sample types. Furthermore, a particular pattern could

not be observed in the color result based on the storage time,

since color attributes fluctuated in different ways. The two-way

interaction between the sample type and storage time was also

significant (Wilks’s lambda: 0.019, p < 0.001). The effect of

interaction was weaker, but relatively stronger. According to the

results of Tukey’s post-hoc test, two different groups could be

significantly (p = 0.05) separated based on redness-greenness

coordinates; egg powdered and plasma powdered samples were

redder with an average 9.94 a∗ value, while the whole blood

powdered and hemoglobin powdered samples, which contained

hem-iron, were less red with 5.74 a∗ value. Three groups could

be significantly (p = 0.05) separated based on lightness; the

lightest samples were the egg powdered samples with 32.5 L∗

value, the next ones were the plasma powdered samples with

29.59 L∗ value, and the darkest were the whole blood powdered

and hemoglobin powdered samples with an average of 26.97 L∗

value. These results clearly indicate that the addition of hem-

iron can cause black colorization in the heat-treated products

rather than red colorization. In the case of other types of the

food matrix, non-linear darkening was observed as a result of

hemoglobin addition (67).

Because of this, hem-iron can be utilized in originally

dark-colored products or beside adequate marketing tools for

marketing the high nutritional value of the product. Based

on yellowness-blueness coordinates, three groups could be

significantly (p = 0.05) separated. The hemoglobin powdered

and whole blood powdered samples were less yellow with a 1.63

b∗ value, the plasma powdered samples were more yellow with

a 6.34 b∗ value, and the egg powdered samples were the most

yellow with a 7.44 b∗ value. Two groups could be significantly

(p = 0.05) separated based on chroma: one group contained the

samples with hem-iron with an average 6.11 C∗ value and the

other group contained the plasma powdered and egg powdered

samples with a 12.24 C∗ value. Two groups could be significantly

(p = 0.05) separated based on Hue angle: one group contained

the samples with hem-iron with an average 1.33 Hue angle value,

and the other group contained the plasma powdered and egg

powdered samples with a 0.99 Hue angle value. Hue angle and

chroma have two factors: redness-greenness and yellowness-

blueness coordinates. The significant differences observed in the

Hue angle reflect redness-greenness. It could be said that sample

groups, which contained hem-iron, were globally similar, and

egg powdered and blood plasma powdered sample groups were

also slightly similar in the case of color attributes.

Water activity and dry matter content

The results of water activity measurement (not shown) were

difficult to evaluate because of the large standard deviation.

Water activity results of crumb (inner side of cake) from samples

on the day of baking and on the first day of storage were between

0.52 and 0.66 in the case of all products and depended on the

distance of the analytical sample part from the crust.

The dry matter content of sample groups with different

raw materials was not significantly different. The average dry

matter content of each sample group was nearly 25 w/w%, except

for the sponge cakes made with blood plasma powder which

showed 23 w/w% dry matter content. Although the difference

was not significant, it can be explained by the outstandingly good

foaming and water binding capacity of blood plasma, and this

foam structure may lose less water during the baking process.

Most of the sample groups typically changed similarly: cakes

became wetter from the humidity of the air between the day of

baking and the first storing day and then started to dry until the

second day because of the syneresis, due to the aging of colloid

systems. It was interesting that dry matter content continuously

increased in the case of the samples with whole blood powder

from the first storing day, but it decreased again in the case

of other sample groups from the second storing day, as these

got more wetter. This observation may be connected with the

syneresis of different types of colloid systems.

Sensory evaluation

The normality of residuals was checked by D’Agostino’s K-

squared test, and the homogeneity of variances was checked by

Box’s M test (objective flexibility, objective crumbing, objective

stickiness, objective dryness, objective cocoa smell intensity,

objective cocoa flavor intensity, preference smell, preference

color, preference taste, preference texture, and preference overall

impression: n = 33, N = 165) to confirm that MANOVA could

be carried out.

The results of sensory evaluation had a relatively great

standard deviation, so these were hard to statistically evaluate

in case of objective as well as subjective properties. The

descriptive statistics of sensory properties is listed in Table 2.

Significant differences and lack of significant differences between

sample groups are marked in Table 2. Based on the results of

MANOVA, the effect of the sample type on the dependent

variables was not significant (Wilks’s lambda: 0.587, p <

0.001). It means that a greater part of the dependent variables

could not be explained by the differences in the sample

types than part could be. The panel could not identify the

differences between the different sample groups, except for

a few properties according to Tukey’s post-hoc test. The few

exceptions, in which different groups could be significantly (p

= 0.05) separated, were the following: (1) based on objective
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TABLE 2 Descriptive statistics (mean [-], standard deviation [-], and sample number [-]) and homogeneous subsets of results of sensory properties

(objective flexibility, objective crumbing, objective stickiness, objective dryness, objective cocoa smell intensity, objective cocoa flavor intensity,

preference smell, preference color, preference taste, preference texture, and preference overall impression) of di�erent sample groups (samples

with blood plasma powder, samples with egg powder, black colored samples with egg powder, samples with hemoglobin powder, and samples with

whole blood powder).

Sample type Mean Std. deviation N Homogeneous subsets

Flexibility - objective Samples with blood plasma powder 3.67 1.19 33 b

Samples with egg powder 3.24 1.06 33 a,b

Black colored samples with egg powder 3.73 0.91 33 b

Samples with hemoglobin powder 2.88 1.24 33 a

Samples with whole blood powder 3.09 0.84 33 a,b

Total 3.32 1.10 165

Crumbing - objective Samples with blood plasma powder 2.52 1.00 33 a

Samples with egg powder 3.03 1.05 33 a

Black colored samples with egg powder 2.61 1.06 33 a

Samples with hemoglobin powder 3.18 1.10 33 a

Samples with whole blood powder 3.24 1.23 33 a

Total 2.92 1.12 165

Stickiness - objective Samples with blood plasma powder 2.58 0.94 33 a

Samples with egg powder 2.67 0.99 33 a

Black colored samples with egg powder 2.64 0.96 33 a

Samples with hemoglobin powder 2.52 0.94 33 a

Samples with whole blood powder 2.85 0.91 33 a

Total 2.65 0.94 165

Dryness - objective Samples with blood plasma powder 2.21 0.99 33 a

Samples with egg powder 2.52 1.03 33 a

Black colored samples with egg powder 1.97 1.05 33 a

Samples with hemoglobin powder 2.12 0.99 33 a

Samples with whole blood powder 2.03 0.99 33 a

Total 2.17 1.01 165

Cocoa smell - objective Samples with blood plasma powder 3.00 0.87 33 a

Samples with egg powder 2.97 0.98 33 a

Black colored samples with egg powder 3.30 1.26 33 a

Samples with hemoglobin powder 3.27 1.01 33 a

Samples with whole blood powder 2.97 1.21 33 a

Total 3.10 1.07 165

Cocoa flavor - objective Samples with blood plasma powder 2.94 1.17 33 a

Samples with egg powder 3.09 0.98 33 a,b

Black colored samples with egg powder 3.73 0.94 33 b

Samples with hemoglobin powder 3.36 1.19 33 a,b

Samples with whole blood powder 3.03 1.24 33 a,b

Total 3.23 1.13 165

Smell - preference Samples with blood plasma powder 3.09 1.13 33 a

Samples with egg powder 3.24 0.87 33 a

Black colored samples with egg powder 3.58 1.12 33 a

Samples with hemoglobin powder 3.33 1.05 33 a

Samples with whole blood powder 3.12 1.08 33 a

Total 3.27 1.06 165

(Continued)
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TABLE 2 (Continued)

Sample type Mean Std. deviation N Homogeneous subsets

Color - preference Samples with blood plasma powder 3.42 1.17 33 a,b

Samples with egg powder 3.06 1.06 33 a

Black colored samples with egg powder 4.09 0.84 33 b,c

Samples with hemoglobin powder 4.03 0.95 33 b,c

Samples with whole blood powder 4.12 1.02 33 c

Total 3.75 1.09 165

Taste - preference Samples with blood plasma powder 3.12 1.11 33 a

Samples with egg powder 3.33 1.05 33 a

Black colored samples with egg powder 3.55 1.09 33 a

Samples with hemoglobin powder 3.36 1.06 33 a

Samples with whole blood powder 2.82 1.18 33 a

Total 3.24 1.11 165

Texture - preference Samples with blood plasma powder 3.24 1.17 33 a,b

Samples with egg powder 3.18 0.85 33 a,b

Black colored samples with egg powder 3.73 1.07 33 b

Samples with hemoglobin powder 2.97 1.19 33 a

Samples with whole blood powder 3.03 0.92 33 a,b

Total 3.23 1.07 165

Overall impression -

preference

Samples with blood plasma powder 3.42 1.20 33 a

Samples with egg powder 3.33 0.92 33 a

Black colored samples with egg powder 3.82 1.01 33 a

Samples with hemoglobin powder 3.45 1.06 33 a

Samples with whole blood powder 3.24 1.06 33 a

Total 3.45 1.06 165

flexibility, two groups were identified (group 1: hemoglobin

powdered, whole blood powdered, and egg powdered samples;

group 2: whole blood powdered, egg powdered, blood plasma

powdered, and black colored egg powdered samples); (2)

based on objective cocoa flavor, two groups were identified

(group 1: blood plasma powdered, whole blood powdered,

egg powdered, and hemoglobin powdered samples; group 2:

whole blood powdered, egg powdered, hemoglobin powdered,

and black colored egg powdered samples); (3) based on

color preference, three groups were identified (group 1: egg

powdered and blood plasma powdered samples; group 2: blood

plasma powdered, hemoglobin powdered, and black colored

egg powdered samples; group 3: hemoglobin powdered, black

colored egg powdered, and whole blood powdered samples);

and (4) based on texture preference, two groups were identified

(group 1: hemoglobin powdered, whole blood powdered, egg

powdered, and blood plasma powdered samples; group 2:

whole blood powdered, egg powdered, blood plasma powdered,

and black colored egg powdered samples). This result can

be explained by the fact that panelists probably defined the

perceived softness (inversely proportional to hardness) as

the flexibility of the sponge cake samples. So, differences

in the hardness of different sponge cake types, which were

instrumentally measured by TPA, could be slightly detected by

the unskilled panelists. It was interesting that sample groups

made with egg powder were slightly different. This difference

is due to the preconception caused by the color difference.

Interestingly, the results of objectively evaluated flexibility were

not fully expressed in the preference for texture. In contrast

to TPA, this can hardly be explained by the similar foaming

and texturizing properties of plasma and egg only. The small

difference in objective cocoa flavor and color preference can be

explained by the instrumentally measured color results, because

the color of foods can influence consumers. This assumption

could be confirmed by the fact that control egg powdered sponge

cakes and “placebo” black colored egg powdered samples were

assessed differently in the case of each sensory property. This

difference was self-evidently completely significant (p = 0.05)

in case of color preference, for a part of the panel members

significant (p = 0.05) in case of objective flexibility, objective

cocoa flavor and texture preference, and trend-like in case

of other sensory attributes. According to the comments of

panelists, sometimes extra cocoa flavor or blood taste and/or

smell could be noticed in the “placebo” samples. The majority
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of panelists could notice the blood or iron flavor in sponge

cakes made with whole blood powder. It was interesting that

sponge cakes made with blood plasma powder were recognized

as control samples or more sweet egg powdered samples by a

few panelists. It could be explained by the light color and higher

salt content of these cakes, because salt has a synergist effect

on sweetness.

This assumption could be confirmed by the fact that control

egg powdered sponge cakes and “placebo” black colored egg

powdered samples were assessed differently in the case of each

sensory property. This difference was self-evidently completely

significant (p = 0.05) in case of color preference, for a part of

the panel members significant (p = 0.05) in case of objective

flexibility, objective cocoa flavor and texture preference, and

trend-like in case of other sensory attributes.

Development of nutritional properties

In addition to the effect of egg allergen substitution by

powdered blood products on techno-functional and sensory

properties, the development of nutritional properties has to be

mentioned. The added iron content in the case of porcine/bovine

whole blood powder was 1.5mg / 2.9mg. Iron added with

1 w/w% whole porcine/bovine blood powder covers 18.8% /

36.3% of the iron requirement of an average man, or 8.3%

/ 16.1% of the iron requirement of an average woman. So,

an increase in iron content was also significant in the case

of whole blood powder and hemoglobin powder enrichment.

Hemoglobin powder contains almost just hemoglobin from

blood proteins. Hem-origin iron content of sponge cake

made with whole blood powder and hemoglobin powder

can help to prevent and may play a role in the treatment

of childhood iron deficiency anemia in an acceptable form

for children.

Pure plasma powder does not contain hem-iron,

but it contains the albumin fraction of blood proteins,

which is responsible for the texture developing effect

of whole blood powder. To further investigate this

effect, a separate examination with plasma powder

is preferred.

Conclusion

Based on the results of this study, powdered blood products

are suitable substituents for the egg in cakes. Although the

difference between sponge cakes made with egg powder and

blood products is measurable and perceptible. Some quality

attributes of the product rather improved as well as the new

products were completely egg-free. A good example of the

improved properties is that the texture was harder and more

chewable in case of cakes made with blood products instead

of egg as well as the color was darker and more saturated in

case of cakes made with whole blood and hemoglobin powder.

The darker and more saturated colors made the samples appear

to contain more cocoa. Sponge cakes made with blood plasma

powder are more similar to common sponge cakes made with

egg powder, thanks to the similar albumin content and being free

from hem-iron, but this benefit also means a great disadvantage

in the view of nutritional value. Dry matter content and water

activity were at a desirable level in all the sample groups. Due to

drying and changes in colloidal structure, all the sample groups

became harder and more chewable during storage. However,

this change was so small that it can only be determined with

instrumental measurement. It did not affect the final quality

of the product. The differences between texture and sensory

properties of sponge cakes made with egg powder and different

blood origin powders could not or could just barely be noticed

by unskilled panelists (consumers). An interesting finding was

that the unskilled panelists have a different perception of the

whole sample because of the different preconceptions based

on the different appearances in the case of two sample groups

with the same ingredients. Concerning all attributes, there was

no best cake, but only cakes which fit better for purpose.

If the purpose is substituting egg powder with the smallest

color and texture change, the best choice is the blood plasma

powder based on the results of this study. But besides coloring

matters, egg powder can be substituted by whole blood powder

and hemoglobin powder because consumers cannot feel the

difference between the different cakes. If the purpose is to

develop a harder, less breakable cake, which can take more

fillings or can stand rougher handling, the best choice would

be the cake made with hemoglobin powder. Whole blood

and hemoglobin enrichments may be acceptable in cakes and

sweetness by children, and a harder, less breakable sponge cake

can stand special formatting in case of production of desserts

for children.
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Veronika Somoza1,2,6*

1Leibniz Institute for Food Systems Biology at the Technical University of Munich, Freising, Germany,
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Foundation, Basel, Switzerland, 5Department of International Health, Johns Hopkins Bloomberg

School of Public Health, Baltimore, MD, United States, 6School of Life Sciences Weihenstephan,

Technical University of Munich, Freising, Germany

Regular consumption of hen eggs can help to prevent deficiencies of essential

nutrients, such as essential amino acids, vitamin A and E or trace elements

zinc and selenium, for vulnerable populations. This study focused on assessing

the nutritional value of spray-dried eggs, favored by their manufacturability,

storability and ease of addition to (complementary) foods. Using a wide range

of analytical techniques, we recorded and compared the nutrient profiles of

commercially produced pasteurized whole eggs and their respective powder

samples spray-dried at 160◦C. Important nutrients that were not significantly

a�ected by spray-drying include total fat content, several amino acids, α- and

δ-tocopherol, lutein, zeaxanthin, essential trace elements and cobalamin. The

most notable mean losses were found for unsaturated fatty acids, e.g., linoleic

(by −38.7%, from 4.11 ± 0.45 to 2.52 ± 0.75 g/100g DM) and linolenic acid

(by −60.8%, from 0.76 ± 0.05 to 0.30 ± 0.04 g/100g DM). Despite recording

significant retinol losses in two out of three batches, the overall low reduction

of−14% recommend spray-dried eggs as a valuable source of vitamin A. A daily

intake of spray-dried egg powder corresponding to one medium sized egg

meets dietary reference values for children, e.g., by 100% for vitamin E, by 24%

for retinol, by 61% for selenium and by 22% for zinc. In conclusion, even though

a dry weight comparison favors supplementation with pasteurized whole eggs,

our results demonstrate a high potential for spray-dried eggs as nutritional

supplement. However, the spray-drying process should be optimized toward

higher retentions of unsaturated fatty acids and retinol.

KEYWORDS

food quality and safety, nutritional supplement, nutrient adequacy, chicken egg,

spray-drying
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Introduction

Hen eggs are appreciated globally as inexpensive, nutritious

and technologically versatile foods. Steadily increasing

production numbers over the past years, approaching 80 million

tons per year, and a thereby calculated global average per capita

of ∼161 eggs demonstrate their growing demand. Naturally,

consumption greatly varies regionally, with annual per capita

numbers ranging from 300 g in several African countries up

to 19.1 kg in Japan (1, 2). The fact that whole egg is a valuable

source of protein is made clear above all by its defined biological

value of 100% (3). With this biological value, egg serves as a

reference value for other foods and indicates how efficiently

the dietary protein can be utilized as the body’s own protein.

With the exception of vitamin C, hen eggs contain all vitamins

and represent an important source of nutrients. All fat-soluble

vitamins A, D, E and K are found in the egg’s yolks, with an

average content per 100 g egg of 276 µg vitamin A (as retinol),

2.3mg vitamin E (as total tocopherols), 2.9 µg vitamin D and

8.9 µg vitamin K. With these contents, eggs make an important

contribution to meeting daily vitamin requirements of 0.8–1mg

of vitamin A, 12–15mg of vitamin E, 20 µg of vitamin D and

60–70 µg of vitamin K (4).

The increasing knowledge on the efficient enrichment of

fat-soluble vitamins in egg yolk ensued the idea of using

hen eggs as an effective measure against dietary deficiencies,

especially in developing countries (5, 6). For instance, this

approach could be of importance for sub-Saharan African

regions, where vitamin A deficiency is widespread and leads

to a high prevalence of vision losses (7). Promising results

on the supplementation with eggs could already be shown in

intervention studies, e.g., regarding child growth by Iannotti

et al. (8), where the addition of one egg a day to complementary

foods of older infants reduced stunting and underweight by 47

and 74%, respectively. However, nutrition surveys from Europe

and America also revealed that a sufficient vitamin E intake

should not be taken for granted in developed countries (9). Since

eggs are consumed regularly by a majority of the worldwide

population, they canmake an important contribution tomeeting

the requirements of fat-soluble nutrients. Yet, implementing

strategies of increasing the consumption of hen eggs as sources

of valuable essential nutrients requires both knowledge of

the efficiency and technological implementation of nutrient

fortification and consideration of economic and cultural factors.

Particularly in areas where malnutrition is part of everyday life,

availability and affordability of eggs is severely limited, with only

two eggs monthly per person (10).

For technological as well as safety reasons, dried egg in all

its variants—whole egg powder, egg yolk powder, egg white

powder—is increasingly used in the food industry. In contrast
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to dried eggs, shell eggs are not only fragile, they also require far

more storage space, are more susceptible to microbial spoilage

and carry a higher risk of salmonella (11). For food technology

use, shell eggs are therefore often homogenized and pasteurized,

which reduces the risk of salmonella transmission. Subsequent

drying of the eggs also provides the advantage of reducing

the water content to a minimum, thereby achieving a longer

shelf life. Another benefit is that dried eggs offer a more

convenient utilization, especially on a large industrial scale.

Above all, drying reduces both weight and volume, resulting in a

concentration of nutrients (12), suggesting a significant potential

as nutritional supplement to effectively prevent malnutrition in

vulnerable populations.

Another crucial point to consider for nutritional

supplements is consumer acceptance—fortified foods or

alternative sources of nutrients are often restrained by off-flavors

(13, 14), whereas eggs are widely accepted and versatile.

Spray-drying is a common technique for dehydration of

foods, in which droplets of the liquid food are formed by, e.g., a

nozzle or an atomizer, and then transferred to a drying chamber,

where incoming hot air causes the water to evaporate. The

high-throughput process guarantees relatively low heat-spoilage

and yields products of constant, pre-determined characteristics,

ready for packaging (15). Although further processing of eggs to

powder via spray-drying (usually at 160◦ or 180◦C) is gaining

more and more importance in the food industry, mirrored in

several studies on the functional properties after drying (16,

17), little knowledge of how this process actually affects the

eggs’ entire nutrient profile exists. This obviously represents

a major knowledge gap regarding the use of spray-dried eggs

as nutritional supplement. A recent study by Abreha et al.

(18) compared the fat and protein content of egg powder

produced from eggs of two chicken breeds and attributed a

high potential to its use as supplementary food. However, even

though several key parameters were determined, analyses of the

impact of spray-drying on, e.g., the contents of fatty acid and

vitamins or the formation of peroxides were not included. Other

reported influences of spray-drying on nutrients include losses

of carotenoids, e.g., a reduction of lutein during pasteurization

and further deterioration after spray-drying in egg yolk from

carotenoid-enriched eggs (19). By contrast, Caboni et al. (20)

found no significant difference in retinol contents of pasteurized

whole egg and spray-dried egg powder. Additional storage

experiments of these whole egg samples yielded only a slight

decrease of fat-soluble vitamins at 4◦C for 12 months, as

opposed to a significantly greater deterioration when stored at

20◦C over the same period of time (20).

Nevertheless, fortified hen’s diet, a limited number of

analytes or a spray-drying process incomparable to industrial

scale reported impede general statements on the suitability of the

spray-drying process for eggs from a nutritional point of view.

To further elucidate the viability of spray-drying as a suitable

method for the use of eggs as nutritional supplements, we

performed a comprehensive analysis of food quality and safety

related key analytes, using commercially produced pasteurized

whole eggs and their respective spray-dried egg powder. Besides

investigating the desirable preservation of nutrients, including

vitamins A, D, E and unsaturated fatty acids, a putative

enrichment of anti-nutrients or potential toxicants, such as non-

essential trace elements, was monitored as well. Since higher

temperatures and contact with oxygen favor lipid oxidation,

the peroxide value was also part of the chemical-analytical

examination. In this regard, e.g., Verardo et al. (21) found a

twofold increase in peroxide content from 2.6 ± 0.3 meq O2/kg

fat in pasteurized eggs to 5.3 ± 0.4 meq O2/kg fat in spray-

dried samples. Ultimately, the purpose of the here presented

work was to display whether spray-dried eggs have the potential

to contribute to daily nutrient requirements as a supplement

to fat-based complementary foods or whether the consumption

of pasteurized whole eggs would be more beneficial to meet

the dietary reference intakes (DRI). Therefore, the effect of

spray-drying was studied in-depth for key nutrients of relevance

regarding the use of spray-dried eggs as nutritional supplement.

Obtained results were translated to their contribution to

reference intakes [Adequate Intakes (AI) and Recommended

Dietary Allowances (RDA)] for infants and children. The data

presented herein forms the most complete assessment on the

effect of industrial spray-drying on the nutritional value of

eggs to date. The findings should help improve the spray-

drying process for the subsequent use of eggs as high quality

nutritional supplement in the future, especially as an effective

measure against malnutrition in vulnerable populations of low-

and middle-income countries.”

Materials and methods

Chemicals

Chemicals and reagents used for sample preparation,

instrument calibration and analysis were the following.

Ultrapure water of resitivity >18.2 M�
∗, ethanol 96% (VWR),

ethanol (absolut Emsure R©, Merck), methanol (HPLC grade ≥

99.9%, Sigma-Aldrich), n-hexane (Emplura R© ≥ 95%, Merck),

toluene (for analysis, Emsure R© ACSMerck), chloroform (≥99%

for synthesis, Carl Roth), tert.-Butylmethylether (EMSURE R©

ACS, for analysis, Merck), acetic acid (glacial, EMSURE R©

ACS Merck), nitric acid (ROTIPURAN R©Supra 69%, Carl

Roth), hydrochloric acid (≥37%, ACS, Sigma-Aldrich),

hydrogen peroxide (trace metal grade, Sigma-Aldrich),

pyrogallol (ACS reagent, ≥99% ,Sigma-Aldrich), sodium sulfate

(anhydrous powder, ≥99% ACS reagent, Sigma-Aldrich),

sodium sulfide (reagent grade, Sigma-Aldrich), sodium-L-

ascorbate (crystalline,≥98%, Sigma Aldrich), sodium hydroxide

(≥85% p.a., Carl Roth), monopotassium phosphate (ACS,

≥9% Carl Roth), barium chloride-dihydrate (Emsure R©, ACS
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Merck), iron(II)sulfate-hydrate (86.0–89.0%, FeSO4 basis) and

iron(III)chloride-hexahydrate (97%, ACS, Sigma-Aldrich),

sodium chloride (≥99.5%, p.a. ACS, Carl Roth), sodium

methoxid (purum, ≥97.0%, Sigma-Aldrich) and xylenol orange

tetrasodium salt (ACS, Sigma-Aldrich). Standard solutions

retinol (powder), (±)-α-tocopherol, (±)-γ-tocopherol and

(±)-δ-tocopherol, Butylhydroxytoluene, zeaxanthine (≥95%),

methyl heptadecanoate (all HPLC standards, Sigma-Aldrich),

lutein (≥96%, Merck), Instrumental Calibration Standard 2

and Alternate Metals solution (PerkinElmer), single standard

solutions for mercury (PurePlus, PerkinElmer) and phosphorus

(Aristar, VWR). The internal standard solution contained Sc,

Rh, Ge and Re.

Instrumentation

The following instruments haven been used in this

study. Ultrapure water system Arium 611 UF (Sartorius),

centrifuge 5804 R and 5810 R (Eppendorf AG), concentrator

5301 (Eppendorf AG), gas chromatograph GC-2010 Plus,

AOC 20is (Shimadzu), incubator INCU-Line ILS4 (VWR

International), photometer Infinite M200 (Tecan), rotavapor

R210 (Büchi), reflux condenser DIN NS29/32; 400mm (Lenz

Laborglasinstrumente), (U)HPLC-DAD UltiMate 3000RS

(Dionex), Exion LC UHPLC system (Sciex, Darmstadt,

Germany) connected to a QTRAP 6500+ mass spectrometer

(Sciex) using atmospheric pressure chemical ionization

(APCI), bead-beater homogenizer (Precellys Evolution, Bertin

Technologies), ICP-MS Nexion 5000 (PerkinElmer), microwave

digestion system Multiwave 5000 (Anton Paar) and ultrasonic

bath USC TH (VWR International). The respective application

of these instruments is given in the following Methods section.

Methods

Study design and egg treatment

In order to investigate the influence of spray-drying on

the nutrient profile of hen eggs, samples from three different

batches of pasteurized whole egg as well as their respective spray-

dried whole egg powder were analyzed. Processing of the eggs

was kindly conducted by OVOBEST Eiprodukte GmbH & Co

KG as follows: Fresh eggs were washed, automatically broken,

filtered and homogenized. The contents were then conveyed

to pasteurization at 62.2◦C. Since the eggs were subsequently

to be processed into powder, they were additionally pre-dried

in the evaporator, yielding an average dry matter content of

30.3%, as opposed to 23.5–24% usual for shell eggs. At this stage,

two samples were taken from each batch. For the powder, the

liquid whole eggs were taken to the spray-drying plant (Sanovo

Technology Group), where they were finely atomized through

a nozzle and the resulting spray cone of fine egg droplets was

sprayed into the box of the dryer. The inflow of hot air at 160◦C

caused the water to evaporate rapidly and the dry particles to

fall to the bottom. The temperature of the outflowing air was

kept between 80 and 90◦C. The applied pressure ranged between

10,000 and 14,500 kPa, adjusted depending on outflowing air

temperature and sample water content. The obtained powder

was transported out of the spray-drying system, where two

samples were taken from each batch and then aliquoted and

stored at−80◦C until analysis. An additional batch was prepared

with an inflow temperature of 180◦C and pressure ranging

between 12,500 and 16,000 kPa, in order to monitor the

influence of increased temperature on selected analytes. A

simplified flow sketch of this procedure is illustrated in Figure S1

in Supplementary material.

Analytical methods

For fat extraction, the well-known and still commonly used

(22) method according to Folch et al. (23) was chosen. The

fat content was determined by differential weighing and the

extracted fat was used immediately afterwards to measure the

peroxide value.

Fatty acids were determined in the form of their fatty acid

methyl esters as described by Aparicio and Aparicio-Ruíz (24)

and Lall et al. (25) The measurement was performed by means

of Gas chromatography (GC) followed by flame ionization

detection (FID).

For quantitation of vitamin E, tocopherols were first

extracted from the liquid egg and dried egg and separated

by HPLC with reversed phase chromatography (RP). Here,

separation of α-tocopherol, γ-tocopherol as well as δ-tocopherol

was achieved. The β-homolog, which occurs in comparatively

smaller amounts than the other homologs, could not be

separated and thus quantitatively determined. Detection was

performed by UV at a wavelength of 295 nm. The preparation

of the sample was based on the description of Meluzzi et al.,

(26) which was modified as follows. From the thawed liquid egg,

5 g or, from the egg powder, 1–2 g were weighed into a 100ml

Erlenmeyer flask and used for extraction and saponification with

30ml ethanol:potassium hydroxide solution (1:1 vol/vol). The

samples were gassed with nitrogen and stirred for 30 mins. After

the addition of 20ml hexane (+1 g/L butylhydroxytoluene)

and 20ml of a saturated potassium dihydrogen phosphate

(KH2PO4) solution, the sample was stirred for an additional 5

mins and transferred to a separating funnel. After separation, the

organic phase (∼20ml) was collected in 50ml centrifuge tubes.

The aqueous phase in the Erlenmeyer flask was transferred

back to the funnel and extracted again with 20ml hexane

(+1 g/L butylhydroxytoluene). The combined organic phase

(about 40ml in total) was concentrated over nitrogen. After

complete constriction, the sample was taken up in 2ml of

ethanol and transferred via syringe filter into an HPLC vial.

The tocopherols were then measured by HPLC-UV with the
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following conditions: Kinetex 5µm EVO C18, 150 × 4.6mm

column, H2O and methanol as mobile phases, 0.5 ml/min

flow rate, 20 µl injection volume, a temperature of 10◦C and

detection by diode array detector (Dionex DAD-3000).

For quantification of the carotenoids lutein and zeaxanthin,

LC–MS/MS analysis was performed using an Exion LC UHPLC

system (Sciex, Darmstadt, Germany) connected to a QTRAP

6500+ mass spectrometer (Sciex) using atmospheric pressure

chemical ionization (APCI) in positive mode. The UHPLC

systems consisted of two Exion LC AD pumps, an Exion LC

degasser, an Exion LC AC column oven, an Exion LC AD

autosampler, and an Exion LC controller. Chromatographic

separation was achieved using a C30 Carotenoid column (250

× 4.6mm, particle size 3µm; YMC Europe GmbH, Dinslaken,

Germany) and methanol/methyl tert-butyl ether(MTBE)/water

(81/15/4, v/v/v, solvent A) and methanol/ MTBE/water (7/90/3,

v/v/v, solvent B) as solvents at 40◦C column temperature.

The following binary gradient was applied using a total flow

rate of 0.4 ml/min: 0min 0% B, 5min 0% B, 20min 20% B,

22min 100% B, 25min 100% B, 28min 0% B, 35min 0%B. The

mass spectrometer was operated in MRM mode, zero grade air

served as the nebulizer (55 psi) and as nebulizer gas (450◦C,

65 psi) and nitrogen as a curtain (35 psi) as well as collision

gas. Data acquisition and instrumental control was performed

using Analyst 1.6.3 software (Sciex), while quantitative data

evaluation was completed with MultiQuant software (Sciex,

version 3.02). To optimize the MS/MS detection for high

sensitivity quantification, standard solutions of the analytes

were infused into the MS instrument by the integrated syringe

pump at a flow rate of 7 µl/min. The optimization of ion path

parameters yielded the following values, that were applied for

lutein and zeaxanthin, respectively: quantifier transition: Q1m/z

569.3, Q3 m/z 569.2, dwell time 25ms, declustering potential

(DP) 106V, collision energy (CE) 9V, collision cell exit potential

(CXP) 16V, Qualifier transition: Q1 m/z 569.3, Q3 m/z 135.0,

dwell time 25ms, DP 106V, CE 29V, CXP 16V. For sample

preparation, egg samples were weighed into bead beater tubes

(2ml, CKMix, Bertin Technologies, Montigny Le Bretonneux,

France) followed by addition of 500 µL extraction buffer

containing a 1+1 mixture of MTBE and hexane and 100 µL

of absolute ethanol containing butylated hydroxytoluene (BHT,

500 mg/L). Homogenization and extraction was performed

using a bead-beater homogenizer (9,000 rpm for 3× 30 and 30 s

breaks). After equilibration (60min, 10◦C) and centrifugation

(15min, 12,000 rpm), the supernatant was membrane-filtered

(Minisart RC 15, 0.45µM, Sartorius, Goettingen, Germany) and

directly injected (1 µl) into the LC-MS/MS instrument.

Retinol in whole egg samples was determined using the

method of Pignitter et al. (27) For this purpose, the sample

was saponified with KOH, followed by the addition of sodium

ascorbate and sodium sulfide, extraction with hexane and

measurement by HPLC-UV at 325 nm.

Regarding information on lipid oxidation, measurement of

the peroxide value was considered sufficient, as the eggs used for

this study did not have a long storage time and were analyzed

soon after the laying date or after further processing into whole

egg powder. The peroxide content in foods with a high fat

content, such as cooking oil, is often determined by the Wheeler

(28) method. Since hen eggs have a fat content of ∼10 g/ 100 g

and thus a larger sample quantity would be required to extract

enough fat, the peroxide number was determined using the FOX

(ferrous oxidation-xylenol orange) assay (29).

For quantitative multi-elemental analysis by ICP-MS,

approximately 250 mg of homogenized sample were prepared

via microwave assisted digestion, using a solution consisting of

2 ml ultrapure water, 3 ml HNO3 (69%) and 1 ml H2O2, heated

at 190◦C for 40 min. After digestion, samples were transferred

to 25 ml volumetric flasks and filled with ultrapure water.

Calibration standards were prepared from multi-elemental

standards Instrumental Calibration Standard 2 and Alternate

Metals as well as from single standard solutions for mercury

and phosphorus. The internal standard solution contained Sc,

Rh, Ge and Re. Reference materials used for method validation

were skimmed milk powders ERM R©-BD150 and ERM R©-

BD151 [European Commission, Joint Research Centre (JRC)]

as well as TYG093RM [Heavy Metals in Infant Cereal (rice

based), FAPAS].

Analysis of the remaining parameters were conducted by

accredited laboratory Chemisches Institut Burkon, Nuremburg

(Germany) based on ISO standards. In detail, dry matter

was determined using method L 06.00-3: 2014-08∗, amino

acids according to methods EU 152/2009, ISO 13903: 2005,

using IC-UV. For the vitamin B group, the following

methods were used: BS EN 14122: 2014 mod. by LC-FLD

for B1, EN 14152: 2006 mod. using LC-FLD for B2, EN

14164: 2014 by LC-FLD for B6 and J.AOAC 2008, vol

91 No 4 by LC-UV/DAD, for B12. Vitamin D3 analysis

was conducted according to EN 12821: 2009-08 by LC-

DAD and vitamin K1 according to EN 14148: 2003 by LC-

FLD.

Statistical evaluation

Three batches of the pasteurized whole egg samples and

the respective spray-dried samples were analyzed, each with

two samples per batch that were then prepared and measured

at least in duplicates. The measured data was prepared in

Microsoft Excel (Office 365). Any outliers were excluded from

the subsequent analysis with GraphPad Prism (9.3.1) using

the Nalimov outlier test. Using a single factor analysis of

variance as a non-parametric test (Welch’s ANOVA), statistical

significance (p < 0.05) was tested and reported in terms of mean

(MW)± standard deviation (SD). Figures were generated using

GraphPad Prism (9.3.1).
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Results and discussion

The obtained data was prepared and illustrated in three

ways for the following discussion: (I) In mass of a nutrient per

100 g sample for comparing with results found in literature. (II)

Absolute masses of a nutrient found in the respective masses

of liquid egg and spray-dried egg powder corresponding to one

medium-sized 60 g egg, given in mass per egg, where the relation

was determined bymeasuring drymatter contents of all samples,

thus revealing any losses that may have occurred during further

processing. (III) How the consumption of spray-dried egg

powder corresponding to the mass of one egg helps to achieve

dietary reference intakes for infants aged 7–12 months and

children aged 1–8 years, calculated in percentage. In addition to

the illustrated and discussed results, all obtainedmean values are

summarized in Supplementary Tables S1, S2.

Dry matter

The dry weight of shell eggs normally ranges between 23 and

24% (30), but as the eggs used for this study were concentrated

after pasteurization using a vacuum evaporator, an average dry

matter of 31.5% was obtained, which was also taken into account

in the interpretation and comparison with results of other

studies. The mean values for liquid eggs were 32.4, 29.3 and

32.9% for the three investigated batches, respectively, and 97.7,

97.3 and 97.5% for the respective spray-dried samples. These

results lead to factors of 3.02, 3.33 and 2.97 for calculating from

fresh weight (FW) to dry matter (DM) for the individual batches

and to masses of 55 g pasteurized whole egg and 17 g spray-dried

egg equaling one 60 g medium-sized whole egg.

Total fat content and fatty acid
distribution

The average total fat content of all pasteurized eggs analyzed

was 11.3 ± 0.4 g/ 100 g whole egg (FW) or 35.2 ± 2.0 g/ 100 g

DM, which amounts to 6.23 ± 0.22 g per egg. Spray-dried

samples averaged at 38.7 ± 2.3 g/ 100 g DM or 6.57 ± 0.39 g

per egg, showing a slight yet significant increase in the total fat

content (Figure 1A).

Compared with the total fat content and fatty acid pattern

from a previous analysis by Akpinar-Bayizit et al. (31), the

concentrations obtained in the present study were in a similar

range for both pasteurized and dried eggs. In detail, the average

total fat content of liquid eggs determined by Akpinar-Bayizit

et al. (31) was 10.04 g/ 100 g. This number corresponds well

with that from the German Institute of Nutritional Information,

reporting 9.3 g/ 100 g (32). After taking into account the

drying factor of 3.84, a content of 38.6 ± 0.0 g/ 100 g can be

calculated for Akpinar-Bayizit et al. (31), which would be slightly

higher than the content determined in this study. The Souci-

Fachmann-Kraut database states an average total fat content of

11.4 g/ 100 g FW (33), which is also in agreement with our values.

For spray-dried eggs, Akpinar-Bayizit et al. (31) reported a mean

total fat content of 40.4 ± 0.0 g/ 100 g, which was significantly

higher than that of liquid whole eggs. It should be noted that the

concentrations of the liquid egg products reported by Akpinar-

Bayizit et al. (31) were compared with those of the spray-

dried products without considering the drying factor, and no

indication of the spray-drying temperature could be found for

further clarification. That said, the higher fat content reported by

these authors was probably largely due to a concentration during

the drying process. Abreha et al. (18), who investigated the fat

contents of spray-dried egg powder from eggs of two different

chicken breeds, reported mean total fat contents of 36 g/ 100 g

and 39 g/ 100 g. The recommendation of Lutter and Dewey (34)

to meet a dietary intake of 6.3 g total fat by means of one daily

portion of a fortified supplementary food (50 g) for infants aged

12–23 months, could be met by 71 and 77%, respectively, when

12.5 g of the whole egg powder is administered. With respect to

the results presented in our study, consumption of 12.5 g whole

egg powder would meet these recommendations by 71–80%.

Our analysis of fatty acids in pasteurized whole eggs yielded

a homogenous distribution in all samples, with an average

content of 10.1 ± 1.0 g/ 100 g and monounsaturated oleic acid

accounting for 29% of total fatty acids. A higher proportion

of saturated fatty acids (SFA, 19.4%) was analyzed compared

to that of polyunsaturated fatty acids (PUFA, 13.9%). Palmitic

acid was the most abundant saturated fatty acid, accounting

approximately for 14% of the total fatty acids. Linoleic acid, an

omega-6 fatty acid, was quantified with a mean content of 4.1±

0.5 g/ 100 g DM or 0.73 ± 0.06 g per egg, accounting for 11.6%

of the total fatty acid content. The average concentration of the

omega-3 fatty acid alpha-linolenic acid was 0.76 ± 0.05 g/ 100 g

whole egg DM or 0.13 ± 0.01 g per egg, which corresponds to

2.5% of the total fatty acid content.

Oleic acid was also found to be the dominant fatty acid in

spray-dried samples (Figure 1A). Nevertheless, in all egg powder

samples, an average reduction of 34.8% compared to the liquid

product was observed. The absolute contents shown in Figure 1B

likewise highlighted greater losses for PUFAs than for SFAs.

