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Towards more sustainable cooking practices to
increase the bioaccessibility of colourless and
provitamin A carotenoids in cooked carrots†

Ana M. Benítez-González, Carla M. Stinco, * Francisco J. Rodríguez-Pulido,
Isabel M. Vicario and Antonio J. Meléndez-Martínez

The effect of different cooking methods (boiling, baking, steaming and microwaving) on the colour and

texture of carrots, as well as on the bioaccessibility of carotenoids, was investigated in order to identify

the more “sustainable cooking” methods. Cooking resulted in statistically significant increases in total

carotenoid bioaccessibility, both with intensity and duration of treatments. In particular, significant

increases in carotenoid bioaccessible content (CBC) were observed, ranging from 6.03-fold (microwave)

to 8.90-fold (baking) for the most intense cooking conditions tested. Although the relative concentration

of the colourless carotenoids (phytoene and phytofluene) in raw carrots is lower than that of provitamins

A α- and β-carotene, the bioaccessible content of the colourless ones is much higher. From an energy

consumption standpoint and considering samples with the same tenderness, the highest CBC values per

kWh decreased in the order microwaving > baking > water cooking > steaming. Our findings are important

to help combat vitamin A deficiency since increases of up to ∼40-fold and ∼70-fold in the CBCs of the

vitamin A precursors α- and β-carotene, respectively, were observed. These results provide a basis for

defining “sustainable cooking” as “cooking practices that optimize intensity, duration and other para-

meters leading to a more efficient use of energy to maximize the bioavailability of nutrients and other

beneficial food components (such as bioactives) while ensuring food appeal and safety”.

1. Introduction

Carotenoids are widespread dietary compounds responsible
for the colour of many foods. They contribute to health pro-
motion, either as precursors of vitamin A or as compounds
associated with reduced incidence of cancers, coronary heart
disease and other degenerative conditions.1 They also provide
cosmetic benefits, hence they are of great interest in agro-food,
health promotion and cosmetics.2Industrial and culinary prac-
tices have been long known to decrease the carotenoid content
of foods and produce carotenoid derivatives. Evidence has
accumulated pointing out that they can also increase their
release (either during extraction with solvents, cooking or even
digestion) depending on the conditions used. This is attribu-
ted to a large extent to changes caused by the rupture of cell
structures (e.g. cell walls, plastids or carotenoid-protein
associations).3–6 Size reduction of the carotenoid-containing
matrix as a result of industrial processing is known to affect

bioaccessibility of carotenoids.7–9 It is important to control the
conditions of the industrial or domestic processing (intensity,
time) because if they are too severe the losses of carotenoids
cannot be compensated by their increased release from the
matrix. On the other hand, overcooking results in unnecessary
energy use optimizing energy use in culinary practices can
contribute to adopting more sustainable foods.

The effect of different domestic cooking methodologies
(boiling, frying, microwaving, steaming, baking) on the stabi-
lity of phytochemicals has been reviewed6 concluding that pro-
cessing time, high temperature and size reduction are factors
that usually reduce the levels of carotenoids. The heating of
vegetables is known to cause changes in texture due to the
breakdown of structures (membranes, cell walls) and modifi-
cations in pectin.10 Thus, culinary treatments usually lead to
softening/disruption effects in the food matrix that increase
the release of compounds, including carotenoids. Some
studies reported increased levels of carotenoids in cooked
samples, which can be seen as contradictory as thermal and
other treatments used in cooking are known to degrade this
compounds.11 Such apparent increases are often attributed to
a higher release owed to the breakdown and softening pro-
cesses mentioned before6 which are also thought to affect the
bioaccessibility of phytochemicals in general. The water and
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soluble solids losses caused by cooking can also account to a
large extent to this, although they are not always taken into
account.11Information about how different common cooking
practices affect carotenoid amount/bioaccessibility is impor-
tant for practical purposes, for instance for nutritionist and
dieticians. From a scientific standpoint, it is desirable to estab-
lish objective parameters that allow to compare the equiva-
lence of treatments more meaningfully by taking into account
the degree of matrix change. Parameters such as texture could
be used to this end. Some authors studied mashed carrots12 or
potatoes13 and defined hardness as the force required to com-
press the sample until it reaches a predefined percentage of its
original thickness.

