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benefits of tackling malnutrition and minimizing food loss and waste. While food
waste and nutrient loss as a function of food waste and processing have separately
been a topic of much previous research, nutrient loss as a function of both processing
and food waste from farm to fork has not been addressed. This critical analysis was
motivated by the: challenge of nourishing a growing population, the economic impact
of food waste, the societal costs of malnutrition, and the overall need to extend produce shelf life sustainably. Both food and nutrient loss and waste can occur simultaneously at various levels throughout the value chain as a function of different
processing methods. Combined effects of food waste and nutrient availability/losses
were determined through a systematic analysis of the available peer-reviewed
research data during thermal, nonthermal, and minimal processing for tomatoes, spinach, and kidney beans. The waste and loss datasets were derived from the USDA, the
FAO, and the US EPA databases. This work presents a justification for more research
to reduce nutrient loss and food waste to obtain a more sustainable supply of nutrients in the food industry.

Practical Applications
This analysis serves as a guide for food industry stakeholders concerned with nutrient
retention as a result of processing and food waste in the food value chain. It also
assesses the combined impact of processing and food waste on nutrient loss from farm
to fork. Available nutrient retention data as a function of retort, microwave, high pressure, aseptic and fresh processing, and food waste were employed. To our knowledge,
there has not been a study on food waste as a function of processing that considers
nutrient retention and loss as a function of food waste within the entire value chain. A
summary of specific research needs for a holistic view on nutrient retention affecting
product, process, and package conditions through the value chain was presented.
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I N T RO DU CT I O N

and food waste throughout the value chain for the first time. The
introduction presents the results of a systematic search of literature

To provide a clear perspective on how to achieve a more sustainable

that explores nutrient loss, food waste, and food and nutrient waste

nutrient-rich food system, this unique work combines nutrient loss

and demonstrates the rationale for combining nutrient and food waste
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to guide efforts to achieve a more sustainable nutrient-rich food sup-

Velioglu, 2005), nonthermal processing (Knorr, Ade-Omowaye, &

ply. An increasing global population continues to challenge the world's

Heinz, 2002; Tiwari, O'Donnell, & Cullen, 2009; Tzortzakis &

ecosystems, resources, and economy. Among several areas, “Achiev-

Chrysargyris, 2016), and packaging (Ayhan, Yeom, Zhang, & Min,

ing food security as a matter of priority and to end all forms of malnu-

2001; Fernández García, Butz, Bognàr, & Tauscher, 2001; Nath

trition” was also declared as one of the priorities in the sustainable

et al., 2012). Despite the reported undesired changes in the nutritional

development agenda for 2030 by the United Nations (United

profile during food processing, the enhancement of several nutritional

Nations, 2016). According to a joint report led by the Food and Agri-

compounds, the formation of bioactive complexes, inactivation of

culture Organization (FAO), despite the efforts to reduce hunger and

antinutritional compounds, spoilage and pathogenic microorganisms

poor nutrition, approximately one in 10 people globally were either

are among the advantages of food processing (van Boekel

undernourished or severely food-insecure in 2019 (FAO et al., 2019).

et al., 2010). Process and packaging parameters are often selected

On the other hand, the valuable resources to produce foods such as

based on the primary deterioration mechanism in a particular food;

land, water, energy, and labor are wasted when food containing

the degradation can be through moisture transfer, microbial degrada-

essential nutrients are lost or during transportation from farm to con-

tion, respiratory activity, oxidation, and so on. Minimizing the causes

sumer. This loss and waste constitute one-third of the total food pro-

of the degradation means, that also affects the amount of food loss, is

duced

The

the primary aim of any processing/packaging combinations. From the

U.N. declared several priority areas under the sustainable develop-

sustainability perspective, viable processing and packaging can con-

ment goals for 2030. Specifically, “By 2030, halve per capita global

tribute to the reduction of nutrient losses as well as food waste. How-

food waste at the retail and consumption levels and reduce food

ever, the majority of the previous literature focuses either on

losses along production and supply chains, including post-harvest

macronutrients (e.g., proteins, carbohydrates.) or on limited number of

losses” (United Nations, 2016). This United Nations goal defines the

micronutrients (e.g., vitamin C) but fails to analyze many other micro-

urgent need to develop practical solutions to grand challenges such as

nutrients and phytonutrients. While addressing nutritional quality

reducing food waste and nutrient loss in a sustainable manner. Impor-

changes, preservation targets (e.g., the number of log reductions, acti-

tantly, research on nutrient loss and food waste has been done indi-

vation of a certain enzyme, and days of shelf life) are rarely assessed

vidually as well as at retail-consumer interfaces. This is outlined for

but should be included since the optimal processing/packaging combi-

select products below. Further product references linked to spinach,

nations can only be suggested by setting preservation targets

tomatoes, and kidney beans are provided in detail within the Section 2

(Barrett & Lloyd, 2012).

for

human

consumption

globally

(FAO,

2011).

of this article.

1.2 | Food waste and nutrient loss at retail and
consumption

1.1 | Nutrient loss for minimally and thermally
processed foods in the supply chain

Several studies have quantified food waste from the economic,
Nutrient loss throughout the supply chain for minimally processed prod-

weight, or caloric value perspectives at the retail and consumer level.

ucts has been addressed previously. For example, Serafini et al. (2015)

However, much nutrient and food loss and waste occur before these

studied the loss of vitamins A and C in global regions; Europe, North

late stages of the value chain. The economic value and weight of post-

America, Africa (Sub-Saharan Africa North Africa), Asia (West and Central

harvest losses for retail and consumer were determined by Buzby,

Asia, South and Southeast and Industrialized), and Latin America. Para-

Wells, and Hyman (2014). Global food losses and waste by FAO (2011)

tore, Tung, and Lee (2018) studied micronutrient losses (i.e., vitamins A

and data and waste estimations were made by Parfitt, Barthel, and

and C, zinc, and iron) from available data in supply chains of banana,

Macnaughton (2010)). An EU project estimated nutrient (vitamin A,

maize, and milk in Kenya, cassava, Gari meal, fresh tomato, and potato in

vitamin C, iron, fiber, zinc, beta-carotene, and n-3 fatty acids) loss in

Cameroon, and chickpeas, rice, milk, and mango in India. Both of these

connection with food waste in European countries (Scherhaufer

studies, however, did not consider the effect of processing on nutrient

et al., 2015). Spiker, Hiza, Siddiqi, and Neff (2017) and USDA ERS Loss

loss as well as food waste throughout the supply chain.

Adjusted Food Availability Data Series (2012) calculated the nutrient

Nutrient loss for thermally processed food has also been deter-

losses as a percentage of recommended dietary allowances (RDAs)

mined in the literature. The loss of nutrients in food as a function of

and as an equivalent percentage of the populations' nutritional needs.

thermal processing occurs and this affects many consumers who con-

For example, food waste at the retail and consumption levels

sume processed foods. Importantly, 15.9% and 61% of the food con-

accounted for 32%, and 68% daily per capita loss in vitamin C levels

sumption were either from moderately processed or from highly

and the food loss represented 43% of RDA for vitamin C, which can

processed foods in U.S. households, respectively (Poti, Mendez, Ng, &

compensate daily vitamin C needs (RDA) of 60% of the adult popula-

Popkin, 2015). During past two decades, many studies reported the

tion in the United States (Spiker et al., 2017).

changes of nutritional quality as a function of thermal processing

It is challenging to determine nutrient loses from farm to fork

(Arjmandi et al., 2017; Damian, Carpiuc, Leahu, Oroian, &

since the overall quality of food is dynamic and may be affected by a

Avramiuc,

variety of factors along the value chain, such as harvest practices, and

2013;

Dolinsky

et

al.,

2016;

Turkmen,

Sari,

&
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postharvest handling, packaging, processing, storage, and transporta-

start with different nutrient values and thus retain different amounts

tion, and nutrients vary (Yildiz, 2017). Nutrient losses and waste in

of nutrients.

between stages (e.g., harvesting and processing), as well as cumulative

To our knowledge, there has not been a study on food waste as a

losses along the value chain (e.g., aseptic processing or packaging),

function of processing that considers nutrient retention and loss as a

have not been determined. For example, the differences in nutrient

function of food waste within the entire value chain. The data used in

losses due to shelf-life differences between minimally and thermally

this analysis reveal the capacity of processing methods to preserve

processed produce have not been addressed. Moreover, available

nutrients. Finally, limitations in the available data and literature, analy-

food composition databases do not include all nutrients and produce

sis methods, as well as strategic directives for further research based

and product varieties, transient shelf-life considerations, and

on the identified gaps in the literature, are shared. The work assesses

processing quality losses that can lead to a reduction in nutrient

the nutrient loss and food waste that occurs throughout the

compositions.

processed food value chain from farm to fork without considering any

Further, many products are selected for specific processing environments based on the available shelf life. For example, soft ripe

geographical differences for spinach, tomatoes, and kidney beans
serving as examples of vegetables, fruits, and legumes, respectively.

tomatoes (with a mature level of nutrients) that would spoil before
reaching the retail consumer are processed into tomato juice, whereas
hard, unripe tomatoes (with less mature nutrient profiles) are shipped

2

|

METHODS

to retailers to ripen further before consumer consumption. This concept was explored by HLPE (2014) on connection to a degradation-

Products were selected to represent three types of commodities—

related reduction in food quality (i.e., including nutritional composi-

kidney beans as legumes, tomatoes as fruits and spinach as vegeta-

tion) study. Consequently, various packages and processes such as

bles. A two-step process was used; first, the nutrient loss as a function

modified atmosphere packaging, thermal and nonthermal processing

of process, and then nutrient loss as a function of food waste was

Calculations for
Nutrient Retention
Nutritional facts of products with various
forms of packaging (E.g. canned, aseptic
carton etc.).