Linoleic acid decreased from 4.11± 0.45 to 2.52± 0.75 g/ 100 g

DM and alpha-linolenic acid from 0.76 ± 0.05 to 0.30 ± 0.04

g/ 100 g DM. The discrepancy between similar total fat contents

and losses of fatty acids after spray-drying can be explained

by complete lipid extraction on one side and the selective

quantification of specific compounds, deteriorated due to lipid

oxidation, by GC-FID on the other. In the literature, reported

by Stadelman and Cotterill (35), e.g., fat and fatty acid contents

of the egg powder were often calculated only on the basis of

the drying factor and not determined experimentally. Therefore,

these values do not consider possible losses due to spray-drying.
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FIGURE 1

Average total fat content and fatty acid distribution of liquid eggs (orange bars) and egg powder (blue bars) in g/100 g DM (A) and g/egg (B).

Mean values ± SD (n = 12). Statistical significance between the egg powders and pasteurized whole egg displayed as: * p ≤ 0.05; *** p ≤ 0.001;

**** p ≤ 0.0001.

Javed et al. (36) examined fatty acid profiles using various spray-

drying parameters on liquid and spray-dried eggs from hens

fed with PUFA fortified designer feed. The authors reported

slight DHA losses from 20.17 ± 0.67 mg/ 50 g egg to 17.65 ±

0.78 mg/ 50 g egg, showcasing that PUFA preservation can be

achieved through optimization of the spray-drying process at

least on a laboratory scale. In contrast, we could only record

DHA in pasteurized liquid samples, with ameanDHA content of

120.5 ± 37.3 mg/ 100 g FW or 66.3 ± 6.3mg per egg. All spray-

dried egg samples were under the limit of quantification (<0.01

g/ 100 g), again confirming the high loss of PUFAs observed

throughout this study.

Regarding the nutritional value, Figure 1B illustrates the

absolute amounts of total fat content and fatty acids that

can be delivered by pasteurized or spray-dried egg equaling

one medium-sized egg. In detail, the intake of 55 g of fresh

egg provides an average of 6.23 g of fat, of which 1.25 g are

SFAs, 1.79 g monounsaturated (MUFAs) and 0.86 g PUFAs. The

amount of 0.86 g PUFAs includes 0.73 g linoleic acid and 0.13 g

alpha-linolenic acid. An adequate amount of dried egg (17 g)

contains an average of 6.57 g of fat, of which 0.82 g accounts

for SFAs, 1.12 g for MUFAs, and 0.48 g for PUFAs, the latter

including 0.43 g of linoleic and 0.05 g of alpha-linolenic acid.

Notably, as summarized in the conclusion of the Discussion

section, for a selection of nutrients for infants aged 7–12 months

and for children aged 1–8 years (Figure 8), these values meet the

AI summarized by the National Academies Food and Nutrition

Board (37) of linoleic acid by 9 and 5% and 10 and 6% for alpha

linolenic acid, respectively.

Peroxide value

Peroxide values of <10 meq O2/ kg fat for edible oils and

fats, with the exception of up to 20meqO2/ kg fat for virgin olive

oil, are considered acceptable, while a higher value represents the

progress of oxidation (38). Since eggs are also a source of dietary

fat, this value was used as a reference point for lipid oxidation

in the present study. For the pasteurized samples, an average

peroxide content of 1.05 ± 0.17 meq O2/ kg fat (n = 19) could

be determined. Spray-drying resulted in a significant increase to

1.68 ± 0.12 meq O2/ kg fat (p < 0.0001). Inflow temperature of

180◦C led to a further increase, with 1.81± 0.06 meq O2/ kg fat.

In the study by Galobart et al. (39), the main cause of

peroxide formation in dried eggs was attributed to the heat

treatment. The larger surface area of the egg powder also

provides a good surface for attack by oxygen and can thus start

the radical chain reaction during storage or allow it to progress

more rapidly. Therefore, special care was taken in our study

during sample work-up, leaving as little head space as possible

in the sample vessel. In order to minimize other influencing

factors, such as storage time, peroxide analysis was performed

immediately after sample collection. Lower values for egg

powder were reported by Koç et al. (16), with 0.320–0.799 meq

O2/ kg fat. Notably, Koç et al. (16) determined the peroxide value

by a different analytical method, the official method according

to Wheeler AOAC 2000 (28). Wheeler’s method would require

an amount of about 5 g of extracted fat. Since hen eggs have

a fat content of approximately 10 g/ 100 g, a larger sample

size would have been required to extract enough fat, which is

why we chose the FOX assay for determination. Moreover, the

study reported by Koç et al. (16) is lacking a comparison to

pasteurized egg samples and is generally focused on optimizing

the spray-drying process by preserving the functional properties

while keeping the peroxide value low (16). The authors also

showed that the outlet temperature had a significant effect on the

peroxide value. The lowest peroxide value of 0.320 meq O2/ kg

fat was obtained with 180◦C inlet, 60◦C outlet temperature

and an atomization pressure of 392 kPa (16). Similarly, Javed

et al. (36) examined the influence of various spray-drying and
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storage parameters on the peroxide value using a laboratory scale

spray-dryer. The authors obtained peroxide values of 0.324 meq

O2/ kg fat for normal eggs, 0.418 meq O2/ kg fat for PUFA

fortified designer eggs and of 0.45–0.65meqO2/ kg fat for spray-

dried eggs, positively correlating with applied air temperatures.

In addition, the authors reported significantly higher peroxide

values when the samples were stored for up to 60 days at 25◦C

when compared to storage at 4◦C. Nonetheless, in order to make

a clear recommendation of the temperature conditions, it is also

necessary to monitor other parameters, such as the changes in

the concentrations of antioxidants in controlled studies.

Amino acids

The fact that water-soluble nutrients generally were not

influenced considerably by spray-drying also is reflected in our

results of amino acids. Nonetheless, reductions due to spray-

drying, especially in lysine content, have been reported for infant

formula in the past (40), warranting in-depth analysis of other

spray-dried foods. Even though reaching significance in most

cases, the commercial egg processing investigated in our study

did not result in great reductions (4–10%) in the content of

lysine or other essential amino acids. In detail, the lysine content

recorded for pasteurized eggs, 1.20 ± 0.09 g/ 100 g FW, is in

agreement with USDA data on fresh whole egg (0.91 g/ 100 g)

(30). Our result equals 3.86 ± 0.13 g/ 100 g DM, with 3.47 ±

0.13 g/ 100 g found for spray-dried eggs, thus only displaying

a slight, however significant (p < 0.0001) reduction of 10%. In

this regard, Vargas-del-Río et al. (41) recently demonstrated that

the addition of sucrose prior to spray-drying could give further

control over amino acid preservation. A complete comparison

of amino acid contents before and after spray-drying is depicted

in Figure 2.

Amino acid requirements and recommended dietary

allowances (RDA) for selected amino acids are given in

mg/ kg body weight per day in literature (42, 43). Hence,

we used weight-for-age charts provided by the World Health

Organization, choosing body weights of 7.6 kg for infants aged 6

months and 11.9 kg for 2 year old children (44). Converting the

per egg values depicted in Figure 2B to the percent contribution

to required intakes for both age groups, 17 g of spray-dried egg

account for 100% each for isoleucine and valine, 100% and 80%

for leucine or 100 and 77% for lysine, respectively. Thus, it can

be concluded that eggs remain an excellent source of essential

amino acids even after pasteurization and spray-drying.

In addition, we determined N(6)-Carboxymethyllysine

(CML) contents to monitor slight reductions of essential amino

acids caused by Maillard reactions during spray-drying. CML is

used as marker for the increasingly studied group of advanced

glycation end products (45, 46) and heat treatment has been

reported to increase CML contents of egg white and yolk

significantly (47). In accordance with the lysine measurement,

however, we did not record a significant increase of CML

contents due to spray-drying, with a value of 614.2 ± 142.2

mg/ 100 g DM for the spray-dried samples. Another marker for

amino acid degradation, hydroxyproline, could not be detected

in any of the samples (LOD= 0.05 g/ 100 g).

Fat-soluble vitamins

Vitamin E

Analysis of the pasteurized whole eggs revealed a mean

total tocopherol content of 13.3 ± 0.6 mg/100 g FW, which

corresponds to a mean content of 41.2 ± 2.2 mg/ 100 g

DM. Quantitatively, α-tocopherol accounted for the largest

proportion with 22.0 ± 1.9 mg/ 100 g DM. As shown in

Figure 3A, spray-drying of eggs did not result in significant

reductions of the overall tocopherol compounds, with mean

total tocopherol contents of 39.3± 4.9 mg/ 100 g DM and 21.9±

3.9 mg/ 100 g DM for α-tocopherol. With regard to the discussed

results of fatty acids, vitamin E plays an important role in

preventing and delaying lipid oxidation, driven by the formation

of oxygen radicals (48). This, however, could not be observed

in our study. In detail, the oxygen radical scavenging ability is

strongly dependent on the tocopherol homolog distribution (γ

+ δ)/α (48). Higher ratios such as a value of 4.77 reported for

soybean oil lead to more pronounced delays in lipid oxidation

and therefore higher storability when compared to canola oil

(1.39) or sunflower oil (0.06) (48). The results obtained in our

study yield ratios of 0.88 for liquid and 0.80 for spray-dried

eggs, with the difference not reaching statistical significance.

To counteract the peroxidation of PUFAs during production

and storage, a higher vitamin E content in the feed should be

considered for future optimizations (6).

Previously published data on the effect of the spray-drying

process on the vitamin E content in eggs showed a wide range

of results. In the analysis by Caboni et al. (20), no significant

difference was found between pasteurized liquid eggs (20.4

mg/ 100 g DM) and spray-dried eggs (20.3 mg/ 100 g DM) with

respect to α-tocopherol. Meynier et al. (19) reported slight losses

of 10% during spray-drying at 160◦C for α- and γ-tocopherol.

In contrast, Galobart et al. (39) reported vitamin losses due to

drying when applying similar spray-drying parameters as we

did (160◦C input and 90◦C output temperature). The authors

reported the highest vitamin E loss for eggs where hens had not

received vitamin E fortified feed: compared to raw liquid eggs,

the α-tocopherol content of the spray-dried egg powder was

reduced by 48.2%. However, when the hens were supplemented

with 50, 100, and 200mg α-tocopherol acetate/kg feed, the α-

tocopherol loss in spray-dried eggs was only 37.7, 33.5 and

31.1%, respectively. Worth mentioning is that Galobart et al.

(39) reported storage in glass jars at room temperature until

analysis: these conditions might have an impact on the results.

How many days elapsed between spray-drying and analysis, or
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FIGURE 2

Contents of amino acids found in liquid eggs (orange bars) and egg powder (blue bars) in g/ 100 g (A) and mg per egg (B). Results are presented

as mean values ± standard deviation (n = 12). Statistical significance between the egg powders and pasteurized whole egg displayed as: * p ≤

0.05; *** p ≤ 0.001; **** p ≤ 0.0001.

howmuch oxygenated headspace was present in the glass vessels

used could not be determined from the publication. In contrast,

we stored both pasteurized and spray-dried samples at −80◦C

until analysis, which might explain why we did not record a

significant decrease in α-tocopherol. Apart from exposure to

light, contact with oxygen and temperature also play a decisive

role in vitamin E stability (49).

As depicted in Figure 3B, 55 g of pasteurized egg

approximately provides 3.7mg α-, 2.2mg γ-, and 1.2mg

δ-tocopherol, whereas an equivalent amount of dried egg

(17 g) provides 3.6mg α-, 1.9mg γ-, and 1.1mg δ-tocopherol.

Regarding the DRIs, 17 g of the spray-dried egg examined in

this study would therefore completely cover the required daily

intake for both infants and children, demonstrating an excellent

nutritional source.

Vitamin A

The retinol contents we determined, averaging at 184.9 ±

22.6 µg/ 100 g FW or 576.0 ± 89.7 µg/ 100 g DM (Figure 4A),

are in agreement with those published by the DHSC (50), the

USDA (51), andMiranda et al. (52) In detail, the DHSC reported

an average vitamin A concentration of 120 µg/ 100 g in raw

eggs, while Miranda et al. (52) noted a retinol content of 227

µg/ 100 g FW. The USDA, in turn, cited a mean retinol content

in fresh eggs of 179µg/ 100 g. These values are based on standard

addition of vitamin A to the feed.

As shown in Figure 4A, spray-drying caused slight vitamin

A losses to a mean value of 495.2 ± 66.2 µg/ 100 g DM,

only reaching significance in two of the three batches. These

variations between different batches suggest that spray-drying

cannot be the sole cause of retinol loss. Generally, it is important

to minimize oxidation-driving factors, such as oxygen or light,

already at the feed level as well as during egg transport and

storage. However, increasing the inflow temperature above

160◦C proved unfavorable. We recorded a deterioration of

33.6% compared to the pasteurized whole egg sample for the

180◦C batch.

To date, only a limited number of studies have investigated

the effects spray-drying on the vitamin A content of eggs.

Although the analysis by Caboni et al. (20) yielded an equally

high total retinol content of 510 µg/ 100 g DM in pasteurized

as well as spray-dried eggs, a more detailed observation showed

a trans-cis shift of retinol. While pasteurized eggs had 440

µg/ 100 g of all-trans retinol content and 70 µg/ 100 g of cis

retinol, this shifted to 420 µg/ 100 g of all-trans retinol and 90

µg/ 100 g of cis retinol in spray-dried eggs. This publication

pointed out that a quantitatively detectable amount of cis-

retinol isomers in the raw egg is rather uncommon and that

this was probably due to differences in the metabolism of the

chicken breed and/or occurrences in the feed. Notably, the lack

of information regarding the spray-drying temperature limits

a direct comparison with our results. Caboni et al. (20) also

examined the influence of different storage temperatures. One-

year storage of egg powder at 4◦C did not result in a significant

decrease in all-trans retinol, with a content of 380µg/ 100 g DM.

In contrast, storage at 20◦C during the same period caused a

decrease to 170 µg/ 100 g DM (20). These results highlighted
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FIGURE 3

Tocopherol contents of liquid egg (orange bars) compared to spray-dried egg eggs (blue bars) in mg/ 100 g DM (A) and mg per egg (B). Results

are presented as mean values ± standard deviation (n = 15). Statistical significance between the egg powders and pasteurized whole egg

displayed as: ns p > 0.05, *** p ≤ 0.001, **** p ≤ 0.0001.

FIGURE 4

Retinol, lutein and zeaxanthin contents of liquid egg (orange bars) and egg powder (blue bars) in µg/ 100g DM (A) and µg per egg (B). Results

are presented as mean values ± standard deviation (n = 18 for retinol, n = 6 for lutein and zeaxanthin). Statistical significance between the egg

powders and pasteurized whole egg displayed as: ns p > 0.05, ** p ≤ 0.01, **** p ≤ 0.0001.

that the storage temperature of the egg powder is quite relevant

for the preservation of vitamin A. Although the shelf life of

dried egg is definitely longer compared to fresh egg, a timely

consumption should still be aimed at in order to avoid losses of

vitamin A.

Figure 4B illustrates the amount of retinol ingested

with 55 g pasteurized egg and 17 g spray-dried egg,

respectively. While pasteurized egg contains an average

of 101.7 µg retinol, a similarly high value of 84.2 µg

can be achieved by the intake of 17 g powder. Thus,

the recommended DRI for infants and children can be

met by 17 and 24% respectively, again showcasing the

high potential of spray-dried egg as a viable source of

nutrients.

Carotenoids

Figure 4A also contains the mean content of important

carotenoids lutein and zeaxanthin, with 1.9 ± 0.3 and 1.0 ±

0.1 mg/ 100 g DM for pasteurized and 2.0 ± 0.5 and 1.1 ± 0.3

mg/ 100 g DM for spray-dried eggs, respectively. This amounts

to 348 µg lutein and 180 µg zeaxanthin after consumption

of 17g of spray-dried egg (Figure 4B). Hence, no significant

change in their concentrations after spray-drying was observed
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in any of the three batches investigated. Previous studies came

to different conclusions in this regard. A temperature of 61.5◦C

and a pasteurization time of 3.5 mins did not cause significant

changes in lutein and zeaxanthin concentrations in the study

by Wenzel et al. (53) However, significantly higher xanthophyll

contents were determined after spray-drying at 72◦C. Lutein and

zeaxanthin increased respectively from 164.9 ± 3.2 µg/ 100 g

(FW) whole egg to 210.4 ± 8.2 µg/ 100 g (FW) dry egg and

from 102.4 ± 1.9 µg/ 100 g whole egg (FW) to 128.9 ± 6.7

µg/ 100 g (FW) dry egg. The authors attributed this result

to the structural unfolding of lipoproteins and destabilization

of the cell matrix caused by heat exposure. The lipids of the

lipoproteins, which are associated with lutein and zeaxanthin,

could thus be cleaved off, increasing the extractability of

xanthophylls. However, compared to other studies, such as that

of Caboni et al. (20), the authors chose a temperature of 72◦C,

which is uncharacteristically low for spray-drying and could be

one reason why the carotenoids were largely retained. Moreover,

there was no information on the duration of spray-drying or

other conditions during processing. Another study by Meynier

et al. (19) found no effect of pasteurization or of spray-drying at

160 and 180◦C on lutein and zeaxanthin content in eggs from a

control group of hens without feed fortification.

Vitamin D3 and K1

The mean values of cholecalciferol (vitamin D3) in DM

were 5.7 ± 2.7 µg/ 100 g for pasteurized and 3.5 ± 1.2 µg/

100 g for spray-dried samples (Figure 5), which corresponds

to a reduction of 33.8% due to further processing. However,

homogenous results were only obtained for one batch, which

is reflected in the otherwise high standard deviations and the

difference not reaching significance based on g/ 100 g egg

calculations. This observation can also be seen in databases, e.g.,

of the USDA, where values of whole eggs range from 0 to 8.19

µg/ 100 g, averaging at 2.46 µg/ 100 g (51). Only comparing

the batch with more homogenous results within the subsamples

yielded a reduction of 15.3%. Slight losses of 7% vitamin D

during spray-drying of eggs have been reported as early as 1944

(54), and in general, vitamin D loss during food processing is a

commonly known problem (55).

Concerning phytomenadione (vitamin K1), overall

comparisons are impeded as only three subsamples from two

batches (n = 6) of the pasteurized eggs produced values above

the LOD of 0.8 µg/ 100 g, resulting in 0.94 ± 0.01 µg/ 100 g

FW or 2.84 ± 0.06 µg/ 100 g DM. The spray-dried samples all

exceeded the LOD and averaged at 1.62 ± 0.37 µg/ 100 g DM

(Figure 5A). This is in accordance with a content of 1.2 µg/

100 g DM for dried eggs given by the USDA (56). Nonetheless,

in the few cases where comparisons are possible, the reduction

due to spray-drying ranged from 28 to 54%. Phytomenadione is

repeatedly reported as being heat-stable and retained after most

cooking processes (57), and at least for cow’s milk, this could

be shown for spray-drying as well (58). Hence, the overall low

values we recorded cannot be explained entirely by processing

of the eggs and may be accounted to the high photosensitivity

of the compound. However, even contents for whole fresh

eggs vary greatly in databases, ranging, for example, from 0.3

µg/100 g (30) to 8.9 µg/ 100 g (33).

Vitamin B group

Figure 6A illustrates the contents of several vitamin B

compounds examined in this study. Generally, as we could

demonstrate for other analytes, values for pasteurized eggs are

well within reported ranges for fresh whole eggs. For instance,

the fresh weightmean value for riboflavin (vitamin B2) was 567.7

± 43.1 µg/ 100 g, with 408 µg/ 100 g being reported in SFK (33)

or 410–520 µg/ 100 g by the USDA for raw whole eggs (30).

Riboflavin was the only B vitamin for which a noteworthy

reduction during spray-drying could be observed, from 1.76 ±

0.05 to 1.41 ± 0.19 mg/ 100 g DM. Similar results have been

reported before, e.g., 1.36 mg/ 100 g DM by Cotterill et al. (59) A

direct comparison between pasteurized and dried eggs, where no

effect of processing was reported, dates back to 1944 in a study by

Denton et al. (54), in which values before and after drying were

identical to the contents we obtained, with 1.3–1.4 mg/ 100 g

DM. Similar to phytomenadione, riboflavin is considered to

be heat stable but quite photosensitive, with average losses

in milk as high as 80% after 2 h in light, which may be an

explanation for study results where contents before and after

treatment differ significantly or contents are low throughout

(57). Regarding DRI, spray-dried eggs meet the recommended

contents exceptionally well—in the case of infants aged 7–12

months by 100% for B12, by 60% for B2, by 15% for B1 and

by 8% for B6. In sum, spray-drying does not change the status

of eggs as important vitamin B sources, and as drying has been

deemed crucial to retain this high nutritional value in storage

examinations, e.g., for thiamin, (60) spray-drying represents an

adequate choice.

Mineral and trace element composition

ICP-MS measurements were carried out to examine the

overall mineral composition of both products concerning

nutritional quality and safety, as well as to compare possible

losses of nutritive elements or concentration of potentially toxic

non-essential trace elements during spray-drying. Regarding

the former, data of the mineral and trace element composition

of both products are in accordance with the respective data

given by the USDA for whole, pasteurized (61) and dried

egg (56). Contents for a selection of nutritionally relevant

elements are illustrated in Figure 7A. The analysis generally

yielded homogenous results between all batches with no

significant differences between the respective samples before and
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FIGURE 5

Contents of cholecalciferol (vitamin D3) and phytomenadione (vitamin K1) in pasteurized egg (orange bars) and egg powder (blue bars) in (A)

µg/ 100g dry matter and (B) µg per egg. Results are presented as mean values ± standard deviation (n = 12 for vit D3 and n = 6 for vit K1).

Statistical significance between the egg powders and pasteurized whole egg displayed as: ns p > 0.05, ** p ≤ 0.01, *** p ≤ 0.001. To display the

e�ect of spray-drying on vitamin K1 content, only samples with contents in pasteurized eggs above the LOQ of 0.8 µg/100g were considered

for illustration.

FIGURE 6

Contents of vitamin B compounds in pasteurized egg (orange bars) and egg powder (blue bars) in µg/ 100 g DM (A) and µg per egg (B). Results

are presented as mean values ± standard deviation (n = 12). Statistical significance between the egg powders and pasteurized whole egg

displayed as: ns p > 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.

after spray-drying. Regarding the per egg intake depicted in

Figure 7B, 17 g of spray-dried egg contained, e.g., 1.43± 0.07mg

iron and 0.88± 0.02mg zinc. These values meet DRI for infants

and children by 13 and 17% for iron and 29 and 22% for zinc,

respectively, thus showing a high potential to aid in achieving

the required total amounts. Two other noteworthy results not

included in Figure 7 regard selenium and copper, of which 17 g

spray-dried egg powder contain 15.1 ± 0.2 and 46.7 ± 6.5 µg,

respectively, which amounts to 77 and 21% of the adequate

intake for infants aged 7–12 months (37, 62).

In addition, a contamination with high levels of non-

essential, potentially harmful trace elements mercury, lead,

cadmium and arsenic can be excluded. Levels were well

below the respective threshold values defined by the European

Commission (63) and, except for Pb, under the level of

quantification enabled by the highly sensitive technique in

almost all cases. In detail, Pb levels in the egg powder samples

were 7.74± 4.77 µg/ kg DM, whereas the threshold value of the

European Commission for infant food marketed as powder is 20

µg/ kg FW (64), therefore approximately averaging to a tenfold

ratio between our samples and the cutoff.

Hence, it can be summarized that both product groups,

pasteurized whole eggs as well as spray-dried eggs, can be

considered safe concerning non-essential, potentially harmful

trace elements and that their consumption, even when applied

as complementary food for infants, would not significantly

contribute to overall heavy metal exposure. In addition, the

high nutritional quality of eggs regarding their mineral and

trace element content could be preserved in spray-dried eggs.

These results further recommend a larger scale promotion of egg
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FIGURE 7

Selection of nutritionally relevant elements contained in liquid eggs (orange bars) and egg powder (blue bars) in mg/ 100 g (A) and mg per egg

(B). Results are presented as mean values ± standard deviation (n = 12). No statistical significant di�erences were found.

FIGURE 8

Percent of respective AI and RDA values met by consumption of 55 g pasteurized whole egg or 17 g spray-dried egg powder. RDA values for

amino acids were calculated for infants aged 6 months with an average weight of 6.4 kg and children aged 2 years with an average weight of

11.9 kg. Other RDA and AI values used are estimations for infants aged between 7 and 12 months and children between 1 and 8 years. Nutrients

without respective reference value for this population are crossed out.

powder to prevent infant malnutrition in developing countries,

as complementary food preparations in this sector have been

reported to often lack essential elements such as zinc or iron (65).

Nutritional quality

Figure 8 summarizes the nutritional quality of both

pasteurized whole egg and spray-dried egg, illustrating by which

percentage 55 g of pasteurized whole egg or 17 g of egg powder

meet AI (acceptable intakes) or RDA values of selected nutrients.

As discussed in the respective subsections, spray-drying

could mostly retain the high nutritional quality of pasteurized

whole eggs without accumulating potentially harmful

compounds. Moreover, the potential of eggs in helping to

prevent malnutrition in vulnerable population groups is further

enhanced by their possible use in spray-dried, concentrated

form, with easier storability, which both represent crucial

factors for the application in low- and middle-income countries.

Whereas the commercial spray-drying process with an inflow

temperature of 160◦C and outflow between 80 and 90◦C

proved to be an apt choice for the majority of nutrients,

such as vitamins E, B or essential amino acids, the significant

deterioration of unsaturated fatty acids demonstrated that

the process still requires optimization. This is evident in

content losses of 38.7% for linoleic and 60.8% for linolenic

acid. Increasing antioxidant vitamin E levels in the feed
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could potentially prevent high PUFA losses during drying.

For infants, the consumption of 55 g pasteurized whole egg

meets the AI of α-linolenic acid by 27%, which represents a

desirable amount and benchmark for future adaptations to

spray-drying. In this regard, published data on egg powder

produced from designer eggs in a laboratory scale spray-dryer

(36) could already reveal that the combination of PUFA

supplemented chicken feed and optimized spray-drying

conditions can yield egg powder significantly richer in PUFAs

than normal eggs. These results now need to be translated

to industrial scale, combining effective feed supplementation

with LCPUFAs (EPA and DHA) as well as vitamins E, A and

D, with the preservation of all nutrients highlighted in our

study, thus exploiting the full potential of spray-dried eggs as

nutritional supplement.
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Irradiation is one of the promising food preservation techniques, but few are

known about its impact on foods’ water vapor change. In this research, the

impact of gamma irradiation on moisture adsorption isotherms of dried figs,

one of the most emblematic foods of the Mediterranean diet, at increasing

doses (0, 1, 1.5, and 2 kGy) was investigated. The isotherms data of equilibrium

points displayed a sigmoid-shaped curve of the type II pattern for both

controlled and irradiated dried figs, with a notable e�ect of irradiation

on equilibrium moisture content, which revealed a decreasing pattern as

irradiation dose and temperature increase. This e�ect was also seen in data

fitting, where GAB model showed the best prediction statistics for control

samples, while Peleg model displayed the most suitable samples irradiated

at 1 and 1.5 kGy, then the Enderby model for those treated with 2 kGy.

Results of Net isosteric heat of adsorption suggested that high irradiation dose

increases the spontaneity of moisture adsorption. Hence, gamma irradiation

exhibited a significant e�ect on the water-specific surface area of which the

magnitude was proportional to the increasingly applied doses. This e�ect was

also visibly significant on the optimum water activity [aw (op)] for proper dried

fig storage. Indeed, aw was about 0.4243 for control samples, which is much

higher compared to irradiated ones (aw = 0.2). Information from this research

suggests that gamma irradiation at a dose up to 2 kGy extended the dried figs’

shelf life. Sincemany aspects related to the impact of gamma irradiation on the

moisture adsorption isotherms and thermodynamic properties of dried figs as

well as in other foods have yet to be further investigated, this study provides

interesting results that may be a useful reference for future research direction.

KEYWORDS

gamma irradiation, adsorption isotherms, thermodynamic properties, post-harvest

storage, Cobalt radioisotopic source, Ficus carica L.

Introduction

Water plays a key role in food quality and stability during storage due to its

ability to interact with other molecules and to affect their conformation, mobility, and

functionality (1). Knowledge of the hygroscopic properties of foods is of great importance

for their processing, in order to understand and predict the influence of variations in
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ambient relative humidity on their water content during

storage (1). Moisture adsorption isotherms are the first step

in scientific understanding of the state of water in food and

their derivative compounds, and its potential influence on the

many spoilage reactions occurring during their preservation

(2). It is an extremely useful tool as a quantitative approach

to predicting the final water content to be reached at the

end of the drying process. It also helps in the selection of

the appropriate packaging materials, ingredients, and optimum

storage conditions to ensure the physical, chemical, and

microbial stability of the dried products during storage (3). Due

to the very complex composition of food products, theoretical

predictions are usually inaccurate. Therefore, adsorption

isotherms must be established experimentally for each product

(4). In this sense, several mathematical models based on

more or less physical empirical and/or theoretical criteria

can help to describe the relationship between equilibrium

water content and equilibrium relative humidity along with

temperature (5, 6). These are useful tools that allow a

better valuation of the thermodynamic properties for optimal

conservation (7).

Figs and particularly dried figs are a traditional pantry

staple for healthy eating in Middle Eastern and North

African countries as fig trees grow abundantly in such hot

and dry climates (8, 9). Despite the importance of this food

source, several problems are impacting the marketability of

dried figs in markets, mainly insect infestation, microbial

growth, and mycotoxin contamination alongside color

degradation during storage. Most of the post-harvest

chemical fumigants used for dried figs, such as ethylene

dibromide, methyl bromide, and ethylene oxide, are either

banned or phased out because of their serious adverse

impacts on human health and the environment (10–12).

As well, based on the health hazards and environmental

effects of conventional chemical post-harvest treatments,

such as CO2 applied under atmospheric conditions and at

high pressure (13), magnesium phosphide (Mg3P2) (14),

sulfuryl fluoride (SO2F2) (15), sulfur dioxide (SO2) (16), and

phosphine (17), alternative processing techniques are always

needed for preserving both dried figs nutritional quality and

consumer health.

Studies on gamma irradiation processing at a low irradiation

dose (1.0 kGy or less) have been reported to be a suitable

quarantine technology for post-harvest pest control (18–20),

especially for the disinfestation of dried figs (16). Kabak

et al. (21) also reported that irradiation processing can be an

effective alternative technology in post-harvest inhibition of

microbial contamination and mycotoxin biosynthesis during

storage, thus to extend the shelf life of food products. The

application of gamma irradiation in the food industry is

generally framed on each side by minimum value allowing

the desired objective to be achieved, and a maximum value

depending on the cost of treatment, and on the other hand,

the product’s tolerance to radiation (22). Several relevant

studies suggest a dose of 1 kGy for killing microorganisms

in dried fruits (16, 23), and other studies suggest a dose

higher than 1 kGy to enhance its biochemical attributes and

shelf life (24, 25). Additionally, as reported by Farkas (26),

to achieve desired levels of microbial and parasite control

on a commercial scale, it is desirable to use the lowest

possible doses necessary, since maintaining organoleptic and

nutritional qualities and keeping costs down are also important

factors. The focus of the aforementioned studies was on

the impact of ionizing radiation on biochemical properties,

microbial growth, and post-harvest pest control. However, very

few studies have looked at the effect of gamma irradiation

processing on the adsorption isotherms of agri-food products.

Among these very few studies, only the influence of a single

dose (1 kGy or less) of irradiation was investigated (7, 27–

29).

Depending on what has been mentioned above, especially

according to Cetinkaya et al. (16), Stefanova et al. (22), Ahmed

(23), Azelmat et al. (24), and Hussain et al. (25), and as no

single previous study has been undertaken on gamma-irradiated

dried figs moisture isotherms thus far, we thought to explore this

aspect within the range of 1 and 2 kGy for quality maintenance

and quarantine purposes. Thus, this research was conducted

as the first study investigating the adsorption isotherms and

the thermodynamic properties of dried figs, as treated using

gamma irradiation processing at increasing doses (0, 1, 1.5, and

2 kGy). The main objective of this work is to report for the

first time the thermophysical behavior of moisture adsorption

isotherms of irradiated dried figs compared to control, especially

the relationship between equilibrium moisture content and

corresponding relative humidity at three constant temperatures

of 30, 40, and 50◦C. Also, to fit the experimental data

using Peleg, Enderby, and GAB’s mathematical models to

determine the one providing the best throughput resolution

of equilibrium points with regard to gamma irradiation. The

comparison for both controlled and irradiated dried figs of

the optimal water activity for storage [aw (op)] and the major

thermodynamic properties such as water-specific surface area

(S0), net isosteric heat (qst), Gibbs free energy (1Gβ), and

differential entropy of adsorption (Delta S), which represent

outstanding properties regarding the energy required for

adsorption was reported. In addition, the enthalpy–entropy

compensation theory for both controlled and irradiated samples

was verified.

Materials and methods

Raw materials preparation

Fully ripened figs belonging to Ficus carica L. “El Qoti

Lebied” cultivar, one of the most locally cultivated clones,
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were collected during the first week of September 2020

from an orchard in the rural township in Chefchaouen,

northern Morocco. Selected fruits had uniform size and

maturity, with no diseases and visual blemishes. Initial moisture

content was determined using the oven-dried method as

described by AOAC (30) and was noted to be 78 ±

1% wet basis (w.b.). Afterward, all figs were blanched by

immersion in boiling water containing 1 kg Na Cl (99.5◦C

at normal atmospheric pressure) in 20 L for 15 s, 30 times;

Blanching water to fruit ratio was 2 kg: 1 L. Subsequently,

fruits were dried in an industrial hybrid dryer (50◦C: 20–

24% relative humidity; 4 h). The drying was stopped at a

moisture content of 25% according to the dried fig commercial

quality standards developed by the United Nations Economic

Commission for Europe (31). All dried figs, with the same

level of water activity of 0.42, were packaged and sealed in

polyethylene terephthalate (PET) bags (size: 10 × 6 cm L/W;

permeability: 50–100 and 245.83–408.64 cm3.µm/m².h. atm for

O2 and CO2, respectively; permeability to water vapor: 16.25–

21.25 g.µm/m².h) to serve as replicates; each bag was 250 g.

All samples were stored at room temperature, ∼22◦C before

being treated by gamma irradiation and analyzed for their

adsorption isotherms.

Gamma irradiation

Dried figs irradiation was carried out at the Ionization

Center of Boukhalef relevant to the National Institute for

Agricultural Research (INRA) of Tangier, Morocco. PET

bags prepared as described above were divided into four

groups each one placed inside a carton box (22.7 cm length

by 19 cm width and 5 cm thickness), one of which was

chosen as a control. The three boxes left were treated by

gamma rays at increasing doses: 1.0, 1.5, and 2.0 kGy

of Cobalt radioisotopic source (60Co) with a maximum

dose rate of 10.87 Gy/min and a minimum dose rate of

9.64 Gy/min. Each treatment was performed in triplicates.

Immediately, after the end of the irradiation, control and

irradiated samples were stored at room temperature, ∼22◦C

before the investigation of water adsorption isotherms and

thermodynamic properties.

Prior to gamma irradiation, the dosimetry was carried out

according to a specific protocol, in which the dried figs were

presented as described above with four bags (250 g) in each

box (1 kg). The source of irradiation is Cobalt 60 COB9 type.

The active material is confined inside two successive stainless

steel tubular envelopes. These cylinders with a diameter of

10mm and an active length of 450mm are closed by massive

plugs welded at their ends. The source holder used is made

of stainless steel and can hold 22 COB9-type source pens.

FIGURE 1

Ionization cell equipped with COB9-60 Cobalt source (A) and

positioning of the alanine dosimeters in the box of dried figs (B).

The unit sources are distributed over a diameter of 140mm.

This source holder allows reloading and use of the sources

for several years. The storage container, which is used for

the transport of the sources, is type B (U) with a diameter

of 870mm and a height of 1,160mm. It is made of lead

and provides the required protection during transport of the

source and during the intervention inside the ionization room.

The sources are stored in dry conditions. The ionization cell

with a parallelepiped shape 6.1m long, 5.8m wide, and 2.6m

high is delimited by walls that ensure the biological protection

of operators and the environment (Figure 1A). The concrete

walls with a maximum thickness of 1.63m make it possible

to attenuate the radiation up to the limit required by the

radiation protection regulations. The location of the three

alanine dosimeters placed separately in randomly chosen carton

boxes is shown in Figure 1B, which were placed within a 47-

cm radius from the ionization source. To ensure that the

irradiation of the dried figs was indeed homogeneous and

uniform, so as not to have parts irradiated more than others,

it was necessary to know the dose uniformity which is in our

case 1.129.
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TABLE 1 Standard values of the water activities of the six saturated salts as a function of temperature used for the determination of the adsorption

curves (35–37).

Temperatures Values of the water activities

30◦C 0.0738 0.3238 0.4317 0.7275 0.8362 0.898

40◦C 0.0626 0.3159 0.423 0.71 0.8232 0.891

50◦C 0.0572 0.3054 0.4091 0.6904 0.812 0.8823

KOH MgCl2 .6H2O K2CO3 NaNO3 KCl BaCl2 .2H2O

Determination of equilibrium moisture
content

The procedures for obtaining absorption isotherms for agri-

food products are described by several authors (32–34). In this

study, the gravimetric static method at 30, 40, and 50◦C with

six saturated salt solutions (KOH, MgCl2, K2CO3, NaNO3, KCl,

and BaCl2) was used to determine the equilibrium moisture

(Xeq) values of samples as described by Hssaini et al. (38) and

Ouaabou et al. (35) (Table 1). One of the advantages of this

procedure is that it allows these salt solutions to generate a well-

defined surrounding relative humidity inside the experimental

jars and continuously obtain all the relative humidity values in

the range from 5 to 90% (36, 37). Each sample was weighted

every 2 days until they reached a constant weight value recorded

on two consecutive weightings, which were supposed to be the

equilibrium. Ten days were required to reach the equilibrium

state. The difference of mass before (Mi) and after equilibrium

state (Mf) at 105
◦C (±0.1◦C) during 24 h gives the equilibrium

moisture content (EMC) at hygroscopic equilibrium (Xeq). It

was determined using Equation (1) and reported on a dry weight

basis (g water/g dry solid):

EMC = Xeq =
Mi −Mf

Mf
(1)

Modeling of the adsorption isotherms

Although there are several mathematical models to describe

the characteristics of moisture adsorption isotherm, Peleg (39),

Enderby (40), and GAB’s (41) mathematical models (Table 2)

are among the most used in the literature and were retained

to adjust the experimental data in this study to define the

most suitable model, which describes the relationship between

the equilibrium moisture content, the water activity, and the

temperature. Generally, the problem of modeling the adsorption

isotherms consists in finding a function checking the following

Equations (2) and (3):

Xeq = f

[

Pvp

Pvs

]

= f(aw, T) (2)

aw =
Pvp

Pvs
=

RH (%)

100
(3)

TABLE 2 Moisture sorption isotherm models selected to analyze data

for dried figs.

Models Mathematical expressions References

Peleg Xeq = A(aw)
C
+ B(aw)

D (39)

Enderby Xeq =

[

A
(1−Baw)

+
C

(1−Daw)

]

aw (40)

Guggenheim–

Anderson–De Boer

(GAB)

Xeq =
ABC aw

[1−Baw ][1−Baw−BCaw ]
(41)

A, B, C and D are the models constants.

Xeq : Equilibrium moisture content [dry basis (kg/kg d.b.)].

aw : Water activity.

where Pvp: Partial pressure of water vapor in air (Pa), Pvs:

Partial pressure of saturated vapor (Pa), and RH: Relative air

humidity (%).

If the product is in hygroscopic equilibrium with the

surrounding air, the water activity (aw) is identical to the

equilibrium relative humidity (aw = ERH).

The aforementioned models are compared based on the

correlation coefficient (R2) and the standard error of estimated

moisture (SE) (42). Curve Expert 3.1 and Originlab pro 8.1

software were used to determine the parameters of selected

models using non-linear regression. R2 (Equation 4) (27) and

SE (Equation 5) (38) were used to determine the prediction

accuracy of each model to the experimental equilibrium

moisture content and water activity data. The best-fitted

equation was considered to be the one giving the smallest SE

coupled to the highest R2 value (2, 38, 43–45):

R =

√

√

√

√

∑N
i=1 (MRpre,i −MRexp,i)

2

∑N
i=1 (MRexp,i −MRexp,i)

2
(4)

SE =

∑N
i=1 (MRpre,i −MRexp,i)

2

df
(5)

where MRexp: The ith experimental equilibrium moisture

content, Mipre: The i
th predicted equilibrium moisture content,

N: The number of observations, and df: The number of degrees

of freedom of regression model.
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Adsorption-specific surface area (S0)

By using the values of the monolayer moisture contents

obtained by GAB model, the values of the water-specific surface

area of adsorption can be calculated using Equation (6), and this

is expressed in m2.g−1 of solids (4):

S0 = Mm ×
1

PMH2O
×No × AH2O = 3.5× 103 ×Mm (6)

where So: Water-specific solid surface area of adsorption

(m2.g−1 solids); Mm: Monolayer moisture content (g/100 g,

d.b); No: Number of Avogadro (6 × 1023 molecules per mole);

AH2O: Area of a water molecule (10.6 x 10−20 m2); and PMH2O:

Molecular weight of the water (18 g.mol−1).