Besides, the carotenoid bioaccessible content in relation to
the energy expenditure has not been reported before, so this
parameter could be useful to pinpoint cooking methods that
are not only more beneficial nutritionally, but also more sus-
tainable energetically. Information about these methods that
optimize energy and bioaccessibility of food components
needs to be efficiently communicated to consumers as their
progressive adoption can contribute considerably to health
promotion and sustainability.

This study evaluates the effect of boiling, steaming, micro-
waving, and baking on the bioaccessible content of distinct
groups of carotenoids. On one hand, the coloured carotenoids
lutein, α-carotene and β-carotene, of which the latter two are
provitamin A carotenoids. Vitamin A deficiency is a major nutri-
tional problem in the world accounting for a large proportion of
child and maternal mortality in developing countries. The study
of the effect of cooking practices on the bioaccessibility of provi-
tamin A carotenoids appears as an important research topic to
complement those intended to increase the provitamin A caro-
tenoid levels of staple foods (sweet potato, maize, etc.), a matter
that has been the subject of much investigation.14 The colour-
less carotenoids phytoene and phytofluene, have markedly
different chemical structures as compared to the rest of the
major food carotenoids and are eliciting increased interest as
they may intervene in health-promoting biological actions.2 We
aimed at using a parameter that allows for the comparison of
cooking methods in terms of matrix softening, considering that
carrots may vary in texture from crunchy to unstructured tissue
depending on the conditions used. “Hardness” is a parameter
already used in food texture analysis. It is defined as the
maximum slope reached when representing the force (N) versus
the distance (mm) shifted by the probe this measurement is
expressed in units of N mm−1.15

This parameter appears to be very useful not only because
it is related to the release of carotenoids and other food com-
ponents during digestion, but also for consumers’ preferences
and energy expenditure during cooking. The results of this
study may be important in promoting news studies on fine-
tuning of cooking conditions to improve carotenoid bio-
availability, thus contributing to the adoption of more sustain-
able practices to promote health through diet.

The bioaccessibility of carrot carotenoids have been the
subject of previous studies. For instance, Lemmens et al.16

observed that β-carotene in vitro bioaccessibility increased
with increasing processing temperature and time until steady-
state conditions were reached after prolonged heating.
Palmero et al.17 demonstrated that the chromoplast structure
is a determinant in the bioaccessibility of carotenoids from
carrots since it acts as a barrier to the release of provitamin
carotenoids compared to other carotenoids in carrots. The
aim of this work is to build on previous studies by highlight-
ing the importance of considering little explored aspects,
specifically (1) the carotenoid bioaccessible content (CBC)
rather than the bioaccessibility in percentage; (2) the need of
studying the long ignored colourless carotenoids phytoene
and phytofluene, which are major dietary carotenoids increas-
ingly recognised for their possible health and cosmetic
benefits; (3) the energy consumption during cooking in
relation to changes in carrot hardness and CBC. Additionally,
a definition of “sustainable cooking” considering the concept
of achieving higher bioaccessible contents with lower energy
consumption is proposed.

2. Materials and methods
2.1. Chemicals

Methanol (MeOH), methyl tert-butyl ether (MTBE) and ethyl
acetate were HPLC-grade and were supplied by Merck (Merck,
Darmstadt, Germany) and Panreac (Barcelona, Spain).
Ultrapure water (NANOpure Dlamond™ system, Arnsted Inc.,
Dubuque, IO) was used for the RRLC (Rapid Resolution Liquid
Chromatography) analyses. Enzymes and all other reagents
used to prepare simulated oral fluid (SSF), simulated gastric
fluid (SGF) and simulated intestinal fluid (SIF) were purchased
from Sigma-Aldrich (St Louis, MO, USA). Standards for caro-
tenoids were from Sigma-Aldrich (purity >95%). Colourless
carotenoids (PT and PF) were isolated from appropriate
sources following standard procedures.18