Vitamins, β-carotene, lycopene, phenolic
compounds, antioxidants, fiber, texture,
acidity, protein, fat, sugars as a function
of processing and packaging interactions
for
1. Tomatoes
2. Spinach
3. Kidney beans

Food Waste
Food waste values available at
agricultural production, transportation,
retail, processing and packaging, and
consumer levels for:
1. Tomatoes
2. Kidney Beans
3. Spinach

F I G U R E 1 Schematic of data sources,
calculation methods to calculate nutrient
retentions as a function of food waste and
modes of processing and packaging

Data obtained from

Data Presented

USDA Food Composition
Databases
(USDA, 2017)
Literature review
of data were
shown in Table 1
(tomatoes),
Table 2
Peer-reviewed research, books,
(spinach), and
applied development research,
Table 3 (kidney
company reported nutritionals
beans).
as a function of processing and
Compiled data
changes during shelf life, for
used in analysis
exact references see tables 1-7.
Table 5
(tomatoes),
Table 6
(spinach), Table
7 (kidney beans)

(USDA ERS Loss Adjusted
Food Availability Data Series,
2012)
(FAO, 2011)
(US EPA, 2016)
(Defra, 2010)
(Quested & Johnson, 2009)

Table 4
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analyzed for the selected produce. Nutrient changes as a function of

“canning,” “minimal processing,” “fresh produce,” “tomato,*” “kidney

processes/package and shelf life at consumption were determined

bean,*” “spinach.” Web of Science core collection, ProQuest, Science

from available compositional data for canning, aseptic, microwave,

Direct, MEDLINE and Google Scholar databases were used to search

infrared processing, and cooking; then compared to fresh and mini-

for publications without any time limitation as various nutrient loss

mally processed counterparts. Figure 1 summarizes the data and liter-

studies for thermal processing date back to 40s and 60s. In the second

ature sources and calculation methods. This methodology allowed for

phase, the relevancy of the citing studies of the manuscripts obtained

the determination of the total nutrient loss (including processing and

in the first round was investigated and included, if appropriate, with-

food waste loss) as a function of the process/package and shelf life

out limiting the database and journal types. The book chapters and

before consumption.

conference proceedings were also included. The literature search
involved a large number of databases and studies because of the limited availability of the research combining nutrient retention and heat

2.1

Sample calculations

|

processing.

Canned crushed tomatoes have 4,982.3 μg/100 g lycopene. A total
food loss and waste of 41.1% for canned tomatoes result in

3.1

Tomatoes

|

2934.6 μg/100 g lycopene. This food waste in canned tomatoes is
based on:

Processing of tomatoes changes the nutrient concentration and is
important since 75% of Americans consume tomatoes primarily in a

• 20% loss in agricultural production (FAO, 2011)

processed form such as preserves, dried, and tomato-based products

• 7% loss in processing and packaging (FAO, 2011)

(Ayvaz, Santos, & Rodriguez-Saona, 2016). Previously reported litera-

• 6% distribution and retail loss (USDA ERS Loss Adjusted Food

ture data on the nutrient changes in tomatoes were compiled in

Availability Data Series, 2012)
• 15.8% loss by consumers (Defra, 2010; Quested & Johnson, 2009;

Table 1. In addition, the USDA Nutrient Database values were
included as a separate row for comparisons.

US EPA, 2016)
Fresh processed tomatoes have 2,575.0 μg/100 g lycopene. A

3.1.1

|

Minimal processing and ripening

total food waste loss of 53.8% for ripe tomatoes results in
1189.7 μg/100 g lycopene. This food waste in ripe tomatoes is

The nutrient composition including carotenoids, antioxidants, flavo-

based on:

noids, and phenolics varies by tomato variety and by the degree of
growth and ripening (Cano, Acosta, & Arnao, 2003; Ilahy, Hdider,

• 20% loss in agricultural production (FAO, 2011)

Lenucci, Tlili, & Dalessandro, 2011; Nour et al., 2014). While general

• 7% loss in processing and packaging (FAO, 2011)

data on ripe and unripe tomatoes are reported in the USDA nutrient

• 10% distribution and retail loss (USDA ERS Loss Adjusted Food

database, specific data on the many varieties are not available within

Availability Data Series, 2012)

the database.

• 31% loss by consumers (Defra, 2010; Quested & Johnson, 2009;
US EPA, 2016)

Lycopene
Lycopene content varies by tomato variety and increases with matu-

Loss from one step in the value chain to the next are not cumula-

ration. On average, 36% of the total lycopene was produced during its

tive and are based on the lower amount due to food waste at the prior

last deep-red maturity stage for all cultivars assessed. The lycopene

stage. The main aim of this given calculation is to demonstrate the

content of tomatoes increased significantly during fruit ripening and

logic of this manuscript to show that only a portion of “produced and

accounted for more than 80% at the red stage (Kläui &

harvested nutrients” is actually delivered to consumers due to loss

Bauernfeind, 1981). Several studies have reported that the caroten-

and waste at all levels, including production, processing, distribution,

oids (mostly lycopene) and antioxidant activity increased with ripening

and retail, and consumers.

stage, among which the red stage leads to the development of up to
80% of total carotenoid content (Ilahy et al., 2011; Opara et al., 2012;
Raffo et al., 2002). Nour et al. (2014) demonstrated that two cultivars

3
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exhibited a 46% increase in lycopene content at the final ripening
stage. Ripe, raw tomato lycopene level is reported 2,575 μg/100 g

The first round of systematic literature search was performed by using

fresh weight (FW) by USDA versus 1,800 μg/100 g FW in this

single or a combination of various keywords representing process, food

research. Monika and Isabella cultivars exhibited a higher lycopene

product type, and nutritional composition. Examples are “process,*”

content than Cherry cultivars at their red and deep red stages (Opara

“food processing,” “nutrition,” “nutrient,” “thermal processing,” “retort,*”

et al., 2012).

Lycopene

Fresh processed

Shi and Maguer (2000)

USDA (2017)

Varies between 0.72 and 20 mg/100 g (WB). Lycopene contents are
3.780, 2.270, 2.547, 5.653, 1.582 mg/100 g (WB) for red varieties
cherry, large, salad, Flavourtop, Tigerella, respectively; 0.528, 0.021,
9.65–10.21 mg/100 g for yellow varieties Sungold, gold sunrise (UK),
Ohio, respectively
2,575 μg per 100 g ripe raw tomato

Protein

pH values of cherry, Monika and Isabella cultivars were similar and did
not change significantly, varying between 3.5 and 4.2.

Texture, acidity, sugars

Cherry tomatoes had the highest amount of protein (1.32%–1.46%
g/100 g WB), whereas in other cultivars the protein ranged between
0.44% and 0.94% (g/100 g WB). Ripening did not significantly affect
the protein content of cherry tomatoes, but in Monika and Isabella
cultivars it increased 40% and 20%, respectively

Opara et al. (2012)

Salunkhe et al. (1974)

Opara, Al-Ani, and Al-Rahbi (2012)

The fiber content was the highest at “turning” maturity stage (Stage 3 out
of 6), for all three of cultivars. Cherry, Monika (plum) and Isabella (plum)
types had 1.55%, 0.92% and 0.90% of fiber, content, respectively

Fiber

Reducing sugar content of tomatoes had increased continuously with
increasing maturity stages, 2.40% 2.90% 3.10% 3.45% 3.65%,
respectively

Nour et al. (2014)

(Continues)

Natella, Belelli, Ramberti, and Scaccini (2010)

Total phenolics in fresh tomatoes were reported as 1.3 mg GAE/g (FW)
Decreases 50% in direct sunlight. Hydrophilic antioxidant activity was
reported to be 71–85% of total antioxidant activity. The lowest
contribution was observed in the last stage of the ripening

Nour et al. (2014)

Total phenolics increased from mature green (140–170 GAE/kg) to pink
or light-red (172.84–287.62 mg GAE/kg), with a subsequent decrease
after this stage.