Optimal water activity [aw (op)] for
storage

Food preservation by dehydration is based on the principle

to maintain the water activity (aw) below the critical threshold

where microbial growth along with some undesirable chemical

reactions occur (46). It is well-known that each microorganism

has a critical aw below which growth cannot occur. For instance,

pathogenic microorganisms cannot grow at aw < 0.86; yeasts

and molds are more tolerant but usually, no growth occurs at

aw < 0.62. The so-called intermediate moisture foods (IMF)

have aw values in the range of 0.65–0.90. Generally, with aw

between 0.4 and 0.2, the product is most stable with respect to

lipid oxidation, non-enzymatic browning, and enzyme activity

(41, 47). Among the objectives of the moisture isotherms

study of a dehydrated agri-food product, is that it provides

precise information on the equilibrium moisture content to be

reached at the end of drying, and how to handle the product

during packaging and storage for proper preservation. For this

purpose, the optimal water activity values for conservation [aw

(op)] of irradiated and control dried figs were determined.

Indeed, the adsorption isotherms curves can be described as

a polynomial equation of the third degree (48). The zone

of better stability of the products corresponds to the central

part or “plate.” This calculation method consists of making a

polynomial decomposition of equilibrium moisture content, for

all the experimental results of each sample, according to the

water activity. Therefore, the optimum relative humidity for

storage can be determined by calculating the value for which the

second derivative of Xeq is canceled or “inflection point” (7, 49).

Net isosteric heat of adsorption (qst) and
di�erential entropy of adsorption (1S)

The calculation of the isosteric heat of adsorption is defined

by the sum of the net isosteric heat of adsorption (qst) and

the latent heat of condensation of pure water vapor at system

temperature (Hv) (50) and is given by Equation (7):

Qs = qs +Hv (7)

From the experimental data of the adsorption isotherms, the

net isosteric heat of adsorption at constant humidity (Xeq) can

be calculated using the Clausius–Clapeyron equation (Equation

8) (51):

qst = −R

[

d (ln(aw))

d( 1
θ
)

]

Xeq

(8)

where aw: Water activity, θ: Absolute temperature (K), and R:

Ideal gas constant (8,314× 10−3 kJ.mol−1.K−1).

The value of water activity as a function of a fixed

equilibrium moisture content can thus be determined from this

equation using adsorption isotherms at different temperatures.

For this, we assume that the net isosteric heat of adsorption

is independent of temperature, and so Equation (8) can be

integrated to give Equation (9):

ln (aw) =
−qst
R

1

T
+

1S

R
(9)

where 1S : Differential entropy of sorption (J.mol−1.K−1).

Gibbs energy (1Gβ)

From the slope of the curve ln(aw) = f ( 1T ), the net isosteric

heat of sorption (qst) was determined. The deduced slope
qst
R

and the constant of 1S
R displayed a linear relationship. Indeed,

referring to Equation (10) below, Gibbs specific energy can

be calculated:

1Gβ = −RTLn(aw) (10)

Between qst and 1S, the theory of enthalpy–entropy

compensation proposes a linear relationship given by Equation

(11) (52):

qst = T
β
S+ 1Gβ (11)

where Tβ: Isokinetic temperature is the temperature at which

all sorption reactions proceed at the same rate, 1Gβ : Gibbs

energy which helps to determine whether the adsorption process

is spontaneous or not. The system is spontaneous if 1Gβ is

negative (–1Gβ) and conversely if 1Gβ is positive (+1Gβ).

The validation of the compensation theory is tested by

comparing the isokinetic temperature to the harmonic mean

temperature (Thm). The Thm was determined as follows:

Thm =
n

∑n
1 (

1
T )

(12)

The enthalpy–entropy compensation theory can be applied

only if Tβ 6= Thm.
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FIGURE 2

Adsorption isotherms of control and gamma irradiated (1, 1.5, and 2 kGy) at di�erent temperatures.

Results and discussion

Moisture adsorption isotherms

Figure 2 illustrates the effect of temperature on the

equilibrium moisture content (EMC) of control and irradiated

dried figs. At each water activity, the EMC plotted in the

Figure 2 represents the average of triplicate measurements. Since

it was difficult to read the moisture equilibrium content kinetic

as a function of aw (because of some overlapping points),

we thought that it would be important to support that with

numerical data. Thus, Table 3 reports the experimental data

for the equilibrium moisture contents of control and gamma-

irradiated dried figs. With the reference to the data reported

in Table 3, we notice that at constant water activity, moisture

adsorption at the different temperatures applied displayed

significant decreases in equilibrium moisture levels Xeq (%

d.b) for all dried fig samples as the temperature rises. This

trend becomes more important as water activity decreases. For

instance, at a constant aw, the equilibrium moisture content

for 1 kGy irradiated sample on a K2CO3 supersaturated saline

solution were, respectively, 36.60, 21.71, and 17.89 g water/g

d.b at 30, 40, and 50◦C. Likewise, EMC levels for 1.5 kGy

irradiated samples on BaCl2.2H2O solution were, respectively,

57.41, 50.20, and 47.28 for the following aw values 0.898, 0.891,

and 0.882 (Table 4). However, it is noteworthy that, at 30◦C

it was observed a sharp increase in EMC within the range of

aw between 0.32 and 0.43, which is equivalent to 3 times the

EMC increase that occurred under 40 and 50◦C. This irregular

increase trend was for both control and irradiated samples

but was not observed under other temperatures. This could be

linked probably to the higher active state of water molecules

at high temperature levels, thus the attractive forces between

them decreased. Thus, the EMC increased with decreasing
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TABLE 3 Equilibrium moisture content Xeq (% d.b) data of control and gamma irradiated (1, 1.5, and 2 kGy) dried figs in adsorption at 30, 40, and

50◦C.

aw Control 1 kGy 1.5 kGy 2 kGy

Sorption isotherms at 30 ◦C

0.0738 22.2300 17.9473 14.4153 11.0383

0.3238 28.8623 21.8213 17.6886 15.3081

0.4317 38.4398 36.6062 31.9034 29.8778

0.7275 42.6365 40.7842 38.9702 35.9780

0.8362 56.6191 48.1815 41.4434 39.0498

0.898 66.0061 59.3658 57.4161 46.4088

Sorption isotherms at 40◦C

0.0626 19.1460 15.9733 13.8532 9.5933

0.3159 20.0140 18.9915 16.4681 12.8722

0.423 23.0670 21.7163 19.3168 17.6189

0.71 39.2474 37.0987 35.1512 30.8564

0.8232 47.4143 45.1684 40.9511 37.0010

0.891 60.5485 55.1379 50.2033 43.5096

Sorption isotherms at 50◦C

0.0572 11.3813 9.9799 8.6962 7.6092

0.3054 15.9682 13.9664 10.0488 9.9535

0.4091 18.8157 17.8946 15.9337 13.9468

0.6904 37.2508 33.8758 23.5558 20.3438

0.812 43.1138 40.4748 37.1860 31.6761

0.8823 56.2481 51.8870 47.2790 41.2598

temperature at constant relative humidity. The same pattern was

observed in the study by Hssaini et al. (38) over fig samples

(c.v “Nabout” and “Sarilop”). Regarding the overall EMC trend

following variant aw and temperature, Hidar et al. (49) reported

that it means that the material becomes less hygroscopic as

the attraction strength between water molecules is reduced.

Farahnaky et al. (2) reported with reference to Chowdhury et al.

(44) and Jamali et al. (45) that as the temperature increases,

water molecules become less stable and dissociate from the water

binding sites of the food material, thus reducing the moisture

content of the monolayer. Other similar investigations have

reported that this is most often typical of agri-food materials

(27, 28).

According to Brunauer’s classification (53) and the

International Union of Pure and Applied Chemistry (IUPAC)

classification, data in this study obtained for both controlled

and irradiated dried figs adsorption isotherms are classified as

type II, which is most likely close to the sigmoidal shape. In

this sense, Figure 3 illustrates the equilibrium moisture content

of 1 kGy treated samples under all investigated temperatures

and perfectly shows the s-shaped curve. More interesting,

data in this study reported displayed a remarkable influence

of gamma irradiation on the equilibrium moisture contents

and the adsorption isotherms of samples within the entire

range of water activity and temperature. In this sense, a

boxplot graph of data under each tested temperature has been

plotted and illustrated in Figure 4. Thus, gamma irradiation

impacted very significantly the equilibrium moisture contents

values and the adsorption isotherms, of which the equilibrium

moisture content decreased proportionally as the irradiation

dose increased. Indeed, irradiated samples had a smaller water

adsorption capacity compared to control dried figs due to the

possible influence of the gamma rays. This behavior can be

explained by the fact that gamma rays probably interact with

atoms and/or molecules in the cell considering the penetrating

depth and radiolysis capabilities (27, 54, 55). In addition, it is

possible that this interaction is a threshold event as a function of

the gamma irradiation dose. As irradiation dose increases, water

molecules and other structural macromolecules are affected.

The less stable products break away from the water-binding

sites of the food material, reducing the moisture content of the

monolayer or even multilayer and interstitial (27).

However, because this is the first time that this very

particular aspect has been highlighted and that unfortunately

there is no report to our knowledge on irradiated dried figs

isotherms or other similar biological commodities, the behavior

and response to gamma irradiation of biological matrices

different from dried figs were analyzed due the fact that the

behavior and the response of these matrices could be likely to

present similar behaviors vis-à-vis gamma irradiation. Thus, our
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TABLE 4 Statistics (R² and SE) of sorption mathematical models (Peleg, Enderby and GAB) for control and gamma irradiated (1, 1.5, and 2 kGy) dried

figs at 30, 40, and 50◦C.

Temperature Models’ constants R² SE

A C B D

Control 30 Peleg 57.95 8.0684 43.445 0.2659 0.9889 3.8785

40 19.9258 0.01635 58.684 3.4451 0.993 2.2523

50 54.4522 2.7454 16.192 0.1257 0.994 3.0817

Average 0.99 3.07

30 Enderby 6.1394 0.9392 862.6139 −26.5349 0.9872 4.1684

40 −701.7006 0.1223 757.0997 0.1223 0.8888 12.3081

50 −41.0987 0.3456 82.7602 0.3456 0.9642 7.4538

Average 0.95 7.98

30 GAB 0.07752 23.753 1.2795 0.9773 4.4762

40 0.07602 14.6948 1.3403 0.9956 1.9706

50 0.07594 207.4609 0.07877 0.9941 2.5029

Average 0.99 2.98

1 kGy 30 Peleg 62.8452 12.3153 44.4566 0.3948 0.9708 5.9507

40 19.2505 0.0684 50.5187 3.1025 0.9987 1.3014

50 50.4786 2.7289 14.9247 0.1445 0.996 2.3435

Average 0.99 3.2

30 Enderby 510.321 −17.0761 5.87 0.9229 0.9678 6.2404

40 750.4792 0.0744 −696.6964 0.0745 0.9206 9.8256

50 16.4457 0.7485 11.3794 −13.4896 0.9965 2.1987

Average 0.96 6.09

30 GAB 0.0673 44.6348 0.6354 0.9605 5.638

40 0.0659 20.9003 0.8509 0.9983 1.2072

50 0.0662 11.9418 0.0693 0.9958 1.9601

Average 0.98 2.94

1.5 kGy 30 Peleg 45.1958 0.5429 3034.3954 49.4879 0.9724 5.9059

40 47.0705 2.4667 13.7966 0.000346 0.9972 1.7597

50 15.5316 0.2158 58.7568 4.7689 0.9953 2.3641

Average 0.99 3.34

30 Enderby 2.9384 1.0098 258.1852 −7.9319 0.963 6.8213

40 12.2867 −1.0405 13.7914 0.7609 0.9957 2.1719

50 9.5263 0.8943 2.0563 −2.6424 0.9956 2.3038

Average 0.98 3.77

30 GAB 0.057249 29.7847 0.7092 0.9531 9.258

40 0.052985 23.2266 0.3994 0.996 1.7271

50 0.05061 12.8885 0.6863 0.9956 1.8753

Average 0.98 4.29

2 kGy 30 Peleg 0.0003 −4.6034 48.1378 0.8078 0.9684 5.4669

40 −0.7838 1.038 12.6242 1.038 0.9678 5.5225

50 0.0152 0.2528 52.8631 5.4738 0.9975 1.4747

Average 0.98 4.15

30 Enderby 2.7997 −3.6677 37.4636 0.0925 0.9659 5.6752

40 2.4187 −3.1361 16.6089 0.658 0.9978 1.4362

50 7.142 0.9204 11.882 −0.148 0.9974 1.523

Average 0.99 2.88

30 GAB 0.04099 0.5241 0.0636 0.9491 5.6357

40 0.03968 0.5189 0.0572 0.9961 1.5743

50 0.03212 0.511 0.0089 0.9972 1.2712

Average 0.98 2.83
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FIGURE 3

Equilibrium moisture content of 1 kGy treated samples under all

investigated temperatures with the perfect s-shaped curve of

adsorption isotherm.

results are slightly different from the study by Mghazli et al.

(27), which reported that control and irradiated samples had

the same hygroscopic behavior. Also, in that investigation, in

water activity ranging between 0.2 and 0.7, the equilibrium

moisture content of control samples was higher than the

irradiated samples. Moussaoui et al. (7) and Lahnine al. (28)

have observed the same findings. However, these results can

be explained by the low 60Co γ irradiation dose (<1 kGy)

applied, which may have no significant impact on the stability of

the product.

Adsorption isotherms modeling

The results of fitting the experimental data into Peleg,

Enderby, and GAB sorption equations are shown in Table 4.

The values of the correlation coefficient (R2) and the standard

error (SE) of estimated moisture are compared for each model

to provide the best-fit model. From Table 4, tested models have

generally expressed an average value of R2 of 0.98 coupled with

an average SE of 3.96 for all samples. According to SE, the

values showed that the models used were in agreement with

the experimental data with the exception of Enderby, which

showed errors >5, with regard to equilibrium points of the

control. After analyzing the statistical parameters in Table 4, the

fit using GAB model was the most suitable for describing the

adsorption isotherms of the control. On the one hand, the model

has combined the highest R2 (0.99) and the lowest SE (2.98)

within the temperature range investigated in this study. On the

other hand, the model Peleg displayed the best fit for irradiated

dried figs at the first two irradiation doses 1 and 1.5 kGy.

Obviously, this model displayed the highest R2 (0.99), which was

FIGURE 4

Boxplots showing the decreasing pattern of equilibrium

moisture content (% d.b) with the increase of irradiation dose

under each investigated temperature.

similar for both doses coupled with the lowest SE levels (3.2 and

3.34, respectively). The fit using the Enderby model was most

appropriate to describe the adsorption isotherms for dried figs

irradiated at the 2 kGy doses. The performance of the model

selected for control and gamma-irradiated dried figs at different

temperatures is illustrated in Figure 2.
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These results join other previous studies which reported that

from the criteria indices R2 and SE, the aforementioned models

could be useful for the ERH prediction of dried figs with the

highest fit resolution (56). However, these results are slightly

opposite to those reported by Hssaini et al. (38) who found that

Enderby and Peleg showed the best prediction of adsorption

isotherms for two varieties of figs “Kadota” and “Sarilop.” In

addition, the gamma irradiation used in this study displayed

a remarkable effect on the fig adsorption isotherms modeling

within the entire range of temperature investigated in this study.

Thus, considering the fitting statistics parameters, it appears

that at 50◦C, R2 increases and the SE decreases with increasing

irradiation dose, particularly in the case of the GAB model

experimental data. From the fact that the combination of higher

R2 and lower SE determines the goodness of data modeling,

the quality of the fit of the three models was slightly greater

than those of the control at 40 and 50◦C considering increasing

doses of irradiation. Nevertheless, despite the multitude of

mathematical models used to describe the adsorption isotherms

of several foods, none of them can accurately predict moisture

isotherms over the entire range of water activity and for all food

matrices (44, 57).

Water-specific surface area of adsorption
(S0)

Adsorption is the phenomenon of the attraction and

retention of molecules from a liquid or gas “adsorbate” by

a solid “adsorbent” at its surface, which leads to a higher

concentration of molecules at the surface. Several factors will

therefore influence this phenomenon, among others: particle

size, mass of adsorbent, pH, and temperature of the solution.

The particle size of the adsorbent is a parameter closely related

to the specific adsorption surface area; small particles have a

large specific adsorption surface area and therefore work much

better than large particles. In addition, if the adsorption is

favored by the low temperatures of the solution, it is exothermic,

otherwise, it is endothermic (58). Table 5 reports the values of

the water-specific surface area of adsorption calculated using

Equation (6), and the monolayer moisture contents obtained

by GAB model. According to the literature, the value of the

water sorption–specific surface area of a food product is ranged

between 100 and 250 m2.g−1 and is associated with the amount

of polymers present in the food (4, 59). Considering those

mentioned above, and after analyzing the statistical data in

Table 5, we can conclude that the temperature significantly

affects the interaction between the water and solid surface

area. Indeed, most likely, the increase in temperature is able to

change the structure of proteins and improve the interaction of

proteins with other components, such as carbohydrates and fats;

therefore, the available water adsorption sites have decreased

TABLE 5 Water specific surface area (S0) of control and gamma

irradiated (1, 1.5, and 2 kGy) dried figs at 30, 40, and 50◦C.

T (◦C) Control 1 kGy 1.5 kGy 2 kGy

30 271.32 235.55 200.3715 143.465

40 266.07 230.65 185.4475 138.88

50 265.79 231.7 177.135 112.42

due to the hydrophobicity of the proteins (60). Furthermore,

based on the results, gamma irradiation has impacted very

significantly the water-specific surface area between the control

and treated samples. Thus, as the gamma irradiation dose

increases, the effect tends to be more pronounced. Indeed,

at a constant temperature, the S0 has significantly decreased

as the gamma irradiation dose increased, until it reaches

approximately half the water-specific surface area of control

samples. This trend becomesmore important as the temperature

increases. In fact, both temperature and gamma rays effectively

contribute to dimmish the S0 of dried figs in comparison to

untreated samples.

These findings join the other previous studies reported by

Lahnine et al. (28) and Moussaoui et al. (29), who stressed

the same patterns as described above. Likewise, according

to Calzetta Resio et al. (61), the existence of an intrinsic

microporous structure in the matrix of many biopolymers is

probably behind the large adsorption surface. As reported in

Table 5, as the temperature increases the value of S0 decreases.

Considering this hypothesis mentioned by Calzetta Resio et al.

(61), it can be assumed that gamma irradiation probably

decreases intrinsic microporous structures depending on the

intensity of the dose. Indeed, at higher temperatures, water

molecules easily dissociate from water-binding sites. Moreover,

the distance, attraction, and states of molecules also vary as

the temperature changes (60). These behaviors could be more

pronounced as the intensity of the irradiation dose increases

assuming that physicochemical changes can occur strongly in

the product, which very strongly reduces the number of active

sites for the binding of the water. There is, however, great

complexity in the response that a matrix can generate to gamma

radiation. This can affect both the specific surface area and the

cells to varying degrees depending on the dose of irradiation

applied (62).

[aw (op)] for storage conditions

Table 6 reports adsorption curves experimental data of

control and gamma-irradiated dried figs according to a

polynomial model of 3rd degree. The optimal water activity

found in this study concords very slightly with the studies

conducted by Moussaoui et al. (7), Mghazli et al. (27), and
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TABLE 6 Analysis of the curves of adsorption according to a

polynomial model of 3rd degree.

Samples [aw (op)]

Control 0.42

1 kGy 0.29

1.5 kGy 0.26

2 kGy 0.26

Lahnine et al. (28). Thus, the control sample presents the higher

optimal water activity values (0.4243) compared to irradiated

samples. Indeed, the irradiation dose significantly influenced

the optimal values of water activity between the applied doses,

particularly between 1 and 1.5 kGy treated figs, where the

deduced values were 0.2865 and 0.2636, respectively. These

doses were half those found in the control (0.4243). It is

noteworthy that a very slight difference was spotted between

1.5 and 2 kGy irradiated, which aw have barely changed (0.2636

and 0.2634, respectively). The findings are slightly different from

the investigation conducted by Mghazli et al. (27) who reported

opposite results. Thus, the control samples presented less water

activity (0.39) than the irradiated samples (0.40). This behavior

could be associated with the low gamma irradiation dose (<1

kGy) applied, which may have not expressed any significant

impact on the stability of the product.

Among the main components of food matrices, besides

water, carbohydrates, proteins, fats, vitamins, and minerals, also

play a crucial role in human nutrition with essential major

interest (63). For many years, the effects of irradiation on these

components have been studied and are still explored today in

a wide range of food products because the ionizing effects of

radiation on food are highly dependent on the composition of

the matrix and cannot be assumed similar to those observed

in each individual component irradiated separately (64). This

technology induces certain primary effects in food matrices that

occur in particular due to the presence of water molecules by

ionization and/or excitation, which increases exponentially by

the secondary action of free radicals which can result from stress

on the matrix (65). These chemically highly reactive species have

the ability to interact with each other and/or with other food

components, leading to the formation of new molecules which

are not present in unirradiated foods (66).

In addition, among the various parameters which modify

the radical species yield, probably the dose rate, the nature and

energy of the irradiation, more generally the irradiation dose

could hold a major role. Thus, these chemically highly reactive

species are thus likely to add their effects to those of irradiation

on cells and to modify probably the metabolism and the water

retention capacity and potentially water activity on the matrix.

As described by Farkas (67), food preservation is generally based

on the removal of moisture which inhibits the development of

FIGURE 5

Relationships between equilibrium moisture content (Xeq) and

net isosteric heat of adsorption (qst).

pathogenic microorganisms and also minimizes fruit spoilage

reactions triggered by moisture, among other enzymatic and

Maillard browning reactions. However, the moisture content

alone is not sufficient to predict the stability of foods, as it is

not the total moisture content, but rather the water activity that

determines the shelf life of food (47). Knowing as mentioned

above that the aw requirements of the various microorganisms

vary considerably, our results in this study reported showed

a significant effect of gamma irradiation on the decrease in

the activity of water as a function of the dose absorbed, from

0.4 (untreated dried figs) to 0.2 (irradiated dried figs). This

may suggest the preservative effect of the gamma irradiation

technology in extending the shelf life of dried figs in relation

to the water activity, since at aw between 0.4 and 0.2, the

product is also the most stable with regard to lipid oxidation,

non-enzymatic browning, and enzymatic activity (41).

Net isosteric heat of adsorption (qst)

To fix water molecules to the food product, net isosteric

heat (qst) represents the energy required at system temperature

(68). Figure 5 illustrates the net isosteric heat of adsorption

for control and gamma-irradiated dried figs and shows strong

relationships between equilibrium moisture content (Xeq) and

net isosteric heat of adsorption (qst). Indeed, with increasing

equilibrium moisture content, the strength of water molecules

binding with the solid material decreases; therefore, as the

moisture content increases, the net isosteric heat of adsorption

decreases (69). As shown in Figure 5, at the lowest values of

the Xeq, the qst takes the highest values. Additionally, as the

Xeq increases, the qst decreases for all samples, illustrating the
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FIGURE 6

Relationships between equilibrium moisture content (Xeq) and

di�erential entropy of adsorption (1S).

TABLE 7 Gibbs energy (1Gβ) for control and gamma irradiated (1, 1.5,

and 2 kGy) dried figs.

Samples 1Gβ (J.mol−1) Tβ (K)

Control 137.1 326.41

1 kGy 498.4 310.59

1.5 kGy 277 300.45

2 kGy 259.4 297.12

strong bond of water with the matrix. This result is similar to

that reported by Lahnine et al. (28). Once again, the gamma

irradiation effect over dried fig net isosteric heat of adsorption

displayed significant differences in qst patterns following the

increasing irradiation doses. Thus, at a constant temperature,

as the gamma irradiation dose increase, the energy required

for moisture adsorption increases, and therefore, the samples

become more humidified. Nevertheless, the energy required

for control samples is lower than for irradiated dried figs.

This result is in agreement with the hypothesis of Moraes

et al. (70), according to which the energy connecting water

molecules to primary sorption sites becomes greater than the

energy connecting water molecules when humidity is low. This

behavior suggests that irradiated samples will have probably a

great storage ability compared to control samples. Indeed, 2 kGy

treated samples needed almost twice the energy needed by the

control sample to absorb moisture.

Among the molecules of a plant matrix, those of water

interact greatly with gamma rays due to the ubiquity of water in

the plant cell (65, 71). Ionization, dissociation, and excitation are

the main effects of gamma radiation. Low interaction can result

from excitation, while ionization and dissociation are likely

to result in strong interaction. This results in the production

of radical species described as the primary effect of radiation

(63). Due to the high reactivity of these chemicals’ species, side

effects will occur probably to potentially modify the structure

and the stability of the matrix at different levels depending

on the irradiation dose (64, 71). These radical species can

damage or modify important components of the matrix, such

as chloroplasts, and also modify biochemistry in carbohydrate

transport mechanism (72), starch–sugar interconversion (73),

dilation of thylakoid membranes and altered photosynthesis in

cell structure (65), and texture change of some foods where

polysaccharides such as pectin can be broken down leading to

the release of calcium, causing the product softness increase

(64, 65). Owing to these effects, alongside others, it is probably

possible that the natural resistance of certain cells and irradiated

membrane tissues increases, necessitating greater fixing energy

for the water to the food matrix.

Di�erential entropy of adsorption (1S)

Figure 6 illustrates the relationships between equilibrium

moisture content (Xeq) and differential entropy (1S) of control

and gamma-irradiated dried figs at doses 1, 1.5, and 2 kGy.

According to Madamba et al. (74), at a given energy level, the

differential entropy of a material is proportional to the number

of sorption sites available. From Figure 6, as the humidity

increases, the differential entropy decreases for all samples. This

behavior of the differential entropy shows once again, a strong

dependence on humidity and on the dose of gamma irradiation

applied. Thus, the differential entropy of 2 kGy treated samples

is twice that of control samples. Obviously, further analysis is

required to deepen our understanding of changes occurring at

the molecular scale according to irradiation with regard to dried

products’ differential entropy of adsorption.

Gibbs energy (1Gβ)

Within a confidence interval of 0.95, the Gibbs energy

(1Gβ) was determined from Equation (10) by linear regression.

According to Alpizar-Reyes et al. (75), positive values of Gibbs

energy (+1Gβ) are an indicative criterion that sorption is non-

spontaneous, while negative values (–1Gβ) provide information

on the spontaneity of sorption. Thus, the values of 1Gβ

present in Table 7 suggest that the sorption process was non-

spontaneity for all the samples. In addition, by analyzing the

Gibbs energy data (1Gβ) reported in Table 7, a significant

effect of gamma irradiation remarkably appears. Indeed, the

control samples presented lower free energy (1Gβ) compared

to the irradiated samples. In addition, as the irradiation dose

increases, the free energy decreases. Whereas, high Gibbs free

energy values indicate high availability of water adsorption

and high hydrophilic properties, the study of thermodynamic
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FIGURE 7

Enthalpy–entropy compensation theory for the water adsorption processes.

properties for agro-products such as the free energy (1Gβ)

is of major importance since it generally generates new data

on the association and energy between water molecules in the

system (76).

Enthalpy–entropy compensation theory

A simple thermodynamic argument suggests that the

enthalpy–entropy compensation is a general property of weak

intermolecular interactions and that the two free energy

contributions should almost equilibrate for hydrogen bonding

at 300K. This statement from Dunitz (77) also drive him

to ask how can we estimate the contributions of entropy

and enthalpy to the free energy of association at varying

binding forces. Thus, according to Liu and Guo (78), if

there is a linear correlation between the logarithm of pre-

exponential factors and activation energies, between enthalpies

and activation entropies, or between changes in enthalpy and

entropy of a series of similar reactions, the compensation

effect is true. However, this definition is proposed based on

the assumption that the data used in the correlation is error-

free. Nevertheless, in real experiments, measurement errors

are inevitable and the data used in the correlation are the

estimators of the corresponding parameters. Therefore, it is

possible that although the true values of the parameters do

not correlate, their estimators do, and this is the cause of

false compensation.
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Figure 7 illustrates the graphs of net isosteric heat of sorption

(qst) vs. differential entropy (1S) for each sample category,

control and irradiated. A high degree of linearity between

(qst) and (1S) is observed, which assumes that the theory of

compensation exists (38, 74). By examining the illustrations in

Figure 7, the realization of the compensation theory implies

that a single reaction mechanism is followed by all members

of the series of reactions; therefore, the existence of a single

mechanism suggests that the microstructure of food is stable

and does not undergo any change during moisture sorption

(69, 79, 80). This observation joins that of Beristain et al. (81),

concluding that the linear plot of compensation between qst and

1S correlates well with water adsorption in starchy and sugar-

rich foods, such as dried figs. In addition, with our results, it

can be assumed that the gamma irradiation treatment did not

modify this compensation. With regard to the compensation

enthalpy–entropy theory, the isokinetic temperature (Tβ) and

the harmonic temperature (Thm) are significantly, at a certain

distance, different from one another. The calculated harmonic

temperature (Thm) was 312.94K, while the observed isokinetic

temperature values were 310.59K, 300.45K, and 297.12K

for 1, 1.5, and 2 kGy, respectively. This difference supports

the enthalpy–entropy compensation theory. Therefore, data,

presented in this study, showed that (Thm) is higher than (Tβ),

suggesting that the adsorption process of dried fig samples is

entropy-driven (35, 38, 82, 83).

Conclusion

Stability of dried foods, as easily accessible snacks, continues

to be a major concern for the agri-food industry. Therefore,

studying the effect of gamma irradiation, as being a non-heating

and non-toxic processing technology, and environmentally

friendly, on dried food adsorption isotherms can be very useful

to particularly assess it could probably modify the metabolism

and the water retention capacity and potentially water activity

of the matrix. In this study, the thermodynamic properties

derived from dried figs’ moisture adsorption isotherms provided

relevant information about the influence of irradiation at

increasing doses on samples’ hygroscopic properties under

different storage conditions. The magnitude of 60Co γ-rays

effect becomes more important as the irradiation dose increases.

At the end of this study, gamma irradiation optimized the

maximum temperature thresholds and the final water contents

used for storage to ensure the stability of the dried figs

during storage. As the application of gamma irradiation in the

food industry is generally framed on each side by minimum

value allowing the desired objective to be achieved, and a

maximum value depending on the cost of treatment, and on

the other hand, the product’s tolerance to radiation, this study,

which remains the first, suggests the use of gamma rays at

a dose up to 2 kGy as a promising approach to extend the

shelf life of dried figs in terms of food stability linked to

water activity.
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10. Meyvaci KB, Sen F, Aksoy U, Altindişli A, Emekçi M, Ferizli AG, et al. Project
to phase-out methyl bromide in dried fig sector in Turkey. Acta Horticult. (2002)
73–81. doi: 10.17660/ActaHortic.2003.628.7

11. Aksoy U, Meyvaci BK, Sen F, Altindişli A. Impact of fumigants applied to
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Visible-near infrared (Vis-NIR) spectra analysis method is widely used in

the quality grading of bulk fruits with its rapid, non-destructive, diverse

detection modes and flexible modular integration scheme. However, during

the online grading of fruits, the random mechanized way of dropping

fruit onto the conveyor belt method and the open detection environment

led to more spectral abnormal samples, which a�ect the accuracy of the

detection. In this paper, the soluble solids content (SSC) of snow peach is

quantitatively analyzed by static and online detectionmethods. Several spectral

preprocessing methods including Norris-Williams Smoothing (NWS), Savitzky-

Golay Smoothing (SGS), Continuous Wavelet Derivative (CWD), Multivariate

Scattering Correction (MSC), and Variable Sorting for Normalization (VSN) are

adopted to eliminate spectral rotation and translation errors and improve the

signal-to-noise ratio. MonteCarlo Uninformative Variable Elimination (MCUVE)

method is used for the selection of optimal characteristic modeling variables.

Partial Least Squares Regression (PLSR) is used to model and analyze the

preprocessed spectra and the spectral variables optimized by MCUVE, and

the e�ectiveness of the method is evaluated. Sparse Partial Least Squares

Regression (SPLSR) and Sparse Partial Robust M Regression (SPRMR) are

used for the construction of robust models. The results showed that the

SGS preprocessing method can e�ectively improve the analysis accuracy of

static and online models. The MCUVE method can realize the extraction of

stable characteristic variables. The SPRMR model based on SGS preprocessing

method and the e�ective variables has the optimal analysis results. The analysis

accuracy of snow peach static model is slightly better than that of online

analytical model. Through the test results of the PLSR, SPLSR and SPRMR

models by the artificially adding noise test method, it can be seen that the

SPRMR method eliminates the influence of abnormal samples on the model

during the modeling process, which can e�ectively improve the anti-noise

ability and detection reliability.

KEYWORDS

robust model, Sparse Partial Robust M Regression, visible-near infrared reflectance

spectroscopy, soluble solids content, Lijiang snow peach
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Introduction

Lijiang snow peach is an excellent variety of winter peaches

cultivated by Lijiang’s unique natural environment, with an

average single fruit of about 500 g. With a regular shape, large

fruit and bright color, each peach is rich in nutrients (1). Proper

consumption of snow peach can play a role in tonifying qi

and moistening lungs, and can prevent cardiovascular diseases

as well. As a relatively high-end new fruit in China, snow

peach is deeply loved by consumers. In recent years, with

the gradual enhancement of health awareness, consumers have

higher requirements for the taste and internal quality of

snow peach. As a result, fruit producers and retailers must

strictly control the quality of fruit. The internal SSC of snow

peach characterizes its sweetness. The higher the sweetness,

the better the taste. However, there is no correlation between

sweetness and appearance quality. Although the fruit industry

is the third largest planting industry in China, its share of

international trade has been low. The main reason is that the

post-harvest processing ability of the fruit is low. Therefore,

it is important to explore a non-destructive, green and rapid

detection method. The agricultural standard NYT 2026–2011

(Evaluation Standard for Excellent Crop Germplasm Resources

Peach) stipulates that Soluble Solids Content (SSC) is one of

the important indicators to identify whether the peach is an

excellent germplasm resource (2). The commercial processing

of peach after picking mainly includes the external quality

detection of fruit shape index and surface defects based on

machine vision and the internal quality grading based on

SSC. Due to the regular shapes of snow peach, the detection

of SSC has become an important basis for fruit suppliers

to judge their quality grades. However, the conventional

measurement method of fruit SSC requires the process of

sampling, crushing, juicing and filtering, and then the filtrate

is detected by digital refractometer. This destructive sampling

detection method is not suitable for the commercialization of

large-scale fruits.

Visible-near infrared (Vis-NIR) spectroscopy is widely used

in the detection of fruit components and defects with its

rapid, nondestructive, and flexible integrated detection device.

Jiang et al. (3) studied the online detection of SSC in navel

orange by using Vis-NIR technology. The results showed that

the variable selection method combined with Partial Least

Squares Regression (PLSR) can obtain a better analytical

model, with Correlation Coefficient of Prediction (RP) and

Root Mean Squared Error of Prediction (RMSEP) of 0.824

and 0.670, respectively. Liu et al. (4) used dynamic online

detection equipment to collect spectral information to compare

the changes of peach SSC under two storage conditions, and

obtained RP of 0.819 and 0.828 for the peach SSC models under

room temperature and refrigerated conditions, respectively.

Yang et al. (5) combined the Vis-NIR spectroscopy to establish

an analytical model for predicting tomato SSC. The results

showed that the PLSR model with 22 key wavelengths selected

by Competitive Adaptive Weighted Sampling (CARS) had

better model performance than the full-wavelength model.

Kim et al. (6) discussed the prediction of melon SSC based

on different analytical models. The results showed that the

prediction accuracy of different modeling methods was quite

different, and the best method was PLSR combined with

Artificial Neural Networks (ANN). Hao et al. (7) explored the

influence of three kinds of navel orange placement postures

on the modeling results. The results showed that the spectral

information of measured samples under different postures was

different, and the placement position affected the prediction

accuracy of the model. Because the randomness of sample

placement affects the repeatability of spectrum, more spectral

abnormal samples are generated, resulting in large prediction

error of online model.

In recent years, the construction of the robust regression

model has been widely used in many fields. Lu et al. (8) applied

Robust Partial Least Squares Regression (RPLSR) and Partial

Robust M Regression (PRMR) to determine the content of

each component in rapeseed. The results showed that compared

with traditional quantitative methods, robust regression could

reduce the influence of outliers on the model accuracy and

obtain reliable prediction results. Yao et al. (9) utilized Vis-

NIR combined with Sparse Partial Least Squares Regression

(SPLSR) to construct an industrial analytical model of sawdust

biomass. The results showed that SPLSR could ignore the

interference of singular values and improve the interpretability

of the model. Robust Regression (Rob-Reg) method proposed

by Hao et al. (10) could effectively overcome the over-fitting

problem, establish a reliable and stable analytical model, and

obtain stable prediction results. The above research results

show that the robust regression method has the advantages of

preventing over-fitting and reducing the influence of outliers

or strong influence values on the stability of the model,

which can improve the prediction accuracy of the model to a

certain extent.

When static and online detection of Lijiang snow peach SSC

is carried out by Vis-NIR, the static collection mode of manually

placed samples can ensure the repeatability of spectral collection

areas and spectra; While during the online detection, the

random loading method with a mechanized conveyor belt leads

to inconsistent spectral acquisition area and more abnormal

spectral samples, thus affecting the accuracy of detection.

In this paper, different spectral preprocessing and MCUVE

methods are used to enhance and optimize the characteristic

variable information of fruit SSC. The robust grading model

of snow peach quality is constructed by combining SPLSR

and Sparse Partial Robust M Regression (SPRMR), so as

to improve the anti-interference and analysis accuracy of

the model.
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Materials and methods

Sample preparation

The samples in this experiment were called Yunnan

Lijiang snow peach, which was collected from an orchard

and transported to the laboratory under refrigeration. The

samples were stored at a constant temperature of 20◦C, and the

experiments were carried out after standing for 24 h. In order

to prevent the stains attached to the surface of the snow peach

after harvesting from affecting the accuracy of the spectrum

acquisition, it is necessary to clean the snow peach before the

experiment. In the experiment, the reflection spectra of 400

samples were collected for static and online detection modes

respectively. The Atago digital refractometer (SSC detection,

Saitama, Japan) was used to conduct five SSC tests on the filtrate

after filtering the whole fruit juice after denucleating, and the

average value was used as the final SSC of the samples. The

sample set was divided by means of the average distribution of

SSC contents combined with the spectral-spatial distribution.

Select representative samples for modeling from the aspects of

SSC content and spectral distribution, so as to ensure that the

modeling samples cover the test samples. The calibration set

and the prediction set are divided according to the ratio of

2:1. Finally, 267 calibration samples were used for modeling,

and 133 prediction samples for model evaluation. The statistical

information of the experimental samples is shown in Table 1.

Acquisition of Vis-NIR spectra

Vis-NIR spectra of snow peach were acquired by Ocean

Optic Marine Optical QE65000 spectrometer (Optical

inspection, Florida, USA), with a wavelength range of

346–1,130 nm and a resolution of ca. 1 nm. Therefore, each

spectrum contains 1,044 wavelength variables. The light source

adopted two 100-watt halogen tungsten lamps (OSRAM),

which were arranged at an angle of 45 degrees along the

transmission direction of the conveyor belt. The schematic

diagram of spectral acquisition device is shown in Figure 1,

which consists of a spectrometer, a light source, a conveyor belt,

an optical fiber and a computer. Both static and online detection

experiments were completed on this device, and the conveyor

belt stopped during the static collection, and the fruit cup was

located directly above the center of two light sources. During

the dynamic acquisition, the speed of the conveyor belt was 6

peaches per second. The difference between static detection

and online detection is that the static method can control the

position of the fruit to obtain more stable spectral information

by manually placing the fruit. While the online detection adopts

the method of mechanized random fruit loading, and the

position of the fruit reaching the detection point is random, thus

the obtained spectral information contains more interference.

Preprocessing of Vis-NIR spectra

In order to eliminate the background and noise existing

in the original spectrum and the interference caused by the

instruments and placement methods in the acquisition process,

it is necessary to preprocess the original spectrum. Data

smoothing, derivative and scattering correction are used to

preprocess the static and dynamic online spectra (11). The

purpose of the smoothing algorithm is to improve the signal-to-

noise ratio of the research samples and eliminate spectral noise.

The derivative algorithm is mainly to eliminate the influence of

the spectral instrument on the signal. The scattering correction

is used to eliminate scattering effects caused by particles

of different sizes. Among them, Norris-Williams Smoothing

(NWS) (7) and Savitzky-Golay Smoothing (SGS) (12) are

used for smoothing; the derivative adopts Continuous Wavelet

Derivative (CWD) (13) method; Multivariate Scatter Correction

(MSC) (14) and Variable Sorting for Normalization (VSN) (15)

methods are used for scattering correction.