2.2. Preparation of samples

10 kg of freshly harvested carrots (Daucus carota cv ‘Nantesa’)
of a single lot were purchased on July from a local producer
(Ecofrutas, Seville, Spain) and divided into five batches (2 kg
each). Immediately, carrots were washed with distilled water
and peeled with a manual peeler, removing inedible parts. To
obtain the maximum reproducibility, samples were carefully
sliced with the same thickness and size into discs (20 ± 5 mm
diameter, 10 mm thick) with an electrical food slicer model
fino1 (Ritter, Germany). One batch of whole carrots was kept
in the fridge at 7 °C to be used as a control until the proces-
sing of the cooked samples was completed. The remaining
four batches were submitted to different domestic cooking
practices: boiling, steaming, microwave cooking and baking.

2.3. Domestic cooking treatments

Water cooking (WC) and steaming (ST). A MyCook kitchen
robot (1600 W, Taurus, Lérida, Spain) was used. The selected
conditions were:
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• WC: carrot slices/water ratio: 1 : 5 (W/V); temperatures:
80 °C and 100 °C; times: 10, 15 and 20 min.

• ST: 500 ml of water; temperture: 100 °C under atmos-
pheric pressure; times: 5, 10, 15 and 20 min.

Microwave cooking (MW). A domestic microwave oven (TEKA
model MW20 BFS, 750 W and 2450 MHz, TEKA Industrial SA,
Santander, Spain) was used. Carrots were placed on the rotat-
ing plate inside a glass dish covered with another glass dish.
Two power levels were applied: high power (750 W) and
medium power (600 W, i.e., 80% of maximum power) for 1, 2,
and 3 minutes, respectively.

Baking (BK). The baking treatments were conducted in a
kitchen oven (2780 W, Electrolux model EOC3430FOX,
Electrolux Zanussi, Pordenone, Italy). The conventional
cooking mode (top/bottom heat) was selected. The cooking
temperatures were 180 °C and 210 °C, and the times were 10,
15, and 20 minutes. Immediately after finishing the cooking
treatments, the samples were cooled in ice water and drained
on absorbent paper. Samples corresponding to each treatment
were divided into two portions. Texture and color analysis were
carried out on one portion. The remaining portion was frozen
and stored at −20 °C for the analysis of carotenoids and bioac-
cessibility assays. The raw carrot batch was handled similarly
and used as a control sample.

2.4. Colour analysis

Colour was evaluated using a hand–held colorimeter (Model
CR-410, Konica Minolta Sensing, Inc., Japan). The instrument
was calibrated to standard black and white plates before
analysis.

The CIELAB parameters (L*, a*, and b*) were obtained
directly from the apparatus using the CIE 10° standard observer
and the illuminant D65. Chroma (C*

ab) and hue (hab) are calcu-
lated from a* and b*. To evaluate the effect of the cooking treat-
ments on the colour, the colorimetric parameters were recorded
before and after each treatment. For this purpose, six slices of
carrots were analysed. The individual differences in L*, a* and
b* values of each treatment respect to the uncooked samples
were evaluated using colour differences (ΔE*

ab), which are calcu-
lated as the Euclidean distance between two points in the three-
dimensional space defined by L*, a*and b*:19

ΔE*
ab ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔL*Þ2 þ ðΔa*Þ2 þ ðΔb*Þ2

q
: ð1Þ

2.5. Texture

The compression tests were performed using a TAXT Plus
Texture Analyzer (Stable Micro System, Godalming, UK)
equipped with an HDP/90 platform. Weight calibration of
equipment was carried out using a 5 kg load cell, and pre-
vious calibrations of force and distance were performed with
a 30 kg (294 N) load cell. The compression test was performed
using a 20 mm cylindrical aluminium probe. The test
parameters were: speed pre-test, 1.0 mm s−1; speed test,
1.0 mm s−1; speed post-test, 10 mm s−1; distance, 10.0 mm;
activation force, 0.05 N. The compression test ended when

the sample reached 30% of the initial thickness or when the
load cell reached its maximum, whichever occurred first. Ten
replicates were carried out for each cooking condition. In
texture analysis in food science, hardness is defined as the
mechanical property relating to the force required to break an
object. In fragile samples, it is usually expressed as the
maximum force (N) applied by the equipment to break the
object. In samples that do not have a critical breaking point
or where the loss of cohesion is gradual, hardness is usually
defined as the resistance of a material to an applied force,
and is measured in units of force per distance, such as
Newtons per millimeter (N mm−1). In this case, where there
was a large difference in the consistency of the carrot
samples, this magnitude has been chosen for the measure-
ment of texture.20,21