Nour, Ionica, and Trandafir (2015)

Nour, Trandafir, and Ionica (2014)

Cultivar VT-145-7,879 had 30.16, 20.71, 12.18 mg/100 g of tomatoes at
full red ripe, medium-red, and pink stages, respectively

Increased by 47% at the last stage of maturity

Kläui and Bauernfeind (1981)

Lycopene in san Marzo var. were 180.6, 73.6, 51.7, 10.4, 1.0 μg per gram
in stages in the stages of red ripe to a large green, respectively

Edwards and Reuter (1967)

Salunkhe, Jadhav, and Yu (1974)

Lycopene increases by 412%, 374%, 230%, 124% and 8% (WB) for
red-ripen, red, pink, breaker and large green stages, respectively

Decreased by 27% when picked green and matured versus picked ripe

Shi and Maguer (2000)

References

Lycopene content of the juice from ripe, partially ripe/yellowish, green
tomatoes were 3.71, 0.240, 0.171 mg/100 g of juice (WB)

Composition and respective changes

Hydrophilic antioxidant activity continuously increased until pink or lightred stages, then declined significantly. Hydrophilic antioxidant activity
was correlated with total phenols content

Antioxidant activity

Total phenolics

β-Carotene

Nutritional compound

Tomato nutritional composition data from literature as affected by storage, processing and packaging

Process stage

TABLE 1
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(Continued)

Cooking

Process stage

TABLE 1

Antioxidant activity

β-carotene and total phenolics

Dolinsky et al. (2016)

Arjmandi et al. (2017)

Total phenolic compounds did not change significantly in tomato puree
with microwave treatment at high or low power, varying between 424
and 441.2 ChAE mg/kg

Microwave cooking at 1000 W for 5 min significantly reduced
antioxidant capacity (%AC) from 25.5% to 12%

Natella et al. (2010)

Microwave cooking at 800 W for 3 min did not cause a loss in total
phenolics. Microwave retained 104% of the total phenolics with final
concentration of 24.0 mg GAE/g dry matter

Natella et al. (2010)

Dolinsky et al. (2016)

Among boiling, pressure cooking, steam cooking, and microwave cooking;
microwave had the lowest soluble phenol content (18.18 mg
GAE/100 g WB compared to 24.81 mg GAE/100 g in raw tomatoes
and 25.50 mg GAE/100 g in steam cooking. This work also showed
that microwaving significantly decreased the hydrolyzable polyphenol
content increased with boiling and stemming from 44.72 mg
GAE/100 g WB) to 36.13 mg GAE/100 g WB

Total antioxidant capacity of tomatoes increased significantly from
65.2 mmol Tx eq/g dry matter to 99.3 mmol Tx eq/g dry matter during
microwave cooking (the highest increase from the raw state among
other cooking methods such as boiling or pressure cooking) at 800 W
for 3 min

Guo, Sun, Cheng, and Han (2017)

Lu, Turley, Dong, and Wu (2011)

Microwave heating caused less than 13.52% loss of lycopene in
tomatoes. The lycopene content of grape tomato without microwave
heating was 26.93 ± 0.78 mg/kg FW. The lycopene contents of
microwave-treated grape tomatoes ranged from 23.29 to 31.61 mg/kg
FW, with no statistically significant results

Steaming with little osmotic changes were more suitable for maintaining
high levels of polyphenols

Heredia, Peinado, Rosa, and Andrés (2010)

Cherry tomatoes had 86% decrease of lycopene when processed at
1–33 W/g at 40–80 C

Arjmandi et al. (2017)

Barrett and Lloyd (2012)

Microwaving tomatoes at 700 W for 4 min resulted in a 10% decrease
(WB) in lycopene content

β-carotene content increased from 6.76 mg/kg to 9.60 mg/kg by
microwave processing at 3150 W for 150 s

Mayeaux, Xu, King, and Prinyawiwatkul (2006)

Opara et al. (2012)

References

Microwave retained 64.4% of initial amount of lycopene while baking at
177 C and 218 C retained 64.1% and 51.5%, respectively and frying
retained 36.6% and 35.5% after frying at 145 C and 165 C,
respectively

Cherry tomatoes had higher fat content in mature green (2.81%) or red
(2.89) stages. Monika and Isabella cultivars had higher fat content in
the mature green (1.97%) and breaker (0.51%) stages, respectively.

Fat

Lycopene

Composition and respective changes

Nutritional compound
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(Continued)

Retort processing in a can

Process stage

TABLE 1

Abushita, Daood, and Biacs (2000)

Shi and Maguer (2000)

The lycopene content of 15 different industrial cultivars were 7,949
um/100 g WB. Whereas total carotenoids were 9,476 μg/100 g fresh
weight this indicates that more than 83% of total carotenoids include
lycopene. They also studied the effect of various stages of
conventional canning of tomato paste and demonstrated an increase
from the raw material as the thermal processing progresses. For
example, all-trans-lycopene were 1,189.4, 1,219.5, and 1,628.2 μg/g
DW in the raw tomatoes, hot-break extract, and in the final product,
respectively Similarly, cis-lycopene content increased from 30.6 to 25.5
and 25.2 μg/g DW in the hot-break and tomato paste. Their results
also indicate that β-carotene is more heat-sensitive than lycopene
Canned tomato puree from Finland, canned tomato paste from Finland,
tomato paste from Brazil, tomato puree from Brazil had lycopene
content of 19.37–8.93, 18.27–6.07, 51.12–59.78, and 16.67 mg/100 g
WB, respectively

Lu et al. (2011)

Color did not change in grape tomatoes significantly. After microwave
treatments of varying time; L* values varied from 11.70 to 12.30, a*
values varied from 11.70 to 12.50, and b* values varied from 10.78 to
11.23, compared to 27.90, 15.50, and 11.17 for fresh grape tomatoes,
respectively

Ayari, Achir, Servent, Ricci, and Brat (2015)

Pérez-Tejeda et al. (2016)

The color changes in microwave processed puree were lower (Delta E of
<2) than the conventional treatment (Delta E of 2.5) and control
samples stored up to 30 days

When tomatoes are processed into tomato sauce and tomato paste in
retort processes such as canning, lycopene content increases to
7 mg/100 g and 24 mg/100 g, respectively. The effect of several
processing steps during conventional canning has been assessed. Fresh
tomato pulp had 9.9 mg/100 g of lycopene. Lycopene content was
51.9, 29.8 and 13.8 mg/100 g WB in concentrated tomato paste,
sterilized tomato paste, and after hot break section., which were
significantly higher than the fresh tomatoes and fresh tomato pulp

Arjmandi et al. (2017)

The viscosity of the tomato puree was the highest (80 pa s) during high
power and low time (2,700 W–3,150 W for 160 and 150 s) MW
treatments due to disruption of the cell wall and increasing soluble
pectin content. L* value decreased with microwave treatment (390 W–
3150 W) for different times (848 s to 3,150 s) of tomato puree. The
lowest reduction was 5.6% with 3,150 W/150 s (high power short
time). Color parameter responsible from orange and red was lower in
microwave processed tomatoes

Lycopene

Lu et al. (2011)

Texture of the tomatoes decreased with increasing microwave processing
time, but the reduction was significant with only at 50 s of heating at
which the texture parameter (N/mm) of the raw tomatoes reduced
from 2.82 to 2.43

Texture and color

References

Composition and respective changes

Nutritional compound

(Continues)
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(Continued)

Process stage

TABLE 1

When tomatoes are processed into tomato sauce and tomato paste in a
retort, fiber content increases to 1.5 g/100 g and 4.1 g/100 g, respectively
Raw tomatoes include 0.88 g/100 g proteins. When tomatoes are
processed into tomato sauce and tomato paste (canned), protein
content increases to 1.32 g/100 g and 4.32 g/100 g, respectively

Protein

Ayari et al. (2015)

Ayari et al. (2015)

Abushita et al. (2000)

Alpha-tocopherol content during tomato processing to canned tomato
paste was 202, 228, and 161 μg/g dry matter in raw material, hotbreak extract and final tomato paste. This indicates an increase in
vitamin E with thermal processing but decrease with further
sterilization and concentration

Fiber

Ayari et al. (2015)

Raw tomatoes include 42 μg/100 g vitamin A (retinol). When tomatoes
are processed into tomato sauce and tomato paste (canned), vitamin A
decreases to 22 mg/100 g and increases to 76 μg/100 g, respectively

Vitamin A

Rickman, Barrett, and Bruhn (2007)

Total flavonoids in boiled and canned tomatoes were similar, fresh
tomatoes purchased at the supermarket had the highest flavonoids

Rickman, Barrett, and Bruhn (2007)

Rickman, Barrett, and Bruhn (2007)

There were no significant changes in phenolic compounds when tomatoes
processed into canned tomatoes. Also, there are no significant changes
in flavonoids after canning. Paste containing 40%less TP, and canned
tomato juice contains 67% more TPs than fresh tomatoes

No significant thiamin (B1) loses after canning tomatoes (according to
two studies), one study reported 53% loss in DW

Abushita et al. (2000)

Man β-carotene content of 15 different cultivars were 300 um/100 g
WB. Whereas total carotenoids were 9,476 μg /100 g fruit weight.
During processing of canned tomato paste, all-trans-β-carotene
contents were 37.2,38.5 and 26.3 in raw material, hot-break extract
and in tomato paste, respectively, with an increase with mild heat
treatment, but with a decrease in the final concentrated product
compared to the raw material

Pratap Singh, Singh, and Ramaswamy (2017)

Lycopene content decreased in all retorting (still and rotary). However,
high frequencies in the rotary caused a minimal decrease in lycopene
content. Same applied to the total carotenoid levels
Ayari et al. (2015)

Nguyen and Schwartz (1998)

Total lycopene content of commercial samples, tomato paste-retorted
(189.26 mg/100 g DB) > tomato, whole retorted (183.49 mg/100 g
DB) > tomato juice retorted (180.10 mg/100 g DB) > tomato paste,
concentrate (174.79 mg/100 g DB) > tomato-juice (hot break)
(161.23 mg/100 g DB) > peeled tomato (149.89 mg/100 g DB)
> tomato soup, retorted (136.76 mg/100 g DB) > tomato sauce,
retorted (73.33 mg/100 g DB)

Fresh tomato pulp had 0.96 mg/100 g of β-carotene. β-carotene content
was 1.86, 1.43, and 0.72 mg/100 g WB in sterilized tomato paste,
concentrated tomato paste, and after hot break section, increasing
from the fresh tomato pulp β-carotene values

References
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Lycopene and lutein

Aseptic and MATS
processing

β-Carotene and total phenolics

Nutritional compound

(Continued)

Process stage

TABLE 1

Takeoka et al. (2001)

Leon Garcia (2013)

A 9–28% decrease in lycopene occurred. The greatest loss (28%)
occurred in products requiring harsher thermal processing to achieve
final brix. No consistent changes were seen in other carotenoids.
Lycopene decreased by 13.52%, losses were seen after aseptic
processing, and after microwave and aseptic processing, lutein
increased 559% and 756%. Also, zeaxanthin decreased by 80% and
82%

(Continues)

Capanoglu, Beekwilder, Boyacioglu, Hall, and de
Vos (2008)

All-trans-lycopene was (mg/100 g dry weight); fruit (146 > breaker
(130.8) > finisher pulp114.1 > evaporation. Out (61.9) > paste (98.9).