MCUVE variable optimization method

The purpose of variable selection is to optimize the model,

save calculation time and make the model more explanatory

(16). Each Vis-NIR spectrum of peach samples contains 1,044

wavelength points, with many uninformed variables and high-

dimensional overlap. In order to eliminate redundant and

uninformed variables, this paper adopts MCUVE variable

selection method to select effective wavelength.

The idea of MCUVEmethod is basically consistent with that

of Uninformative Variable Elimination (UVE). The difference

is that MCUVE uses Monte Carlo (MC) sampling instead

of adding random noises to UVE, which combines MC

process with UVE, makes full use of the intrinsic correlation

between samples, evaluates the contribution of wavelength

variables in high-dimensional spectral data, sorts the stability

of each wavelength according to the contribution value of each

wavelength, and finally establishes a series of the PLSR models.

At last, the upper and lower thresholds are determined by the

Root Mean Squared Error of Cross Validation (RMSECV) of

the optimal PLS model. The variables outside the threshold are

retained and those within the threshold are discarded.

Calibration model

Partial least squares regression

Partial Least Squares Regression (PLSR) (17) is a widely

used regression technique for Vis-NIR spectral data analysis.

This method combines the advantages of principal component

regression, multiple linear regression and canonical correlation

analysis, and can be applied to an effective regression method
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TABLE 1 Statistical information of the experimental samples.

Detection mode Sample set N RSSC (◦Brix) Mean Standard deviation

Static Calibration set 267 10.1–15.1 12.859 0.966

Prediction set 133 10.1–15.0 12.844 0.952

Online Calibration set 267 10.1–15.1 12.872 0.943

Prediction set 133 10.1–15.1 12.863 0.935

N represents the number of samples; RSSC indicates the range of SSC.

FIGURE 1

Schematic diagram of spectral acquisition device.

for processing high-dimensional data. Its core idea is to

project high-dimensional data into the hidden space, obtain the

RMSECV value by the leave-one-out method or the MC cross-

validation method, and obtain the best factor number combined

with F-test and establish the model.

Robust regression method

The SPLSR method is realized by NIPALS algorithm, which

is a linear combination of original variables through a set

of weighted vectors, belonging to the sparse version of PLS

(18). The algorithm generates sparse solutions by keeping the

subsequence structure of the direction vector in the restricted

X space of the selected variables (19). The SPLSR algorithm is

a method that integrates dimensionality reduction and variable

selection (18). In general, methods with inherent variable

selection properties have smaller prediction errors thanmethods

lacking the inherent variable selection properties. Compared

with the classical PLSR algorithm, the SPLSR algorithm can

reduce the interference of irrelevant information, improve the

accuracy of the quantitative analysis of the model, and enhance

the explanatory ability of the model (9).

Based on PRMR algorithm, SPRMR algorithm introduces

sparse factors. SPRMR estimator can be regarded as a sparse

version of PRMR estimator, and it can also be used as a method

of SPLSR estimator. SPRMR is the first method to combine

dimension reduction with regression, which can generate partial

least squares estimation, sparse and robust to feature vectors and

responses. The advantage of SPRMR lies in that the algorithm

can not only automatically identify vertical outliers and leverage

points (vertical outliers are outliers in the response; lever points

are outliers in the predictor), but also automatically reduce the

dimension of high-dimensional data. The specific algorithm of

PRMR is shown in Reference (19), and SPRMR is shown in

Reference (20).

Model evaluation

Correlation Coefficient of Cross Validation (RCV ) and

RMSECV are used as evaluation indexes of preprocessing

methods and variable selection, and the RCV , RP , RMSECV,

RMSEP, Residual Predictive Deviation (RPD) and The Ratio of

Error Range (RER) are used as evaluation indexes of regression

models. The closer RCV and RP are to 1 and RMSEP and

RMSECV are to 0, indicating that the better themodel is. Among

them, the smaller the error between RCV and RP, RMSECV and

RMSEP is, the better the model is, and the smaller the difference

is, the more stable the model is. The values of RPD and RER

indicate the model quality. The larger the value is, the better

the model is. Nicolaï et al. (21) defined that RPD value of 1.5–2

means the model can make rough quantitative prediction; 2–2.5

means the model has reliable prediction performance;>3means

the model has excellent prediction performance; Badaró et al.

(22) defined that RER value >10 means the model can achieve

excellent prediction accuracy.

The formulas of RCV , RP, RMSEC, RMSEP, RPD and RER

are as follows:
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√

√
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FIGURE 2

Average Vis-NIR spectra of snow peach samples with static and

online detection.

wherein, yi and ypi represent SSC values of the calibration

set and the prediction set respectively; ym represents the

average value of actual measured SSC in the calibration set

and prediction set; n represents the number of samples in the

calibration set or prediction set; SD represents the standard

deviation of prediction set; Pr represents the SSC range of the

prediction set.

Results and discussion

Vis-NIR analysis of snow peach samples
with static and online detection

In order to explore the overall difference between

static and online detection spectra, the Vis-NIR average

reflectance spectra of 400 snow peacher samples were

used for illustration (Figure 2). It can be seen from the

figure that the spectral curves obtained under different

detection modes are basically similar. The difference is that

the static spectra have higher response intensity than the

online spectra, and spectra have obvious absorption peaks

around 570, 732, and 797 nm. The reason for the existence

of peaks is related to the stretching and contraction of

hydrogen-containing groups (O–H, C–H or N–H) in the

internal components of snow peach (23). The two absorption

peaks observed around 732 and 797 nm may be related

to the stretching of the third overtone of C–H functional

group and the second and the third overtones of O–H

functional group respectively (24). The absorption peak

at 570 nm is mainly related to colors and shapes of the

peach (25).

Spectral preprocessing and characteristic
analysis

Optimization of spectral preprocessing
methods

In order to further improve the quality of the modeling

spectra, five different preprocessing methods are used to

eliminate the drift, scattering and noises of original spectra.

PLSR is used to model and analyze the preprocessed spectra,

and the effectiveness of the method is evaluated. The evaluation

indicators are LVS, RCV and RMSECV. After sample spectra are

preprocessed by different preprocessing methods, the modeling

results of snow peach SSC models are shown in Table 2.

It can be seen from Table 2 that the LVS, RCV and RMSECV

of the original static spectral modeling are 18, 0.831 and 0.540,

respectively; the LVS,RCV and RMSECV of the original dynamic

spectral modeling are 19, 0.820 and 0.543, respectively. By

comparison, it can be seen that, except for the improvement of

RCV and the decrease of RMSECV after SGS preprocessing, the

data processing results of other preprocessingmethods are worse

than the results of direct modeling of the original spectrum.

In terms of the number of factors involved in modeling, the

LVS of SGS in both modes increases by one, indicating that

the modeling complexity has increased. However, the modeling

accuracy of SGS is much higher than that of the original

spectrum, so this effect is ignored. Compared with the original

spectra, the RCV of the model is increased by 0.160 and

RMSECV is reduced by 0.413◦ Brix after the SGS pretreatment

method is used for the static detection data. TheRCV is increased

by 0.171 and RMSECV is reduced by 0.418◦ Brix after the SGS

pretreatment method is used for online detection data.

Robust variable selection based on MCUVE
method

In order to further improve the model accuracy, simplify

the model and improve its interpretability, MCUVE method is

used for wavelength selection based on SGS preprocessing. After

the optimization, the wavelengths of static and online detection

are reduced from 1,044 in a full spectrum to 250 and 450

respectively. The variable distribution optimized by MCUVE

variable selection method for the two detection methods is

shown in Figure 3. It can be seen from the figure that the selected

modeling variables for static and online detection are mainly

concentrated in three regions of 347–694, 716–820 and 827–

1,129 nm. The selected variables in the spectral range of 347–

694 nm are related to the absorption of carotenoids in snow

peach (26); the selected variables in the spectral range of 716–

820 nm are mainly related to the absorption of chlorophyll in

snow peach (27); the selected variables in the spectral range of

827–1,129 nm are mainly related to the absorption of water in

snow peach (28). It can be seen from Figure 3 that the regions

of the variables selected by the MCUVE method for static
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TABLE 2 The modeling results of snow peach SSC models with di�erent spectral preprocessing methods.

Preprocessing methods Static Online

LVs RCV RMSECV LVs RCV RMSECV

Raw 18 0.831 0.540 19 0.820 0.543

NWS 18 0.824 0.550 19 0.810 0.556

SGS 19 0.991 0.127 20 0.991 0.125

CWD 18 0.820 0.555 19 0.811 0.554

MSC 18 0.827 0.545 18 0.811 0.556

VSN 15 0.822 0.554 18 0.806 0.566

NWS selects 15-point smoothing; in static mode, the polynomial order of SGS is set to 3, and the number of smoothing points is set to 17; in online mode, the polynomial order of SGS is

set to 3, and the number of smoothing points is set to 15; the decomposition scale of CWD is set to 60.

FIGURE 3

(A) Variable optimization results with MCUVE for static detection; (B) Variable optimization results with MCUVE for online detection.

and online detection are basically the same, indicating that the

variable selection is reasonable.

Construction of SSC robust model for
snow peach

Robust model construction and analysis based
on SPLSR and SPRMR methods

Combined with SGS preprocessing algorithm and MCUVE

variable selection algorithm, the robust models of SPLSR and

SPRMR for the SSC of snow peach are established respectively.

Table 3 shows the modeling results of snow peach SSC

calibration set and prediction set based on different modeling

methods. It can be seen from the table that the difference

between RCV and RP , RMSECV and RMSEP of the SPRMR

model is smaller than that of the SPLSR model, indicating

that the SPRMR model is more stable than the SPLSR model

and its prediction results are more reliable. The RPD values

of SPRMR and SPLSR in static detection are 5.926 and 5.498

respectively, which are >3, indicating that both models have

excellent prediction performance in static detection mode. The

RPD values of SPRMR and SPLSR in online detection are 3.848

and 3.744 respectively, indicating that both the SPRMR model

and the SPLSR model have excellent prediction performance

in online detection mode. In addition, the RER values of two

robust regression models under different detection modes are all

>10, and the RER value of static detection is higher than that of

online detection.

Reliability analysis of robust regression method
with di�erent background noise interference

In order to test the robustness of the model, N random data

in the calibration set samples and prediction set samples were

selected from this experiment, and white gaussian noise (WGN)
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TABLE 3 Quantitative analysis results of snow peach SSC with PLSR, SPLSR and SPRMR modeling methods.

Models Static Online

Calibration set Prediction set Calibration set Prediction set

LVs RCV RMSECV RP RMSEP RPD RER LVs RCV RMSECV RP RMSEP RPD RER

PLSR 18 0.992 0.124 0.983 0.182 5.263 26.981 19 0.991 0.128 0.966 0.247 3.800 20.245

SPLSR 18 0.991 0.131 0.984 0.174 5.498 28.191 19 0.993 0.109 0.965 0.251 3.744 19.944

SPRMR 19 0.994 0.106 0.987 0.161 5.926 30.388 19 0.993 0.111 0.967 0.244 3.848 20.500

FIGURE 4

(A) Spectra with −10 SNR; (B) Spectra with 10 SNR; (C) Spectra with 50 SNR.

was added to observe the recognition accuracy of the PLSR,

SPLSR and SPRMR models on noise and abnormal samples. In

the experiment, the intensity of the added WGN is adjusted by

changing the signal-to-noise ratio (SNR). N is set as 10, i.e., 10

samples are randomly drawn from both datasets and added with

noise. Figure 4 shows three spectra with SNR of −10, 10, 50 in

static detection mode.

Generally, the larger the SNR is, the smaller the mixed

noise is, so the model accuracy should gradually increase with

the increase of SNR. The variation trend of RP for different

models with noise intensity is shown in Figure 5. It can be seen

from Figure 5 that with the addition of different noises, the

accuracy of SPLSR and SPRMRmodels is less affected; while the

accuracy of PLSR model decreases greatly and shows instability.
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FIGURE 5

The influence trends of WGN with di�erent SNR on calibration correlation coe�cient of three models. (A) The static detection; (B) The

online detection.

TABLE 4 The RMSEP of the prediction set including 10 noise samples with SNR of 10.

Models RMSEP of static detection RMSEP of online detection

Noise Non-noise Whole Noise Non-noise Whole

PLSR 1.148 0.738 0.776 0.806 0.722 0.729

SPLSR 0.551 0.556 0.556 0.659 0.452 0.470

SPRMR 2.241 0.271 0.667 2.065 0.366 0.666

By observing the trend of the curve, it can be seen that the

predictive ability of the SPRMR model is slightly higher than

that of the SPLSR model. Even if the noise level reaches −10,

the SPRMR model still has a good prediction performance and

outperforms other models.

In order to verify the ability of the SPRMR model to

automatically identify abnormal samples, the RMSEP of the

data with noise, the data with non-noise and the whole data

were calculated in the case of adding noise, respectively. The

anti-interference ability of the SPRMR model is illustrated by

observing the errors of the prediction set composed of two parts

of data. Table 4 shows the RMSEP of the prediction set including

10 noise samples with SNR of 10. It can be seen from Table 4 that

the prediction error of the SPRMR model for normal samples

with non-noise is small, and the SSC of the samples can be more

accurately predicted. However, the RMSEP of the data with noise

exceeds 2◦ Brix, the deviation is larger. It shows that the noise

data added in the training set can be accurately identified during

the modeling of SPRMR. The model regards the samples with

noise as abnormal samples, and assigns a smaller weight during

modeling. So, for the 10 data with noise added in the prediction

set, there is a larger prediction bias.

For another robust regression model, SPLSR, it can be

observed from Table 4 that there is little difference between

the RMSEP results of the data with noise and the data

with non-noise. This is because the SPLSR model does

not have the ability to identify outliers, and the abnormal

samples are regarded as normal samples during the modeling

process and participate in the modeling. In addition, the

model has inherent variable selection property, which can

automatically discard the variables that have a greater impact

on the modeling results during modeling, and optimize

the model to a certain extent. Therefore, the RMSEP of

the data with noise and the data with non-noise are

basically similar.

In conclusion, robust regression models are less affected by

noise, and have the advantages of preventing over-fitting and

reducing the influence of outliers or strong influence values on

the stability of the model. In addition, the SPRMR model can

identify outliers and has strong anti-interference ability.
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FIGURE 6

(A) Factor graph of SPRMR model for static detection; (B) Factor graph of SPRMR model for online detection.

FIGURE 7

The correlation diagrams between the measured values of SSC and the predicted values of the models. (A) The static detection of snow peach;

(B) The online detection of snow peach.

Analysis of SSC optimal robust model for snow
peach

A suitable robust regression model is established to achieve

a better prediction of snow peach SSC in static and online

detection. Through values of RP, RMSEP, RPD and RER,

the PLSR, SPLSR and SPRMR models are comprehensively

compared. It can be seen from Table 3 that the analytical

model with the best prediction of snow peach SSC content

is SPRMR for both static and online detection. Since the

experimental samples are collected from the same orchard and

the interference and noise contained in the sample information

are small, the superior performance of the SPRMRmodel has not

been fully highlighted. However, it can be seen from the noise

experiment in the previous section that the SPRMRmodel is still

superior to the PLSR and SPLSRmodels in the presence of strong

noises, showing strong anti-interference ability. Therefore, the

optimal model for snow peach SSC prediction is the SPRMR

model combined with SGS and MCUVE.

Figure 6 shows the factor diagram of the variation of

RMSECV and RMSEP with the principal component fraction
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of the SPRMR model. The number of factors in both static and

online models is 19. It can be seen from the figure that the

variation trends of RMSECV and RMSEP are basically similar,

indicating that the model fitting is reasonable. Figure 7 shows

the correlation between the measured values and predicted

values of snow peach SSC. It can be seen from the figure

that for the static detection model, when the factor number

is 19, the RCV and RP of the model are 0.994 and 0.987

respectively, and RMSECV and RMSEP are 0.106 and 0.161

respectively. For the online model, when the factor number

is 19, the RCV and RP are 0.993 and 0.967 respectively,

and RMSECV and RMSEP are 0.111 and 0.244 respectively.

The analysis shows that the correlation coefficient (R) and

Root Mean Square Error (RMSE) under two detection modes

are similar, indicating that the over-fitting risk of the model

is small. In general, the SPRMR model has strong anti-

noise ability, which can realize the reliable analysis of snow

peach SSC.

Conclusion

The Vis-NIR spectroscopy combined with PLSR, SPLSR

and SPRMR methods is used for rapid analysis of SSC in

snow peach. NWS, SGS, CWD, MSC and VSN preprocessing

methods and MCUVE variable selection method are used

to enhance and optimize the information of snow peach

characteristic variables. The results show that the SGS

preprocessing method can effectively improve the analysis

accuracy of static and online models. The MCUVE method

realizes the extraction of stable characteristic variables;

the accuracy of static detection is slightly better than

that of online detection. The SPRMR method has strong

robustness and anti-interference ability. Therefore, the SPRMR

model constructed by combining Vis-NIR spectroscopy

combined with SGS preprocessing method and MCUVE

variable selection method can realize the prediction of SSC in

snow peach.

In view of the current research on single system of

static detection or online detection, this experiment makes

a comparative analysis of the two detection methods. The

application of a robust model in fruit SSC has been

discussed, which provides ideas for the future application

of robust models combined with Vis-NIR spectroscopy in

fruit quality detection. The shortcomings of this experiment

are as follows: (1) Although 400 experimental samples are

collected in batches from different planting areas of the

same orchard, the time interval is so short that sample

spectra do not contain information about different planting

environments; (2) In the Vis-NIR spectrum acquisition, the

peaches are not fully mature and their skin is hard (if

analyzed after maturity, it is easy to bump in the grading

process). In this case, the SSC detection value is small,

and the distribution of SSC value affects the subsequent

modeling accuracy.
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Canker is a common disease of navel oranges that is visible before harvest,

and penicilliosis is a common disease occurring after harvest and storage.

In this research, the typical fruit surface, canker spots, penicillium spore, and

hypha of navel oranges were, respectively, identified by hyperspectral imaging.

First, the light intensity on the edge of samples in hyperspectral images was

improved by spherical correction. Then, independent component images and

weight coefficients were obtained using independent component analysis.

This approach, combined with use of a genetic algorithm, was used to select

six characteristic wavelengths. The method achieved dimension reduction of

hyperspectral data, and the testing time was reduced from 46.21 to 1.26 s

for a self-developed online detection system. Finally, a deep learning neural

network model was established, and the four kinds of surface pixels were

identified accurately.
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Introduction

Navel orange is an important fruit crop grown in Jiangxi Province, China and many
other agricultural areas in subtropical regions. The fruit is generally round, oblate, or
elliptic in shape and usually orange-yellow or orange-red in color (1). The calyx of the
fruit has a few immature pericardial groups, which form the characteristic navel, and
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the core is solid or semi-solid. In the process of transportation
and packaging of navel oranges after harvest, a spore from
a single navel orange can cause an entire batch to start
sporing within a short time (2). Therefore, the post-harvest
sorting of navel orange is conducive to improving their
value and increasing the preservation period, and technology
to accomplish this objective is urgently needed for fruit
production (3).

In present-day fruit sorting operations, machine vision
technology is mainly used to assess fruit appearance quality,
including fruit shape and visible defects, for example, brown
spots, spores, granulation, edema, etc. However, for some
defects, such as decay caused by fungi, machine vision methods
seem ineffective. The main reason is that the skin color of
a decayed area can be close to that of the normal skin
areas, so it is hard to distinguished using images from a
color camera. However, the skin damage is related to the
characteristics of the fruit skin that can be detected by near
infrared spectroscopy (NIRS). Moreover, NIRS can also be
used for non-destructive testing of the internal components
of fruits, such as soluble solids (4), acidity, and other traits
(5, 6). Although NIRS technology can reflect the internal
quality of fruit, only a small part of the fruit surface can
be collected, and the fruit appearance quality cannot be
perfectly determined.

Hyperspectral image technology combines the advantages
of spectrum- and image-based approaches (7). It not only
can achieve fruit appearance image inspection, but can also
collect the surface spectra which can be used to detect the
invisible defect (8, 9). The hyperspectral image is a three-
dimensional image. Through the selection of characteristic
wavelengths of hyperspectral images, simultaneous external
and internal fruit quality testing can be realized; this is
a major development trend in the field of fruit detection
(10). Hyperspectral image technology can be used to detect
meat quality (11), orange spores, cucumber frostbite (12),
guava maturity (13), strawberry ripeness (14), Moisture of
Okra (15), and many other food defects (16–18). However,
hyperspectral images contain large amounts of wavelength
information, thus requiring a long time to collect information;
accordingly, its online detection applications are limited.
Therefore, the study of hyperspectral data dimension reduction
technology has become the key to improving the speed of
online detection. Current dimension reduction methods mainly
include genetic algorithm (19), principal component analysis
(20, 21), independent component analysis (22), and some
deep learning (23) methods. However, most approaches have
only been applied to hyperspectral test platforms, and online
detection has not yet been realized.

In this study, the hyperspectral images of navel orange
samples were dynamically collected using a self-designed online
detection system. The spectra ranged from 975.18 to 2,196.2 nm.

The method employed combined independent component
analysis (ICA) with genetic algorithm (GA) to select the
characteristic spectra. The dimensions of the hyperspectral
images were reduced, and then the cankered and spored fruit
were separated. This study had the following specific objectives:
(1) spectral preprocessing of the collected hyperspectral images;
(2) use of an ICA method to obtain independent component
images and weight coefficients; (3) combining these data
with GA after characteristic selection of wavelengths to
achieve dimensionality reduction of hyperspectral data; (4)
establishment of a deep neural network method of classified
of navel orange surface defects and subsequent automated
classification of fruits with a normal versus defective surface.
Six characteristic wavelengths were selected by ICA-GA, and
the surface defect detection model of navel orange was
established based on LSTM. Finally, the online detection of navel
orange was achieved.

Materials and methods

Experimental materials

The navel orange samples used in this experiment were
collected in November 2019 from Ganzhou City, Jiangxi
Province, China. After harvest, the navel oranges were first
cleaned in the laboratory. Thirty normal navel orange samples
without defects (group 1) and thirty navel oranges with canker
defects on their surfaces (group 2) were selected. Then, the
hyperspectral image of the samples in categories 1 and 2
were acquired. Meantime, one navel orange inoculated with
penicilliosis was stored with some normal navel oranges in the
laboratory. After 30 days, 30 infected navel orange were selected
as samples with penicilliosis on their surfaces (group 3), and the
hyperspectral image data of them were also acquired. Images
of samples from each category are shown in Figures 1A–C,
respectively.

In order to distinguish navel oranges with surface defects
online, it is necessary to identify the above defects on surfaces of
navel orange samples. In this study, navel orange surfaces were
mainly divided into four categories: normal navel orange surface
without defects, cankered surface, penicillium spore surface,
and hypha surface. Figure 1A shows a navel orange without
defects on its surface, and the category is defined as Surface.
Since normal navel oranges have a large surface range, only
rectangular areas A and B were selected. Figure 1B shows the
surface of a navel orange with cankers, as indicated by the arrow
in area C. This type of sample is referred to as Canker. Figure 1C
is the image of a penicilliosis navel orange sample. Areas D
and E were, respectively, the surface of penicillium spores and
penicillium hypha, which are referred to as Spore and Hypha,
respectively.
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FIGURE 1

False-color images of the typical navel orange. (A) Navel orange sample with an intact surface; (B) navel orange sample with canker; (C) navel
orange sample with penicilliosis.

FIGURE 2

Hyperspectral imaging sorting system.

Hyperspectral imaging sorting system

The hyperspectral image system mainly includes a
hyperspectral camera (SWIR-CL-400-N25E, SPECIM, Finland),
two 150-Watt halogen lamps, two focusing lenses, and a
mobile sorting platform setup, as show in Figure 2. Before
collecting hyperspectral images, the lamp was turned on for
about 15 min, and the white and black calibration images of
the hyperspectral camera were captured. The white calibration
image was acquired from a 99.9% reflectance white board
(Spectralon SRT-99-100, Labsphere Inc., North Sutton, NH,
USA) 30 cm below the camera. The black calibration image was
acquired when the lens was completely shielded.

The hyperspectral images of samples were corrected using
Equation (1):

I =
Idata − Iblack
Iwhite − Iblack

(1)

Here, Idata represents the acquired hyperspectral image,
Iblack represents the black calibration image, Iwhite represents the
white calibration image, and I represents the corrected image.
The exposure time and the frame rate of the hyperspectral
camera were 1.8 ms and 120 f/s, respectively.

Spectral preprocessing

The average spectrum of rectangular areas A (in Figure 1)
corrected by the black and white calibration images is shown
in Figure 3. It can be seen that there is considerable noise at
both ends of the spectrum, at ranges of 946.43–975.18 nm and
2,196.2–2,256.82 nm, respectively. Therefore, in the subsequent
processing, these two parts of spectra were eliminated, and
the spectral range within 975.18–2,196.2 nm between the
two black rectangular boxes in Figure 3 was used. The red
asterisk in Figure 3 represents the three wave peaks of the
surface spectral curve of navel oranges, which are respectively,
1,078.31, 1,266.07, and 1,655.72 nm. The hyperspectral images
corresponding to these three bands were selected to produce
false color images of navel oranges, like the one shown in
Figure 1.

As navel oranges are spherical fruits, the reflected light
on the upper surface of the navel oranges collected by the
hyperspectral camera is the strongest. In contrast, the reflected
light at the edges of the navel oranges is very weak. In order
to improve the reflected light intensity on the surface of the
spherical fruits and increase the light intensity at the edges, the
hyperspectral images of each spherical fruit were corrected (24).
This is achieved through the following correction process: (1)
the binary-value image of the sample is built using a 1,078.31 nm
wavelength; (2) the center of gravity of the binarization region is
found, and the image is then segmented into 16 equal parts; (3)
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FIGURE 3

Reflection spectrum of a normal navel orange surface.

TABLE 1 Spectra number of each category.

Category Spectra
number

Selected spectra
number

Spectra number of
training dataset

Spectra number of
validation dataset

Spectra number of test
dataset

Spore 1,954 1,300 1,065 123 112

Hypha 1,374 1,300 1,044 135 121

Canker 3,302 1,300 1,016 161 123

Surface 3,775 1,300 1,035 121 144

Total 10,405 5,200 4,160 540 500

FIGURE 4

Correction of the spherical fruit. (A) segmentation of the mask image, (B) 3D reconstruction of spherical fruit.
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FIGURE 5

False-color images after spherical correction. (A) Navel orange sample with an intact surface; (B) navel orange sample with cankers; (C) navel
orange sample with penicilliosis.
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FIGURE 6

Spectral curves of the four categories of surface after spherical correction and standard normal variable (SNV) transformation.

the height of the sample based on the distance from the center
of gravity to points in each of the 16 equal parts is calculated;
(4) the height of each pixel in the segmented binary image
according to four quadrants is calculated, and the reflected light
intensity is then corrected. Then, standard normal variate (SNV)
transformation is used to eliminate baseline drift.

Establishment of deep neural network
model

Deep neural networks are widely used in deep learning
and image recognition (25–27). In this study, a long short-
term memory (LSTM) deep neural network was applied to
217 spectra in the range of 975.18–1,146.75 nm to establish a
classification model. Before establishing a LSTM deep neural
network, training and validation datasets for training model

should be provided. From Figure 3, it can be seen the reflection
is the strongest at a wavelength of 1,078.31 nm. Based on the
1,078.31 nm hyperspectral images, the tool “Image Labeler”
in MATLAB (MathWorks Ltd., Natick, MA, USA) was used
to select the most representative pixels on the surface of
navel oranges from the prediction dataset. For this dataset,
15 penicilliosis navel oranges, six rotten navel oranges, 30
cankered navel oranges, and 16 normal navel oranges were
selected. After sample selection, the image “label” and file
“gTruth” were generated for each navel orange. The image
“label” contains the features selected from each navel orange.
The file “gTruth” contains the file storage location of the
corresponding file and the storage location and classification
name of the corresponding image “label.”

Thus, 10,405 data points were obtained for training. As
shown in Table 1, 1,300 data points for each category were
randomly selected as the modeling data, thus obtaining a total of
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FIGURE 7

Six independent component images by independent component analysis. (A) ICA01, (B) ICA02, (C) ICA03, (D) ICA04, (E) ICA05, (F) ICA06.

5,200 modeling data points. These data were randomly divided
into a training dataset, validation dataset, and test dataset
according to the approximate ratio of 0.8:0.1:0.1.

The LSTM model is mainly composed of five layers: (1)
sequenceInputLayer, (2) bilstmLayer, (3) fullyConnectedLayer,
(4) softmaxLayer, and (5) classificationLayer. The second layer
has 200 hidden layer nodes, and the fifth layer has four output
categories. The numbers of hidden layer nodes are selected
by comparing the results using 50, 100, 150, 200, and 250
hidden layer nodes. The LSTM cell with a Forget Gate can be
mathematically expressed as follows:

ft = σ
(
Wfhht−1 +Wfxxt + bf

)
,

it = σ
(
Wihht−1 +Wixxt + bi

)
,

c̃t = tanh
(
Wc̃hht−1 +Wc̃xxt + bc̃

)
,

ct = ft · ct−1 + it · c̃t,

ot = σ
(
Wohht−1 +Woxxt + bo

)
,

ht = ot · tanh (ct) (2)

Where ft is the forget gate, and the value of ft can decide what
information will be thrown away from the cell state. Where ct
denotes the cell state of LSTM. Wi , Wc̃ , and Wo are the weights.

FIGURE 8

Pseudo-color image of a penicilliosis navel orange sample.

Selection of characteristic wavelengths

The data collected by the hyperspectral imaging system are
usually very large. Therefore, a method of model establishment
that uses a small number of characteristic wavelengths
cannot only reduce the time spent in modeling, but also
effectively avoid the problem of information similarity between
adjacent wavelengths while reducing the over-fitting of the
model. Therefore, using characteristic wavelengths to establish
prediction models can reduce data calculation and meet the
efficiency requirements of online detection.
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FIGURE 9

Separating matrix of ICA03, ICA04, ICA05.
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FIGURE 10

Selection of characteristic wavelengths.

The extraction methods of characteristic wavelengths
include principal component analysis (PCA) and independent
principal component analysis (ICA). ICA has a superior
applicability to solve the problem of blind source separation in

spectral analysis (28). Accordingly, this study adopted the ICA
method to extract characteristic spectra. The main steps are as
follows. First, the binarization extraction of the hyperspectral
image is conducted to obtain a mask, which is used to
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TABLE 2 List of 21 characteristic wavelengths.

Number of
wavelengths

Characteristic wavelengths (nm)

21 980.930, 1,032.55, 1,078.31, 1,118.26, 1,163.83,
1,197.95, 1,266.07,
1,288.74, 1,362.33, 1,390.60, 1,424.50, 1,458.38,
1,537.36, 1,655.72,
1,695.15, 1,762.73, 1,835.94, 1,903.51, 1,931.66,
1,982.34, 2,145.61

Italic values are the result of wavelength selection.

separate the background and the fruit area. According to the
position of fruit pixels in the mask, the hyperspectral image is
subjected to two-dimensional decomposition, thus obtaining a
two-dimensional array. The array included the spectra of the
fruit surface, but not the background part in the mask. Then,
the first six independent components and the corresponding
weight coefficients were obtained by ICA analysis of spectral
data. Finally, six independent components were reconstructed
according to the positions of the mask pixel points, and the
values of independent components. Then the characteristic
wavelengths can be selected by the ICA analysis based on the
corresponding weight coefficients.

Genetic algorithm

For online detection, the number of characteristic
wavelengths should be reduced as much as possible. Therefore,
on the basis of the selected wavelengths using ICA analysis,
a genetic algorithm (GA) was applied to select characteristic
wavelengths once more (29, 30). A genetic algorithm is a kind
of efficient global search optimization algorithm that can find
the optimal solution within a large solution space, and its
global search ability can greatly improve search efficiency while
avoiding local minimal solutions. In this paper, the main genetic
algorithm program was written using the software MATLAB.
The characteristic wavelengths were selected by GA based on
the accuracy of the test dataset as the fitness function. The
following main parameters were used for the genetic algorithm:
six characteristic wavelengths were selected without repetition
each time. That is, the number of individuals was six, the
population contained six individuals, the maximum genetic
algebra was 30, and the generation gap was 0.9.

Results and discussion

Spherical fruit correction

The segmented and reconstructed navel orange 3D image is
shown in Figure 4.

For the corrected hyperspectral images, the 1,078.31,
1,266.07, and 1,655.72 nm wavelength images were extracted
and fused into false-color images, as shown in Figure 5.
Compared with Figure 1, the light intensity of the edge was
significantly improved.

After spherical correction, the hyperspectral images of
navel oranges were decomposed into two dimensions, and
the spectra were preprocessed using standard normal variate
(SNV) transformation to eliminate baseline drift. Corrected
characteristic spectra of normal Surface, Canker, Spore, and
Hypha samples are shown in Figure 6. In the wavelength range
of 975.18–1,146.75 nm, the spectral value of Surface is the
highest, while the spectral value of Spore is the lowest. In the
wavelength range of 1,146.75–1,430.15 nm, the spectral curves
of Canker, Spore, and Hypha show some differences. At the
wavelength of 1,430.15 nm and 1,937.29 nm, the spectral values
of Surface and Hypha were the lowest. The four types of spectra
all had a double-peak structure, and at 1,430.15 nm, there was a
significant trough. At 1,937.29–2,196.26 nm, the spectral curves
of Canker, Spore, and Hypha samples all increased, while the
Surface spectral curve was relatively stable.

Model using full bands

The LSTM01 model was obtained by using the whole
spectra, which included 217 bands. After training, the accuracy
of the training, validation, and test dataset were 91.80, 90.56, and
92.81%, respectively. The modeling time was about 3,265.691 s,
and the average test time for each orange was about 46.21 s.

Characteristic wavelengths using
independent component analysis

Six independent component images were obtained, as
shown in Figure 7. ICA01–ICA06 represent the first through
sixth independent component images, respectively. Figure 7
shows the ICA result of a navel orange sample with penicilliosis.
It can be seen that ICA03, ICA04, and ICA05 are sensitive
to penicilliosis navel orange images. ICA03 and ICA05 are
sensitive to penicillium hypha images, and ICA04 is sensitive to
penicillium spore category images.

Figure 8 is a pseudo-color image of a penicilliosis navel
orange sample synthesized by ICA03, ICA04, and ICA05. The
figure shows that the spore region (A) and hypha region (C) are
relatively obvious, and the region (B) between regions (A) and
(C) is the transitional region between spores and hyphae. On
this basis, the characteristic wavelength can be selected through
the weight coefficients of the wavelength variates of the three
independent components.

Figure 9 shows the separating matrix values of the
wavelengths for independent components ICA03, ICA04, and
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FIGURE 11

Result of the three LSTM models for four typical samples. (I) Sample hyperspectral images and corresponding images for models (II) LSTM01, (III)
LSTM02, (IV) LSTM03.

ICA05. It can be seen that ICA03 and ICA05 have similar curve
trends in the range of 975.18–1,390.6 nm. The curves both
contain two wave peaks. In the range of 1,390.6–2,196.26 nm,
the three independent component curves showed obvious
differences. According to the curve trend of the independent
component, the characteristic wavelengths were selected based
on the peaks and troughs of the curves. In the selection process,
in order to contain as much information about the classified
features as possible, the selection of feature wavelengths also
included the peaks and troughs of the spectral curves of the
four categories in Figure 6. Thus, a total of 21 characteristic
wavelengths were selected, which are marked with asterisks in
Figure 10 and Table 2.

The LSTM02 model was obtained by training the LSTM
model with 21 characteristic wavelengths. The accuracies of the
training dataset, validation dataset, and test dataset were 94.87,
94.07, and 95.01%, respectively. The modeling time was about
328.4015 s, and the average test time for each orange was about

3.71 s. Compared with the LSTM01 model trained with full
spectra, it can be seen that the accuracy has been improved,
the modeling time has been reduced by about 10 times, and the
number of wavelengths used has been reduced from 217 to 21.

Characteristic wavelengths using
genetic algorithm

Based on the 21 characteristic wavelengths selected by
ICA, GA was used for further dimension reduction, and the
six characteristic wavelengths are 1,118.26, 1,362.33, 1,424.50,
1,537.36, 1,695.15, and 1,982.34 nm. In Table 2, the values
specified in italic font are the six characteristic wavelengths.
Then, the LSTM03 model was established with six characteristic
wavelengths. The accuracies of the modeling set, prediction
set, and verification set were 94.03, 93.148, and 93.41%. The
modeling time was about 105.223 s, and the average test time
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FIGURE 12

Discrimination results of 20 navel orange samples.

for each orange was about 1.26 s. It can be seen that through the
selection of wavelengths by GA, the number of wavelengths is
reduced from 21 to 6, and the time required for modeling is also
reduced by about three-fold compared with the LSTM02 model.

Prediction results

The prediction results show that the prediction accuracy
of LSTM01, LSTM02, and LSTM03 models were 92.81, 95.01,
and 93.41%, respectively. Although the prediction accuracy of
LSTM03 model was slightly lower than that of LSTM02, the
prediction time of LSTM03 model for each navel orange was the
shortest, only 1.26 s, the prediction time of LSTM02 was 3.7 s,
and the prediction time of LSTM01 is the longest, 46.21 s. Thus,
in order to ensure the accuracy and efficiency at the same time,
the LSTM03 model was better than LSTM02, which is conducive
to the online monitoring of fruits by accurately predicting the
location of penicillium spore defects.

Figure 11 shows the classification results of four navel
oranges in the application of the three LSTM models. In the
column (I), (A) and (B) are pseudo-color images of penicilliosis
navel oranges, while (C) and (D) are pseudo-color images of
navel oranges with canker. The proportions and positions of
penicillium disease and canker on the navel orange surface

differ. In the column (II), the prediction results of the LSTM01
model are shown. It can be seen that part of the hypha area
was misjudged as canker in (A) and (B), but the location of
penicillium disease was fairly accurate. The predictions for (C)
and (D) were relatively accurate. A smaller canker part was
detected in circular region B. However, two canker regions
were connected in elliptic region A. In the column (III), the
prediction results of the LSTM02 model are shown; (A) and
(B) show that the prediction results of penicilliosis were good,
but some hypha area were still misjudged as canker. The
canker locations in (C) and (D) also had high recognition rates.
Compared with the predicted results of the LSTM01 model, two
canker parts in the elliptic region A were identified separately,
while the smaller canker was not successfully identified and
was instead misjudged as normal surface, as shown in circular
region B. Among the results of LSTM03 in the column (IV), the
prediction results showed that hypha areas in (A) and (B) are
accurately identified. The discriminant results of canker in (C)
and (D) are similar to that of the LSTM02 model, and the overall
area of the discriminant result is slightly smaller than that of the
LSTM02 model.

Figure 12 shows the classification results for 20 navel
oranges using the LSTM03 model. The first and second rows
are the discriminant results of hyperspectral data from navel
orange samples collected on the first and fifth days after
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picking, respectively. It can be seen that the hyperspectral image
data collected on the fifth day included misjudged hyphae,
especially the edge part of navel oranges. The third row is the
discrimination result of hyperspectral image data with canker,
which shows that this model can accurately identify the canker
location and size on navel orange surfaces. The fourth row shows
the discrimination results of hyperspectral image data collected
after 30 days in the laboratory. This model can accurately
identify penicilliosis on navel oranges.

Conclusion

Based on ICA and wavelength optimization by GA, a
total of six characteristic wavelengths were selected to establish
a deep learning neural network model. The model was
used to classify and detect surface defects of navel oranges.
The categories included penicillium spore, penicillium hypha,
canker, and normal navel orange surfaces. The characteristic
wavelengths were, respectively, 1,118.26, 1,362.33, 1,424.50,
1,537.36, 1,695.15, and 1,982.34 nm. Through the selection
of characteristic wavelengths, the test time of the LSTM03
model for each navel orange sample was reduced from 46.21 s
(with the full spectrum model) to 1.26 s. It was conductive to
the hyperspectral online detection of fruit, and its prediction
accuracy was also improved. It can be seen that this method
can be used to detect the surface defects of navel oranges
online. However, the hyperspectral images were collected in
this experiment through translation movement of navel orange
samples. Thus, only images from the upper surface of the
navel orange were collected, while lower surface images were
not. Therefore, a major research focus includes capturing and
analyzing images of the entire surface of navel oranges in
subsequent online detection work.
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Insect-affected pests, as an important indicator in inspection and quarantine,

must be inspected in the imports and exports of fruits like “Yali” pears (a

kind of duck head-shaped pear). Therefore, the insect-affected pests in Yali

pears should be previously detected in an online, real-time, and accurate

manner during the commercial sorting process, thus improving the import

and export trade competitiveness of Yali pears. This paper intends to establish

a model of online and real-time discrimination for recessive insect-affected

pests in Yali pears during commercial sorting. The visible-near-infrared (Vis-

NIR) spectra of Yali samples were pretreated to reduce noise interference and

improve the spectral signal-to-noise ratio (SNR). The Competitive Adaptive

Reweighted Sampling (CARS) method was adopted for the selection of feature

modeling variables, while Partial Least Squares Discriminant Analysis (PLS-DA),

Support Vector Machine (SVM), and Convolutional Block Attention Module-

Convolutional Neural Networks (CBAM-CNN) were used to establish online

discriminant models. T-distributed Stochastic Neighbor Embedding (T-SNE)

and Gradient-weighted Class Activation Mapping (Grad-CAM) were used

for the clustering and attention distribution display of spectral features of

deep learning models. The results show that the online discriminant model

obtained by SGS pretreatment combined with the CBAM-CNN deep learning

method exhibits the best performance, with 96.88 and 92.71% accuracy on

the calibration set and validation set, respectively. The prediction time of a

single pear is 0.032 s, which meets the online sorting requirements.