2.6. Simulated in vitro digestion method

An in vitro static gastrointestinal model simulating digestion,
following the INFOGEST 2.0 protocol by Brodkorb et al.22 was
used. All parameters such as electrolytes (composition of simu-
lated fluids), enzymes, bile, dilution, incubation time, pH and
temperature (similar to the physiological conditions), N2 (to
avoid oxidation) were the same as those described in this pro-
tocol. INFOGEST 2.0 protocol recommends diluting all food
1 : 1 (wt/wt) with SSF to achieve a swallow able bolus with a
paste-like consistency. For this, approximately 2.5 g of sample
were added to 50 mL Falcon tubes and 2.5 mL of SSF and then
were homogenized, to simulate the mastication, using a T25
Ultra-Turrax (IKA Works, Wilmington, NC, USA) at 24 000 rpm
for 5 min.

Once completed the digestion process, the methodology
described by Rodrigues et al.23 was used to isolate the micelle-
containing fraction. The samples were centrifuged at 3900g for
20 min at 4 °C using an Allegra X-12R centrifuge (Beckman
Coulter, USA). Supernatants were filtered through 0.22 µm
nylon membrane (Agilent Technologies, USA) and the micellar
fractions thus recovered were stored at −20 °C in a nitrogen
atmosphere until carotenoid analyses. The samples were
carried out in quadruplicate.

2.7. Carotenoids analyses

For extraction, 0.2–0.3 g undigested samples (a triplicate) were
vigorously homogenized with 2 mL of water, and then with
5 mL of diethyl ether using a T25 UltraTurrax (IKA Works,
Wilmington, NC, USA) at 24 000 rpm for 5 min. The mixture
was centrifuged at 3900g at 4 °C for 5 min. After recovering the
coloured fraction, the residue was submitted to the same
extraction process until colour exhaustion. The coloured
fractions were combined and concentrated to dryness in a
rotary evaporator (Eppendorf Concentrator Plus, Hamburg,
Germany).

For the digested samples, the micellar fraction (10–12 mL)
was homogenized with 5 mL of diethyl ether and 0.5 g of NaCl
using a T25 UltraTurrax at 24 000 rpm for 5 min and centri-
fuged at 3900g at 4 °C for 5 min. The supernatant was recov-
ered, and the residue was extracted using the conditions
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described above until colour exhaustion. All supernatants were
pooled and concentrated to dryness in a rotary evaporator at a
temperature below 30 °C. All dried extracts (undigested and
digested) were kept dry at −20 °C under a nitrogen atmosphere
until RRLC analyses.

Before the injection, dry extracts were redissolved in ethyl
acetate, centrifuged at 18 000g for 5 min at 4 °C and poured
into amber glass vials. The determination of carotenoids was
performed by RRLC on an Agilent 1260 chromatograph
(Agilent Technologies, Palo Alto, CA; USA) equipped with a
diode-array detector (DAD) and a C30 YMC column (3 μm, 250
× 4.6 mm) (YMC, Wilmington, NC) kept at 20 °C. The chroma-
tographic conditions (linear gradient, flow rate, DAD con-
ditions, etc.) were established following the validated method
by Stinco et al.24

The carotenoids were identified based on their retention
time and UV-vis spectra, and by comparison with our data
library and standards when available. The tentative identifi-
cation of Z (cis) isomers was performed by comparing their
chromatographic and spectroscopic features with those of a
standard mixture of CARs obtained by iodine-catalysed isomer-
ization and by comparison with data reported by other
authors.25–28 The quantification was achieved by external cali-
bration, using curves obtained with standard solutions of caro-
tenoids.24 The total carotenoid content of samples was calcu-
lated as the sum of the individual concentration of com-
pounds, expressed as mg of carotenoids per 100 g of carrot
serving.