Kelebek et al. (2017)

Kelebek et al. (2017)

Bioactive compounds at each stage of cold and hot-break tomato paste
production were analyzed. In cold break processing Total lycopene
content in raw tomato, breaking, heating, before evaporation, after
evaporation and in the final paste were 111.84, 107.31, 90.47, 89.52,
109.00, 107.00 mg/100 g DW, respectively. In hot-break processing,
total lycopene content in raw tomato, breaking, heating, before
evaporation, after evaporation and in the final paste were 111.84,
107.31, 90.47 ±, 89.52, 109.00, 107.00 mg/100 g DW, respectively.
Lycopene has increased in both processed during evaporation steps. At
50 C at 12 h and 100 C for 2 hr, 150 C for 8 min reduced trans
lycopene 78% and 72%, respectively. 9-cis-β-carotene increased
significantly after heating and evaporation in both cold and hot break

The concentration of β-carotene in cold-break processing was
5.64,5.51,5.01,4.98,6.17 and 6.11 in raw tomato, breaking, heating,
before evaporation, after evaporation and in the final paste,
respectively. The concentration of β-carotene in cold break processing
was 5.71, 5.58, 4.31, 4.28, 5.41, and 3.35 in raw tomato, breaking,
heating, before evaporation, after evaporation and in the final paste,
respectively. A statistically significant increase was also seen in the
hot-break section after the evaporation and in the final paste.
The most abundant phenolic compound in tomato processing was rutin.
Higher concentrations in hot break tomato pastes (396–512 μg/g vs. in
cold break 264–440 μg/g), heating step caused an increase in rutin.
Overall, 11% increment and 30% decrease in rutin (compared to fruit),
for hot and cold break tomato pastes, respectively. Naringening-7-0
glucoside, quercetin, kaem [ferol-3-0), increased 5–12% after heating,
decreased 10% after evaporation step. Ferrulic acid-O-hexose,
chlorogenic acid increased, caffeic acid-O-hexose decreased with
production steps. The most significant was after heating and
evaporation. Increase in the cold break was higher than the hot break.
Phenolic compounds significantly decreased by hot-break processing at
98 C, 108 C, and 128 C

Dewanto, Wu, Adom, and Liu (2002)

References

Pasteurization at 88 C for 2, 15 and 30 min caused 54.4%,171.1%, and
164.3% increase from their content in the raw sample
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(Continued)

Process stage

TABLE 1

Takeoka et al. (2001)

Pérez-Conesa et al. (2009)

Free radical antioxidant activity (% inhibition of lipid peroxidation)
increased from 10.9% (in fresh tomatoes) to 25.2% in final tomato
paste.
Higher folates were detected after thermal processing at 98 C. 98 C for
40 s resulted in improvement in total micronutrients. Total folates raw
(6.43 μg/100 g) versus 8.07 μg/100 g at 98 C > 6.85 μg/100 g at
108 C > 5.44 μg/100 g at 128 C
Lutein: Breaker>fruit and decreases significantly after evaporation (not in
the finisher pulp). Rutin seeds and skin (167.3) > breaker 43.7 > fruit
19 and decreases insignificantly after this point. Rutin episode seed
and skin (35.1 mg/100 g DW) > breaker (10.6 mg/100 g DW)
> evaporator out>and decreases after this point but not significant. Atocopherol does not significantly change, B-tocopherol: Zero in the
breaker section, other sections are the same as fruit. D-tocopherol:
Highest in the seed and skin, significantly reduced during concentration
via evaporation. G-tocopherol: Seed and skin significantly higher
(23.18) > fruit and breaker sections have the same content (8.85–7.75),
decreases after finisher

Folate

Nonintentionally generated
substances

Capanoglu et al. (2008)

Kelebek et al. (2017)

Antioxidant activity

Evaporation and heating sections are the most critical steps that reduced
bioactive components and antioxidant capacity of products. The
highest reduction of antioxidant capacity was after evaporation (36%)

Vallverdú-Queralt, Medina-Remón, Andres-Lacueva,
and Lamuela-Raventos (2011)

Total polyphenols increased in the final product from 150.3 GAE/100 g
sample to 179.5 GAE/100 g sample. In cold-break, total polyphenols
decreased.

Dewanto et al. (2002)

Dewanto et al. (2002)

Total phenols slightly increased with increasing processing times.
However, the increase was insignificant. Total phenols were
142.6 μg/g tomato in the raw sample, whereas 148.7, 146.5, and
145.9 μg/g tomato for 2 min, 15 min, and 30 min processing,
respectively. In the same study, total flavonoids were found to be 9.42,
9.38, 9.53, and 10.35 in raw tomatoes, processing for 2 min, 15 min,
and 30 min, respectively. Increase in flavonoids was also statistically
insignificant. Therefore, thermal processing up to 30 did not have an
effect on phenolic compounds

References
Pérez-Conesa et al. (2009)



β-Carotene increased to 5.82 mg/kg from 4.92 mg/kg) by heating at 98 C
and decreased in heating at 108 C and 128 C

Composition and respective changes

Total antioxidant activity increased increasing processing times. Raw
samples had an antioxidant activity of 10.42 μmol vitamin C equiv./g
tomato, whereas antioxidant activity in heat-processed samples for 2,
15, and 30 min were 13.33, 13.95, and 16.89, respectively. Percent
increase by heating time is 27.93%, 33.88%, and 62.09% for 2-, 15-,
and 30-min heating, respectively

Nutritional compound
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Beta-carotene and total phenolics
Studies have found that the β-carotene development depended on
growing conditions and cultivars. For example, some studies found a
gradual increase in β-carotene, while others found a maximum conthat total phenolic content increased with ripening, maximum at the
pink stage, followed by a decline after this stage (Nour et al., 2015).

Vallverdú-Queralt et al. (2011)

Rickman, Bruhn, and Barrett (2007)

References

centration before the fruit reaches its full-ripened stage. It was found

Polyphenols stayed stable during the growth of the fruit, and the pink
stage contained the highest total phenolic content (Nour et al., 2014).

Antioxidant activity
Cano et al. (2003) found an unchanged hydrophilic antioxidant activity
during ripening (Ilahy et al., 2011) saw the highest hydrophilic antioxidant activity during the green stage, whereas the lowest antioxidant
content. Lipophilic antioxidant activity was correlated with lycopene
L*a*b* values decreased 17% and 13% in the hot and cold break,
respectively (cold break a/b = 1.83, hot break 1.73, reference is 1.80
for first quality color).

In a cold and hot break processing study rutin increased from 141.89 to
310.60 μg/g DW, quercetin decreased from 11.66 to 10.91 μg/g DW,
Kaempferol-3-O-rutinoside decreased from 4.71 to 4.22 μg/g DW,
Naringenin increased from 24.50 to 142.65 μg/g DW, Naringenin-7-Oglucoside increased from 13.41 to 10.20 μg/g DW

Tomato cultivars had 166% higher levels of a-tocopherol after
processing. Initial heating leads to increase in vitamin A further
processing leads to reduction due to degradation. Potassium was
affected little in the canning of the tomatoes. Varying calcium levels
are found in different canned tomatoes due to different practices by
different plants. Sodium increased 336%, potassium decreased 5%, and
calcium increased 83% in whole, peeled tomatoes

Composition and respective changes

activity was during the red-ripe stage correlating with antioxidant
content and increased at the final stage of ripening (Cano et al., 2003).
In another study, ascorbic acid did not change throughout ripening
stages, whereas phenolics content and antioxidant activity decreased
slightly in water-soluble fraction (Raffo et al., 2002).

Protein
A gradual increase in proteins has been observed as the maturity progresses, and protein increase is correlated with the increased volatile
production (Salunkhe et al., 1974). Opara et al. (2012) found that the
maturity stage affected the fat content significantly.

3.1.2

|

Processing

For this category, nutrient degradation as a function of consumer
cooking methods and heat processing was explored in the literature.
Leon Garcia (2013) demonstrated that β-carotene of tomatoes did not
increase significantly after microwave heating. Storage studies were
also conducted after processing, and there were no significant
changes in β-carotene content. Lycopene content of tomato puree
slightly increased by microwave processing, particularly with highwave blanching up to 33 W/g with temperatures up to 80 C

Texture and color

Nutritional compound

power microwaves (Arjmandi et al., 2017). In another study, microdecreased lycopene content by up to 86% (Heredia et al., 2010).
Processing via boiling water yielded a better organoleptic quality for
tomatoes despite a 20% loss is ascorbic acid, while microwave blanching

retained

ascorbic

acid

more

effectively

(Begum

&

Brewer, 2001). Microwave and pressure cooking provided better
retention of phenolic content in tomatoes than when tomatoes were
tomatoes (Natella et al., 2010). However, this could not be generalized
for other produce-process combinations. Leon Garcia (2013)) investi-

Process stage

TABLE 1

(Continued)

boiled; similar conclusions are valid for total antioxidant capacity in

gated the effect of microwave processing and aseptic processing on
nutrients in tomatoes and found that the concentration of β-carotene
increased significantly via high-temperature short-time aseptic
processing. Capanoglu et al. (2008) found that β-carotene was the
highest in the “breaker” period of maturation, the period between

12 of 28

BOZ AND KOELSCH SAND

red-mature and green state, and that this was higher than the fully

assessed folate levels during storage and found that the rate of degra-

matured fresh fruit. After the “breaker” stage, the concentration of

dation of folate was approximately the same at 4 C, 10 C, and 20 C.