KEYWORDS

insect-affected pears, Vis-NIR spectroscopy, CBAM attention module, online
discrimination model, deep learning model
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Introduction

Yali pears (duck head-shaped pears) are rich in nutrients,
tasting good, and have a huge consumer market (1). However,
because of careless nursing, pear trees are subject to damages
caused by insect pests such as pirivorella, grapholita molesta
busck, and halyomorpha picus. These insect pests are widely
distributed in temperate and subtropical regions of Asia,
Europe, America, Africa, and Australia (2). In “the hometown
of Yali pears,” Hebei province in China, insect-affected pests
in Yali pears are so rampant that the damage rate can reach
more than 85% due to improper management, which seriously
undermines the quality of Yali pears, resulting in shrinking sales
(3). The quality classification of Yali pears mainly includes two
indicators, internal quality and external quality. The external
quality of Yali pears mainly adopts manual and mechanical
classification. Manual classification has many shortcomings
such as high labor cost, low efficiency, unclear classification
standard and lack of objectivity. As the production volume
increases, the traditional manual classification can no longer
satisfy the production demands (4). In contrast, classification
by machines has higher efficiency, and the size, surface quality
and weight of Yali pears are usually analyzed with the help
of sensors such as image and gravity. The internal quality of
Yali pears is usually detected by non-destructive and destructive
methods. The destructive methods are only suitable for limited
scenarios such as sampling or initial screening. But the non-
destructive methods, if combined with sophisticated mechanical
structure, can realize full-coverage detection of the samples.
However, the key to successful application of non-destructive
methods lies in the correct analysis of sensing signals by
machine learning method (5). In recent years, the international
community has carried out strict regulations on the defects
of exported Yali pears. According to Chinese regulations on
quarantine techniques of exported Yali pears, Yali pears cannot
be sampled for quarantine inspection unless they have been
stored in refrigerator for at least 21 days. Each batch of
pears is sampled at 2% of the total number of all boxes, and
all samples are detected. Lengthy inspection and quarantine
process leads to higher export costs and deterioration risks. For
this reason, there is an urgent need to figure out a rapid and
non-destructive mechanical sorting method for full-coverage
inspection of recessive defects in Yali pears, so as to improve the
export quality and qualified rate of Yali pears.

Visible-near-infrared (Vis-NIR) spectroscopy is a non-
destructive detection method which has been widely used
in the internal quality detection of fruits and crops (6–8).
Compared with other non-destructive detection methods such
as machine vision (9), X-ray (10), and magnetic resonance
imaging (MRI) (11), Vis-NIR spectroscopy has higher speed,
lower costs and wider application of detection. According to the
literature research, there are few studies on Vis-NIR detection of
recessive pests in fruits and crops. Khodabakhshian et al. (12)

detected Carob moths in pomegranates, and they found that
the identification rate of insect pests in the combined sample
sets through PLS-DA method could reach as high as 86%.
Abbaspour-Gilandeh et al. (13) detected codling moths in red
apples by digital image processing and sparse coding method,
and the pest identification rates in healthy apples and diseased
apples reached 81 and 86%. Moscetti et al. (14) detected
Tortrices and Weevil in chestnuts, and the total error of
identification was reduced to 8.41% by the Genetic Algorithm
- Linear Discriminant Analysis (GA-LDA) method. The above
researchers have proved that it is feasible to detect recessive
insect pests in fruits by using Vis-NIR spectroscopy. Be that as
it may, few researches have been conducted on Vis-NIR online
identification of recessive insect pests inside Yali pears.

In this paper, an online rapid non-destructive detection
method for internal defects of Yali pears based on Vis-NIR has
been proposed, in a bid to tackle the online rapid screening
of recessive Yali pear pests in the commercial sorting process.
First, different pretreatment methods are used to suppress
noise and enhance information on the original spectrum
to improve the signal-to-noise ratio of the spectrum, such
as Savitzky-Golay Smoothing (SGS), Spectral Standardization
(SS), Max-min Normalization (MMN) and Standard Normal
Variate Transformation (SNV). Second, Competitive Adaptive
Reweighted Sampling (CARS) was used for the optimal
selection of feature variables. Last, Partial Least Squares
Discriminant Analysis (PLS-DA) and Support Vector Machines
(SVM) were used to establish shallow learning model of
online discrimination for Yali pears, and Convolutional Block
Attention Module-Convolutional Neural Networks (CBAM-
CNN) was used to establish deep learning model for online
discrimination of Yali pears. This paper intends to figure out a
method to establish an accurate and rapid online discrimination
model for recessive insect pests inside fruits, in a bid to improve
the quality sorting of fresh fruits.

Samples and methods

Spectral acquisition device

The online sorting device for insect-affected Yali pears is
shown in Figure 1. The device is composed of five parts:
spectrometer, optical fiber, microcomputer, light source and
conveyor belt. The spectrometer is QE6500 Pro produced by
the Ocean optics INC; the detector range is 200-1100 nm;
the integration time of the acquisition device is set to 80 ms;
the conveyor transports six samples per second; the optical
fiber probe is located below the fruit cup, 12 mm from the
conveyor belt. The light source consisted of ten 100-Watt
halogen tungsten lamps (Osram) positioned above the sample
and arranged along the concentrating coil with an oblique angle
of 45 degrees. The light sources are arranged as shown in
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Figure 2, with five light sources equally spaced on each side
around the central spectral acquisition station.

Prior to spectral acquisition, the parameters of the
spectrometer must be calibrated. First, the light sources were
turned on for 30 min to ensure the thermal stability of light
sources and detector. Second, a PTFE ball with a diameter
of about 70 mm was used to calibrate each fruit cup, so as
to maintain the consistency of measurement background. In
the fruit cup, the pear samples were placed in a way that the
connection direction between the pear stalk (C) and the pear
pedicel (D) was always perpendicular to the running direction
of the conveyor belt.

The working process of the Vis-NIR online sorting device
for Yali pears is shown as follows. The Yali pear samples are
placed according to Figure 2. In other words, the connection
direction between the pear stalk (C) and the pear pedicel (D) was
always perpendicular to the running direction of the conveyor
belt. When the sample reaches the spectral acquisition position,
the light source penetrates the inside of the pear and then
reaches the optical detector. The whole spectral acquisition
process is completed in the light shield, which effectively reduces
the disturbances of external stray light to spectral signals.

Preparation of Yali pear samples and
discrimination of insect pests

Samples for experiment are Yali pears produced in Hebei
province, with a total number of 960. These samples were
transported in refrigerated vehicles to laboratory, and then were
stored at a constant temperature of 20◦ for 21 days. Prior to
experiment, the stains and moisture on the surface of Yali pear
samples were removed. After collecting the samples of the Vis-
NIR spectrum, the artificial incision identification method was
used to identify the internal pests of the pear. When cutting Yali
pears, the first cutting was conducted along the A–B connection
direction, and the second cutting was conducted along the C–D
connection direction, as shown in Figure 2. Observing carefully
whether there were indicators of insect decay inside the pear
and insect holes on the surface. Evaluated whether it was insect-
affected pears or not and decided by three experts with years
of experience in planting and sales of Yali pears. Some of the
insect-affected Yali pear samples are shown in Figure 3 (The area
indicated by the red circle).

Classification of sample sets

A total of 960 Yali pear samples were divided at a ratio of
4:1 into calibration set and validation set using SPXY algorithm.
SPXY algorithm is developed on the basis of KS algorithm, and
its principle is to ensure the difference and representativeness
of samples by calculating the distance between the spectral
feature values of different samples. SPXY can effectively cover

the multi-dimensional vector space to avoid the over-fitting or
poor prediction effect of the prediction model caused by too
small or identical differences between samples, so as to improve
the stability and accuracy of the model (15). The information
of sample sets is shown in Table 1, the calibration set includes
768 samples (468 healthy pears and 300 insect-affected pears);
the validation set includes 192 samples (124 healthy pears and
68 insect-affected pears).

Methods of spectral pretreatment and
feature variable selection

As shown in Figure 1, the online detection device is an open
system and the Yali pear itself is not an ellipsoid with a regular
shape. Therefore, in the process of spectral signal acquisition,
it is often disturbed by stray light, noises, baseline drift and so
on, thus affecting the final quantitative and qualitative analysis
results. For this reason, it is necessary to pretreat original spectra
and optimally select feature variables before modeling, so as to
eliminate or reduce the interference of invalid information to
pear spectra (16). Taking into account the surface morphology
of pear samples and the structure of spectral acquisition device,
SGS smoothing was used to eliminate the random noises in
spectral signals and improve the SNR of samples (17). Spectral
Standard (SS) was adopted to reduce the scale difference in
spectral signals (18). Max-min Normalization (MMN) was
adopted to eliminate the baseline drift and irrelevant noise
signals with interference in spectral signals (19). The scattering
effect caused by uneven particle distribution and different
particle size in the spectral signal was eliminated through the
Standard Normal Variate (SNV) transformation (20).

For the feature variable selection method, CARS method is
one of the most commonly used methods in the selection of
fruit spectral variables, which combines Monte Carlo sampling
and PLS model regression coefficients (21). Compared with
other variable selection methods like Principle Component
Analysis (PCA), Uninformative Variable Elimination (UVE),
and Successive Projections Algorithm (SPA), the CARS method
is more convenient and the feature variables selected by the
CARS are more representative, which can effectively reduce the
high collinearity between wavebands caused by the number of
spectral wavelength points greater than the number of samples.
In this way, the prediction accuracy and speed of model can be
improved (22).

Establishment of discrimination model
for insect-affected Yali pears

Shallow learning method
Partial Least Squares Discriminant Analysis (PLS-DA) is

a multivariate statistical method under supervision, which
integrates the basic functions of PCA, canonical correlation
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FIGURE 1

Schematic diagram of the Vis-NIR online sorting device for Yali pears.

FIGURE 2

Schematic diagram of light source (halogen tungsten lamps) layout.

FIGURE 3

Insect-affected Yali pear samples.

analysis and multiple regression analysis, and can compress
data and extract feature information (23). The principle of PLS-
DA is to separately train the features of samples processed
by different methods, so as to generate the calibration set
and test its confidence. This method can group the required

observation variables in advance, and conduct statistical analysis
on the data according to the nature of the grouping, so
as to learn the key variables that affect the grouping (24).
PLS-DA is usually used for classification and discrimination.
When the difference between groups is small and the sample
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TABLE 1 Sample set information.

Sample set Healthy pears Insect-affected pears Total number Proportion/%

Calibration set 468 300 768 80%

Validation set 124 68 192 20%

size of each group varies significantly, this method can
effectively distinguish the observed variables between groups,
and its linear classification feature is widely used in Vis-NIR
qualitative analysis.

Support Vector Machine (SVM) is an algorithm based on
small-sample statistics theory, which finds out the optimal
classification hyperplane by maximizing the geometric interval
between the classification hyperplane and the data (25), and
determines the constraint parameters of the model through the
geometric interval. SVM method can map complex nonlinear
problems to high-dimensional space and transform them into
linear problems through kernel functions. The model algorithm
can quickly train and learn to find the complex functional
relationship between input and output. SVM is widely applied
in classification of nonlinear, high-dimension, and small-size
data samples. The optimization goal of SVM method is
listed as follows.

min
1
2
||ω||2 + c

n∑
i=1

ξi, ξi ≥ 0 (1)

s .t =

{
yi
(
ωxi + b

)
≥ 1− ξi

c ≥ 0
, i = 1, 2, 3...n (2)

In Formula (1), n represents the number of calibration
samples. In Formula (2), xi is the support vector of calibration
sample; yi is the category of corresponding sample, whose value
range is [–1, 1]. ω is the normal vector of hyperplane; b is offset
vector. c is penalty factor. ξi is slack variable.

As two representative shallow learning methods, PLS-DA
and SVM are both widely employed in Vis-NIR qualitative
analysis. Both methods have their own characteristics of
spectral data processing, PLS-DA is suitable for processing
linear problems while SVM for nonlinear problems, but
these two methods can neither select feature variables. When
the data amount is large or the difference between spectral
data is small, PLS-DA and SVM show poor classification
performance and heavily rely on spectral data. Under such
circumstances, a combination of spectral pretreatment methods
and feature selection methods is necessary to obtain desirable
classification effect.

Deep learning method
Convolutional Neural Network (CNN) is one of the widely

studied deep learning algorithms with characteristics of local
connection, weight sharing and down-sampling (26). The
traditional CNN model is mainly composed of convolution
layer, pooling layer and full connection layer. The convolutional
layer extracts the features of the local sensing domain through

the convolution kernel and non-linear transformation, and uses
the activation function to filter the extracted features, thus
effectively extracting the features of the input image while
avoiding the problem of insufficient linear computing ability.
Pooling layer, also known as sampling layer, down sampling
the feature map according to rules, and reduces the dimension
of the feature quantity after convolution in order to lessen the
number of parameters and computation inside CNN and inhibit
the network over-fitting at the same time. As the output layer,
the full connection layer can not only connect the neurons of
the upper and lower layers, but also output the weight score
of each category through the activation function to obtain the
final classification results. The traditional CNN model pays little
attention to the extracted key features, so part of the noise
information is retained and part of the key features are lost
during feature transmission, which has a great influence on
the model results (27). In view of the shortcomings of the
traditional CNN model, the paper exerts more attention on the
key features in the spectrum by using attention mechanism, so
as to improve its ability of capturing key feature information
and thus improve the recognition rate of the model for insect-
affected Yali pears.

The structure of CBAM module is shown in Figure 4.
Convolutional Block Attention Module-Convolutional Neural
Networks (CBAM-CNN) adds the CBAM attention module to
the original CNN model which makes the original CNN network
have characteristic attention and improves the classification
accuracy of the model. The CBAM module is an integrated
module combining the Chanel Attention Module and the Spatial
Attention Module, which can adaptively focus on the regions
with obvious changes of feature points in the spectral matrix
(28). Compared with a single attention module, the CBAM
module can adaptively focus on “where are the important
features” in the space relations and “which features are more
important” in the channel relations, so that spectral features
after a series of convolution can get more attention in CBAM
module, and the corresponding weight information can be
obtained in the full connection layer, so as to optimize the
classification results.

Research procedures

For the collected spectral data, this paper has realized
the identification of insect-affected pears in three steps. The
flowchart of the research method is shown in Figure 5. The first
step, the necessary spectral pretreatment is a key step to reduce
spectral noise. This step in this paper is realized by the SGS, SS,
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FIGURE 4

Convolutional block attention module (CBAM): (A) Channel attention module, (B) spatial attention module.

FIGURE 5

Research method flowchart.

MMN, and SNV methods. The second step, the optimization
of feature variables is also an important step to improve the
recognition rate. It has selected out more representative spectral
bands in the entire spectrum. This step in this paper has been
achieved by using the CARS method. In the third step, the
choice of classifier also affect the recognition results. Three
different classifiers are selected in this paper, including PLS-DA,
SVM shallow learning models and CBAM-CNN deep learning

model. For the CBAM-CNN deep learning model, its structural
parameters are relatively complex than those of the shallow
learning model. The CBAM-CNN model mainly consists of
three parts, spectral data reading and conversion, feature
extraction from convolution pooling and CBAM modules, and
output model recognition results. Through three steps, the final
Yali pear recognition category is obtained, and the optimal Yali
pear recognition model is found.
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Evaluation indexes of models

In this paper, classification accuracy (Accuracy),
classification accuracy of healthy pears (RH) and classification
accuracy of insect-affected pears (RB) were used to
comprehensively evaluate the prediction accuracy of the
model. When the accuracy, RH, and RB values are closer to
100%, the classification performance is better. The evaluation
indexes can be calculated according to the following Formulas
(3–4).

Accuracy =
(

1−
He + Be
H + B

)
× 100% (3)

RH =
(

1−
He

H

)
× 100% (4)

RB =
(

1−
Be
B

)
× 100% (5)

Where, H is the total number of healthy pears; B is the total
number of insect-affected pears; He is the number of healthy
pears misclassified as insect-affected pears; Be is the number of
insect-affected pears misclassified as healthy pears.

Results and analysis

Visible-near-infrared spectral analysis
of healthy pears and insect-affected
pears

The Vis-NIR spectra of Yali pears are shown in Figure 6A, in
which each curve represents an individual Yali pears sample. It
can be seen that the spectra of healthy pears and insect-affected
pears are highly similar, and it is difficult to distinguish the
spectral curves of the two categories. Five spectra were randomly

selected from each category of sample spectra (as shown in
Figure 6B). From the randomly selected 10 spectra of Yali pears,
it can be seen that the spectra of healthy pears and insect-affected
pears present obvious absorption peaks at the range of 691–
798 nm, which is due to the information of color and pigment
analysis (such as chlorophyll) of Yali pears in the spectral range
of 400–750 nm, and the information of macro components
(such as water and carbohydrate) of Yali pears in the spectral
range of 750–2500 nm (29). From the spectral curves of healthy
Yali pears and insect-affected pears, it can be seen that there
is a phenomenon of spectral mixing between the two, and the
clear threshold segmentation line cannot be found. Therefore,
it is difficult to distinguish from the spectral figure whether Yali
pears are damaged by insect-affected or not.

The spatial distribution of two kinds of pear samples in
calibration set is analyzed by T-distributed Stochastic Neighbor
Embedding (T-SNE) method. The T-SNE method is a nonlinear
data-driven tool for dimension-reduction and visualization,
which shows better performance in data visualization compared
with other tools (30). The feature visualization of T-SNE method
is shown in Figure 7. It can be seen from the figure that
the spectral spatial distribution of healthy pears and insect-
affected pears are intertwined, indicating that the T-SNE method
cannot visually distinguish the spatial distribution of healthy
pear samples and insect-affected pear samples. Hence, it is
necessary to further explore the effectiveness of supervised
pattern recognition in the identification of insect-affected
Yali pears.

In view of the large amount of spectral data of Yali pears
and the redundancy and overlap of spectral information, the
CARS algorithm is used to select feature variables to reduce
the high collinearity between spectral variables. Through each
adaptive weighted sampling, the variables with larger absolute
weight of regression coefficients in PLS model are retained as
new subsets and the variables with smaller weight are removed.

FIGURE 6

Vis-NIR spectra of healthy pears and insect-affected pears (A) original Vis-NIR spectra, (B) spectra of some samples.
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FIGURE 7

Feature visualization of healthy pears and insect-affected pears.

In the algorithm implementation of the CARS method, the
range of Monte Carlo randomness is 20–50, the sampling step
is 1, and the sampling ratio is between 0.2 and 0.8. When the
sampling times are 27 and the sampling rate is 0.8, the RMSECV
is the minimum value of 0.33. After CARS screening, a total of
70 wavelength variables were selected, and the combination of
wavelength variables selected at this time has the best effect. The
distribution of feature spectral variables of Yali pears selected
by CARS method is shown in Figure 8. It can be observed that
wavelength points are mainly concentrated at the range of 450–
550, 740–800, and 810–980 nm, which contain the main spectral
information of Yali pears.

Analysis on partial least squares
discriminant analysis discrimination
model of insect-affected Yali pears

The selection of the number of principal factors is the key
to establish the model of Yali pears using the PLS-DA method.
The leave-one-out cross validation is used to determine the
optimal main factor number of the model, and the Accuracy
and RMSECV of calibration set generated in the PLS model
are calculated. The number of factors corresponding to the
minimum RMSECV is selected as the optimal number of factors.
The calibration results of different pretreatment methods and
CARS modeling variable optimization methods combined with
PLS-DA model are shown in Table 2.

It can be seen from Table 2 that before the CARS method
feature variables are optimized, SS pretreatment method shows

better classification results in the calibration set, with an
accuracy of 86.46%. However, the classification results obtained
by MMN and SNV pretreatment methods are not as good as
the original spectral classification results, indicating that these
two pretreatment methods are not suitable for the original
spectral data. After the optimization of the CARS method
feature variables, the number of features become less and
the high collinearity among spectral bands is reduced, so the
classification results of original data and processed spectra by
pretreatment methods are both improved. The SS pretreatment
method still shows good classification results in calibration
set, with the accuracy of 87.37% and the number of selected
principal factors of 15. In conclusion, the modeling effect of
PLS-DA is better after being pretreated by the SS-CARS method.

Analysis on support vector machine
discrimination model of
insect-affected Yali pears

The Grid Search (GS) is used to optimize the kernel
function, c and g of the SVM model to achieve the
optimal classification result. The calibration results of different
pretreatment methods and the CARS method feature variable
optimization methods combined with SVM model are shown in
Table 3.

It can be seen from Table 3 that before the optimization
of the CARS method feature variables, the SNV pretreatment
method shows good classification results in the calibration
set, with an accuracy of 87.89%. The SGS, MMN, and SS
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FIGURE 8

Distribution of feature spectral variables for Yali pears selected by CARS method.

TABLE 2 Calibration results of PLS-DA models based on different pretreatment methods and modeling variables.

Modeling variables Pretreatment Accuracy/% RH/% RB/%

All variables None 80.73 88.98 66.89

SGS 84.89 88.68 79.00

MMN 76.43 85.47 62.33

SS 86.46 89.32 82.00

SNV 71.88 82.05 56.00

Selected variables None 82.81 86.567 76.92

SGS 85.42 88.46 80.67

MMN 80.08 84.61 73.00

SS 87.37 90.39 82.67

SNV 73.18 82.27 59.00

pretreatment methods have improved the original spectral
method, and the accuracy rate increases from 75% to more than
80%. After the optimization of the CARS method characteristic
variables, the SS and SNV pretreatment methods show good
classification results, with an accuracy of over 90%. The SNV
pretreatment method presents the best classification results,
with an accuracy of 92.06%, in this case, the selected kernel
function is RBF, c is 50, and g is 3. In conclusion, the
modeling effect of the SVM is better after the SNV-CARS
pretreatment method.

Analysis on convolutional block
attention module-convolutional neural
networks discrimination model of
insect-affected Yali pears

Since the input data type of the CBAM-CNN model is
two-dimensional image data while the original spectral data

is one-dimensional data, so before the CBAM-CNN modeling
process, it is necessary to transform one-dimensional data into
two-dimensional image matrix and input the model in the
form of image matrix. In the process of two-dimensional image
matrix transformation, it is necessary to intercept the fixed
length vector from front to back, stack the intercepted vector
according to the line, and stack all the vectors in turn to form
a two-dimensional image matrix. In this paper, 1,024 waveband
points in the whole waveband are selected, and a row vector is
formed by 32 waveband points in each row to evenly separate
the whole waveband. Finally, the formed row vectors are stacked
to create a 32 × 32 two-dimensional spectral matrix, and the
visualization of the two-dimensional spectral matrix is shown in
Figure 9.

The structure of CBAM-CNN model is shown in Figure 10.
In the construction of online Yali pear model through CBAM-
CNN, convolutional layer, batch normalization (BN) layer,
maxpooling layer, flattening layer and full connection layer
are used. First, the network first carries out two-dimensional
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spectral matrix conversion, spectral pretreatment and feature
variable optimization of spectral data. Second, the optimized
two-dimensional spectral matrix is input into the model. The
model first extracts the characteristics from the spectral matrix
through the convolution layer, and then adds the maxpooling
layer after each convolution layer to remove redundant
information by down-sampling. Third, the convergence rate of
the model training is accelerated by BN layer to prevent gradient
explosion; the flattening layer compresses the output features
from the pooling layer to compress the two-dimensional feature
data into one-dimensional features. Last, the category with the
largest weight score is output by Sigmoid activation function as
the final model classification results.

In the network structure of the CBAM-CNN model, the BN
layer is added to solve the problem of gradient disappearance
and accelerate the convergence speed of the network, which has
a certain regularization effect. Since there has some over-fitting
of the network during training, L2 regularization term is added
to limit weight information, and the Dropout layer is added

to randomly shut down 20% of the neurons. In the setting of
hyperparameters, Relu activation function and Adam optimizer
are used to automatically reduce the learning rate. The initial
learning rate is 0.001. The loss value doesn’t decrease every two
times during training, the learning rate decays to 0.1 times of
the previous time, with 50 batches and 300 epochs in total.
The calibration results of different pretreatment methods and
CARS feature variable optimization methods combined with
CBAM-CNN model are shown in Table 4.

It can be seen from Table 4 that the SGS pretreatment
method shows the best classification result in the calibration
set without the optimization of CARS feature variables, with
an accuracy of 96.88%. The MMN, SS, and SNV pretreatment
methods all present better accuracy than the original spectral
method. After the optimization of CARS feature variables, the
MMN pretreatment method shows good classification results,
with an accuracy of 87.76%; but the overall classification results
are poorer than those before the selection of CARS feature
variables. The reason behind worse classification results is that

TABLE 3 Calibration results of SVM models based on different pretreatment methods and modeling variables.

Modeling variables Pretreatment Accuracy/% RH/% RB/%

All variables None 75.00 75.601 73.568

SGS 80.59 83.72 75.59

MMN 83.59 84.76 81.52

SS 84.51 84.42 84.67

SNV 87.89 86.69 90.27

Selected variables None 80.33 83.37 75.43

SGS 81.38 83.51 77.74

MMN 87.24 87.63 82.82

SS 90.88 92.16 88.85

SNV 92.06 90.95 94.10

FIGURE 9

Original spectra of Yali pears and the transformed two-dimensional spectral image (A) original spectra, (B) two-dimensional spectral image.
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FIGURE 10

Structure diagram of CBAM-CNN model.

TABLE 4 Calibration results of CBAM-CNN models based on different pretreatment methods and modeling variables.

Modeling variables Pretreatment Accuracy/% RH/% RB/%

All variables None 85.42 86.35 83.95

SGS 96.88 97.44 96.00

MMN 88.41 95.18 77.32

SS 94.53 95.65 92.63

SNV 90.62 92.97 87.68

Selected variables None 86.85 89.73 82.13

SGS 80.21 83.93 74.24

MMN 87.76 90.39 83.39

SS 83.33 93.97 65.51

SNV 75.39 77.99 71.13

although the nonlinear problem between spectral data reduced
after feature variables are selected by the CARS method, the
number of spectral data features also reduced, leading to the
insufficient feature quantity that can be learned by the deep
learning model.

The validity of CBAM module is verified by constructing
CNN model. During the construction of CNN model, the
network structure, hyperparameters and the optimization
scheme of spectral data of CNN model are consistent

with those of the CBAM-CNN model. The test verifies
that for the CNN model pretreated by SGS method, the
calibration accuracy, RH and RB reach 95.18, 96.15, and
93.67%, respectively. Compared with the CBAM-CNN model,
the accuracy decreases from 96.88 to 95.18%, indicating
that the CBAM-CNN model has more attention to key
feature points in spectral data than CNN model, thus
improving the classification effect of the model on the insect-
affected pears.
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Analysis on optimal model and
discrimination mechanism of
insect-affected Yali pears

The optimal results of PLS-DA model, SVM model
and CBAM-CNN model are selected to analyze the specific
classification of Yali pears in the validation set for each model,
as shown in Table 5.

It can be seen that there is a small amount of imbalance
in the spectral data of calibration set, resulting in more or less
classification bias in the classification of each model, that is, the
classification accuracy of the healthy pears (RH) is higher than
that of the insect-affected pears (RB).

As classified by the PLS-DA model, the accuracy of
validation set, RH, and RB are 90.63, 94.36, and 83.82%,
respectively. A total of 18 Yali pears are misclassified,
demonstrating that the classification results are average. The PLS
is sensitive to the difference between groups, but the difference
between spectral data groups of Yali pears in this experiment
is large, thus leading to the misclassification. As classified by
the SVM model, the accuracy of validation set, RH, and RB are
81.25, 92.74, and 60.29%, respectively. A total of 36 Yali pears
are misclassified, demonstrating that the classification results
are poor. Although the spectral data is pretreated, there is still
overlapping of data points aliasing, which cannot be separated
by a suitable hyperplane; besides, c and g obtained by the GS
method are not the optimal parameters.

As classified by the CBAM-CNN model, the accuracy of
validation set, RH, and RB are 92.71, 95.97, and 86.76%,
respectively. A total of 14 Yali pears are misclassified,
demonstrating that the classification results are the best.
Due to the increase of attention module in the network,
more attention is paid to the spectral characteristics in the
spatial dimension and channel, thereby reducing the impact
of unbalanced data. The misclassification of 14 pears results
from the similarity of two types of original spectral data,
and the difference between them fails to be amplified after
the pretreatment by SGS. But in general, the CBAM-CNN
model only pretreated by SGS shows better performance
than other models.

The validation set accuracy of the traditional shallow PLS-
DA learning model is 90.63%, and the prediction time of a
single pear is 0.018 s, which is relatively short. The validation
set accuracy of CBAM-CNN deep learning model is 92.71%,
and the prediction time of a single pear is 0.032 s, which takes
relatively long computation time. In the actual online sorting,
the detection time of a single pear is mainly calculated by
the integration time of the spectrometer and the prediction
time of the sample spectrum of the model. In this case, the
integration time is about 0.08 s and the prediction time is
0.032 s, so the total prediction time of a single pear is 0.112 s.
In the production line, a single fruit cup conveyed six pears per
second, and the average transmission time of a single fruit cup
is 0.167 s. The verification results show that the total predicted
time of a single pear is less than the transmission time of a
fruit cup, and the time difference meets the requirements of
online analysis.

Interpretation of convolutional block
attention module-convolutional neural
networks deep learning model

In this paper, the T-SNE method is adopted to visualize
the output features of CBAM-CNN model, so as to analyze
the data clustering of Yali pear samples by the model.
The Gradient-weighted Class Activation Mapping (Grad-
CAM) is used to visualize the attention area of CBAM
module, in a bid to locate the attention distribution in the
spectral features.

The visualization of output features by T-SNE is shown
in Figure 11. It can be observed that compared with the
visualization of original spectral data features in Figure 7, the
CBAM-CNN model has obvious classification effect for the
two types of spectral data, as there is only a small amount of
overlapping in the contact area rather than in the concentration
area of the two types.

The Grad-CAM method is used to generate class activation
mappings for localizing the portion of spectral features
displayed in the attention module. The feature heatmap is

TABLE 5 Classification results of the validation set samples by PLS-DA, SVM, and CBAM-CNN models.

Model Pretreatment Sample status n nc nw Accuracy (%) RH (%) RB (%) Prediction time(s)

PLS-DA SS-CARS Healthy 124 117 7 90.63 94.36 83.82 0.018

Insect-affected 68 57 11

SVM SNV-CARS Healthy 124 115 9 81.25 92.74 60.29 0.025

Insect-affected 68 41 27

CBAM-CNN SGS Healthy 124 119 5 92.71 95.97 86.76 0.032

Insect-affected 68 59 9

an: Number of samples in the validation set.
bnc : Correct classification.
cnw : Wrong classification.
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FIGURE 11

Visualization of output features by T-SNE: (A) Calibration set features distribution, (B) validation set features distribution.

FIGURE 12

Visualization of Grad-CAM attention area: (A) Original spectra, (B) original spectral matrix image, (C) attention area spectral image.

superimposed with the original image, which further shows the
localization of some regions in the image by the network, and
more intuitively explains the learning ability of the network

(31). The color bar in the figure indicates the grading weight;
as the color changes gradually from blue to red, and the
corresponding weight value also increases. The larger the weight
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value, the stronger the ability of the model to learn features.
The visualization of the attention area of Grad-CAM is shown
in Figure 12. The highlight part in Figure 12B corresponds to
the waveband at 548–875 nm in Figure 12A, which contains
the entire wave peak of the spectrum region and is more
representative.

The localization of the attention area of spectral matrix
image by CBAM module is shown in Figure 12C. It can be
seen that the attention modules can effectively pay attention
to the wavebands corresponding to wave peaks tending to rise
or fall in Figure 12A of the original spectral image (solid
red line-box area), and the wavebands at 450–550, 740–800,
and 810–980 nm optimally selected by CARS (yellow dotted
line-box area). Besides, the highlight part and the optimally
selected wavebands are given more red bands with high weight
values, and targeted learning has been carried out.

Through the visualization analysis of the optimal model
and feature, it can be seen that the classification of the deep
learning model after spectral pretreatment on Yali pear pests is
better than that of the shallow learning model after pretreatment
and CARS feature variables optimization. The deep learning
model itself can automatically extract features and learn, and use
activate functions, attention mechanism and pooling layer, thus
realizing the dual role of feature extraction and feature variable
selection of spectral data. Therefore, the CBAM-CNN deep
learning model shows better performance in discriminating
insect-affected Yali pears than the PLS-DA and SVM shallow
learning models.

Conclusion

This paper proposes a non-destructive, rapid and online
method to detect internal defects of Yali pears based on Vis-
NIR, in order to rapidly find out the recessive insect-affected
Yali pears during commercial sorting. Different pretreatment
methods have been adopted in combination with CARS feature
variables optimization to establish the PLS-DA and SVM
shallow learning models and the CBAM-CNN deep learning
model for online discrimination. The T-SNE and Grad-CAM
are used to cluster the output characteristics of the model
and visualize the attention area. The experimental results
show that the recognition accuracy of PLS-DA and SVM
shallow learning online discriminant model improved and is
improved to more than 80% after spectral pretreatment and
CARS feature variables optimization. The online discriminant
model established based on spectra pretreated by SGS combined
with CBAM-CNN deep learning method shows the best
performance, the accuracy of calibration set and validation set
is 96.88 and 92.71%, respectively, and the prediction time of
single Yali pear is 0.032 s. Compared with shallow learning
method, the deep learning method makes full use of the
its autonomous feature extraction and learning ability, thus

simplifying the modeling process and obtaining good feature
clustering and attention areas of the models. The Vis-NIR model
proposed in this paper meets the requirements of accuracy
and time for online detection; Hence, it can be applied to
detect insect-affected Yali pears during commercial sorting in
the coming future.
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Food and beverage companies reformulate packaged foods and to better

align their products with public health policies and evolving consumer needs.

The nutritional quality of packaged foodscan be tracked using nutrient

profiling methods. The present study compared the nutritional quality of

packaged foods launched globally between 2016 and 2018 and those

launched in 2018–2020, as reported in the Mintel Global New Products

Database. Nutrient profiling analyses showed that the nutrient composition

of product categories shifted for almost 40% of newly launched products

between 2016–2018 and 2018–2020. For example, pizzas that had been

assigned to one nutritionally homogenous category in 2016–2018 separated

in two nutritionally distinct subgroups in 2018–2020. The new products that

were reduced in protein, saturated fat, and sodium were now nutritionally

distinct from the traditional pizza offer. By 2018–2020 “best of category”

products were significantly lower in sugar and sodium than before; however,

no clear trend was observed for saturated fats, proteins, or fibers. The relative

speed of product reformulation was category specific. This analysis of the

Mintel Global New Products Database suggests that the WHO nutritional

recommendations focusing on sugar and sodium reduction did have a

positive impact on the composition of new packaged foods, whether through

reformulation of existing products, launches of line extensions or new

product development.

KEYWORDS

Mintel Global New Products Database, nutrient profiling, food supply, packaged food,
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Introduction

The World Health Organization has urged food companies
to lower the fat, sugar, and salt content of packaged foods
(1), but it is not easy to evaluate the global impact of
these recommendations on the evolution of the nutritional
quality of packaged foods. This impact can be tracked
using the Mintel Global New Products database, which lists,
annually, more than 130,000 newly launched products
in 86 countries along with their energy and nutrient
content. Mintel product categories are linked to product
manufacturing and marketing and are commonly used
by food and beverage industries because they provide an
actionable and up-to-date representation of the global food
supply (2).

The present objective was to monitor the changes in
the nutrient content of the global food supply, as tracked
by Mintel, during two time periods: 2016–2018 and 2018–
2020. The present method was based on nutrient profiling
of product categories. Food manufacturers use nutrient
profiling models that rank or classify foods based on their
energy and nutrient content to continuously reformulate
existing products and to set nutrition targets for line
extensions and product innovation (3). While many nutrient
profiling models are across-the-board (4), food manufacturers
prefer to use nutrient profiling models that are category-
specific and better correspond to product lines (5). One
problem with those food category assignments that are
driven by marketing or product positioning is that they
can include foods that are very heterogeneous from the
nutrition standpoint. Breakfast cereals or pizza can be of
variable nutrient density. To overcome this problem, we have
developed a new methodology (6) to disaggregate marketing
categories into product subgroups or “classes” that were
more nutritionally homogeneous. That procedure was used
to set reformulation targets for new products that were
comparable to those that in 2016-18 were judged to be “best of
class” (6).

Analyses of emerging packaged foods can inform
reformulation and innovation efforts by the food industry.
First, monitoring nutrient composition of new product
launches is one way to identify the most common reformulation
targets. Such analyses can provide additional insights as to
the emergence of new product categories that are distinct
from the more traditional products on offer. Second, given
the global nature of Mintel data, such analyses can help
determine whether product reformulation is occurring
globally and whether it affects multiple product categories.
Third, the present study explored whether consumers
were effectively informed about the observed evolutions
through changes on a category specific front-of-pack
labeling system.

Materials and methods

The present model relies on three algorithms to analyze
the distributions of five public health sensitive nutrients—
total sugars, total sodium, and saturated fat along with protein
and fiber (7)—that were recently developed and discussed
in detail (6). The first algorithm identified which of the
five considered nutrients were relevant for each category; a
nutrient was considered category-relevant if more than half
of the products within this category had a declared nutrient
content with a value that exceeded the “low in” or the
“source of” limit. The second algorithm identified nutritionally
homogeneous subcategories by analyzing the distribution
modes of the category relevant nutrients. The third algorithm
used a multivariate percentile approach to derive subcategory
specific nutrient targets.

The Mintel Global New Products Database for the period
2016–2018, lists 416,706 packaged foods. Based on their nutrient
content, products with relevant labeled information can be
analyzed and portioned into 292 nutritional homogeneous
subcategories. For the full 3-year period 2018–2020, the Mintel
Global New Products Database lists 397,958 products that
can be split into 288 nutritional subcategories. In a previous
study, we used 350,994 products for 263 subcategories, but
the 3 years period was truncated to 30 months instead
of 36 (6).

Data for these two 3-year periods—with a 1-year overlap—
were analyzed to identify both the structural changes of the
categorization and the nutritional changes within categories.
Since both sugars and sodium have been targeted by global
reduction campaigns around the world (8), special attention
was given to categories such as yogurts that significantly
contribute to sugar intakes (9), as well as noodles and pizzas
that are highly consumed all around the world (10) and
that significantly contribute to sodium intakes (11, 12). Bread
and cheese were among categories featuring large numbers of
launched products.

Additional algorithms were developed to assess the
evolution of both the food supply category structure and
the targets within nutritionally homogenous subcategories.
These algorithms are introduced through examples to make
them most intuitive.

Partition-matching algorithm to assess
the structural evolution of nutritional
categories

When applying the model on both considered periods,
it appears that Mintel categories such as “Bread and Bread
Products” or “Hard Cheese and Semi-Hard Cheese” do not
require any further subcategorization. Although featuring
products that cover a wide range in terms of sodium and protein,
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their distributions are unimodal and therefore reveal that they
belong to one homogeneous nutritional category. For such cases,
the structure remains stable.

Similarly, the Mintel category “Pizzas” is nutritionally
homogeneous in 2016–2018 but the protein distribution
appears to become bimodal in 2018–2020, indicating that
two nutritionally different pizza subcategories have emerged.
On the contrary, the Mintel category “Plant Based Spoonable
Yogurts” moved from two sugar modes in 2016–2018 to
one homogeneous category in 2018–2020. These examples
are simple cases of structural evolution with only one
category in either one of the two periods considered
for the evolution.

For Mintel categories such as “Spoonable yogurts” and
“Instant Noodles” with, respectively, two and four nutritionally
homogeneous subcategories in both 2016–2018 and 2018–2020,
the structural evolution can only be assessed if being able to
match the two partitions of subcategories. For doing so, since
the two periods were overlapping 1 year, it was possible to
develop a simple partition matching algorithm. To illustrate
this algorithm, the example of “Instant Noodles” is displayed
(Table 1). As a first (A), the number of products launched
in 2018—the year that is common to the two considered
periods—is cross-tabulated across the two partitions. As a
second (B), the proportional distribution of each old category
(2016-18) across the new categories (2018–2020) is calculated.
Finally, the algorithm matches any new category with the
old category for which its prevalence was highest. In this
example, New.1 is matched with Old.1, because prevalence
of New.1 was 84% in Old.1 and 0% elsewhere; New.2 is
matched to Old.2, because prevalence of New.2 was 35% in
Old.2 and lower elsewhere; similarly New.3 is matched with
Old.3 and New.4 is matched with Old.4. If the prevalence
for a new category was the same in two old categories, the
new category was matched with the larger of the two old
categories. This method ensures that each new category is
matched to a unique old category. In cases an old category
is not matched with a new category, the algorithm is simply
reversed.