2.8. Carotenoid bioaccessible content (CBC)

Carotenoid bioaccessible content (CBC) refers to the amount
of the compound that is incorporated into micelles and is
bioaccessible, expressed as mg of carotenoids per 100 g of
carrot serving. That is, it is an estimation of the amount of
carotenoid that is potentially absorbable and therefore bioa-
vailable from a certain food amount. This parameter has been
preferred over bioaccessibility (usually expressed as percen-
tage) as CBC provides a more meaningful information about
the potential bioavailability.

2.9. Statistical analysis

Results were expressed as mean and standard deviation of
three independent determinations. Homoscedasticity criteria
were evaluated by the Levene tests. Since the result did not
show significance the homoscedasticity hypothesis of var-
iance was accepted. One-way analysis of variance (ANOVA) was
used to compare the means. Statistical analysis was per-
formed with Statistica v.8.0 software. Differences were con-
sidered significant at (p < 0.05) using Tukeýs multiple com-
parison procedure for each treatment compared to the
control. The texture analysis data were exported with the soft-
ware Exponent 6.1.4.0 (Stable Micro System, Godalming, UK)
and processed with MATLAB R2020 (The Mathworks Inc.,
Natick, USA). The ‘Curve Fitting Toolbox’ included in
MATLAB R2020 was also used to build the fitting equations
within every treatment.

Among the different regression methods, polynomial at
different degrees, exponential, logarithmic models were used.
The goodness of fit of each of the models was assessed by the
coefficient of determination between the measured data and
the predicted data after fitting, as well as by comparing the
root mean square error in each case.

3. Results and discussion
3.1. Texture

Table 1 shows the hardness defined as the maximum slope
reached when representing the force (N) versus the distance
shifted (mm) by the probe in this measurement. As expected,
the hardness of the samples significantly decreased with
increasing intensity and duration of treatments. The
maximum softening was found for ST (100 °C) after
20 minutes (36 ± 9 N mm−1) but a more pronounced reduction
in hardness in a shorter time was observed for the sample
treated with MW at 750 W (100% potency) (a decrease of 98
units in 3 minutes). The cooking treatment with the lowest
influence on carrot texture was WC at 80 °C, only after
15 minutes were statistically significant differences (p < 0.05)
relative to the raw sample observed. The relationship between

Table 1 Summary of texture analyses and heat absorption of the carrot
(Q)

Treatment Time (min) Hardness (N mm−1) Q (J)

Raw 0 148 ± 22a 0

ST (100 °C) 5 138 ± 12ab 967.5 ± 3.7a
ST (100 °C) 10 63 ± 12c 1377.3 ± 2.4b
ST (100 °C) 15 45 ± 13d 1445.9 ± 8.4c
ST (100 °C) 20 36 ± 9d 1560.7 ± 6.0d

WC (80 °C) 10 137 ± 14ab 1174.8 ± 3.7a
WC (80 °C) 15 126 ± 10b 1252.1 ± 7.3b
WC (80 °C) 20 133 ± 13b 1363.7 ± 6.0c
WC (100 °C) 10 109 ± 8c 1398.8 ± 6.0d
WC (100 °C) 15 63 ± 11d 1406.8 ± 6.0e
WC (100 °C) 20 52 ± 8d 1526.4 ± 3.7f

BK (180 °C) 10 115 ± 12b 1157.3 ± 2.4a
BK (180 °C) 15 106 ± 14b 1274.5 ± 8.6b
BK (180 °C) 20 82 ± 22c 1386.1 ± 3.7c
BK (210 °C) 10 104 ± 12b 1400.4 ± 6.0c
BK (210 °C) 15 79 ± 12c 1481.7 ± 5.0d
BK (210 °C) 20 61 ± 10d 1705.0 ± 10.4e