β-carotene decreased with processing increased. In general, the anti-

Fresh spinach has increasingly been minimally processed to pre-

oxidant activity of tomato and products increases when they are sub-

vent food safety issues such as E. coli and Listeria outbreaks. Sodium

jected to low-temperature heat treatments and decreases with high-

hypochlorite, peroxyacetic acid, 1-methylcyclopropene (1-MCP), and

temperature treatments (Hunter & Fletcher, 2002; Rickman, Barrett, &

sodium chloride, ozonated water, and chlorinated water, electrolyzed

Bruhn, 2007; Rickman, Bruhn, & Barrett, 2007; Sahlin, Savage, &

oxidizing water (EOW) and ultrasonic processing are used. Such mini-

Lister, 2004; Turkmen et al., 2005).

mal processing methods may influence nutritional composition. Con-

The retention of vitamins B1 and B2 and increase in B6 was

cerning fresh spinach, storage methods such as cooling, temperature

observed in canned tomatoes, although differences were not significant

control, and emerging processing methods (e.g., pulsed light so that

(Rickman, Barrett, & Bruhn, 2007). However, long-term storage might

spinach remains in stasis) have found higher ascorbic acid, and gluta-

cause losses in thiamin (Rickman, Barrett, & Bruhn, 2007). In a study by

thione (as an antioxidant) as well as soluble-protein to be retained in

Pratap Singh et al. (2017), antioxidant activity decreased regardless of

spinach treated with 1-MCP (Gergoff Grozeff et al., 2010). Oxidants

the reciprocation or still retorting. However, total phenols increased with

produced using EOW with sodium chloride, and peroxyacetic acid

reciprocating retort processing, particularly with high-frequency recipro-

result in the loss of vitamin C through oxidation. In all treatments,

cation. Total protein content also increases with tomatoes processed into

storage time decreased vitamin C, but the loss became less pro-

canned sauce or paste (Ayari et al., 2015). Several research reports dem-

nounced as a function of time. After 8 days of storage, differences

onstrated a decrease in ascorbic acid content. In contrast, the USDA

among treatments were reduced, and spinach washed with sodium

database indicates an increase during thermal processing, and this dis-

hypochlorite caused the highest nutrient reduction (Gómez-López,

crepancy is likely due to the variation in the cultivar and thermal process.

Marín, Medina-Martínez, Gil, & Allende, 2013). Even though chilled
temperatures can limit nutrient losses to a degree, storage time of
fresh spinach caused a substantial reduction in the nutritional profile.

3.2

Spinach

|

Antioxidant activity and ascorbate level in spinach stored at ambient
and chilled conditions decreased as a function of storage time

Table 2 summarizes the literature data of nutrient composition for

(Hunter & Fletcher, 2002).

fresh and thermally processed spinach.

3.2.2
3.2.1

|

|

Thermal processing

Minimal processing
Other than consumption after minimal-processing, spinach is

In summary, ascorbic acid (AA) and vitamin C concentrations were

processed and prepared via thermal and nonthermal methods such as

higher in younger spinach (Stages I and II). Older plants might have a

canning, microwaving, blanching, boiling, and/or cooking. Lipid

lower ability to lose further AA to Dehydroascorbic acid (DHA)

soluble-antioxidant activity was almost the double that of the fresh

because this is seen during storage (S. Å. Bergquist, Gertsson, &

and frozen spinach, whereas ascorbic acid and water-soluble antioxi-

Olsson, 2006). S. Å. M. Bergquist, Gertsson, Nordmark, and

dant activity were lower in canned spinach (Hunter & Fletcher, 2002).

Olsson (2007) investigated the effect of shade-netting covering during

In canned spinach, folates were stable and preserved after canning,

spinach growth on postharvest nutritional (i.e., total carotenoids,

and lutein concentration was similar to that in frozen and raw produce

lutein, β-carotene, chlorophyll, vitamin C) and visual quality. Shaded

(Delchier et al., 2012). In the same study, comparisons of frozen,

plants had significantly lower vitamin C content than those that were

canned, steamed, raw and boiled spinach provided high variability.

not shaded throughout the three stages (I, II, and III) of harvest.

O'Sullivan et al. (2008) showed that lutein content in uncooked

Mudau et al. (2015) investigated the storage temperature and time of

canned spinach was more than twice that of uncooked frozen or fresh

harvest on the nutritional quality (minerals, trace element, total phe-

spinach. Freezing, boiling, steaming, and microwaving did not change

nols, total carotenoids, flavonoids, and antioxidant activities) of spin-

the phenolic content significantly for spinach; however, antioxidant

ach. Total carotenoid content decreased significantly after 2 days of

activity increased after boiling, steaming, and microwaving. This dif-

storage at 22 C, whereas 4 C storage preserved the total carotenoids

ference was attributed to the inactivation of peroxidases at elevated

for extended periods. Storage studies have also been conducted.

temperatures and the formation of antioxidant compounds with the

Fresh spinach has been found to have significantly higher phenolics

Maillard reactions (Turkmen et al., 2005).

than the stored spinach, and 24-hr storage did not cause a decrease in
β-carotene content, whereas 72-hr storage caused a significant
decrease (Bunea et al., 2008). Generally, the total carotenoid content

3.3

|

Kidney beans

was stable between growth stages and sowing dates. However,
β-carotene content and total carotenoids decreased during storage at

Table 3 summarizes the nutritional composition data for kidney beans

10 C (S. Å. Bergquist et al., 2006). Pandrangi and LaBorde (2004)

reported in the literature. Unlike tomatoes and spinach, kidney beans

Vitamin C

Hunter and Fletcher (2002)

Delchier et al. (2012)
(Jaworska, Kmiecik, and Maciejaszek (2001)

Vitamin C content in boiled and steamed spinach was
113.3 ± 41.1 mg/kg FW and 302 ± 31.06 mg/kg FW respectively
Vitamin C content in blanched spinach was 41 ± 2.8 mg/100 g FW

(Continues)

Cameron, Pilcher, and Clifcorn (1949)

The effect of cooking methods on antioxidant activity and composition of
fresh, canned, frozen-microwaved, frozen-boiled spinach were
investigated. When frozen chopped spinach was boiled for 4.5 min,
ascorbic acid drops from 1,214 ± 43 to 451 nmol/g. When frozen
chopped spinach was microwaved for 2.5 min at 750 W, ascorbic acid
drops from 1,214 ± 43 to 633 nmol/g

Chang et al. (2013)

Spinach boiled for 4 and 8 min had a β-carotene content of 3,123 ± 1.4
and 6,193 ± 349.3 μg/100 g (58.2% and 125.3% retention),
respectively
Ascorbic acid retention spinach during bleaching was 67 ± 15.25%

Delchier, Reich, and Renard (2012)

Lutein content in boiled spinach was 189 ± 30.6 mg/kg FW. Lutein
content in steamed spinach was 181.67 ± 11.67 mg/kg FW

The USDA data on raw spinach shows lutein at 12,198 μg/100 g. under
MAP, antioxidant activity was reduced from 0.56 ± 0.02 to 0.18 ± 0.03
Trilox equivalent.

Chang, Prasad, and Amin (2013)

USDA (2017)

DPPH free-radical scavenging activity of 64.19% at 40 C and 50% power
at 37 kHz US treatment was the highest among other temperature and
powers. Similarly, at 80 kHz, 40C and 50% yielded the DPPH freeradical scavenging activity of 48.73%. Additionally, for both
frequencies, increasing exposure time significantly increased the DPPH
free-radical scavenging activity. In the same study, % ferric reducing
antioxidant power was 70.25% and 68.57% for 37 and 80 kHz,
respectively, at 40 C with 50% power

Antioxidant activity

Spinach boiled for 4 and 8 min had a lutein content of 428 ± 05 and
140 ± 2.4 μg/100 g (99.4% and 35.3% retention), respectively.