Weighted-average algorithm to assess
the evolution of nutrient quality

For all nutritionally homogenous subcategories that can
be matched one to one over the two periods, the comparison
of thresholds between the two periods is straightforward. It
can be expressed as a relative improvement for reduction of
disqualifying nutrients and increase of qualifying nutrients.
Results focus on relative changes larger than 5% to account
for the evolutions having highest nutritional impact. This
threshold of 5% could naturally be adapted to match
alternative objectives, but due to the limited number of

TABLE 1 Total of 1,476 products in Mintel category “Instant
Noodles” in 2018.

New.1 New.2 New.3 New.4 New.Sum

(A)

Old.1 228 27 13 4 272

Old.2 0 159 0 292 451

Old.3 0 0 27 6 33

Old.4 0 0 0 720 720

Old.Sum 228 186 40 1,022 1,476

(B)

Old.1 84 10 5 1 100

Old.2 0 35 0 65 100

Old.3 0 0 82 18 100

Old.4 0 0 0 100 100

Split into four nutritionally distinctive subcategories for both periods 2016–2018
(Old) and 2018–2020 (New) with (A) cross-tabulation of the two partitions and (B)
Proportional distribution of each old category across all new categories. Underlined
values represent the old category in which prevalence of new category is the highest.

products in certain categories, smaller changes should be
considered with caution.

For a case like pizza that matches one subcategory of 2016–
2018 with two subcategories of 2018–2020, the comparison of
thresholds is performed after averaging the thresholds of the two
categories using a weighted average approach, with the weights
given by the number of products in each of the two subcategories
(Table 2).

Assessing health star rating evolution
within Mintel categories

To compare the launches of 2016–2018 with those of
2018–2020 in a more direct and holistic way, the Health
Star Rating (HSR) of all launched products was estimated
(13). Since this estimation relies on complete labels, the
estimate could only be done for less than 90% of all products
considered previously.

Among other widely recognized front-of-pack labeling
systems, HSR was selected because it was designed to enable
an easy and standardized comparison of packaged foods. It
differentiates nutritional quality within and between categories,
is publicly available and gives a holistic view of the nutritional
quality of the product. It is based on a scoring algorithm
that deducts points for disqualifying nutrients (overall energy,
sodium, total sugar, and saturated fat) and adds points for
qualifying nutrients and ingredients (protein, fiber, and fruit and
vegetables). These scores are converted to a “Health Star Rating”
between 1/2 to 5 stars. This rating scale featuring 10 levels
allows to discriminate products more than other systems that
rely on less levels. HSR has therefore been chosen to increase the
chances to observe changes, but any other front-of-pack labeling
system could have been used.
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TABLE 2 Total of 4,025 products in Mintel category “Pizzas” for the period 2018-20, with nutritional thresholds for the two nutritionally
homogenous subcategories and their weighted average (e.g., Mean Sodium threshold = 592 mg/100 g = (572*2,831 + 640*1,194)/4,025), and
comparison with the thresholds of the 3928 pizzas of 2016–18.

N Sfa (g/100 g) Sodium (mg/100 g) Protein (g/100 g)

Pizzas 2018–2020 (1) 2,831 4.6 572 8.0

Pizzas 2018–2020 (2) 1,194 6.2 640 11.6

Pizzas 2018–2020 (weight. Av.) 4,025 5.1 592 9.1

Pizzas 2016–2018 3928 5.0 600 8.8

Relative improvement −2% +1% +3%

The average HSR ratings of each Mintel category was
calculated and compared between the two periods of time.

Results

Structural evolution of nutritional
categories between 2016 and 2020

The partition matching algorithm yields three cases: (1) a
single subcategory in 2016-18 matching a unique one in 2018–
2020, (2) two or more subcategories merging into one, and (3)
a single subcategory splitting into two or more smaller ones
(Figure 1).

As a result, 62% products launched in 2018–2020 belong
to a subcategory that remained stable between 2016–2018.
The structure of the global Mintel categories “Sugar and
Gum Confectionery,” “Juice Drinks,” “Carbonated Soft
Drinks,” “Soup,” “RTDs,” and “Dairy Hot Beverages” remained
completely stable.

Moreover, 22% products launched in 2018–2020 belong
to a subcategory that merged two or more subcategories
since 2016–2018, indicating that the competitive landscape
became more homogeneous in terms of nutritional quality; this
tendency is strongest, with more than 40%, for the three global
Mintel categories “Chocolate Confectionery,” “Meals and Meals
Centers,” and “Processed Fish, Meat and Egg.”

Finally, 16% products launched in 2018–2020 belong to a
subcategory that split from a subcategory that was larger 2 years
before. This tendency is strongest, with more than 20%, for the
three global Mintel categories “Bakery,” “Snacks,” and “Desserts
and Ice-Cream.”

Evolution of nutrient thresholds within
subcategories between 2016 and 2020

Between 2016 and 2020, 83% of all products belong to
subcategories for which the total sugars threshold did not evolve
by more than 5%. It improved for 13% and was relaxed in
only 4%, leading to a positive difference of 9% (Figure 1).

This difference is + 75% in “Dairy Hot Beverages,” + 51% in
“Breakfast Cereals,” + 46% in “RTDs,” + 27% in “Bakery,” + 21%
in “Dairy,” + 16% in “Other Beverages” and + 11% in “Sugar and
Gum Confectionery.” The difference is negative for “Snacks” (-
14%). No evolution is observed for categories such as “Meals and
Meal Centers,” “Side Dishes,” “Processed Fish, Meat and Egg” or
“Soups” for which sugar is not a category-relevant nutrient.

For sodium, the threshold improved for 12% and was
relaxed in 8%, leading to a positive difference of + 4%. This
difference is + 25% in “Savory Spreads,” +24% in “Breakfast
Cereals,” + 17% in “Bakery,” + 11% in “Dairy,” + 9% in “Side
Dishes” and + 5% in “Sauces and Seasonings.” The difference is
negative for “Meals and Meal Centers” (-15%). However, 15%
products being assessed vs. stricter thresholds are products with
an average of more than 1300 mg/100 g, whereas the 30% of food
products being assessed vs. more relaxed thresholds are products
with an average of less than 430 mg/100 g.

For saturated fat, protein and fibers, no global overall trend
is observed, but in some categories, interesting patterns are
observed with noticeable efforts to reduce saturated fat in
“Snacks” and “Processed Fish, Meat and Egg” or to increase
proteins in categories such as “Breakfast Cereals,” “Side Dishes,”
“Bakery,” “Other Beverages” and “Dairy” or fibers in “Snacks.”

Evolution of structure and nutrient
threshold in selected categories

Results for selected categories focus on total sugars and
sodium because no noticeable evolution could be observed
for the other nutrients in these categories (Figure 2). The
Mintel category “Spoonable Yogurts” featured two nutritionally
homogenous subcategories both in 2016–2018 and 2018–2020:
the first with higher thresholds in total sugars and saturated
fat than the other. An improvement was observed for both
subcategories with a decrease of the total sugar threshold of
4% for the first and of 16% for the second subcategory moving
from 9.0 to 7.6 g/100 g. The two subcategories that constituted
“Plant Based Spoonable Yogurts” merged into one homogenous
category with a total sugar threshold that was decreased from 7.7
to 6.5 g/100 g (16% improvement).
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FIGURE 1

Percentage of products belonging to a nutritionally homogeneous subcategory in 2018–2020 that either merged two or more subcategories of
2016–2018 or that split from a larger category. For each nutrient, percentage of products belonging to a subcategory for which the nutrient
threshold improved by at least 5% (green) or was relaxed by at least 5% (orange) between 2016–2018 and 2018–2020.

FIGURE 2

Ten selected nutritionally homogeneous subcategories, type of structural changes between 2016 and 2020, Number of products N1 for
2016–2018 and N2 for 2018–2020, sugar content (g/100 g) and sodium content (mg/100 g) and relative improvement between the two periods
as bar charts.

FIGURE 3

Six selected Mintel categories, Number of products N1 for 2016–2018 and N2 for 2018–2020, mean HSR points for total sugar and sodium,
mean HSR, and relative improvement between the two periods as bar charts.

No significant evolution in structure or quality was observed
for “Hard Cheese and Semi-Hard Cheese” and “Bread and
Bread Products.” The single Pizzas category of 2016–2018 split
into two subcategories in 2018–2020 (Table 2). Indeed, the

distribution of protein content of Pizzas category which was
unimodal in 2016–2018 and ranged from 0 g/100 g to 23.1
g/100 g, became bimodal in 2018–2020 with one mode at 9.8
g/100 g and one at 12.4 g/100 g, and a split between the two
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modes at 11.1 g/100 g. The two subcategories of 2018–2020 have
significantly different content of protein (45%), saturated fat
(35%), and sodium (12%). However, when comparing globally
the “pizza” category between the two time periods, none of these
nutrients changed by more than 5%.

For “Instant Noodles,” the structure did not change with
four nutritionally homogenous subcategories. Interestingly, for
all four subcategories, the sodium threshold improved between
9% (for low sodium noodles) to 19–33% for the three other
subcategories (higher sodium).

Evolution of health star rating in
selected categories

Overall, HSR scores and ratings could be estimated for less
than 90% of products, due to incomplete nutritional declaration.
For the previously selected categories, there was no such issue
since HSR could be estimated for more than 98% products.
Overall, the findings on total sugar and sodium improvements
derived from HSR ratings are well aligned with those derived
from the threshold method (Figure 3).

For total sugars, mean HSR scores show that total sugars
have decreased by respectively 10 and 11% for “Spoonable
Yogurts” and “Plant Based Yogurts.” Furthermore, this decrease
was even 30% for “Instant Noodles”; this latter decrease was not
identified by the threshold method, simply because total sugars
is not a category-relevant nutrient.

For sodium, the only significant improvement in mean HSR
scores is observed for “Instant Noodles” with a 14% decrease.
This is overall aligned with the mean evolution of the thresholds
but lacks the granularity that could be observed for the different
“Instant Noodle” subcategories.

Finally, in terms of mean HSR rating, no significant
evolution could be observed. Mean HSR rating remained stable
with 3.4 stars for “Plant Based Spoonable Yogurts,” 3.35 stars
for “Hard Cheese and Semi-Hard Cheese,” 3.30 stars for “Bread
and Bread Products,” 2.85 stars for “Pizzas” and 1.50 for “Instant
Noodles.” For “Spoonable Yogurt,” the 11% decrease in total
sugars was sufficient to yield a 3% increase in the mean HSR
rating, moving from 3.75 to 3.85 stars. At the other end, “Instant
Noodles,” although decreasing sodium by 14% was not yielding
an increased mean HSR rating.

Discussion

The present analyses confirm the effect of WHO nutritional
recommendations to reduce sugar and sodium in packaged
foods. Compared to year 2016, by 2020, the “best of class”
products were overall significantly lower in both sugar and
sodium. By contrast, no clear trend could be observed for the
reduction in saturated fats, or for any increase in protein, or fiber

content of food. Those too are among the targets for product
reformulation by the food industry. To our knowledge this work
is the first one to monitor the changing nutrient composition of
the global packaged food supply. Many other studies have either
focused on specific countries (14) or single nutrients such as
sugar (15) or sodium (16).

Further, product categories identified in 2016 were not the
same as product categories identified in 2020. The nutrient
content of foods in nutritionally homogeneous categories
evolved for more than one third of the products. Each of the
292 nutritionally homogeneous categories of 2016–2018 could
be matched with one of the 288 categories of 2018–2020. This
matching showed that between 2016 and 2020, both the category
structure and the quality within categories evolved noticeably.
Thus, the profiling system previously developed to effectively
guide product reformulation enables one to determine category-
specific nutrient thresholds applicable at one time point, and,
when combined with a partition matching algorithm, to monitor
the qualitative and quantitative changes in the manufactured
food supply over the years.

Monitoring new product launches can be used to track
the appearance, or disappearance, of food products on offer
and to assess their nutritional quality. The Pizza category that
was unique and homogeneous in 2016–2018 evolved into two
subcategories with distinctive nutrient profiles between 2018
and 2020. The two categories were identified through a bimodal
distribution of protein, but their content of saturated fat and
sodium were also significantly different. This is because meat
and cheese content of pizzas simultaneously affect protein,
sodium and saturated fat. The newly emerging pizza category
contained less nutrients of public health concern, reflecting
perhaps current trends toward improved nutrition. Since Mintel
does not report the volumes or sales of new launches, how
consumers reacted to the changes in products offering is
not known. Further study could aim looking at evolution of
packaged food supply on a longer time, to detect lasting trends in
product food offering which have been accepted by consumers.

The new pizza category may have been the result of
reformulation or new product entries (17). Emerging new
categories were also observed for “Bakery,” “Snacks,” and
“Desserts and Ice-Cream,” suggesting that those categories
were also targets for reformulation and for improving nutrient
density. On the other hand, Plant Based Spoonable Yogurts
were split into two categories in 2016–2018, based on sugar
content. Two years later, Plant Based Spoonable Yogurts became
a single category with a sugar content that was uniformly
low. For confectionery and snacks, tracking shifts in category
membership is especially difficult. Such products can contain
multiple ingredients and can be of highly variable nutritional
value, making it difficult to detect changes over time.

For the most part, product categories remained stable
between 2016 and 2020. New product categories were
characterized by less total sugars and less sodium. Both dairy
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yogurts and their plant-based alternatives’ sugar thresholds
decreased by 15%, a trend observed for almost one fourth
of dairy products, and sodium thresholds dropped for 12%
of 2018–2020 new launches. A cut in sodium and sugars
was observed mostly in categories where levels were high,
respectively, more than 1350 mg/100 g and 20 g/100 g, showing
that reduction efforts focus on the subcategories where it
matters most, while not stopping the effort even in the more
healthful subcategories. This analysis is therefore reflecting
the consequences of major WHO nutritional policies of the
past decade (18) and its implementation by countries (19, 20)
and efforts by food manufacturers (21–24) who focused on
categories were the contents were critical. The changes for
unsaturated fat, protein and fiber thresholds are less obvious
when looking at global new launches, however, significant
changes happened at category levels. More than 25% of dairy
products were assessed against stricter protein thresholds after 2
years, and more specifically soft, semi-soft and processed cheese,
which may reflect the recent trends for low fat and high protein
products (25) and consumers looking for help with weight
management (26).

Nutrient profiling of product categories provides a more
precise way to track changes in the global food supply when
compared to regional front-of-pack labeling system such as
HSR. Indeed, both methods showed a decrease in the sodium
content of Instant Noodles, and an absence of significant
variation in the nutritional quality of pizzas after 2 years. Yet
there was no improvements in HSR ratings. Moreover, the HSR
analysis did not catch the reduction of sugar threshold of low
sugar Spoonable Yogurts. The analysis herein demonstrates an
alternative approach to detect nutritional changes in packaged
food, which HSR might miss. This type of analysis may be
useful for future application to demonstrate, comprehensively,
the nutritional evolution of the food supply.

Conclusion

The present analysis of the Mintel Global New Product
Database shows that the nutrient content of packaged foods
significantly improved over a 5-year period (2016–2020).
As trajectories of change were category specific, targets for
reformulation should be periodically revisited to promote a

continuous improvement of the global packaged food supply.
Further analyses could apply this methodology to other product
nutrient composition databases and could include volumes and
sales data to assess, more accurately, the impact of WHO
recommendations and consumer trends on global consumption.
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The objective of this study was to use aquaphotomics and near-infrared (NIR)

spectroscopy to follow the changes in strawberries during cold storage in

the refrigerator with an electric field generator (supercooling fridge, SCF) and

without it (control fridge, CF). The NIR spectra of strawberries stored in these

refrigerators were collected over the course of 15 days using a portable mini

spectrometer and their weight was measured daily. The spectral data in the

region of the first overtone of water (1,300–1,600 nm) were analyzed using

aquaphotomics multivariate analysis. The results showed a decrease in weight

loss of strawberries, but the loss of weight was significantly lower in SCF,

compared to the CF. The reduction of weight loss due to exposure to an

electric field was comparable to the use of coatings. The aquaphotomics

analysis showed that the NIR spectra adequately captured changes in the

fruit over the storage period, and that it is possible to predict how long the

fruit spent in storage, regardless of the storage type. During aquaphotomics

analysis, 19 water absorbance bands were found to be consistently repeating

and to have importance for the description of changes in strawberries

during cold storage. These bands defined the water spectral pattern (WASP),

multidimensional biomarker that was used for the description of the state and

dynamics of water in strawberries during time spent in storage. Comparison

of WASPs of strawberries in CF and SCF showed that exposure to an electric

field leads to a delay in ripening by around 3 days. This was evidenced by

the increased amount of structural, strongly bound water and vapor-like

trapped water in the strawberries stored in SCF. This particular state of water in

strawberries stored in SCF was related to the hardening of the strawberry skin

and prevention of moisture loss, in agreement with the results of significantly

decreased weight loss.

KEYWORDS

strawberry, cold storage, aquaphotomics, near infrared spectroscopy, water, water
molecular structure, electric field (EF), monitoring
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Introduction

Strawberry is a well-known fruit consumed in both fresh
and processed forms, not only because of its unique taste and
fragrance but also its beneficial health properties. Strawberries
contain numerous nutrients, vitamins, and minerals and plenty
of compounds with biological effects, such as anthocyanins,
flavonoids, and phenolic acids, which are shown to have anti-
oxidative, anti-inflammatory, antihypertensive, anticancer, and
anti-neurodegenerative properties (1–3).

Strawberry is a non-climacteric fruit, one of the most
perishable ones, with a short post-harvest life, prone to
rapid spoilage, mechanical injury, softening, and infections
by several pathogens (2, 4), which necessitates special care
during transport and storage to maintain a stable supply
throughout the year. To slow down the metabolism and
reduce deterioration, immediately after harvesting and prior
to transport or storage, strawberries are cooled to 0◦C (5, 6),
followed by continuous storage at low-temperatures (0–4◦C)
(7) to control fruit respiration and extend the shelf-life which
is usually around 5 days (8). In addition to the prevalent
techniques of controlling decay, which are based on rapid
cooling after harvest and storage at low temperature, other
techniques are investigated to maintain quality, such as heat
treatment, smart packaging materials, edible coatings, modified
storage atmosphere, irradiation, and others (5, 8–19). All the
physical and chemical preservation techniques are aimed to
control the available oxygen and moisture transfer, thereby
decreasing the respiration and transpiration trend and reducing
weight loss, shrinkage, and microbial activity (13, 20, 21).

Packaging and coating benefits are, however, dependent on
consumers’ behavior, and several studies showed that a large
percentage of consumers (at least 50%, up to 89% in some
cases) remove the coating or open the package, not recognizing
that it has a function of preserving the food quality (22–24).
In addition, as several studies showed, most of the current
preservation strategies are money and time-consuming, while
fruit still experiences changes in color or flavor (14, 25–27).
The application of electromagnetic fields in cooling systems is
one of the novel strategies explored with the aim to develop
better storage conditions for agricultural products. Research
studies have shown that electromagnetic treatment helps the
biological systems activate their defensive reactions, leading to
an increase in the ability to repair the physical damages and
benefit preservation (28–32).

Most fruits, including strawberries, have high water content
per weight. In strawberries, about 90% of their weight is
water. Water is a strong absorber of light - it absorbs over
the entire electromagnetic spectrum, but in the near-infrared
(NIR) spectral region 700–2,500 nm, the absorbance of water,
especially compared to infrared light, is much smaller, making
spectroscopic characterization possible for samples with high
water content (33). Near-infrared (NIR) spectroscopy (NIRS)

is a widely used non-destructive method that allows the
acquisition of data without damaging the samples.

The primary features of the NIR spectrum of water, or
any sample with high water content, are two prominent
bands, called the first overtone of water and combination
band, with several smaller bands due to higher overtones
and combinations (34). Owing to the employment of many
chemometrics and data analysis techniques, it is now well-
recognized that these broad features are composed of many
specific water absorbance bands that can be assigned to specific
water molecular species (conformations). This new lens to
the bio-system investigation was first recognized by a young
scientific discipline, aquaphotomics, established by Prof. Dr.
Roumiana Tsenkova in 2005 (35). The NIR aquaphotomics
takes advantage of non-destructive NIRS measurements and
ground-breaking knowledge of water–light interaction for the
development of the non-destructive, integrative analysis of
intact biological systems (34). This concept opens a novel,
dynamic, non-invasive way of biosystems monitoring.

This research aimed to utilize aquaphotomic NIRS for
monitoring during cold storage and better understanding
of the mechanisms for maintaining freshness, choosing the
strawberry fruit as a fruit-model system. The combination of
NIRS and aquaphotomics has been already used to monitor
aqueous and biological systems non-invasively for various
purposes, such as evaluation of fresh and processed fruits and
vegetables quality (36–42), milk quality (43, 44), viral infections
in plants, bacterial cultures (45, 46) and fermentation (47–
49), and physiological monitoring and diagnostics in higher
organisms (50–55). The second aim of the investigation was
to compare the effects of different cooling technologies on the
preservation of strawberries. The applications of aquaphotomics
in the monitoring during storage and estimation of freshness
and shelf-life have only recently been explored (41, 56).
This study employed two different cooling technologies. The
first cooling system was based on conventional refrigeration
technology, while the second one, employed exactly the
same system but with the addition of an electric field
generation device. The effects of different cooling systems
were explored using non-destructive measurements by near-
infrared spectroscopy (NIRS) and evaluated using an innovative
aquaphotomics approach, which provides information about
the molecular structure of water in the strawberries and
connects it with their system functionality. The aquaphotomics
analysis was focused on the spectra of strawberries collected
in the NIR range 1,300–1,600 nm, the first overtone of
water symmetric and asymmetric stretching vibrations. To
this date, this range of spectra is considered the best
for the understanding of the water molecular structure in
various bio-aqueous systems in relation to their observed
functionality, which is well-documented in many literature
sources (35, 57–60).
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To the authors’ knowledge, only one research study used
a similar approach to monitor changes during the storage
of fresh produce (41), but this study went even further with
the added novelty of exploring the differences in stored
fruit depending on the employed cooling technology. While
there are scientific studies concerned with the exploration
of how novel cooling technologies affect food during
storage or extend shelf life, the studies which explain the
underlying mechanisms behind the shelf-life extension
are still scarce. The application of aquaphotomics and in-
depth investigation of water molecular structure in fruit
during storage and how it changes with the time spent
in storage, described in minute details, as this work will
show, is a pioneering one and might set the direction of
future research in this area. Interpretation of the found
differences within the framework of known functionality of
different water molecular species could serve as a basis for
improved refrigeration, maintaining freshness, and prolonged
shelf life. This information will provide novel possibilities
for the development of non-destructive food monitoring
technologies and a better understanding of postharvest food
preservation mechanisms.

Materials and methods

Samples and storage conditions

Strawberries (Fragaria L.) of the ‘New Harumi’ cultivar
were purchased in the local supermarket in Hyogo prefecture
in Japan. After the transport to laboratory, the fruits were
screened for uniformity, defects, and damage, and without
washing or any other treatment, randomly distributed on
the paper plates, eight strawberries per plate. Each individual
fruit was assigned with the number label on the paper to
provide identification of each biological replicate. The samples
were then stored in different cooling system environments,
24 strawberries (three plates) per each storage condition –
in the commercially available refrigerator (Model no. YRC-
080RM2, Nichiei Intec Co., Ltd, referred to as a “Control
Fridge: CF”), and also commercially available refrigerator, which
employs electric field (Super Cooling Plant, Nichiei Intec Co.,
Ltd., referred to as a “Super Cooling Fridge: SCF” (61). The
sinusoidal waveform in the frequency range of 48–62 Hz
is used to form an electric field; the field is static with a
strength of 3,000 V.

The nominal working temperature of both refrigerators was
set to the same value of T = 0◦C with a relative humidity of
90%. The samples were stored without any cover, packaging, or
coating, in order to examine only the effects of different cooling
systems, simulating the typical scenario of how the majority of
consumers would behave.

Weight loss monitoring

The weight of each strawberry sample was measured
immediately before the spectral acquisition for each fruit
each day during the period of monitoring. Weight loss rate
was calculated from the weight difference compared to the
first measurement, when the storage period started, for each
individual strawberry, according to the following equation:

Weight loss rate (%) =

(
Wf −Ws

)
Wf

× 100, (1)

Where Wf represents the weight of a particular sample
before storage (fresh) and Ws represents the weight of the
sample on the respective day of storage.

To explore the dynamic changes in weight loss, the daily
weight loss was also calculated. Daily weight loss represents the
weight difference between a certain day of storage compared
to the weight measured on the previous day, which is plotted
as a function of time and shows the dynamic weight change in
the strawberries.

Near infrared spectral acquisition

Spectral acquisition was performed using a portable, hand-
held MicroNIR instrument (Viavi Solutions, Santa Rosa, CA,
USA) in the spectral range of 908–1,670 nm, with approximately
7 nm resolution step.

The spectra were collected from 2 positions, front and back
(Figure 1), per sample, with three consecutive measurements,
for 14 days of the storage duration. The measurements were
performed at 3.00 PM every day. The spectra collected on the
first day of experiment, prior to putting the strawberries in the
cold storage, are labeled as “day 0;” therefore, these are the
spectra of fresh strawberries. The spectra collected afterward are
labeled according to the number of days spent in cold storage,
such as “day 1” and “day 2” finishing with “day 14”. In total,
2,160 spectra (15 days × 24 strawberries × 2 positions × 3
consecutive measurements) were collected from each storage
condition group.

FIGURE 1

Acquisition of strawberry spectra using hand-held MicroNIR
spectrometer was performed on two measurement positions.
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Data analysis

Statistical analysis of weight loss
A paired samples t-test assuming equal variance at 95%

confidence level was performed to confirm the significant
difference in the %weight loss rate and daily weight loss between
the two different cooling storage systems during the first 7 days
of the storage. The statistical analysis was performed using
Microsoft Excel (Microsoft, Redmond, WA, USA).

Multivariate analysis
Multivariate analysis of the water spectra was performed

using Pirouette software v4.5 (Infometrix Inc. USA). Standard
normal variate (SNV) transformation (62) was applied as a
pre-processing treatment to eliminate the baseline differences
among the spectra before calculating the difference spectra. In
all other instances, the analysis was performed using raw spectra
to introduce all available information to the model.

The difference spectra were calculated by subtracting the
averaged spectrum of SNV-transformed spectra acquired on the
first day of the storage [Sday (1)], from each of the averaged
SNV-transformed spectra on subsequent days [Sday(n)] to see the
spectral changes during the storage, as given by the following
equation:

Difference spectra = avg
(
Sday(n)

)
−avg(Sday(1)). (2)

Soft independent modeling of class analogies (SIMCA)
analysis, a supervised classification method (63), was performed
with the objective of discrimination between different days
of storage [class variable – duration of storage (days)]. This
algorithm employs principal components analysis of spectra
for the construction of mathematical models for each sample
group (class: storage day) with confidence limits. Interclass
distances are calculated using between-class residuals, and
variable importance is determined by comparing the average
residual variance of each class to all classes and the residual
variance of all classes to themselves. Variable importance,
known as discriminating power, was used to find variables
(wavelengths) with the highest contribution to discrimination
between classes. The analysis was performed using mean-
centered spectra, and the SIMCA models were developed
separately for each cooling system.

Partial least squares regression (PLSR) analysis (64) was
performed to explore spectral changes as the function of
the storage duration (number of storage days). The models
were developed separately for each different cooling system,
and the water spectral data were mean-centered prior to
regression modeling using the number of days of storage as a
dependent variable. The analysis was applied twice to investigate
changes during 4 and during 14 days of storage, according
to the changing trends shown in the difference spectra. The
validation was performed using stepwise exclusion of six spectra
in each iteration. The accuracy of the PLSR models was

evaluated by determining the coefficient of determination of
calibration (Rc

2), standard error of calibration (SEC), coefficient
of determination of cross validation (Rcv

2), and standard error
of cross-validation (SECV). The optimum number of latent
variables (LV) was determined based on the lowest SEC and
lowest SECV, for calibration and cross-validation, respectively.
The maximum number of LVs (factors) included in all models
was limited to 15 in order to include as much as possible
information but based on visual inspection of regression vectors
for any appearance of “jaggedness” to prevent overfitting (65).

Aquagrams
Aquagrams (66, 67) were used to visualize the water

spectral pattern in the strawberry flesh and how it changes
along with time and depending whether the strawberries were
stored in controlled or supercooling fridge. The representative
water absorbance bands that were used as radial axes on
aquagram, were selected from all the analysis results, following
the procedure described elsewhere (67, 68) to ensure their
importance and consistency. There are several ways to create
aquagrams, depending on the purpose of the investigation (67).
In this study, the aquagrams were calculated according to the
procedure for calculating classical aquagram (67). In brief, the
SNV – transformed and normalized absorbance values were
averaged for each day, for SCF and CF conditions separately, and
the values calculated for the first day of storage were subtracted.
This calculated difference in absorbance was plotted at the
found representative water absorbance bands to illustrate the
changes in strawberries each day and depending on the storage
conditions. The aquagram display was created in two different
ways, first to allow the comparison of the storage conditions in
general, and second, to provide better insight into the differences
between the strawberries stored in different conditions on day-
to-day basis.

Results and discussion

Weight loss of the strawberries during
storage

Although the values were slightly different between
individual strawberries, due to the natural variety of the
biological replicates, the weight of the strawberries during
storage, on average, linearly decreased with the progress of
storage time irrespective of the applied cooling system. The
weight was monitored for 14 days; however, here, only the
results of weight change after 7 days will be presented, to allow
comparison with most of the available literature sources.

There was a significant difference in the weight loss rate of
strawberries stored in the control CF (mean M = 7.3%, standard
deviation SD = 0.009737) and supercooling fridge SCF (mean
M = 5.9%, standard deviation SD = 0.009964) [t(df) = 3.3342,
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p = 0.000849; Figure 2A] after 7 days of storage. The weight
loss during this period was shown to be fluctuating on a day-
by-day basis (Figure 2B) but mainly followed the linear trend as
the function of storage days, in agreement with many previous
studies (5, 10, 69). Despite the similar pattern in weight loss from
day to day, the weight loss of strawberries in SCF was each day
smaller in comparison with CF.

The loss of weight in strawberries is associated with the
respiration rate and evaporation of water through the fruit
surface; the rapid loss of water is the major factor associated with
the perishability of fruits, leading to shrinkage and deterioration
(70–72). The observed conservation of weight in strawberries in
SCF indicates that the exposure to the electric field might be
delaying water loss, probably through prevention of the water
evaporation. The weight loss of around 6% after 7 days in
cold storage is comparable to the influence of coatings which
form semi-permeable layer on fruit surface and act as protective
barrier to reduce transpiration (7, 73, 74). For example, using
chitosan coatings with different molecular weight was reported
to limit the weight loss in strawberries to 5.28–5.66% after
14 days of storage at 4◦C with the relative humidity of 85% (69).
Gelatin coating resulted in 5.26% weight loss after 12 days of
storage at 4◦C and the relative humidity of 95% (10).

Super cooling fridge showed more potential to limit
the water loss in the strawberry samples with a significant
difference. Since water loss in strawberry is actually related to
respiration and transpiration, this finding suggests that that
presence of electric field in SCF influences these major cellular
processes (13, 75). Controlling relative humidity in storage in
combination with using electric field exposure seems to be
promising direction to further limit the water loss which will be
investigated in the next phase of this research.

Difference spectra and the changes in
the water matrix of fruit flesh during
storage

The raw absorbance spectra of strawberries collected over
the course of 15 days is presented in Figure 3A for strawberries
in CF and Figure 3B for SCF conditions, respectively. Prior
to spectral subtraction, the spectra from both groups were
corrected for baseline differences using SNV transformation.

The difference between spectra measured when the samples
were just divided into two different groups and assigned to
different storage conditions (day 0), and the spectra measured
after the samples spent 1 day of storage (day 1) in CF and
SCF, respectively, are shown in Figure 4A. The spectra for each
group were averaged, and the difference spectra calculated by
subtracting average spectrum at day 0 from average spectrum at
day 1. The difference spectra reveal decreased absorbance with
the minimum in 1,350–1,450 nm regions after 1 day of cold
storage. The entire region corresponds to absorption of weakly

hydrogen-bonded water, which encompasses proton hydrates,
water hydration shells, and water vapor (56) among other
water species, indicating the loss of water from fruit through
transpiration, in agreement with what was observed in weight
loss measurements.

The change for strawberries in SCF showed the minimum
absorbance peak located at 1,385 nm (water hydration shell)
(66). In comparison, the change in absorbance was less intense
for strawberries stored in CF in the region 1,350–1,400 nm, but
slightly more in 1,400–1,450 nm, with the minimum located
at 1,404 nm (free water) (66). These results revealed different
nature of changes in the water molecular structure of strawberry
flesh due to the cooling in CF and SCF.

The differences in effects of CF and SCF started to decrease
after the strawberries spent 4 days in storage, as can be seen
from the difference spectra between the 4th and 1st day of
storage of strawberries in the CF and SCF fridge given in
Figure 4B. Interestingly, the subtracted spectra in both groups
had very similar spectral patterns based mostly on the same
water absorbance bands. It is important to note here that the
subtracted spectra were not spectra collected prior to cold
storage (day 0); therefore, the difference spectra reflect only the
changes in strawberries due to the time spent in cold storage.

The value of absorbance in the region 1,350–1,450 nm
stayed on the negative side, showing that the continuous loss
of weakly hydrogen-bonded water is a common feature for
both CF and SCF. The subtle difference between the storage
conditions could be seen in the absorbance region around
1,380–1,410 nm, where absorbance bands of water hydration
shells (1,380–1,388 nm), trapped water (1,396–1,403 nm) and
free water molecules (1,404–1,418 nm) are located (66, 76). The
decrease in absorbance of these water species, as well as the
weight loss, is more pronounced for strawberries stored in CF.

The daily difference spectra during the storage of
strawberries in CF and SCF when compared to day 1 are
presented in Figures 4C,D, respectively. The difference spectra
were calculated compared to day 1, to investigate how the
spectra are change each day during cold storage and if there is
a difference between the cooling systems. In the first 3 days, the
spectra revealed increasing trend of the absorbance in 1,340–
1,400 nm region, with the highest peak at 1,373 nm (proton
hydrates, one of the absorbance bands of water vapor) (44, 56,
59). The absorbance in that part reached the maximum value
on the 4th day of the storage, and then declined. CF and SCF
provided similar results, while the maximum of the absorbance
change at 1,373 nm is larger in the SCF group. The increased
absorbance in this region suggests increase in the amount of
gaseous phase of water within the fruit, which is characterized
by highly mobile water species that can be exchanged with the
environment. These water species are highly related to the water
activity (56), too.

After 5th day, the absorbance in 1,340–1,420 nm of the CF
group drop rapidly, while the change in SCF condition occurred
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FIGURE 2

Weight loss during the storage. (A) % weight loss of strawberry samples in control fridge (CF) and supercooling fridge (SCF) after 7 days of
storage (B) the daily weight change of the strawberry samples in CF and SCF conditions within 7 days.

gradually. The decreased absorbance at 1,340–1,420 nm had
main negative peak located at 1,385 nm for CF, and at 1,391 nm
for SCF conditions, respectively, which suggests controlled
dehydration for the SCF group. The absorbance in the region
1,434–1,540 nm showed only minor changes until the 4th day of
storage, then increased, with the major positive peaks located
at 1,459, 1,478, 1,503, and 1,534 nm, and the main negative
peaks at 1,447 and 1,490 nm. The absorbance at wavelengths
above 1,534 nm was intensively decreased in the case of CF
after 5 days of storage, while for SCF, the decrease was very
gradual over the storage period and leveled in the last days

of monitoring. Taking this into consideration, it seems that
beginning from day 5, the changes in spectra of strawberries
become very pronounced which is consistent with the reports
that the shelf life of strawberries is around 5 days in cold
storage (8).

It is interesting to point out that at two locations in the
spectra there was a minimum change in absorbance throughout
the storage, for both cold storage types (indicated by arrows in
Figures 4C,D). The first one is located at around 1,342 nm, while
the second one was located at 1,416 nm in the case of the CF,
while at 1,422 nm in the case of SCF.
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FIGURE 3

Raw absorbance spectra of strawberries in (A) control fridge (CF); (B) Super Cooling Fridge (SCF).

FIGURE 4

Difference spectra of the strawberry [Day(i) – Day(1)] at different times during storage. (A) The difference spectra from day 0 to day 1 showing
the impact of low-temperature storage and different cooling systems. (B) The difference spectra from day 0 to day 4 showing initial changes
during storage and differences between the cooling systems. (C) The difference spectra of the strawberry [Day(i) – Day(1)] during the storage in
control fridge (CF). (D) The difference spectra of the strawberry [Day(i) – Day(1)] during the storage in supercooling fridge (SCF).

All peaks that were found in the analysis so far are located
within the first overtone of water symmetric and asymmetric
stretching vibrations, and with the exception of 1,534 nm, all

are within the ranges of, already discovered in other systems,
Water Matrix Coordinates (WAMACS), absorbance bands of
particular water molecular conformations (66). More detailed
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assignment of these bands and interpretation from the aspect
of water molecular structure will be provided later, in the 3.5
Choosing WAMACS and 3.6 “Aquagrams” section.

Soft independent modeling of class
analogies analysis of the storage time
classification

Soft independent modeling of class analogies analysis
was performed with the objective of classifying spectra of
strawberries according to the day of spectral acquisition,
therefore, developing a model for prediction of how many days
the strawberries were stored according to their spectra. The
analysis was repeated three times, to explore the possibility
of prediction for different lengths of storage time and for
exploration of the most influential variables in SIMCA models.
These variables, as given by discriminative power vector, can
provide insight into the changes in water matrix of the fruit
during storage as a function of the storage time and also as a
function of different cooling system technology.

For all three SIMCA analyses, performed for the periods
of 4, 8, and all 14 days, the results showed good accuracy
of classification between the storage days and satisfying
interclass distance.

In the case of SIMCA models developed based on the spectra
from all 14 days, the classification accuracy was exceptionally
high for both CF (97.87% accuracy) and SCF (99.26% accuracy)
storage conditions, showing excellent possibilities of using NIR
spectra for prediction of the freshness of strawberries, i.e., of
predicting how many days the fruit spent in cold storage.

The values of interclass distance between storage days was
larger than 1, which can be considered good, according to
the reports that less than 0.8 would be a small difference
(49). The discriminating powers of SIMCA models provided
in Figure 5 allow comparison of influential variables over
time (since models were built for 4, 7, and 14 days) and
depending on employed cooling technology - CF (Figure 5A)
and SCF (Figure 5B), respectively. Discriminating power shows
which absorbance bands contributed most to the successful
discrimination between storage days.

The absorbance band with the highest discriminating power,
representing an essential feature for all classification models,
was found located at 1,528–1,534 nm for both CF and SCF
conditions. In the classification model using 14 days of data,
the discriminating powers of SIMCA models for CF and
SCF show the common peaks at 1,311 and 1,360 nm, while
1,447 nm was more prominent in the SCF discriminating
powers. SIMCA analysis results for different time periods (4, 7,
and 14 days) revealed that the absorbance bands at 1,311 nm
and 1,528–1,540 nm are always the variables with the highest
discriminating power, describing where in spectra are the largest
differences with respect to the day of the storage.

The discriminating power at 1,311 nm shows an increase
along with time for SCF models but decreases for CF
SIMCA models. The band located at 1,447 nm showed higher
discriminating power during the first 7 days of storage for
strawberries in CF, but it had highest power for 14 days of
storage data when it comes to the SCF group. For CF data,
the discriminating power of 1,534 nm surpassed 1,528 nm in
the model using 4 days of data, but for the longer period, the
discriminating power of 1,528 became higher than 1,534 nm,
while in SCF 1,528 nm always had higher discriminating power
than 1,534 nm regardless of the length of time.

The interesting difference between the discriminating
powers between CF and SCF group is the pair of absorbance
bands located at 1,360 and 1,379 nm. In the SCF group, peaks
showed steady increase in discriminating power, while in the CF
group, the band 1,379 nm showed an increase for 7 days, but
then it dropped for 14 days model. There is also a difference
in the absorbance bands featured as influential in models for
CF in SCF in the area 1,484–1,510 nm. In the case of CF
group, there are three different peaks located at 1,484, 1,497,
and 1,509 nm, but for SCF group, there is just one broad band
located at 1,503 nm.

The interesting aspect of this analysis is that despite different
storage conditions, the same absorbance bands were shown as
the most important for the description of how strawberries
change during cold storage, and yet the analysis also captured
the specifics of water molecular reorganization in fruit over time,
as a function of different cooling technology.

Partial least squares regression analysis
of water spectral changes during
storage

According to the difference spectra results, which showed
different trends of the spectral changes between the first 4 days
and later storage period, the PLS regression analysis was first
performed using spectral data collected during the first 4 days,
and second, using all 14 days spectra [including the spectra
collected before placing the strawberries in the storage (day 0)].
The dependent variable in both cases was time, expressed as
“days of storage”. The PLSR models were then calculated for CF
and SCF data separately, and their performances were compared
(Figure 6).