Altemimi et al. (2015)

Protein degrades 70% with no processing/washing during 6-day dark
storage at 23 C. Protein degrades 35% after storage following an MCP
wash

Protein

Carotenoids (lutein and
β-carotene)

Altemimi et al. (2015)

Flavonoids content of 27.37 (mg/g DW) at 40 C and 50% power at
37 kHz US treatment was the highest (significance of p < .0001 n = 18)
among other temperature and powers. Similarly, at 80 kHz, 40 C and
50% yielded the highest flavonoids content of 15.28 (mg/g DW)

Flavonoids

Blanching, microwaving, steaming
and boiling

Altemimi, Choudhary, Watson, and
Lightfoot (2015)

The total phenol content of 33.97 (mg GAE/g DW) at 40 C and 50%
power at 37 kHz US treatment was the highest (significance of
p < .0001 n = 18) among other temperature and powers. Similarly, at
80 kHz, 40 C and 50% yielded the highest phenol content of 25.53
(mg GAE/g DW)

References

Phenolics
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Retort processing in a can

Process stage

TABLE 2

Vitamin C

Carotenoids

Dietary fiber

Folates

Hunter and Fletcher (2002)

Delchier et al. (2012)

Lutein content in canned spinach was 126.7 ± 3.4 mg/kg FW
Hunter and Fletcher (2002) investigated the effect of cooking methods
on antioxidant activity and composition of fresh, canned, frozenmicrowaved, frozen-boiled spinach. Ascorbic acid in canned spinach
was 162 ± 39 nmol/g

O'Sullivan, Ryan, Aherne, and O'Brien (2008)

Jaworska et al. (2001)

The bioavailability of lutein (major carotenoid in spinach) from fresh,
frozen and canned spinach was investigated. The lutein content in
digesta from canned spinach, after boiling the canned spinach and
microwave cooking the canned spinach were 7,624.1 ± 1,038,
8,213 ± 829.1, 2,499.7 ± 664.0 μg/100 g digest, respectively. These
values were significantly higher than the same preparation methods
from frozen or fresh spinach samples. However, lutein micellization
between cooking and processing methods was not significantly
different

Dietary fiber content in blanched spinach was 1.35 ± 0.039 g/100 g FW

Delchier et al. (2012)

The folate content of boiled spinach was 0.54 ± 0.19 mg/kg FW and was
1.62 ± 0.191 mg/kg FW in steamed spinach

Turkmen et al. (2005)

Boiled spinach (5 min boiling) had total antioxidant activity of
85.8 ± 0.22% DPPH inhibition (a retention of 127% compared to fresh
spinach) and steamed spinach (7.5 min at atmospheric pressure) had
total antioxidant activity of 85.5 ± 0.17% DPPH inhibition (a retention
of 127% compared to fresh spinach)

DeSOUZA and Eitenmiller (1986)

Hunter and Fletcher (2002)

When frozen chopped spinach was boiled for 4.5 min, total water-soluble
antioxidant activity drops from 3,763 ± 61 to 3,400 nmol ascorbate
equivalents/g. Hunter and Fletcher (2002) determined that when
frozen chopped spinach was microwaved for 2.5 min at 750 W, the
total water-soluble antioxidant activity drops from 3,763 ± 61 to
3,565 nmol ascorbate equivalents/g.

Water and steam-blanched spinach had 42.5 ± 18.2 (17% retention) and
146.7 ± 40.5 (58% retention) and μg/100 g. Processing mediums of
water effluent and steam condensate had 14.5 ± 8.1 and
1.1 ± 0.5 μg/100 g of total folates, respectively.

Turkmen et al. (2005)

Boiled spinach (5 min boiling) had a total antioxidant activity of
87.1 ± 0.40% DPPH inhibition (retention of 129% compared to fresh
spinach)

Turkmen et al. (2005)

Microwave-cooked (1,000 W-1 min) had 109% that of the fresh spinach
and steamed (7.5 min at atmospheric pressure) spinach had total
phenolics content of 103% that of the fresh spinach
Antioxidant activity

Turkmen et al. (2005)

Boiled spinach (5 min boiling) has a total phenolics content of
1,291.8 ± 89.27 mg GAE/100 g DW (retention of 101% compared to
fresh spinach)

Phenolics

References

Composition and respective changes
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are cooked before consumption and bring about unique characteris-

|

Drying, dry processing, and soaking

Delchier et al. (2012)

Jaworska et al. (2001)

Previous literature has focused on nutrient retention as a function

Folate content in canned spinach was 0.69 ± 0.31 mg/kg FW

DeSOUZA and Eitenmiller (1986)
Canned spinach had 21.2 ± 3.9 μg/100 g (50 ± 12% retention). When
canned samples stored for 3 months, the content dropped to
17.0 ± 1.6 μg/100 g (40 ± 10% retention), but this change was
statistically insignificant. Processing medium (water) had
34.0 ± 5 μg/100 g of total folates. Cans stored for 3 months had
44.6 ± 1.7 μg/100 g, respectively

3.3.1

The dietary fiber contents in canned spinach stored for 1 and 12 months
were 1.13 ± 0.087, 1.12 ± 0.158, g/100 g FW, respectively.

Hunter and Fletcher (2002)

Jaworska et al. (2001)
The quality in spinach blanched, canned and stored for extended periods
was investigated. Vitamin C contents in canned spinach stored for 1
and 12 months were 18.3 ± 1.3, 16 ± 1.7 mg/100 g FW, respectively

The total water-soluble antioxidant activity in canned spinach was
1831 ± 107 nmol/g (in ascorbate equivalents)

Delchier et al. (2012)
Vitamin C content in canned spinach was 125.3 ± 146 mg/kg FW

Composition and respective changes

References

tics based on the preparation methods.

of soaking, warm holding, boiling as pre-processing methods.
Warm holding reduced the soluble fiber (Candela et al., 1997). The
vitamin, mineral, and amino acid content of dry kidney beans have
been published previously (Lopez & Williams, 1988; Miller
et al., 1973; Pusztai et al., 1979; Reddy, Pierson, Sathe, &
Salunkhe, 1984).

3.3.2

|

Thermal processing

Pressure cooking (autoclave) was found to be the most effective
method to increase protein quality followed by micro-ionization, microwave cooking, and fermentation, which also improved protein digestibility (Khattab et al., 2009). Limited data are available on the effect of
microwave processing. However, the available suggest that microwave
processing (1,200 W for 20 min) reduces essential amino acids compared to raw beans and that these nutrients deteriorated less than
when the beans were boiled for 2 hr (Audu & Aremu, 2011; Khattab
et al., 2009; Pusztai et al., 1979). For this research, the USDA nutrient
database was used as the primary source in calculating nutrient retention in kidney beans due to the limited data availability in the literature.

4

FO OD WA ST E D A T A

|

Food waste percentages used in the calculations were obtained from
the existing literature and the reports published by the USDA LossEPA, Defra (2010), Quested and Johnson (2009), US EPA, (2016), and
FAO (2011). The percentages of food loss at various stages, including
agricultural production, retail, and consumer levels, were presented in

Fiber

Table 4 for tomatoes, spinach, and kidney beans.
Folates

Antioxidant activity

Nutritional compound

Adjusted Food Availability (LAFA), Economic Research and Service, and

5

RESULTS AND DISCUSSION

|

In this section, the results of the literature survey and data analysis on

5.1
Process stage

TABLE 2

(Continued)

nutrient loss as a function of processing and food waste are presented.

5.1.1

Nutrient loss caused by processing

|
|

Tomatoes

After minimal processing and ripening, antioxidants degrade. Losses
of vitamins A, C, and E were as significant as the degree of heat

Cooked

Protein

NIAS

Phenolics

Nutritional compound

Protein

Fresh and dried

USDA (2017)

Thiamin (0.362 mg/100 g) riboflavin (0.273 mg/100 g), niacin
(3.024 mg/100 g), pyridoxine (0.0.093 mg/100 g), and folate
(47ug/100 g) was reported from the USDA (USDA)

4.83 g/100 g

USDA (2017)

Barampama and Simard (1993)

Miller, Guadagni, and Kon (1973)

B1 content in 13 different cultivars of pinto beans varied between 4.47
and 8.27 mg/100 g. (thiamine content in ground raw pinto beans were
0.86 mg/100 g DW. Niacin, pyridoxine, and folic acid content in
ground raw pinto beans were 1.74 mg/100 g DW, 0.61 mg/100 g DW
and 0.28 mg/100 g DW respectively

Mean values of all four varieties from different locations for levels of
tannin, phytic acid, trypsin inhibitor, and hemagglutinin were
14.99 mg/g DW, 16.50 mg/g DW, 15.02 TIU/mg DW, and 2.15
HU/μg, respectively

Koehler et al. (1987)

Barampama and Simard (1993)

The mean of protein and in vitro protein digestibility values of four types
of common beans as 22.25% and 69.49%, respectively

B1 contents of small white bean cultivars of Aurora, bonus, chief, and
Fleetwood were 1.010, 0.727, 0,752, 0.827 mg/100 g respectively.
Red kidney bean cultivars of red Kloud and royal red had 0.944,
0.596 mg/100 g of vitamin B1, respectively. B2 contents of small white
bean cultivars of Aurora, bonus, chief and Fleetwood were 0.175,
0.218, 0.202, and 0.205 mg/100 g respectively. Red kidney bean
cultivars of red Kloud and royal red had 0.169 and 0.238 mg/100 g of
vitamin B1, respectively, while B1 content in 13 different cultivars of
pinto beans varied between 0.132 and 0.203 mg/100 g

Wang, Chang, and Grafton (1988)

Crude protein content in two types of raw pinto beans were 20.03 and
21.36%

Luthria and Pastor-Corrales (2006)

Koehler, Chang, Scheier, and Burke (1987)

Among 36 types of dry beans, protein ranges in small white, red kidney,
and pinto beans were (21.1–23.1%), (21.3–28.7%) and (17.5–21.6%)
respectively. Whereas their protein quality (relative nutritive value
RNV) ranges for small white, red kidney and pinto beans were (67–76
RNV), (58–60 RNV), and (72–93 RNV), respectively

The total phenolic acid content of three different varieties of pinto beans
were 36, 29.5, 26.7 mg/100 g, whereas phenolic acids contents of
three different varieties of black beans were 47.1, 24.4, and
42.5 mg/100 g, respectively. Dark red kidney, light red kidney, and pink
beans had total phenolic acids content of 20.9, 27.4, and
34.4 mg/100 g, respectively

Candela, Astiasaran, and Bello (1997)

References

Protein content of raw kidney beans and chickpeas were 23.33%, and
19.15%, respectively

Composition and respective changes

Kidney beans nutritional composition data from literature as affected by storage, processing, and packaging

Process stage

TABLE 3
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(Continued)

Aseptic processing

Microwave

Retort processing

Process stage

TABLE 3

USDA (2017)

Thiamin (0.067 mg/100 g) riboflavin (0.01667 mg/100 g), niacin
(0.46067 mg/100 g), pyridoxine (0.08067 mg/100 g), and folate
(28 μg/100 g) was reported from the USDA

Value for calcium (35 mg/100 g), protein (8 g/100 g), and vitamin C
(0.985 mg/100 g) were obtained (USDA).

Khattab, Arntfield, and Nyachoti (2009), Pusztai, Clarke, King, and
Stewart (1979), and Audu and Aremu (2011). Digestible protein also
remained approximately the same (85.145 g/100 g) as canned
(82.525 g/100 g) infrared processed (79.20 g/100 g), and cooked
beans (90.755 g/100 g).

Nordstrom and Sistrunk (1977)

Riboflavin content of canned dry beans after canning in water was
1.477 μg/g, respectively

Protein

Miller et al. (1973)

Miller et al. (1973) reviewed the vitamin retention in raw and canned
beans and found the Thiamine content in canned pinto beans (retorting
45 min at 250 F) was 0.37 mg/100 g DW.

Vitamin B complexes

USDA (2017)

Audu and Aremu (2011), Khattab et al. (2009), and
Pusztai et al. (1979)

Drumm et al. (1990)

Total phenolic acids content (i.e., caffeic acid, p-coumaric acid, ferulic
acid, and sinapic acid) of canned dry dark red kidney beans were
22.62 mg/100 g DW, respectively (Drumm et al., 1990).

Phenolics

Drumm, Gray, Hosfield, and Uebersax (1990) and
USDA (2017)

USDA (2017)

References

The total protein content of canned dry dark red kidney beans as
4.76 g/100 g DW. USDA reported values are 7.98 g/100 g

Thiamin (0.362 mg/100 g) riboflavin (0.273 mg/100 g), niacin
(3.024 mg/100 g), pyridoxine (0.0.093 mg/100 g), and folate
(47 μg/100 g) was reported from the USDA

Vitamin B complexes

Protein

Composition and respective changes

Nutritional compound

BOZ AND KOELSCH SAND
17 of 28

18 of 28

TABLE 4

BOZ AND KOELSCH SAND

Food waste data considered in the study

Commodity

The stage of loss and waste

Loss (%)

References

Tomatoes

Agricultural production

20

FAO (2011)

Fresh tomatoes from farm to consumer

53.8

FAO (2011)

Fresh from distribution and retail

10

USDA ERS Loss-Adjusted Food Availability Data
Series (2012)

Fresh consumption

7

USDA ERS Loss-Adjusted Food Availability Data
Series (2012); Defra (2010); Quested and
Johnson (2009)

Spinach

Kidney beans

Canned tomatoes from farm to consumer

41.1

FAO (2011)

Processing and packaging

7

FAO (2011)

Fresh spinach from farm to consumer

59.2

FAO (2011)

Fresh from distribution and retail

10

Muth et al. (2011); US EPA (2016);
Defra (2010); Quested and Johnson (2009)

Fresh from distribution and retail

39

Muth et al. (2011); US EPA (2016);
Defra (2010); Quested and Johnson (2009)

Canned spinach from farm to consumer

41.1

FAO (2011)

Agricultural production

12

USDA ERS Loss-Adjusted Food Availability Data
Series (2012)

Raw kidney beans from farm to consumer

32.4

USDA ERS Loss-Adjusted Food Availability Data
Series (2012)

Canned kidney beans from farm to consumer

33.8

USDA ERS Loss-Adjusted Food Availability Data
Series (2012)

Processing and packaging

5

USDA ERS Loss-Adjusted Food Availability Data
Series (2012)

Dry kidney beans from distribution and retail

6

USDA ERS Loss-Adjusted Food Availability Data
Series (2012)

Dry kidney beans consumption

14

Defra (2010); Quested and Johnson (2009)

processing increased. An antioxidant blend comprised of riboflavin,

Diced tomatoes in aseptic processing had a higher vitamin A content

lutein, lycopene, vitamins B6 and E, as well as total phenols, were

than other thermal processes.

added to express a sum of small level antioxidants present in the
products. Figure 2 demonstrates the effect of processing on the nutrient composition of tomatoes at several process steps representing a

5.1.2

|

Spinach

combination of the USDA and literature data presented previously.
When consumed fresh, the harvesting ripeness is the highest for anti-

After minimal processing and ripening, some nutrient values change.

oxidant blends. Also, processing may provide a viable option if no addi-

Losses of vitamin A increased while vitamin C decreased. Data on

tional means of preservation methods such as modified atmosphere

cooked and uncooked spinach were compared with nutrient increases

packaging, and active packaging are economically viable for fresh toma-

explained by the concentration of nutrients due to water loss. An anti-

toes. Lycopene, lutein, potassium, phenols, antioxidant blend were

oxidant blend was used to express a sum of small level antioxidants

higher in crushed canned tomatoes than ripe at consumption or cooked

present in the products. The research on high-pressure processing and

tomatoes; lycopene and antioxidant blend concentrations were also

microwave processing for spinach is not available, but these technolo-

higher in canned tomatoes than that of processed with microwave

gies can provide an additional option to traditional thermal processing

processing. When biologically active, antioxidant content in produce

for prepared spinach (e.g., spinach puree). The effect of processing on

declines rapidly as the produce proceeds into senescence, a process of

nutrient availability in spinach at several process steps representing a

aging in crops (Mirdehghan & Valero, 2017). Lycopene levels were simi-

combination of the USDA and literature data were shown in Figure 3.

lar to home cooking after microwave processing and were the highest

Among other green leafy vegetables, spinach is considered a rich source

after retort-canning. There are also discrepancies between the USDA

of β-carotene, ascorbic acid, and iron as well as copper, manganese, and

Nutrient Database and related research from Lutein concentrations.

zinc (Singh, Kawatra, & Sehgal, 2001). In the present analysis, spinach
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F I G U R E 2 Tomato nutrient
concentration as a function of processing
and packaging

undergoing thermal exposure (e.g., canning, cooking) had a lower

(Geil & Anderson, 1994). Among these compounds, the present analy-

ascorbic acid content than fresh spinach at the beginning of shelf life.

sis showed that minerals were higher in canned beans compared to

Canned spinach had considerably higher digestible lutein, vitamin A,

cooked beans, whereas water-soluble vitamins were higher in cooked

and comparable β-carotene concentrations than fresh spinach for con-

beans. Digestible protein was comparable between two processes,

sumption and slightly lower vitamin B complexes, iron, potassium, and

whereas total aminoacidic was higher in canned beans. The concen-

folate. Cooked spinach had higher vitamin and mineral composition

trations can also vary by preparation and cooking methods.

than fresh spinach except for potassium, niacin, and folate.

5.1.3

|

Kidney beans

An antioxidant blend was used to express a sum of small level antioxi-

5.2 | Nutrient loss as a function of processing and
food waste
5.2.1

|

Tomatoes

dants present in the kidney beans. Data on infrared, microwave, and
aseptic processing were sparse. Figure 4 demonstrates the effect of

As illustrated previously in Table 4, food waste is higher for fresh

processing on the nutrient composition of kidney beans at several

versus in canned tomatoes. Table 5 shows the concentration of var-

process steps representing a combination of the USDA and literature

ious nutrients when adjusted with food waste data. Heat

data presented in Section 2. For the majority of compounds, canned

processing affected the preservation of protein as it was higher in

kidney beans had higher concentrations than that of cooked. Dry

all aseptic processing, canning, and cooking than in minimally

beans including kidney beans are usually an abundant source of amino

processed tomatoes. Aseptic processing provides better vitamin A

acids, carbohydrates, fiber, vitamins and minerals including water-

retention than fresh consumption and other heat processes. Lyco-

soluble vitamins such as thiamin, riboflavin, niacin and minerals such

pene, potassium, and phenols levels continued to be higher in

as calcium, iron, copper, zinc, phosphorus, potassium and magnesium

crushed and canned tomatoes than cooked and microwave
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F I G U R E 3 Spinach nutrient
concentration as a function of processing
and packaging

processed tomatoes, however, the concentration differences

5.2.3

|

Kidney beans

increased.
Legumes are consumed cooked, and the preparation method renders
the data interpretation complex. Table 7 shows the nutrient retention

5.2.2

|

Spinach

when the food waste values are matched with nutrient degradation
capacities of processing for kidney beans. When antioxidants other

Table 6 demonstrates the waste-adjusted nutrient concentrations

than vitamin C are considered (e.g., riboflavin, lutein, vitamins B6

for spinach. Potassium values at the beginning of shelf life were

and E, and folate), fresh consumed had a lower concentration than

comparable with canned spinach, whereas cooked spinach had a

thermally processed spinach. Figure 5 shows the amino acid composi-

lower concentration of potassium. When the food waste is fac-

tion in canned and cooked beans. Antioxidants are composed mainly

tored with the nutrient loss, vitamin A, lutein, and digestible lutein

of ascorbic acids. When vitamin C is factored out from the total anti-

are considerably higher in canned spinach. Similarly, β-carotene,

oxidant content, the remaining composition is higher in canned kidney

folate, magnesium, phosphorus, protein, iron, zinc, and vitamin E

beans. Figure 6 shows the vitamin C-adjusted antioxidant blend.