The predictions of the days of storage were successful,
regardless of storage conditions with slightly less accuracy for
the CF (coefficient of determination Rcv

2 = 0.861, standard error
of cross-validation SECV = 2.288) compared to SCF (coefficient
of determination Rcv

2 = 0.875, standard error of cross-validation
SECV = 2.155 days). The PLSR results showed that the actual
day of storage can be predicted with around 2 days error. The
Y-fit plots that show agreement between actual and predicted
day of storage show a very good linear relationship for both CF
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FIGURE 5

Soft independent modeling of class analogies (SIMCA) discriminating powers of absorbance bands show the importance of individual variables
in NIR spectra for discrimination between the storage days of strawberries during 4, 8, and 15 days of storage (A) SIMCA results for CF group
(B) SIMCA results for SCF group.

(Figure 6A) and SCF (Figure 6B) for all 14 days. The cause of
error can be attributed to the differences between the individual
samples which can be expected since the models were developed
using raw spectral data. The adequate spectral pretreatment
aimed at removal of influence of physical differences between
the samples (such as surface curvature of the fruit) can probably
lead to decreased error.

The results revealed that in the same time span both
models for CF and SCF provided similar regression vectors

as presented in Figure 6C for 4 days and Figure 6D for
14 days PLSR models. The time regression models for 14 days
of storage fit linear pattern, describing the spectral change
over the time with very high coefficient of determination
(R2 > 0.85; Figures 6A,B). This is the second analysis
that confirms the ability of the NIR spectra to capture
the information related to the passage of time in cold
storage, and the potential for the estimation of freshness of
strawberries.
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FIGURE 6

Results of partial least squares (PLS) regression modeling using time as a dependent variable (days of storage). (A) Y-fit plot, showing agreement
between actual number of storage days and predicted number of storage days using PLS time regression model for spectra of strawberries in
the control fridge (CF) condition (B) Y-fit plot, showing agreement between actual number of storage days and predicted number of storage
days using PLS time regression model for spectra of strawberries in the supercooling fridge (SCF) condition (C) regression vectors of PLSR
models built using spectral data of strawberry stored in CF and SCF conditions - comparison between regression vectors of models for the first
4 days of storage; (D) regression vectors of PLSR models built using spectral data of strawberry stored in CF and SCF conditions - comparison
between regression vectors of models for the 15 days of storage.

The regression vectors shown in Figure 6C (for 4 days
models) and Figure 6D (for 14 days models) can provide
information which variables, i.e., absorbance bands were the
most informative for modeling of storage time. As can be seen
from these figures, in the first 4 days of the storage (Figure 6C),
1,528 nm appeared as a dominant peak with the highest, positive
regression coefficient for both CF and SCF groups. In the model
of 14 days of data (Figure 6D), 1,360 and 1,583 nm became
much more prominent. There is also significant difference in
the overall magnitude of regression vectors coefficients for 4
days models and 14 days models, which are almost eight times
larger in the second case. There is also a difference between
these models when it comes to the sign of regression vector
coefficients – the peaks located at 1,373, 1,391–1,398, 1,416, and
1,528 nm were positive at first, during the 4 days period, but then
become negative for the longer storage data. In comparison, the
regression coefficient of 1,435 nm stayed positive in all sets, but
with less weight.

The differences in regression vectors from the aspect of
cooling systems are visible for the 4 days models as well as in
14 days models. The differences appear at 1,350–1,373, 1,391–
1,400 nm, especially at 1,459, 1,490–1,500, and 1,559–1,583 nm
for the 4 days model (Figure 6C). For the 14 days models, the
differences in regression vectors appear at 1,330–1,348, 1,391,
especially at 1,428 nm which shows almost no correlation with

time for the CF model, and 1,441, 1,453, 1,466, 1,484, and
1,497 nm, again, very large difference at 1,503 and 1,550 nm,
and finally again large difference at around 1,580 nm, where
even the sign of the regression coefficients for CF and SCF is
the opposite.

Taken together, this exploratory analysis of influential
variables in PLS regression models show that the spectra of
strawberries capture events on a molecular level in the fruit
as it is stored, which seems to be common irrespective of the
storage conditions. However, they also show distinct differences
in effects of cooling systems, at specific absorbance bands which
were already observed during previous analyses.

Choosing water matrix coordinates for
aquagram display of water spectral
patterns of strawberries

The analysis of spectral data of stored strawberries,
despite differences in storage conditions, showed repeating
and consistent absorbance bands at which the absorbance
changed as a function of storage time. When all the bands
from different analyses were put together (Supplementary
Table 1), the importance of certain absorbance bands for
description of changes in strawberries during storage, based on
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TABLE 1 Water matrix coordinates (WAMACs) that carry information about the changes in strawberry during cold storage [Number of stars “*” in
the column Importance represents the number of occurrences of the absorbance band as an influential variable during the whole analysis, as
summarized in detail in Supplementary Table 1. Unless otherwise indicated in the table, the source of all information are references (58, 66)].

Absorbance
band (nm)

Water matrix
coordinates
(WAMACs)

Importance Assignment

1348 C1 (1,336–1,348 nm) ** Antisymmetric OH stretch of H2O (ν3)

1360 C2 (1,360–1,366 nm) *** Water solvation shell
OH-(H2O)1,2,4

Water vapor (59) and proton hydrates (44)

1373 C3 (1,370–1,376 nm) *** Combination of symmetric and asymmetric OH stretch of H2O (ν1 + ν3)
Water vapor (59) and proton hydrates (44)

1379
1385

C4 (1,380–1,388 nm) ****
****

Water solvation shell, OH–(H2O)1,4 and/or superoxide O2–(H2O)4

Water vapor (59) and proton hydrates (44)

1391 and 1397 C5 (1,396–1,403 nm) **** Confined single water molecules (trapped water) (76)
First overtone of the free OH group trapped in the hydrophobic interior (109)

1404, 1410, and
1416

C5 (1,404–1,414 nm) **
***
*

Free water molecules

1428 C6 (1,421–1,430 nm) *** Water hydration band, H–OH bend hydroxide
First overtone of the fundamental OH stretching vibration in water (the water molecules are
condensed in one or more layers on sorption sites in the amorphous region) (81)

1435 and 1441 C7 (1,432–1,444 nm) *
*

Non-bonded O–H stretching first overtone; overtone of the OH bending mode of H5O2+ water
dimer

1447 and 1453 C8 (1,448–1,454 nm) *****
*

Water solvation shell, OH–(H2O)4,5

1459 and 1466 C9 (1,458–1,468 nm) ***
*

Water molecules with two hydrogen bonds

1472 and 1478 C10 (1,472–1,482 nm) *
****

Water molecules with three hydrogen bonds

1484, 1490, and
1497

C11 (1,482–1,495 nm) **
**
**

Water molecules with four hydrogen bonds

1503 Ci **** Strongly bound water, intermolecular hydrogen bonds (42, 110)
Hydrogen bonded water molecules participating in the crystal structure (111)
OH stretching vibration in Ice III (112)

1509 and 1521 C12 (1,506–1,516 nm) *
*

Strongly bound water, symmetrical stretching fundamental vibration and doubly degenerate
bending fundamental (ν1, ν2)

1528 Cj **** Strongly bound water, intermolecular hydrogen bonds (113)

1534 Ck ***** Hydrogen bonded hydroxyl groups (–O–Hδ +···Oδ −–) (114)
First over. of hydrogen bonded O-H stretching (115)
Bending fundamental, 2δHOH (103)

1559 Cl **** Ionic bound water molecules 1st overt (99, 116)
Strongly hydrogen bonded water (117)
Crystalline water ice (118)

the number of their appearances as important variables in the
analyses became evident.

Out of 28 absorbance bands found important for the
description of changes during cold storage, 24 belong to well-
known WAMACs, that is, small wavelength ranges 6–20 nm
in length that corresponds to the absorbance of specific water
molecular conformations (57, 58, 66) (Table 1). Additionally,
four absorbance bands featured prominently in the analysis –
1,503, 1,528, 1,534, and 1,559 nm. These bands are not yet
recognized as WAMACs. All four bands are located within

the part of the NIR spectra where it is known that strongly
hydrogen-bonded water absorbs. These four bands carried
much weight in the analysis indicating the importance of their
distinction and we tentatively labeled them as new WAMACs
Ci, Cj, Ck, and Cl that may be of interest to monitor freshness of
the agricultural products in general (Table 1).

Judging by the importance of the WAMACs, it can be
observed that C4, C5, C8, and C10 and newly defined Ci, Cj,
Ck, and Cl (rows highlighted in gray in Table 1) are not only
important for the description of the changes during storage
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but also reflect the differences in strawberries as a function of
different cooling storage treatment.

Together, these WAMACs could be thought of
multidimensional biomarker that can be used to describe
the process of change in strawberries during storage.

Aquagrams – Water spectral patterns
of strawberries during cold storage

Based on the previously found WAMACs, 19 representative
water absorbance bands were selected to visualize the
collective spectral change during storage of strawberries.
These absorbance bands define radial axes on aquagrams on
which values of difference in normalized absorbance between
the respective day and the first day of storage were plotted, as
presented in Figure 7, for cold storage in the control fridge
(Figure 7A) and supercooling fridge (Figure 7B). For simplicity
and practical reasons, the aquagrams are displayed for the 7
days, because of the usual shelf-life of strawberries of 5 days in
cold storage.

The comparison of how water spectral pattern of
strawberries change during cold storage provided stark
differences depending on whether the strawberries were kept in
control or supercooling fridge. First, in the area of highly active
water species, which are vapor-like (57) absorbing in the region
1,348–1,385 nm, it can be observed that when strawberries
are in the CF the absorbance decreases with time, while in
the SCF the absorbance is increased and stays relatively stable
during this 1 week. In the CF, there is particularly decrease at
1,373 and 1,385 nm on days 5–7. All these vapor-like, weakly
bonded water species (water molecules in proton and ion
hydration shells, water species involved with hydration of
soluble charged compounds) are with high energy and very
mobile (56). The observed difference suggests increased content
of soluble compounds in strawberries stored in SCF, active
respiration, and exchange of water in the gaseous phase with the
environment and, since the bands 1,360, 1,373, and 1,385 nm
are the signature bands of moisture and water activity (56), it
also implies the existence of water available to participate in
necessary biochemical reactions.

The differences are also present at the bands of free
(1,410 nm) and quazi-free water (1,391 nm). For the case
of CF, after the initial period of no changes at 1,391 nm,
absorbance decreases after fifth day in storage. On the contrary,
the absorbance at this band is increased for the case of SCF and
declines gradually. This absorbance band is related to trapped
water, either in between hydration shells of ions or in the
hydrophobic interior, which implies that there is the ongoing
production of some compounds in strawberries during this
time, which results in their hydration and subsequently confined
interior in which single water molecules get confined. This
would be in agreement with increased absorbance at hydration

shells bands (1,360 and 1,385 nm) signaling the increase in
soluble compounds observed previously. Taken together, this
implies that upon cold storage in SCF, the strawberries show
more signs of active metabolism and production of soluble
compounds. It is interesting to point out that the close
absorbance band located at 1,398 nm, which is also attributed
to trapped water, was found to be highly correlated with vitamin
C content and shrinkage of fruit during hot air drying (77).

The absorbance of free water molecules (1,410 nm) is
decreased immediately upon storage in both fridges; however,
there is difference in the magnitude of this decrease. The
decrease is much stronger, very sharp and regular in the case
of SCF, while it is not regular and shows fluctuations in CF.
This is most probably heavily related to the observed weight
loss of strawberries and can be indicated loss of juiciness (56).
It was previously observed that decrease in free water molecules
is an important defense reaction in response to desiccation stress
and that decrease of free water molecules might be the survival
strategy in plants in the stress conditions (78). Since a decrease
of free molecules is the common reaction in strawberry for both
cold storage conditions, this might indeed be the case; however,
the gradual and regular decrease in the case of SCF indicates
organized control of water loss [also a part of survival strategy
as found before (78)].

The largest differences in aquagrams could be observed in
the area from 1,428 to 1,490 nm. In the SCF, the absorbance of
strawberries seemed to be decreased immediately upon storage
and kept that way, and only on days 6 and 7, there is increase
at the bands from 1,459 to 1,484 nm. However, such decrease
of absorbance was not observed for the CF, and in contrast,
the absorbance shows huge increase at all these bands starting
from day 4. The band at 1,428 nm, ascribed to hydration
water, belongs to the WAMACS C6. In numerous studies, this
band was attributed to amorphous regions in cellulose (79–
84); however, in the case of strawberry, this water is associated
with other polysaccharides. It seems that absorbance increase at
this band is associated with drying and increased density (80,
85). There are several research studies that report bands from
this particular WAMACS region, as important for the changes
during processing and storage. For example, band 1,420 nm
was found to be the optimal wavelength for vitamin C content
prediction in apple slices during drying (77) and also had high
correlation with internal quality of fruit (86, 87). Absorbance at
1,420 nm was in another study reported to be closely related
to weight loss during the storage of mushrooms (88), while in
another study, it was found that the absorbance at this band
particularly increases as a function of storage time [similar to
the change of soluble solids content (SSC)] (87). It is worth
noting that, in difference spectra, there was actually a minimal
change in absorbance at 1,416 nm in the case of CF and 1,422 nm
in the case of SCF. While it is not clear what exactly is the
difference between the bands 1,416, 1,422, and 1,428 nm, seeing
that they are usually attributed to the same water molecular
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FIGURE 7

Aquagrams of strawberries showing changes in water molecular matrix of the fruit flesh during 7 days of storage in: (A) Control fridge (CF) and
(B) supercooling fridge.

conformation, it is worth noting that this WAMACS region
is repeatedly showing the importance of the changes during
storage and internal quality of vegetable and fruits. The stark
difference in behavior of absorbance at the band 1,428 nm,
depending on whether strawberries were stored in CF and
SCF seems to further indicate the importance of this band for
preservation in cold storage, most probably because it is related
to the state of turgor and cytoplasm in the cells, its shrinkage
and pulling away from the cell walls. That may explain why the
bands from this WAMACS region were so often found related
to internal quality, damage, and vitamin C production, seeing
that production of vitamin C is the part of the protection against
damage. The behavior of absorbance at this band in the case of
CF seems to be in agreement with the typical changes during
storage; however, the opposite behavior in the case of SCF seems
to indicate the presence of electric field slows down this process.

The absorbance bands from 1,435 to 1,490 nm can be related
to the water molecular species interacting with biomolecules
(1,435 nm), water species participating in hydration (1,459 nm)
and water molecules bonding to each other, i.e., creating clusters
with 1–4 hydrogen bonds. In the research about the texture of
apples, it was found that water spectral pattern characterized
by the low absorbance in the region 1,344–1,382 nm and high
at 1,410–1,492 nm corresponds to the firm, juicy, and crispy
sensory profile (36). The difference in these two particular
absorbance regions, in the case of strawberries, might indicate

that the presence of electric field actually slows down the process
of post-harvest ripening of strawberries in the cold storage.

Next, common for both refrigeration conditions, there is a
sharp decrease in absorbance at 1,492 nm, water absorbance
band of water molecules with four hydrogen bonds, one of
the two bands, the other one being 1,410 nm, free water
molecules, related to the influence of temperature (89). For
pure water, if the temperature increases the absorbance at
the band 1,492 nm will decrease, while at 1,410 nm increase,
because the temperature causes breaking of the hydrogen bonds
in tetrahedral structure creating more free molecules. It is,
therefore, interesting that in strawberry after the fruit was placed
in the cold storage there was a decrease in absorbance at this
particular band. This might indicate that there is an innate
mechanism in the fruit which fights the creation of this type
of hydrogen-bonded water. However, it seems that with the
progress of time, this mechanism fails in the case of the CF,
where increase in absorbance can be observed after day 4, which
suggests creation of seeds of ice crystals that may become the
source of damage. From this aspect, the presence of electric field
in the SCF seems to act protectively.

The behavior of absorbance at band 1,503 nm is common
for both storage conditions; there is a sharp, strong increase
in absorbance immediately upon the storage. There are many
reports about this particular band in characterization of
minerals and attributed to vibrational mode of hydrous defects
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FIGURE 8

Comparison of water spectral patterns of strawberries stored in control (CF) and supercooling fridge (SCF) on day-to-day basis: (A) After 1 day
of storage, (B) after 2 days of storage, (C) after 3 days of storage, (D) after 4 days of storage, (E) after 5 days of storage, and (F) after 1 week of
cold storage.

in the crystal structure (90–96). In analogy to these reports,
the absorbance at this band can be considered as indicator
of shallow, superficial, surface damage, and small openings
in the structure of materials that enhance exposure to the
environment. If this is correct interpretation that would mean
some surface damage on the strawberry skin appeared in both
storage conditions, leaving the fruit vulnerable. The region

beyond 1,503 nm, encompassing bands from 1,521 to 1,559 nm
includes absorbance bands of water species that are tightly
bound to the structural elements of the fruit tissue, including
crystalline and polymer-bound water (97–100) and represent
the water that cannot be lost to processes such as drying
or squeezing (101); this water is lost only if the structural
elements associated with it are lost. The difference between the
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FIGURE 9

Comparison of water spectral patterns of strawberries in the control fridge (CF) on day 4 and strawberries in supercooling fridge (SCF) on days 6
and 7 shows that the presence of electric field delays the ripening in cold storage.

water species absorbing at particular bands is in the level of
complexity of the structure they are engaged in, and in the
strength of the bonds, which is increased with the increase in
wavelength. Having this in mind, it seems that in both cold
storage conditions, the strawberries suffered some level of tissue
damage, seeing a sharp decrease at 1,521 and 1,559 nm bands.
The band at 1,534 nm was often attributed to strongly bound
water (102, 103) related to water–polymers interaction [such
as cellulose (104)] that appears during initial phases of drying
(105), while the band at 1,559 nm is typically assigned to bond
vibration of O–H stretch in crystalline cellulose (104, 106). Here,
it is important to note that while other reports are attributing
these bands to cellulose, they are in fact water absorbance bands,
and in the case of strawberries, this strongly bound water is
bound to numerous polysaccharides, typical building block of
cell walls. With the progress of time in storage, the decrease in
absorbance can be observed at all those bands in the case of CF,
but not in the case of SCF.

The second most striking difference between the spectral
patterns of strawberries in CF and SCF seems to be exactly the
decrease in absorbance at the bands of strongly bound water.
This seems to be connected with the increase in absorbance of
the so-called bulk water, all those small clusters of hydrogen-
bonded water species observed earlier in the region 1,435–
1,484 nm, which happens in the case of the CF. While the
strongly bound water, as the term itself clearly indicates, is
strongly bound to structures in the fruit, the bulk water is
water not associated to fruit, it is the “water hydrating other
water molecules”. The decrease in strongly bound water can
be connected to softening of the fruit during ripening and
increased bulk water with swelling and expansion of vacuolar
volume (107). Since these changes are not present in the SCF, it
suggests that ripening of strawberries is delayed by the presence
of electric field.

To examine better this possibility and see better the
transformation of water spectral pattern over time, a series
of aquagrams was created showing comparison of water
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TABLE 2 Water matrix coordinates (WAMACS) that can be used to describe the changes during post-harvest ripening of strawberries during
cold storage.

Absorbance
band (nm)

Roles/Functionality/Importance in certain biological processes

1348 Self-organization (44), germination (42), changes during storage (56), and viability (119)

1360 Germination (42), water activity and changes during storage (56), hardness (120), viability (119), and texture (36)

1373 One of the bands of water vapor, proton hydration/indicator of changes in sucrose content (121), viability (119), water activity and changes during
storage (56), and texture (36)

1385 Hydration of ions/important for pH modeling (122), and firmness and texture (36)

1391 Drying, dehydration, expulsion of cellular water, damage, stress, infection (101, 119, 123); and indicate the amount of vitamin C content (124)

1410 Moisture content, water activity, seed viability, firmness (125, 126); and indicate the amount of vitamin C content (124)

1428 Protein hydration, protein folding (127), water activity (56, 128), damage, and defects

1435 Phase transition, carbohydrates–water interaction, hardness, and viability (56)

1441 Preservation during desiccation stress (78)

1447 Water activity, biotic and abiotic stress indicator, preservation, and damage (36, 37, 40–42, 56)

1459 Water activity, biotic and abiotic stress indicator, preservation, and damage (36, 37, 40–42, 56)

1466 Protein–water interaction (127, 129)

1478 Semi-crystalline water associated with cellulose (81) or other polymers related to mechanical properties like stiffness (81)

1484 Associated with cellulose (104, 130, 131) or other polymers indicator of preservation of tissues, damage (113)

1490 Water activity, biotic and abiotic stress indicator, preservation, and damage (36, 37, 40–42, 56)

1503 Skin disease in plants and animals (132, 133) defects in minerals (90–96, 134), and structural defects in starch (135)

1521 Structural water; water–cellulose interaction (104), water–carbohydrate interaction (136), water–fibre (starch) interaction (137), important for
discrimination of fresh/thawed meat, characteristic of fresh meat (138, 139), associated with differences in level of mechanical damage (113)

1528 Structural water; water–cellulose interaction (104), water–carbohydrate interaction (136), water–fiber (starch) interaction (137), important for
discrimination of fresh/thawed meat, characteristic of fresh meat (138, 139), associated with differences in level of mechanical damage (113)

1534 Structural water; water–cellulose interaction (104), indicator of drying (105), water–protein interaction, water sorption, and clustering of water
sorbed molecules (103)

1559 Structural water; associated with starch or cellulose (140, 141) and other polymers (106, 142, 143), associated with sugars (142, 144–146), associated
with proteins (147) or amino compounds (148), associated with membrane structure, influenced by temperature (117), related to mechanical
properties (106), indicator of fermentation (149), indicative of vegetative growth stage (142), indicator of crystallinity (118, 150), indicator of
preservation of tissues, damage (113)

Currently available information and the tentative functionality of corresponding water species in biological and aqueous systems.

spectral patterns of strawberries in CF and SCF, 1 day at
a time (Figures 8A–F). From this series of plots, the first
interesting observation is that the patterns after 1 day of storage
(Figure 8A) are nearly identical, testifying to the equality of
the samples at the beginning of the experimental period, while
the last plot (Figure 8F) shows remarkably well how different
storage conditions led to the completely different water spectral
patterns, i.e., how spectral pattern as a multidimensional marker
accurately depicted the difference in the final state of the
strawberries caused by different storage conditions. The first
changes can be observed on day 3 of storage (Figure 8B)
where higher absorbance can be observed at strongly bound
water bands (1,528–1,559 nm) and at vapor-like and trapped
water (1,348–1,391 nm) in the case of strawberries in SCF.
This increase is continued over subsequent days (Figures 8C–
F), while the spectral pattern of strawberries in CF is primarily
characterized by decrease of absorbance at strongly bound water
bands, and large increase in absorbance of bulk water. But
the patterns become more and more similar, for example, the
pattern of strawberries in SCF fridge on day 7 (Figure 8F)

looks very much like the pattern of strawberries in CF fridge
on day 4 (Figure 8C). This strongly suggests the fruit is going
through the similar process, but with some time delay in the
case of SCF fridge. To test this assumption, one more aquagram
is created (Figure 9), where the water spectral patterns of
strawberries on days 6 and 7 in SCF are compared to the spectral
pattern of strawberries in CF on day 4. The spectral patterns
show strikingly similar shape, indicating that the fruit indeed
goes through a similar process, which is in SCF delayed for
around 3 days. The possible mechanism of how this happens
might be explained by the influence of electric field on the
surface hardening of the strawberries, which limit the water
diffusion and thus evaporation, as research findings reported to
be the case in electric field treated apples post-harvest (108).
This would be very consistent with the observed increased
absorbance of strongly bound water and conserved vapor-like
water within strawberries in SCF.

The important finding in this study also is that the water
spectral pattern as a multidimensional biomarker captures
perfectly the process of ripening and shows that it can
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be described only by using water absorbance bands. The
consistently found importance of these particular bands was
confirmed through several analyses and they can be considered
as WAMACS or water matrix coordinates that define the space
of variables describing the changes of postharvest ripening
that can probably be used for other biological systems as well.
Numerous research works have already found these bands
related to certain functionalities in other bio-aqueous systems,
and this information is summarized in Table 2.

Conclusion

This study aimed at investigating the spectral changes
during the storage of strawberry in order to confirm the
potential of aquaphotomics NIRS for monitoring during cold
storage. Further, the same technology was applied to assess the
influence of the storage environments with a particular objective
to find and explain the differences in applied cooling systems
[without (CF) and with the electric field exposure (SCF)] on
the stored fruit. The water matrix transformation during the
post-harvest degradation of strawberry as well as the influence
of electric field could be observed using the NIR spectra of
strawberries in the 1,300–1,600 nm region.

Over the course of several analyses, the same water
absorbance bands were found to be important for the
description of the changes in fruit during storage. The main
outcomes of the analyses were that it was possible to detect
spectral changes over storage and predict the time spent in
storage. The consistently repeating water absorbance bands
were used to define water spectral patterns as biomarkers
of the state of the strawberries in cold storage and allowed
comparison of strawberries stored in different conditions.
This comparison showed that the presence of electric field
in supercooling fridge slows down the ripening processing,
delaying it for about 3 days. The possible mechanism
behind can be explained by the influence of electric field
on skin hardening, which then acts as a natural coating
and slows down evaporation. This agreed with the lower
water loss percentage recorded for strawberries in the
supercooling fridge.

Using this technique of spectral monitoring, the ripening
process can be observed in a non-destructive way. This
provides the potential of aquaphotomics using NIR for
the post-harvest monitoring, and quality evaluation of
strawberry and other agricultural products at different
storage conditions.
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egg yolk: Extraction,
physicochemical properties,
modification, and applications
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2College of Life Sciences, Beijing University of Chemical Technology, Beijing, China, 3College of

Food Science and Engineering, Changchun Sci-Tech University, Changchun, Jilin, China, 4College

of Pharmacy, Changchun University of Chinese Medicine, Changchun, Jilin, China

Egg yolk lecithin has physiological activities as an antioxidant, antibacterial,

anti-inflammatory, and neurologic, cardiovascular, and cerebrovascular

protectant. There are several methods for extracting egg yolk lecithin,

including solvent extraction and supercritical extraction. However, changes in

extraction methods and functional activity of egg yolk lecithin are a matter

of debate. In this review we summarized the molecular structure, extraction

method, and functional activity of egg yolk lecithin to provide a good reference

for the development of egg yolk lecithin products in the future.
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1. Introduction

Phospholipids refer to phosphorus-containing lipids that were first separated from

egg yolk by Gobley in 1844 and named lecithin in Greek (1). The components of

egg yolk lecithin include phosphatidylcholine (PC), phosphatidylethanolamine (PE),

and lysophosphatidyl choline (2). Phosphatidylcholine (PC) is the main component of

lecithin, the content of which is ∼73.0%. The content of lecithin in egg yolk is three

times higher than the content of lecithin in soybean. It has been shown that the content

of lecithin in egg yolk and duck egg yolk is large, accounting for ∼10% of total lecithin

(3). Phospholipids are one of the basic components of cell membranes.

The membrane acts as a protective barrier for the cell, a channel for the exchange of

environmental substances inside and outside the cell. The membrane is the site where

many enzyme systems carry out biochemical reactions, which are the basis of living

substances. Phospholipids participate in cell metabolism and have unique structures

and properties, ensuring the normal functioning of cells (4). Phospholipids are also an

important part of brain cells and nerve tissues, accounting for 30% of the weight of the

brain, and are very important for the transmission of neuronal information within the

brain (5).
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Egg yolks and some oil crop seeds (soybeans and

rapeseeds) contain the most abundant amount of lecithin.

Due to the high cost of preparing lecithin from egg yolks,

soybeans are the main source of lecithin. Compared with

plant-derived phospholipids, egg yolk phospholipids have a

more balanced and unique phospholipid composition (Table 1)

(6) and contain specific fatty acids that are not found in

plant-derived phospholipids (Table 2) (7). Lecithin derived

from egg yolk is a component of the granular part of

egg yolk, which accounts for ∼70% of all phospholipids

in egg yolk (8). Egg yolk lecithin delays aging, protects

the stomach and liver, supports the utilization of fat-soluble

vitamins, improves the efficiency of blood circulation, and

has good physiologic and pharmaceutical functions (9). Egg

yolk lecithin is also a basic component of special medicinal

emulsions and has the potential to become a new generation

of drugs. At present, egg yolk lecithin has been used to

improve memory in schizophrenia, childhood autism, and

Alzheimer’s disease, and as an anti-oxidant during organ

transplantation (10).

2. Method for extracting egg yolk
lecithin

2.1. Organic solvent extraction

Solvent extraction is a method to separate and extract

lecithin by using the difference in the selectivity of the solvent

to the components of phospholipids. Solvent extraction is

also the earliest method used for phospholipid extraction

(11). There are two methods (single and mixed organic

solvent extraction methods). During single organic solvent

extraction, ethanol is used to extract lecithin from fresh egg

yolk and the extraction rate can be 93.38% under suitable

process conditions (12). The mixed organic solvent extraction

method uses the characteristics of lecithin that is soluble in

ethanol, but insoluble in acetone to extract lecithin from eggs.

The organic solvent extraction method is characterized as a

simple operation and low requirements for conditions, but

the organic solvent extraction method takes too long, the

purity is not high, and there may be residual organic solvents

(Figure 1).

During the actual operation process, to improve the

extraction efficiency some new auxiliary technologies have

been developed to facilitate the extraction. For example,

the effect of the electric pulse generated by the high-

voltage pulse electric field on lecithin is assisted by the

organic solvent method, and the extraction rate of egg

yolk lecithin is increased by 10.2% compared with the

traditional method (13). The high-voltage pulsed electric

field-assisted method has the advantages of safety, speed,

efficiency, and less damage to nutrients. Using ultrasonic-

TABLE 1 Phospholipid composition of egg yolk.

Component Content
%

Component Content
%

Phosphocholine 73.0 Hemolyso

phosphorylcholine

5.8

Phosphoethanolamine 15.0 Hemolytic

phosphoethanolamine

2.1

Phosphoacylserine 0.9 Sphingomyelin 2.5

Phosphatidylinositol 0.6 Other

phospholipids

0.1

TABLE 2 Fatty acid component and content of yolk phospholipid.

Component Content% Component Content%

Myristic acid

(C14:0)

0.23 Oleic acid (C18:1) 57.80

Pentadecanoic

acid (C15:0)

0.10 Linoleic acid

(C18:2)

7.45

Palmitic acid

(C16:0)

19.44 Linolenic acid

(C18:3)

1.67

Palmitic acid

(C16:1)

1.09 Arachidonic acid

(C20:4)

0.83

Heptadecanoic

acid (C17:0)

0.33 Docosahexaenoic

acid (C22:6)

2.62

Stearic acid

(C18:0)

7.72 Other 0.72

or microwave-assisted separation (14), ultrasonic-assisted

separation can accelerate the rupture of the cell wall, and

make the extracted substance and the extraction solvent

more accessible.

2.2. Super- and sub-critical extraction

Supercritical extraction is a new type of separation

technology that separates substances by changing the

temperature and pressure according to the difference in the

properties of substances in the supercritical state. Supercritical

carbon dioxide extraction technology can extract lecithin with

higher purity (95–98%) from egg yolk powder (15). Because

phospholipids are insoluble in supercritical CO2, it is necessary

to add an entrainer to grade phospholipids (Figure 2) (16).

Subcritical extraction refers to a fluid extraction technology

that uses a thermodynamic state at the edge of a supercritical

state and is above the critical pressure and below the critical

temperature. Compared with the supercritical fluid method, the

subcritical fluid method has milder conditions and less stringent

requirements for high-pressure equipment. And on the other

hand, the subcritical fluid method can better retain the natural

active ingredients in the extracted product with a lower cost.
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FIGURE 1

Process of leclithin by drying egg yolk powder as a raw solvent.

FIGURE 2

Supercritical extraction equipment.

2.3. Enzymatic hydrolysis extraction
method

The enzymatic hydrolysis method uses proteases to break

large molecular proteins into small molecular peptides, speed

up the separation of lecithin and protein, shorten the extraction

process of lecithin, thus improve the extraction efficiency of egg

yolk lecithin. The volume fraction of ethanol is 95% and the

volume fraction of protease is 0.06%. The extraction efficiency

of lecithin is higher when performed for 2 h at 35◦C (17). The
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enzymatic hydrolysis method has a mild operating environment

and can obtain relatively high-quality proteins and lipids. To

further improve the extraction efficiency, ultrasonic-assisted

enzymatic extraction can be used (18).

2.4. Column lamination method

Column chromatography uses an adsorbent as a stationary

phase. When the solute in the mobile phase passes through

the stationary phase, the solute achieves the purpose of

separation due to different adsorption and resolution

capabilities. Currently, silica gel and alumina ion exchange

resin are commonly used as stationary phases in column

chromatography. Moreover, the main method for producing

high-purity egg yolk lecithin is column chromatography but

column chromatography requires an adsorption-desorption

process, the processing volume is small, and the solvent

consumption is large. To avoid the residual toxicity of the

solvent, the less toxic ethanol is generally used as the mobile

phase (19).

2.5. Other extraction methods

In addition to the above-described methods, several more

common methods of extracting lecithin exist, such as the cryo-

precipitation (14) and membrane separation methods (20).

Among them extraction methods, membrane technology is a

relatively new technology for separating substance mixtures.

Natural or synthetic membranes are used to provide driving

force in external energy or chemical potential differences

(pressure difference, concentration difference, and potential

difference). Under such conditions, the raw material side

components selectively permeate the membrane to achieve

the technical method of sample separation, classification,

enrichment, and purification. Hollow fiber ultrafiltration

membranes and organic polymer membranes have been

reported for phospholipid separation (21).

3. Basic properties of egg yolk
lecithin

3.1. Physical and chemical properties of
egg yolk lecithin

High-purity egg yolk lecithin products are white, waxy

solids. When lecithin is in a liquid form, it is light yellow and

slippery with a peculiar smell. Egg yolk lecithin contains an

abundance of unsaturated fatty acids, most of lecithin products

appear slightly darker than they are supposed to, due to the

unsaturated fats being oxidized. In the production of lecithin,

the dosage forms are in different forms due to the concentration.

The concentration of liquid is ∼60%, and the concentration of

granules and powder can reach more than 95%.

Egg yolk lecithin is a natural phospholipid mixture

extracted and refined from egg yolk, and is an amphiphilic

molecule. According to different types of backbone alcohols,

egg yolk lecithins are mainly divided into two categories:

based on glycerol (glycerophospholipids) and on sphingosine

(sphingomyelin). Each 100 g of egg yolk contains 9.44 g of

phospholipids, 1,011mg of cholesterol, 0.83mg of lutein,

0.42mg of zeaxanthin, 0.53mg of canthaxanthin, and 0.11mg

of β-carotene (22). The volume of egg yolk is 30–32% of a

whole egg. The whole egg contains fat (30%), protein (15%),

moisture (50%), and other chemicals. Gazolu-Rusanova et al.

(23) used SDS-PAGE to isolate the type and composition of

egg yolk protein. After freezing and centrifugation, the yolk was

divided into two parts: supernatant; and sediment. The structure

of the supernatant part is mainly in the form of aggregates,

and the precipitation part is mainly spherical. The supernatant

accounts for 77–81% of the dry matter weight of the egg

yolk, and the sediment accounts for 19–23%. The supernatant

contains 85% low-density lipoprotein (LDL) and 15% egg yolk

protein (livetins).

The precipitate contains 70% high-density lipoprotein

(HDL), 16% high phosphoprotein (phosvitin), and 12% low-

density lipoprotein (LDL) (24). The structural features of

glycerol lecithin are as follows: hydroxyl groups on glycerol

sn-1 and sn-2 are esterified by saturated or unsaturated fatty

acids; the hydroxyl groups on sn-3 are esterified by phosphoric

acid; and the phosphoric acid is connected to the base

according to the main types of glycerol lecithin, including

PC, phosphatidylethanolamine (PE), phosphatidylinositol (PI),

phosphatidylserine (PS), and phospholipids, phosphatidic acid

(PA), and phosphatidylglycerol (PG).

In addition to the above six types of glycerol lecithin,

the fatty acyl group at the sn-1 position of glycerol in

the glycerophospholipid molecule is replaced by a long-

chain alcohol to form a vinyl ether, which is referred to as

plasmalogen. The phosphoryl group in the glycerophospholipid

molecule is replaced by a phosphate group, which is

referred to as a phosphate ester. Using phospholipase

and specific lipase to hydrolyze glycerol lecithin produces

lysophosphatidylcholine. Gazolu-Rusanova et al. (23) showed

that the lysophosphatidylcholine oil/water interface and

liquid membrane properties have a very important role.

Sphingomyelin is composed of sphingosine, a fatty acid,

phosphoric acid, and nitrogenous bases. The fatty acyl

and cerol amino groups are connected by an amide bond,

and the sphingosine that is formed is also referred to as

ceramide. The primary alcohol group of cerol is connected

to phosphatidylcholine or phosphatidylethanolamine by a

phosphate bond. The fatty acids found in sphingomyelin

include palmitic acid, stearic acid, tar oleic acid, and cerene acid.
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3.2. Physiological function of egg yolk
lecithin

3.2.1. Strengthening nerve conduction

Brain nerve cells contain a large amount of lecithin.

The content of lecithin accounts for approximately one-

fifth of brain nerve cell mass. Lecithin in brain cells is

transformed to release choline, which combines with acetyl-

CoA to produce acetylcholine. Acetylcholine is an important

chemical transmitter for information transmission between

various nervous systems; so lecithin can increase the degree

of brain cell activation, and improve memory and intelligence.

Using the brain for a long time in life and work will consume

a large amount of lecithin in the body, leading to a decline

in brain function. Relevant studies have shown that with age,

brain function gradually declines. Consuming lecithin products

effectively prevents further aging of the brain and strengthens

brain function. During the growth stage, children should eat

foods rich in lecithin nutrients, such as eggs. Nuts and animal

liver have a positive effect on brain development, learning, and

memory as well.

Alzheimer’s disease is a neurodegenerative disease

characterized by a loss of memory and cognitive impairment.

Eating egg yolk lecithin improves memory and cognitive

function (25), and delays the onset of neurodegenerative

disease. Specifically, the unsaturated fatty acid chain in

egg yolk lecithin structure has an indirect protective role

(26). Egg yolk lecithin inhibits acetylcholinesterase activity,

reduces the concentration of oxidation products, and exerts a

neuroprotective function (27, 28).

3.2.2. Regulation of blood lipids

In recent years, hyperlipidemia has become a common

metabolic disorder, causing cardiovascular and cerebrovascular

diseases (29) that negatively impact healthful living. The

molecular structure of egg yolk lecithin has dual characteristics

(hydrophilicity and lipophilicity). Therefore, an emulsification

reaction occurs in the body, combining lipid substances with

water and emulsifying the accumulated cholesterol and neutral

fats in the blood vessels. Egg yolk lecithin serves as some kind

of “garbage” (i.e., cholesterol and neutral fats) remover in blood

vessels, making blood circulation in the blood vessels of the

entire body smoother, promoting blood flow, and penetration

into the body, thereby reducing the viscosity of human blood.

Thus, egg yolk lecithin can effectively reduce hyperlipidemia

and coronary heart disease. Epidemiologic studies have shown

that hypertension is a major cause of heart-blood diseases, such

as sudden death and coronary heart disease. Egg yolk lecithin

lowers blood pressure (28) by inhibiting angiotensin-converting

enzyme (ACE.) Skorkowska-Telichowska (30) reported that

15mL of lecithin fed to patients with metabolic syndrome

three times a day significantly improved symptoms. Moreover,

FIGURE 3

Physiologic function activity of egg yolk lecithin.

the daily intake of 1.2 mmol/L of egg yolk lecithin inhibited

cholesterol absorption and transport, and prevented obesity

(7, 31).

3.2.3. Repair biofilms and delay body aging

Lecithin is very important for the composition of animal

somatic cells. Without lecithin, cell membranes will be damaged

to varying degrees. Lecithin is an indispensable substance in

cells. PC promotes the synthesis and regeneration of lipoproteins

(32), repairs damaged cell membranes, increases desaturation

of cell membrane fatty acids, softens and rejuvenates the cell

membrane, protects mitochondria and microsomal membranes

of somatic cells, and maintains cell structure. In the process of

individual aging, the function of the antioxidant defense system

in the body gradually weakens, and free radicals accumulate,

which will cause excess free radicals to react with unsaturated

fatty acids to form a peroxide and eventually deform the

organelles through a series of interactions in which neurons

are damaged and lecithin has the ability to scavenge free

radicals (33), which improves the metabolic capacity. Lecithin

can also promote skin regeneration, make the skin shiny, and

prevent hair loss, which makes gray hair darker and slows the

aging process.

3.2.4. Human nutritional needs

Lecithin provides 90% of the exogenous choline needed

by the human body. Lecithin provides two main benefits

for choline. First, unlike bound choline, free choline is

degraded to methylamine by intestinal microorganisms.