were higher in canned spinach compared to the spinach to be con-

Food waste of fresh produce from farm to fork is relatively high

sumed at the beginning of the shelf life. This is due to the preser-

compared to other foods. This waste, coupled with nutrient loss dur-

vation properties of processing methods indicating the delivery of

ing storage and postharvest treatments, results in a composite loss of

nutrients from the sustainability of resources perspective. When

nutrients provided to the consumer. While individual consumers do

waste-adjusted values are considered, the difference in concen-

not experience the combined losses, the produce industry does. More

trations of heat-sensitive vitamins and minerals (e.g., vitamin C)

sustainable food supply is achievable when nutrients of which produc-

between fresh and canned spinach is reduced. Thus, a small anti-

tion consumes already limited resources such as water, energy, and

oxidant blend of riboflavin, lutein, vitamins B6 and E, and folate

labor are preserved. Packaging and processing methods of canning,

were higher in thermally processed spinach than fresh at

aseptic processing, microwave processing, and HPP continue to be an

consumption.

effective means of sustainable nutrient preservation.
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F I G U R E 4 Kidney Beans nutrient
concentration as a function of processing
and packaging (individual amino acid units
are in grams)

6 | TAKEAWAYS, RESEARCH GAPS, AND
FUTURE DIRECTIONS

widely mentioned throughout this research, there are several issues
regarding the design, analysis, and reporting of nutritional information
when the data is collected for various processing and food loss and

Research on food waste and the measurement of nutrients continue to

waste levels, which are also summarized below.

advance. Recently in October 2019, the USDA Food Composition
Database was moved to a new system named FoodData Central, which
includes two new data sources to expand the existing database: Foundation Foods and Experimental Foods. The former consists of various

6.1 | Standardization of data collection and
reporting

food and nutrient compositions, variability, and metadata about the
sources with a high level of data source transparency, which USDA

Consistent and/or information to allow for directional information is

plans to expand and render these data source to be the main focus of

needed in the area of nutrients, food processing methods, products,

all available data. The latter includes data of products that were “pro-

and packaging. As mentioned, and referenced within the introduction,

duced or studied under alternative and experimental manner” (USDA

nutrient loss as a function of shelf life has been measured. However,

ARS, 2020). This is a positive development for the food industry,

gaps in the information provided within studies and in understanding

researchers, as well as for the general public due to the increased range

exist. In terms of experimental design, nutrient data need to be defined

and the extent of available nutritional information under a wide variety

as dry or wet basis results, and this was also addressed in the review by

of conditions. In order to expand the new databases and to provide a

Barrett and Lloyd, (2012). Many reported data fail to provide both dry

complete perspective on how to achieve a more sustainable nutrient-

and wet basis, do not include reliable statistical analysis parameters

rich food system, more research at the nexus of food science and nutri-

such as standard deviation required to validity assessment, and to dis-

tion, food processing, and, by association, food packaging is needed.

cern of data was significantly different. For application, recommenda-

Dynamic and shelf-life dependent nature of foods impacts the access

tion and comparison purposes, a standardized reporting of results is

of nutrients and the food loss even during the consumer level use. As

essential. Food processing data reporting for minimally processed fruits

6.479

IU

μg

Mg

Mg

Mg

Mg

Vitamin A, IU

Vitamin A, RAE

Vitamin C, total ascorbic acid

Riboflavin

Vitamin B-6

Zinc, Zn

20.026
93.062

104.253
2,934.550

G

Mg

Mg

Mg

μg

Mg

Mg GAE/100 g)

μg

Mg

Protein

Iron, Fe

Magnesium, mg

Calcium, ca

Lutein

Potassium, K

Phenols (TP)

Lycopene

Small antioxidant blend (riboflavin,
lutein, lycopene, B-6, vitamin E,
phenols)

0.720

Vitamin E (alpha-tocopherol)

108.143

172.577

11.780

0.766

0.966

0.736

Mg

Mg

Niacin

0.159

0.088

0.031

5.419

126.635

Units

Retention after food waste:
Crushed and canned

38.518

1,189.650

36.960

109.494

56.826

4.620

5.082

0.125

0.407

0.249

0.274

0.092

0.046

0.009

6.329

19.404

407.946

Retention after food waste:
Ripe at consumption

Tomato waste-adjusted nutrient concentration at different processing steps

Nutrient (per 100 g)

TABLE 5

45.090

1,306.851

43.428

100.716

43.428

5.082

4.158

0.314

0.439

0.259

0.246

0.065

0.037

0.010

10.534

225.918

Retention after food
waste: Cooked

101.308

0.742

0.966

12.369

823.422

Retention after food
waste: Aseptic carton

1.029

1,311.621

7.518

Retention after food
waste: Microwave
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6,228.68
4,490.59

mg
μg
μg/100 g digesta)

Lutein

Lutein-digestible
2,856.65
26.39

Small antioxidant blend (riboflavin,
lutein, B-6, vitamin E, folate)

0.08

Beta carotene
mg

0.01

mg

0.06

0.27

0.23

1.14

Thiamin

Niacin

Riboflavin

mg

Vitamin E (alpha-tocopherol)

1.35

1.66

mg

mg

Iron, Fe

mg

mg

Protein

25.92
8.42

Vitamin B-6

g

Vitamin C, total ascorbic acid

44.76

74.80

Zinc, Zn

mg
mg

Phosphorus, P

mg

μg

Folate, DFE

mg

57.72

μg

Vitamin A, RAE

Magnesium, Mg

7,414.80

mg

Potassium, K

Calcium, Ca

203.79

Units

Retention after food
waste: Canned

20.05

2,295.41

1,103.64

4,976.78

0.03

0.08

0.08

0.22

0.30

0.83

1.11

1.17

11.46

19.99

32.23

40.39

79.15

191.35

227.66

Retention after food waste: Ripe at
consumption—beginning of shelf life

Spinach waste-adjusted nutrient concentration at different processing steps

Nutrient (per 100 g)

TABLE 6

601.39

0.82

6.12

Retention after food waste: Ripe at
consumption—end of shelf life

0.04

0.10

0.10

0.31

0.20

0.85

1.46

1.21

4.00

22.85

35.50

55.49

59.57

213.79

190.13

Retention after food
waste: Cooked
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TABLE 7
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Kidney Beans waste-adjusted nutrient concentration at different processing steps
Retention after
food waste:
Cooked

Nutrient (per 100 g)

Units

Retention after
food waste:
Canned

Potassium

mg

183.374

131.144

Phosphorus

mg

80.102

25.688

Calcium

mg

37.734

12.844

Magnesium

mg

19.860

15.548

Protein

g

5.283

3.265

5.296

Iron

mg

0.993

0.602

1.655

Zinc

mg

0.497

0.297

Vitamin B-6

mg

0.053

0.063

Riboflavin

mg

0.011

0.185

Thiamin

mg

0.044

0.245

Niacin

mg

0.305

2.044

Folate

μg

18.536

31.772

Vitamin C

mg

0.132

24.066

Vitamin C

mg

0.132

24.066

Digestible protein
(g/100 g)

g

54.632

61.350

Total amino acids
(g/100 g)

g

5.215

2.897

Small antioxidant
blend (riboflavin,
B-6, folate)

mg

0.082

0.279

F I G U R E 5 Essential amino acid composition in canned and
cooked kidney beans

Retention after food
waste: Aseptic carton

Retention after
food waste:
Infrared

Retention after
food waste:
Microwave

52.444

56.366

23.170

57.063

FIGURE 6
vitamin C

Antioxidant blend for kidney beans with and without

transmission rates will allow for a greater understanding of the impact
and vegetables are needed to understand the impact of minimal

of packaging on extending product shelf life and thereby reducing food

processing of nutrient retention. In terms of nutrients, current regula-

waste and nutrient loss.

tory guidelines (RDI, etc.) apply to adult males, whereas the nutrients
required by gender, age, and so on vary. Information on nutrients for all
consumers is needed to make informed choices. Moreover, nutrient

6.2

|

Food waste as a function of the value chain

data as a function of production, processing, transportation, storage,
and packaging varying food products are needed to understand better

Data on the food waste at value chain interfaces and within interfaces

the impact of nutrient loss on the entire population. Likewise, research

has been estimated by weight loss. However, weight loss may be

that reports on packaging parameters such as oxygen and water vapor

water weight and linked to the economic loss of produce sold by
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weight versus the loss of nutrients. Thus, data on nutrient loss, as well
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an expanded slate of nutrient loss as a function of minimal processing
is needed.

6.4 | Nutrients as a function of varieties and
subsequent processes
Further research on nutrients as a function of produce varieties needs
to be weighed against the ability to retain these nutrients during minimal processing, canning, aseptic, microwave, HPP, and so on
processing. Research on nutrients loss as a function of produce variety, growing season, and climatic conditions is also needed. This
research can then be readily combined with nutrient loss as a function
of processing. While addressing processing- and packaging-mediated
nutrient losses, the report of the target preservation parameters such
as microbial log reductions, the number of shelf-life extensions is
essential. This combined information in conjunction with food waste
as a function of packaging format can be used to define which varieties, season, and so on should be used for each processing method to
achieve a more nutrient sustainable food supply. Selection criteria
used now varies and reducing nutrient and food waste is not a primary focus. For example, the selection of produce now for various
packaging formats and processing focuses on what varieties result in a
longer fresh shelf life or more textural stability during canning versus
nutrient retention.

6.5

|

Packaging and nutrient retention

The impact of packaging during processing bears further investigation
as well. For example, oxygen-absorbing films absorb excess oxygen in
the package headspace during thermal processing, and this can reduce
the loss of oxygen-sensitive nutrients.
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