Second, choline is obtained by continuous methylation of
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phosphatidylcholine in the liver and other fibrous tissues, and

the synthesis process requires time. Therefore, when dietary

choline is insufficient, the endogenous resources of lecithin can

supplement body demands.

3.2.5. Egg yolk lecithin liposome

Egg yolk lecithin liposomes are drug carriers. With distinct

targeting, egg yolk lecithin liposomes are an important

preparation in the drug delivery system. Fatty acid composition

and species of egg yolk lecithin have a great influence on

liposome properties. Saturated fatty acids in the lecithin

structure enhance the firmness and non-permeability of

the liposome membrane. Unsaturated fatty acids in lecithin

structures make liposomes have a lower phase transition, good

fluidity, and low viscosity. Four types of egg yolk lecithin

liposomes, which are conventional liposomes (34–36), PEG-

modified liposomes (37–39), multifunctional liposomes (40–

42), and ligand-targeted liposomes (43–45) currently exist. Each

liposome has its own advantages and application fields. Five

yolk lecithin liposomes were prepared by Kondratowicz (46),

who compared the structural and mechanical properties. Both

the main components of liposomes (e.g., lecithin, glycerin,

and cholesterol) and the component proportions influence the

structure of liposomes. Trace components, such as tocopherol

and carotene, also have a great impact (see Figure 3).

4. Application of yolk lecithin

The present commercial egg yolk lecithin is mainly used in

cosmetics, medications, and nutrition (47), and can be used in

the preparation of liposomes (48) and fat emulsions. Liposomes

are a new preparation and research focusing on drug carriers

in a drug release system, and it has become one of the main

directions of the manufacturing industry (49). The performance

of liposomes from egg yolk, soybean, and porcine lecithin have

been compared (50); the results showed that liposomes made of

egg yolk lecithin had the best performance. Fat milk injection is a

type of nutritional injection used in the clinical setting. Fat milk

is an energy supplement outside the gastrointestinal tract. Fat

milk can supplement essential fatty acids and energy for patients,

and egg yolk lecithin is used as an important component

emulsifier. Because lecithin is an important component of

biofilms, it can also be used as a drug carrier to form complexes

(51) with other drug components, which can directly transport

drug components to a diseased site and improve bioavailability.

Egg yolk lecithin is widely used in the feed industry and

has significant effects (52). Adding phospholipids to broiler

feed improves growth, increases storage in the liver, and

promotes bone growth. The different growth periods of fish

and shrimp also require the addition of lecithin in feed (46).

Other egg yolk lecithin can also be used as a fungicide for

crops, a preservative for fruits and flowers, ink emulsifiers, and

petroleum products (53).

5. Prospects of egg yolk lecithin

Lecithin is not only a high nutritional value substance,

but also a highly bioactive functional component (54). For

>30 years, extensive and in-depth research has been conducted

on transmitters of sustained-release drugs, maintenance of

function, development of functional foods, and means to

improve industrial production (2). As a natural emulsifier and

wetting agent, lecithin, in addition to its biological efficacy, is

often used as an emulsifier for intravenous fat injection and

is the main embedding material for liposomes (55). Lecithin

has unique membrane permeability, and it is of high value to

the packaging industry (56). At present, with the continuous

improvement in the lecithin extraction and preparation process,

lecithin with a high purity, low price, pure nature, and no side

effects will be fully utilized and developed (57). At the same

time, with the development of lecithin, a new direction for deep

processing of eggs will emerge (58).

Currently, high-purity lecithin is in high demand in the

international market (59). High-purity lecithin products usually

refer to phospholipid products containing ∼95% PC (60).

Because high-purity lecithin products are pure, have no peculiar

smell, strong emulsification, and are easy to dissolve in water,

they can be added and used in large quantities in the food

industry and can also be made into health products and

pharmaceuticals (13). The price of phospholipid products is

ten times or even dozens of times higher than crude lecithin

(61). Phospholipid production in China is far behind foreign

countries in terms of its production scale and technical level (62).

Medical oral liquid and high-purity phospholipids for injection

still need to be imported in large quantities (13). With regards

to deep processing of agricultural products, the production

of lecithin is currently one of the key technical development

areas supported by the State (63). Therefore, the prospect of

developing lecithin and its deep-processed products in China is

very broad.

6. Conclusions

The extraction method of lecithin in eggs is mainly based

on the extraction method of soybean phospholipids, organic

solvent extraction, supercritical fluid extraction, and column

chromatography. With the development of technology, the

enzymatic method and membrane separation method will

make the extraction of lecithin from eggs more convenient,

fast, efficient and environmentally-friendly. The author believes

that the basic physical and chemical properties of egg yolk

lecithin, the optimization of extraction methods, technological

innovation, and the development of functional properties should
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be studied in depth to explore differences and characteristics

superior to soy lecithin to develop research methods and

production suitable for egg yolk lecithin. Application technology

provides theoretical basis and technical support for the future

application of egg yolk lecithin in various fields.
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Tamás Csurka1, Renáta Csorba1, Majd Elayan1,

Munkhnasan Enkhbold1, Karina Hidas1 and László Ferenc Friedrich1

1Department of Livestocks Products and Food Preservation Technology, Institute of Food Science and

Technology, Hungarian University of Agriculture and Life Sciences, Budapest, Hungary, 2Capriovus Ltd.,
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Modern consumer expectations have become highly diversified: they want more

opportunities to meet diverse family needs (diversity of family members in age,

gender, physical activity, etc. ,) and individual health goals with a huge variety of

sensorial preferences. Our research is aimed to develop a protein-dense, highly

bioactive, lactose- and whey protein-free beverage applying a central composite

rotational design (CCRD) with 2 factors. For this purpose, an egg white-based

beveragewas flavoredwithmixed berries (factor A) and enrichedwith bovine collagen

peptides (factor B). After suitable sample preparation, the rheological properties were

investigated by an Anton Paar MCR 92 rheometer (with CC 27 system, and flow

behavior was analyzedwith a Herschel-Bulkley (H-B)model). The antioxidant capacity

of samples was investigated by Ferric Reducing Antioxidant Power (FRAP) method, the

total anthocyanin content was estimated based on a spectrophotometric method,

and the total phenolic content was determined by the Folin Ciocalteu method. Our

results are figured on response surfaces demonstrating that both factors and their

interactions show a positive correlation with the examined parameters. Based on the

CCRD, all investigated parameters are significantly influenced by at least one aspect

and can be adequately estimated for further product development.

KEYWORDS

egg white, dairy replacement, functional food, central composite design - response surface

methodology, bioactive compounds, bovine collagen peptides, berries and fruits, rheological

properties

1. Introduction

The demand for functional foods was already raised about a half-century ago when the first

health and nutrition concerns were established. However, real definitions and first needs for

regulation have been formulated since the 1980s when the first regulation was introduced in

Japan (1). Finally, in 2006, the European Parliament and Council introduced their first regulation

on nutritional and health claims [Reg. (EU) n. 1924/2006] (2). But despite this, due to the

exploding demand for specific functional foods and food ingredients, there is still a continuously

existing need for further definitions and regulations (3). As support for understanding our work,

two widely accepted definitions are introduced in the following. As comprehensively formulated
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by Gur et al. (4), functional foods are natural or processed foods

that contain biologically active compounds; that, in defined, effective,

and non-toxic amounts, provide a clinically proven and documented

health benefit utilizing specific biomarkers for the prevention,

management, or treatment of chronic disease or its symptoms.

According to a short definition by Santini et al. (5), functional foods

are nutritional products that provide health and medical benefits,

including the prevention and treatment of disease. In these aspects,

the addition of antioxidant compounds such as anthocyanins,

phenolic and polyphenolic compounds, or bioactive peptides may

achieve a functional effect on foods. Regarding studies in the field

of consumer acceptance (6), the term “functional food” has already

reached the recognition of food consumers and has been becoming

increasingly prominent in advertising campaigns which might be a

successful tool for product introduction.

Fruits such as berries should be an important part of a healthy diet

due to their content of bioactive compounds. The most consumed

berries, such as blackberry, blueberry, cranberry, raspberry, and

strawberry, are important sources of bioactive compounds and

are consumed worldwide as fresh or processed products (7). An

increasing interest is shown in literature and clinical experiments

for the role of berries and their components in the modulation of

oxidative stress (8), cardio-vascular symptoms (9), inflammation, and

lipid metabolism (10, 11).

Antioxidants are an extremely heterogeneous ‘class’ of

compounds differing in chemical structures (i.e., hydrophilic,

hydrophobic), distribution in nature (i.e., some are specific to

vegetable species, others are generally present in food raw materials),

and range of concentrations both in foods and in the human body

(from nanograms to milligrams). Some classes of antioxidants,

such as some vitamins, carotenoids, and polyphenols, merit specific

attention not only because they are well represented in our diet

but also because they are differently absorbed and metabolized and

may exert diverse functions with significant impact on our health

(12). They may have different actions, effectiveness against oxidative

stress, and specificity (e.g., scavenging of superoxide, hydroxyl or

peroxyl radicals, quenching of singlet oxygen or ferryl species,

etc.) and biological action apart from the antioxidant one (e.g.,

modulation of functions such as detoxification, immune response,

inflammation) (13).

Anthocyanins—a group of naturally occurring flavonoid

heterosides in the plant kingdom—are well-known as natural

colorant compounds from fruits and vegetables responsible for the

red, purple, or blue color and are used as natural additives in many

food products, providing a reddish, blueish color depending on

the pH-value of the food product. Depending on their chemical

structure, anthocyanins are generally considered heat and storage-

sensitive compounds (14). For example, the major anthocyanins

in strawberry are mono-glycosidi (e.g., pelargonidin-3-glycoside

and pelargonidin-3-rutinoside) that undergo structural changes

during storage which may lead to a deceleration (15). However,

anthocyanins stability might be improved by the addition of peptides

and polysaccharides (16).

Phenolic compounds such as polyphenols are reported as health-

supporting natural compounds usually of plant origin. Flavonoids

and non-flavonoids are the two major classes of phenolic compounds

common to berries. Blueberries score extraordinarily well in rankings

among polyphenol-rich berry fruits (17). Flavonoids (40%) and

phenolic acids (59%) are the dominant phenolic compound fractions

in them, their concentration may reach 3 mg/g during ripening (18).

Only a little scientific evidence is available on the effect of

processing on polyphenol bioavailability. Some data are present in

the literature on the effect of cooking on the stability and retention

of some polyphenols (17), however, investigations on the absorption

response are limited.

The addition of different protein sources may lead to a higher

functionality of foods as well. For example, bovine collagen peptides

are reported as functional compounds for skin protective and renewal

effects e.g., in the healing of pressure ulcers (19). Dermal collagen

is associated with skin and joint elasticity (20) which shows a close

relation to collagen type I RNA expression and fibroblast growth after

oral collagen peptide (CP) treatments (21).

The effect of concentration on the apparent viscosity of

hydrocolloids is generally described by either an exponential or

a power relationship (22, 23). Despite the huge availability as a

waste by-product from meat livestock industries and a great interest

in nutrition, only a few reports describe the potential use and

characterization of collagen peptides, especially bovine collagen

peptides (24), Currently about 28 types of collagen of different

structure, amino acid composition, and biological role are reported

(25). A collagen molecule consists of three left-handed helical

polypeptide chains, rolled into a right-handed triple helix (c.a. 300

kDa). But the common feature of all collagens is a repeating Gly-X-Y

amino-acid sequence (26, 27), where X and Y can be any amino acid,

however, proline (Pro) and hydroxyproline (Pro-OH) residues are

reported as the most often encountered (28). Collagen contains both

polar [e.g., aspartic acid (Asp), glutamic acid (Glu), arginine (Arg),

lysine (Lys)], and apolar [e.g., proline (Pro), serine (Ser), glycine

(Gly)] amino acids (29). However, the native collagen helixes are

rolled in a way to expose the hydrophilic segments to the solution,

they might have amphiphilic character. The latter can be unleashed

by denaturation and/or hydrolysis of the triple helix, using chemical

or enzymatic reactions (30, 31).

Low-molecular-weight collagen peptides from fish skin have

been presented as high immunomodulatory and antioxidant activity

and better absorbable compounds than whole molecule collagens

(32). Collagen peptide as a hydrolysate of collagen has been

reported to have various beneficial effects, e.g., protecting skin

aging, promoting better wound healing (33, 34), increasing muscle

strength (35), reducing obesity (36), maintaining blood pressure

(37), preventing atherosclerosis (38) and modifying lipid metabolism

(39). Despite the health promotion of collagen peptides, a balanced

and moderated—considering age, gender, physical and health state—

daily protein and amino acid intake is still recommended to avoid

overconsumption and related harmful effects (40). Despite a huge

number of publications reporting the health benefits and bioactivity

of collagen peptides, there is a lack of publications investigating the

impacts of collagen peptides on techno-functional attributes. Global

market for collagen peptides estimated at 564.4 million US$ in the

year 2020, is projected to increase to 822.9 million US$ by 2027,

growing at a CAGR of 5.5% over the investigated 7 years (41).

A further opportunity for functional food development is to

exchange or reform or inhibit some compounds such as lactose

or whey proteins. However, dairy products are considered highly

nutritious food products, and increasing the absorption of several

micronutrients (e.g., calcium and magnesium) their consumption is

recommended on a daily basis. Some consumers have to replace them

by consuming lactose-free and/or dairy-replacement products (42).

Lactose intolerance and whey protein allergy have become today hot

topics in the field of food and nutrition. In the last 10,000 years, the
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use of domesticated ruminants as a source of milk and dairy products

has expanded until today when the dairy industry has become one of

the largest sectors in the modern food industry, including the spread

at the present time to countries such as China and Japan (43). About

70% of the adult world population is lactose-intolerant, due to low

levels of intestinal lactase, (lactase-phlorizin hydrolase (LPH), a β-

d-galactosidase). This may be due to the loss of intestinal lactase in

adulthood, a condition transmitted by an autosomal recessive gene,

which differs in humans according to race. According to the cultural-

historical hypothesis, the mutation that allows the metabolization

of lactose appeared about 10,000 years ago in the inhabitants of

Northern Europe where mammalian milk continued in the diet

after weaning, and lactase-persistent populations were genetically

selected in some areas. Many intolerant individuals can tolerate low

levels of lactose in their daily diet. Many products are marketed

nowadays as alternatives to dairy products for lactose-intolerant

individuals. However, the rules for low-lactose foods are currently not

harmonized in the European Union (44). Bovine milk proteins are

described as potential allergens affecting about 1–3% of adults and 3–

5% of children under of the age 1 year worldwide (45). Cow’s milk

contains∼30–35 g/L of proteins and the class of lactoserum proteins

(whey) represents 20% of total protein. β-lactoglobulin is the most

immunogenic and abundant from whey proteins (c.a. 50%) (46).

Milk and dairy replacements (analogs) are produced usually

from plant-driven raw materials worldwide satisfying the increasing

demand for casein- and whey-protein-free products, although these

products have generally poor nutritional quality (47). Although

milk and dairy replacements are considered functional foods

because they might have additional positive effects on human

digestion. An excellent opportunity is to produce egg white-

based dairy and milk replacement products. Avian eggs and

egg white have been reported as natural functional foods (48).

E.g., certain egg white-derived peptides can play a role in

controlling the development of hypertension by exerting Vaso

relaxing effects (due to ovokinin) (49). Hen egg white lysozyme-

derived peptides showed moderate inhibitory activities against

calmodulin-dependent phosphodiesterase (CaMPDE) and free-

radical scavenging properties. Egg lysozyme hydrolysates have the

potential as functional foods and nutraceuticals (50, 51).

The aim of this study is the development and investigation

of a beverage containing highly bioactive proteins-containing

beverage providing a huge concentration of bioactive compounds

such as antioxidants and polyphenols. For this purpose, a central

composite rotatable design (CCRD) was applied for investigating

the effects of concentrations of bovine collagen peptides and mixed

berries’ concentration on the rheological properties and bioactive

compounds of an egg white-based dairy replacement product.

2. Materials and methods

2.1. Materials and sample preparation

2.1.1. Materials used for sample preparation
The egg white-based milk replacement “ToTu beverage”

produced by Capriovus (Szigetcsép, Hungary) was used as the main

ingredient in our samples. According to the producer, this milk

replacement is made due to acidic and enzymatic reactions from

liquid egg white (52). The product contains carbohydrates and fats

only in traces. But at the same time, it is a great source of easy-

digestible peptides and proteins (53), so its consumption may be

recommended for people replacing bovine milk and dairy, dealing

with diabetes or insulin resistance (54).

In every sample, erythritol (distributed by Bulkshop, Budapest,

Hungary) was used as a low-calorie sugar-alcohol sweetener in a

range of 15 % m/m. Regarding the literature, erythritol is concerned

as a popular and highly accepted sugar alcohol sweetener (55).

Furthermore from pilot experiments, it has been concluded that

its sweet taste is similar to white sugar in plate and flavored

ToTu beverages.

The frozen mixed berries (distributed by Lidl Budapest, Hungary;

containing strawberries, raspberries, blueberries, and red currants)

were used after thawing (from −18 to 10◦C at room temperature)

and homogenized in an electric shaker (PHILIPS HR3655/00

smoothie maker) for 2min. The berries were used as a smoothie,

or pulp containing flesh and skin, because antioxidant and phenolic

compounds are reported to be present in high concentration in the

skin of blueberries and red currant (56). Mixed berries were used in

different concentrations (between 1.89 and 23.11 g /100 g) in samples

according to the CCRD, as shown in Table 2.

The bovine collagen peptides were used because of their high

popularity among collagen peptides (41) and their great bioactivity

(51). They were purchased from and distributed byGAL SynergyTech

Zrt. (Budapest, Hungary) and were added in different concentrations

(between 3.52 and 0 g/100 g) to each sample regarding the CCRD

presented in Table 2.

2.1.2. Sample preparation
ToTu beverage, erythritol, mixed berries, and bovine collagen

peptides were mixed in the adequate ratios given in CCRD and

described above. After measurements of the ingredients, the samples

were homogenized in an electric shaker (PHILIPS HR3655/00

smoothie maker) for 2min. Directly after homogenization, the

samples were bottled in 250mL PET bottles and closed.

The heat treatment was carried out in a laboratory water

bath at 65◦C for 3 h. Both parameters were selected due to the

recommendations of the ToTu beverage’s producer. Following heat

treatment, samples were immediately cooled to 10◦C in melting ice.

The measurements were carried out 24 h after the heat treatment.

2.2. Methods

2.2.1. Determination of rheological properties
The samples after heat treatment and cooling period showed

smoothie-like or yogurt beverage-like consistency depending on the

mixed berries’ concentration, so their rheological properties were

analyzed by Anton Paar MCR 92 rheometer (Anton Paar, France) in

rotational mode equipped with a concentric cylinder (CC27) similar

to Hidas et al. (57). Anton Paar RheoCompass software (v 1.21.852)

was used to control the measurements. The temperature of the

rheological experiment was kept constant at 15◦C. Shear stress was

measured in increasing and decreasing shear rate intervals between

10 and 1,000 s−1 for 31 measurement points in each interval with a

period of 3 s.

The Herschel-Bulkley model (see equation below) was used

to analyze the flow curves (shear rate-shear stress diagrams)
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data of decreasing shear rate interval were analyzed using Excel

solver (58–60)

τ = τ0 + Kγ
n (1)

◦ τ—shear stress (Pa);

◦ τ0–yield stress (Pa);

◦ γ–shear rate (s −1);

◦ K—consistency coefficient (Pa s n);

◦ n—flow behavior index (dimensionless).

This model was used to describe the rheological properties of the

samples. All determination coefficient values (R2) of the fitted models

were higher than 0.98.

2.2.2. Determination of total anthocyanin
concentration (TA)

In this method, the anthocyanin content of egg white-based

beverage samples was measured by the pH differential method

presented by Lee et al. (61) and Taghavi et al. (62). One mL of

the egg white-based beverage samples was mixed thoroughly with

19mL buffer pH 1.0 (0.025M potassium chloride) and 1mL of

the egg white-based beverage samples was mixed thoroughly with

19mL buffer pH 4.5 (0.4M sodium acetate buffer). Both sample-

buffer solutions were incubated for 20min at room temperature

and centrifuged at room temperature, for 15min, at 1,0000

rpm (Hettich MIKRO 120, Andreas Hettich GmbH. Tuttlingen,

Germany). The supernatant was then removed, and the absorbance

was read at 520 and 700 nm (Hitachi U-2900 spectrophotometer).

The following equation was used for the calculation of the

anthocyanin concentration.

TA = A∗VM (2)

• A: (A520 nm–A700 nm) pH 1.0 – (A520 nm–A700 nm) pH 4.5;

• V: volume of extract (mL);

• M: mass of the egg white-based beverage sample (g).

2.2.3. Determination of total antioxidant capacity
The total antioxidant capacity was obtained by FRAP (Ferric

Reducing Antioxidant Power) method described byMoure et al. (63).

The method reported by Carletti et al. (64) was slightly modified for

the measurement of FRAP of the egg white-based beverage samples.

The FRAP reagent was freshly prepared as a mixture of acetate

buffer (300mM, pH = 3.6), TPTZ (10mM), and ferric chloride

(20mM) at a 10:1:1 (v/v/v) ratio, respectively. Then, 3mL of the

FRAP reagent and 100µL of the sample were mixed and incubated at

30◦C for 30min in a water bath avoiding light. The absorbance was

determined at 593 nm using a Hitachi U-2900 spectrophotometer.

Calibration was carried out using ascorbic acid solutions between

0.01 and 0.1-mM concentrations. The results were expressed as g

ascorbic acid equivalent/l egg white-based beverage.

2.2.4. Determination of total polyphenols content
(TPC)

The total polyphenolic content (TPC) was determined using

the colorimetric Folin–Ciocalteu method (65) by spectrophotometric

analysis (spectrophotometer Hitachi U-2900). The measurement was

carried out similarly to Musilova et al. (66). The absorbance of blue

solutions was measured in cuvettes of 1 cm width at a wavelength of

765 nm. The calibration was carried out with gallic acid solutions in

a concentration range between 0.01 and 1.5 g/L. The content of total

polyphenols in the sample was expressed as the content of gallic acid

in g/l of the sample.

2.2.5. Experimental design: Central composite
rotational design (CCRD)

For the experiment, a central composite rotational design

(CCRD) with two variables was performed for design and data

evaluation as described by Box and Draper (67). The two variables

were the concentration of mixed berries (factor A) and the bovine

collagen peptide concentration (factor B). The factor levels are

demonstrated in Table 1. The concentrations of mixed berries and

bovine collagen peptides used for every sample are presented in

Table 2.

For approximation, we used the response surface obtained based

on the secondary polynomial model. The measurements were carried

out in a randomorder, and the data were analyzed by specific software

(The Unscrambler 10.0.0 Camo-software, Norway). The general form

of the polynomial model used in our study is described by the

following equation:

Y= β0 + β1X1 + β2X2 + β11∗X
2

1 + β22X
2

2 + β12X1X2, (3)

◦ Y = independent variable;

◦ β1, β2, β11, β22,β12 = regression coefficients;

◦ X1 = a mixed berries concentration, % m/m;

◦ X2 = bovine collagen peptides concentration, % m/m.

Three replicates of the center point were selected (12.5

g/100 g mixed berries and 1.75 g/100 g bovine collagen peptides’

concentration) based on a pilot experiment considering the sensorial

attributes of enriched and flavored egg white-based beverage. The

independent variables (a: mixed berries and B: bovine collagen

peptides) were varied between 1.89 and 23.11 and 0.0 and 3.52/100 g,

respectively, and dependent variables of τ0, n K, TA, FRAP, and TPC

were measured.

3. Results and discussion

3.1. Changes in rheological properties

Figure 1 shows the flow curves (shear stress vs. shear rate),

which presents the downward curves of all examined samples. The

upwards curves are not shown in this study because it would make

the figure crowded. The samples behave as non-Newtonian fluids,

namely the pseudoplastic type. According to Holdsworth (68), most

fluid foods exhibit pseudoplastic behavior, where the shear stress and

the apparent viscosity decrease with increasing deformation rate (22).

However, they may vary highly in rheological behavior due

to their complex structure and composition (concentration and

ripening stage of fruit ingredients, etc.). Shear stress values of

almost all samples show some outlier values between 10 and 100

1/s shear rates, which may be explained on the one hand by
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TABLE 1 The trial design and factor levels in encoded values applied in the central composite rotational design (CCRD) (∗is a theoretically calculated value,

0/100g bovine collagen peptides were added).

Variable Encoded factor −1.4142 −1 0 1 1.4142

mixed berries concentration,

g/100 g

X1 1.89 5.00 12.50 20.00 23.11

bovine collagen peptides

concentration, g/100 g

X2 −0.02∗ 0.50 1.75 3.00 3.52

TABLE 2 The calculated concentrations of mixed berries and bovine

collagen peptides according to the central composite rotational design

(CCRD) (∗is a theoretically calculated value, 0/100g bovine collagen

peptides were added).

CCRD test nr. Mixed berries
concentration,
g/100g (A)

Bovine collagen
peptides

concentration,
g/100g (B)

∗L:A-a 1 1.89 1.75

∗H:A-a 2 23.11 1.75

∗L:B-a 3 12.50 −0.02∗

∗H:B-a 4 12.50 3.52

Cube001a 5 5.00 0.50

Cube002a 6 20.00 0.50

Cube003a 7 5.00 3.00

Cube004a 8 20.00 3.00

Cent-a 9 12.50 1.75

Cent-b 10 12.50 1.75

Cent-c 11 12.50 1.75

the inaccurate measurement at low shear stress values, on the

other hand by the slight foaming of samples observed during the

rheological investigation.

τ0 values calculated by the Herschel-Bulkley model varied

between 0.12 and 37.38 Pa (Table 3). The lowest τ0 value was

calculated for the sample containing the lowest mixed berry

concentration (1.89/100 g, sample 1), and its flow curve shows the

lowest shear stress values in the entire investigated interval. The

highest τ0 value (37.38) was calculated for sample 11. On the flow

curves, the highest shear stress values are observed for the core points

of CCRD (samples 9, 10, and 11) containing 12.5 g/100 g mixed

berries and 1.75 g/100 bovine collagen peptides. It might suggest that

the mixed berries’ concentration (factor A) has a positive and the

bovine collagen peptides’ concentration has a negative correlation

with τ0 values. Thus, in CCRD, a positive β-coefficient of factor A

and a negative β-coefficient for B are calculated. However, the CCRD

model is not significant (p = 0.529). It means that τ0 values can’t be

estimated for the examined beverage samples.

The highest flow behavior index, n was calculated for sample

1, containing the lowest mixed berries concentration. If n > 1, the

flow behavior is considered dilatant or shear thickening. Accordingly,

sample 1 should have a dilatant behavior (n = 1.14), as long as, all

other samples could be described as pseudoplastic fluids (calculated

n values between 0.55 and 0.75, Table 4). But dilatancy is considered

as the behavior showing an increase in viscosity with increasing shear

FIGURE 1

The flow curves (shear stress vs. shear rate) of egg white-based

beverages with di�erent mixed berries and bovine collagen peptide

concentrations (samples are coded by test numbers).

rate. But investigating (Figure 1) it is clear, that every sample has a

decreasing shear stress in the function of shear rate. It means that

they have pseudoplastic behavior. In our samples, it is recognized that

pseudoplasticity represents an irreversible structural breakdown and

the decrease in viscosity occurs as a result of molecular alignment that

takes place within such a substance (69).

The mixed berries concentration had a significant effect on n

values (p = 0.0363). Although it showed a negative correlation

with both factors, but a positive correlation with their interaction.

Despite this, the CCRD model was not significant (p = 0.179).

Similar flow behavior index values and a negative correlation of

fruit concentration flow behavior index were found by Wang et al.

(70) in strawberry-flavored goat milk beverages. In aspects of τ0

and n the applied CCRD statistical model fails in the prediction of

the rheological behavior of the beverages. Thus, it can be seen that

increasing mixed berries and bovine collagen peptide concentrations

have practical effects on rheological properties and have to be

considered for further product and technology development.

The calculated values of the Herschel-Bulkley model are

presented in Table 3.

In the investigation of rheological parameters, only the

consistency coefficient (or consistency indices) is described by a

statistically significant CCRD model (p = 0.0007). The measured

K values are summarized in Table 4: their values ranged from

0.01 to 16.34 Pasn. The measured K values may imply that the

higher mixed berries concentration and/or higher bovine collagen

peptides’ concentration was used, the higher K values are calculated.

This suspension is proven by the β-values shown in Table 4. The
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TABLE 3 Experiment design [central composite rotational design (CCRD)] and factor levels with actual values, and measured results of Herschel-Bulkley model and bioactive compounds (∗is a theoretically calculated

value, 0/100g bovine collagen peptides were added).

Test nr. Mixed berries
concentration,
g/100g (A)

Bovine collagen
peptides

concentration,
g/100g (B)

τ0, Pa k, Pa sn n, - R2 Total anthocyanin
concentration,

mg/L

FRAP-value,
g/L

Total
polyphenol
content, g/L

1 1.89 1.75 0.12± 0.05 0.01± 0.004 1.14± 0.21 0.99 3.42 0.63 0.05

2 23.11 1.75 21.43± 1.31 11.97± 0.92 0.60± 0.09 0.98 141.97 1.19 1.03

3 12.50 −0.02∗ 36.48± 2.47 7.36± 0.58 0.65± 0.04 0.99 60.27 0.84 0.69

4 12.50 3.52 11.47± 1.16 14.60± 1.25 0.65± 0.05 0.98 58.97 0.94 0.70

5 5.00 0.50 2.86± 0.72 2.06± 0.05 0.75± 0.06 0.98 6.11 0.73 0.07

6 20.00 0.50 17.54± 0.95 6.11± 0.24 0.61± 0.06 0.99 101.63 1.07 0.85

7 5.00 3.00 3.29± 0.12 7.10± 0.48 0.64± 0.05 0.98 5.03 0.77 0.06

8 20.00 3.00 15.28± 1.61 16.34± 1.27 0.55± 0.04 0.98 98.74 1.04 0.87

9 12.50 1.75 7.96± 0.91 15.55± 2.01 0.67± 0.06 0.99 59.20 1.09 0.71

10 12.50 1.75 7.45± 0.84 11.90± 0.92 0.67± 0.05 0.98 58.90 0.98 0.69

11 12.50 1.75 37.38± 2.56 7.58± 0.55 0.55± 0.03 0.98 60.87 1.00 0.71

TABLE 4 The regression coe�cients of the quadratic polynomial model for response analysis with encoded units.

Factors τ0, Pa n, - K, Pas−n Total anthocyanin FRAP, g/L Total polyphenol

concentration, mg/L content, g/L

β-
coe�cient

p-value β-
coe�cient

p-value β-
coe�cient

p-value β-
coe�cient

p-value β-
coe�cient

p-value β-
coe�cient

p-value

Constant 17.598 0.5299 0.63 0.1787 11.68 0.0007∗ 59.66 0.0001∗ 1.023 0∗ 0.71 0.0001∗

A 0.947 0.1831 −1.66E-02 0.0363∗ 0.50 0.0113∗ 6.42 0∗ 2.31E-02 0.0003∗ 4.97E-02 0.0002∗

B −3.719 0.3584 −1.67E−02 0.6555 2.552 0.0214∗ −0.58 0.8185 1.44E-02 0.3835 2.93E-03 0.9242

AxB −0.536 0.9219 8.78E-03 0.8667 1.04 0.385 −0.36 0.9192 −1.31E-02 0.5677 5.78E-03 0.8946

AxA −4.256 0.3757 7.04E-02 0.1536 −2.39 0.0481∗ 2.56 0.4117 −4.45E-02 0.0562 −9.61E-02 0.0401∗

BxB 1.025 0.8242 −1.69E-02 0.7034 −0.39 0.6846 −2.67 0.3933 −5.32E-02 0.0315∗ −3.58E-02 0.3518

A: Mixed berries concentration, g/100 g; B: Bovine collagen peptides concentration, g/100 g; ∗ significant effect (p < 0.05).
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FIGURE 2

The estimated values of K in function of mixed berries concentration

(A) and bovine collagen peptides concentration (B).

FIGURE 3

Correlation of the obtained model and the measured results for the

change in K.

interaction of both parameters gives a positive β-coefficient. The

effects of parameters are demonstrated in Figure 2. The higher

consistency coefficient (K) was estimated if higher concentrations

of mixed berries or bovine collagen peptides were used. It means

that the increase of one or both factors results in a thickener,

more contentious beverage. The correlation of the model with the

measuring points (r2 = 0.87) is shown in Figure 3.

Similar results were reported by Penna et al. (71) analyzing the

rheological parameters of commercial lactic beverages obtained by

the Herschel–Bulkley model. The authors explained their findings by

inter- and intramolecular changes in their samples, which may be the

reason in our experiment as well.

However, our samples were less consistent than some milk-based

beverages reported by Dogaru et al. (72), the difference may be based

on the different sweetener types and fruit concentrations used. In

practice, the increase of both factors indicated a thicker consistency

and more deviation from Newtonian flow behavior, providing a low-

fat yogurt beverage with similar flow behavior (73) that could be

accepted by consumers as a dairy beverage replacement.

FIGURE 4

The estimated values of total anthocyanin concentration. mg/L in

function of mixed berries concentration (A) and bovine collagen

peptides concentration (B).

3.2. Total anthocyanin concentration

The measured total anthocyanin concentration (TA) of samples

is summarized in Table 3. which shows a proportional tendency

between 3.42 and 141.97 mg/L in the function of mixed berries

concentration. The higher the concentration of mixed berries

concentration added, the darker andmore reddish-blueish coloration

was observed in the samples. This phenomenon seems to be in

correlation with TA concentration. For example, the dark blue

coloration of blueberries is a result of the high level of anthocyanin

concentration (56, 74).

Regarding the CCRD model (p = 0.0001) the total anthocyanin

concentration is significantly influenced only by mixed berries

concentration (p = 0.000) as presented in Table 4. However, the

bovine collagen peptides’ concentration has a positive correlation,

and the interaction of factors has a negative effect on the total

anthocyanin concentration, it is not statistically significant. The

estimated effects are represented in the response surface shown in

Figure 4. The increasing values of total anthocyanin concentration

are clearly visualized as the effect of increasing mixed berries

concentration The correlation between the estimated model and

measured values is demonstrated in Figure 5 (r2 = 0.98).

The same order of magnitudes TA were reported in fresh, frozen,

and frozen-dried strawberries using a similar method to Taghavi

et al. (62). It seems that anthocyanin and phenolic compounds stay

stable during cold storage of fruit yogurts due to the bounds between

proteins and phenolic compounds (75), the intermolecular actions

between bovine collagen, egg white proteins, and anthocyanins

haven’t been deeply analyzed yet. Although, it can be suggested

that collagen peptides can interact with anthocyanin and phenolic

compounds (26, 27, 32) and in practice, it may play a key role in

the development of long-term stabilized color of egg white-based

fruit flavored beverages. From the rheological investigation, it may be

concluded that in our samples, intermolecular reactions took place

which may help stabilize their color during longer storage as well.
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FIGURE 5

Correlation of the obtained model and the measured results for the

change in total anthocyanin concentration mg/L.

3.3. Total antioxidant capacity

Table 3 presents the measured values of total antioxidant capacity

expressed in g/l ascorbic acid equivalent FRAP values. The measured

antioxidant capacities (0.63 1.9 g/l) meet the range of published values

found in berries (74) and reported in fruit-flavored yogurts (76).

Antioxidant concentrations of fresh blueberries and strawberries

were reported at 1,107.14 and 199.49 mg/kg, respectively by Mustafa

et al. (77) using anHPLC-MS/MSmethod. However, themethod used

in our study is different, the magnitude of measured FRAP values are

showing a similar antioxidant concentration.

The data of the fitted CCRD model are summarized in Table 4:

the model is significant (p = 0.000). Similar to the total anthocyanin

concentration, mixed berries concentration has a significant effect

on the FRAP values (p = 0.0003) and its correlation is positive to

the measured values. However, collagen peptides have antioxidant

activity (49, 51), and show a positive correlation (β-coefficient =

1.44E-02) in our model, their effect is not statistically significant

(p = 0.383). The estimated values of total antioxidant capacity are

shown in Figure 6 as a function of the bovine collagen peptides and

mixed berries concentrations. If the goal is to achieve the highest total

antioxidant capacity in egg white-based berry flavored beverages, a

wide range of bovine collagen peptides’ concentration (between 0.5

and 3.2/100 g) and a higher mixed berries concentration (between 28

and 23/100 g) are recommended. Figure 7 represents the correlation

(r2 = 0.95) of measured and estimated FRAP values.

A preservation technology applied for extending shelf-life is

required for all food products. In the case of milk and egg products,

heat treatments are commonly applied. The heat treatment seems

to increase antioxidant capacity and bioavailability of bioactive

compounds (53, 66), so in this context, the heat treatment applied

in our experiment may improve the bioactivity of the egg white-

based beverages.

3.4. Total polyphenols content

The measured total polyphenol concentrations (TPC) presented

in Table 3 vary greatly between 0.05 and 1.03 g/L. A positive

FIGURE 6

The estimated values of FRAP g/L in function of mixed berries

concentration (A) and bovine collagen peptides concentration (B).

FIGURE 7

Correlation of the obtained model and the measured results for the

change in FRAP g/L.

correlation between mixed berries concentration and TPC might be

assumed from measured values. This finding is supported by the

results of the estimated CCRD model (p = 0.0001) described in

Table 4. Regarding the regression coefficients and p-values, the mixed

berries concentration has a significant effect (p = 0.0002) on TPC

and the correlation of both factors are positive (β-coefficient= 4.97E-

02; β-coefficient = 2.93E-03, respectively) as well as their interaction

correlates positively (β-coefficient= 5.78E-03), although factor B and

the interaction of both factors are not significant (p = 0.924 and p =

0.895, respectively). This is shown in Figure 8. The estimated values

and measured values are demonstrated in Figure 9 (r2 = 0.96).

Blueberry is considered a berry fruit rich in phenolic compounds,

ascorbic acid, and other antioxidants (78) as discussed above.

TPC values were reported in a range of 77–82mg/100 g for

blueberries grown in the Black Sea Region of Turkey (74) and

305.38 ± 5.09 mg/100 g for blueberries from the subtropical areas

of Brazil (79). In fresh and frozen raspberries a total phenolic

concentration of 185.57mg GAE/100 g and 1,476.62mg GAE /100 g

were reported, respectively (80). These levels correspond to yogurt

beverages enriched with different berries (76) and with our
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FIGURE 8

The estimated values of total polyphenol content. g/L in function of

mixed berries concentration (A) and bovine collagen peptides

concentration (B).

FIGURE 9

Correlation of the obtained model and the measured results for the

change in total polyphenol content g/L.

measured results (taking into consideration the used concentrations

of mixed berries). However, in most studies investigating the

effects of thermal treatments on the antioxidant capacity and total

phenolic content, the results are contradictory (81). It seems that

some antioxidants and phenolic compounds’ concentration increase

above 70◦C (82). This temperature range for heat treatment is

considered to have inactivating and decreasing effects on food

spoilage microbiota.

4. Conclusions

Modern food consumers, who exclude dairy from their diet

or want to make their nutrition more varied, can be successfully

encouraged by foods providing high bioactivity and great amino

acid composition. To fulfill these requirements, in our study, an

egg white-based berry-flavored and collagen peptide-enriched dairy

replacement was investigated. For this purpose, a central composite

rotational design (CCRD) was used with two factors (mixed berries

concentration and bovine collagen peptides’ concentration, 1.89–

23.11/100 g and 0.00 and 3.52/100 g, respectively). The effects of both

factors were examined on modeled rheological parameters (τ0, K,

and n) and bioactive composition (total anthocyanin concentration,

antioxidant capacity, and total polyphenolic content) by using

response surface methodology.

Berries are used as a well-known source of bioactive compounds

and are popular because of their sensorial attributes. They

showed positive correlations and significant effects on the

examined parameters. Thus, their use in higher concentrations

in egg white-based beverages could provide a high quantity of

bioactive compounds for consumers. Nevertheless, their sensorial

characteristics (color, flavor, and taste formation) effects are

popular among consumers, regardless of gender and age. For

further investigations and product development, mixed berries

concentrations of 12.5/100 g and 23.11/100 g (or even higher) are

recommended to increase the concentration of bioactive compounds

and to achieve superior sensorial attributes.

Despite this, bovine collagen peptides, which are rich in highly

bioactive and digestible amino acids, had lower effects on the

investigated parameters, despite this, according to the literature, their

addition may have a positive effect on the retardation and expression

of bioactive compounds Their use in dairy replacement products such

as yogurt beverage replacements, might be a useful tool for providing

higher bioactivity, and higher protein concentration, and a better

amino acid composition.

The product development based on the central composite

rotatable design presented and investigated in our study obtained

potential opportunities to replace traditional dairy beverages with

an egg white-based option. Egg white and egg white-based products

could be considered cheap and environmentally friendly raw

materials for further dairy analogs development, providing a higher

functionality through their amino acid composition.
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