MW (80%) 1 120 ± 26b 1160.4 ± 8.4a
MW (80%) 2 102 ± 20c 1330.3 ± 6.0b
MW (80%) 3 58 ± 11d 1424.3 ± 10.0c
MW (100%) 1 128 ± 25b 1268.1 ± 7.3d
MW (100%) 2 102 ± 18c 1449.1 ± 9.6e
MW (100%) 3 50 ± 12d 1476.2 ± 7.3f

Different letters indicate statistically significant differences at p < 0.05,
including Raw data in each treatment. Nomenclature used for cooking
process: ST (100 °C), steaming at 100 °C; WC (80 °C), water cooking at
80 °C; WC (100 °C), water cooking at 100 °C; BK (180 °C), baking at
180 °C; BK (210 °C), baking at 210 °C; MW (80%), microwaving at 600
W; MW (100%), microwaving at 750 W.
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the decrease in hardness and time of treatment was not linear.
In the case of WC (100 °C), the samples lost most of their con-
sistency after 15 minutes. For MW-treated samples, a major
decrease in consistency occurred between minutes 2 and 3. It
was also noticeable that different times of MW heating (1, 2
and 3 minutes) induced significant differences in texture while
the two different MW intensities (600 and 750 W) did not (p >
0.05).

In this context, in addition to the intensity and duration of
the treatments applied, other aspects such as the heat
absorbed by the carrot could be important in explaining the
change in texture.

To this end, an estimate of the heat absorbed by the sample
was made for each of the conditions tested. This parameter
was calculated using the equation

Q ¼ m� Cp� ΔT ð2Þ
were, Q, is the heat absorbed by the food, in Jules (J), m, is
the mass of a carrot slice, in kilograms (kg), Cp is a constant
called specific heat capacity, Cp carrot = 3600 J Kg−1 °C−1, ΔT
is temperature change that occurs after cooking treatment,
in °C.

The results obtained (Table 1) show that the higher the
heat absorbed by the sample, the greater the changes in hard-
ness. In other words, both hardness and heat absorbed
increased with the intensity and duration of the treatments
applied.

3.2. Carotenoid contents

Table 2 shows individual and total carotenoid contents. A total
of 11 carotenoids bioavailable in humans were identified,
belonging to three groups: (1) colourless carotenoids, namely
(15Z)-phytoene (15Z-PT) and three phytofluene isomers (PF-1,
PF-2 and PF-3); (2) provitamin A carotenoids, specifically (all-
E)-α-carotene (ACAR), (9Z)-α-carotene (9Z-ACAR), (all-E)-
β-carotene (BCAR) and three Z-isomers (9Z, 13Z and 15Z-
BCAR); (3) (all-E)-lutein (LUT).

The apparent total carotenoid content in raw carrots
(29.298 ± 1.276 mg Cars per 100 g carrot serving) was signifi-
cantly lower than in all cooked samples. However, the behav-
iour was not consistent either across carotenoids or cooking
practices, observing that the total carotenoid content
decreased significantly when increasing the time/temperature
conditions (ST or WC) or power/time for the MW in all
cooking treatments, except for BK with the inverse tendency.

Similar results were observed for colourless carotenoids PT
and PF isomers with lower content in raw carrots than in
cooked samples. For the different treatments and conditions,
the same trend described previously for total carotenoids was
also observed. Colourless carotenoid content remained con-
stant or slightly decreased at the lowest MW and WC treatment
conditions, while increases of PF isomers 1 and 3 were
observed for ST. Conversely, baking at 210 °C for 20 min
resulted in an increase of 300% of 15Z-PT and 240–360% of PF
isomers, compared to raw carrot. Likewise, Miglio et al.29

reported an increase in PT and PF concentrations after three

cooking treatments (boiled, steamed and dried), especially in
the case of frying.

Provitamin A carotenoids content (ACAR, BCAR and
Z-isomers) in carrot slices also increased significantly in pro-
cessed samples. Concerning ACAR, increasing the time or
temperature of treatment in the ST and WC treatments signifi-
cantly decreased the content of this compound, while for BK
at any time/temperature conditions the content significantly
increased by 27% and 32.5% for 10 min time at 180 °C and
210 °C, respectively. Besides, the content of 9Z-ACAR increased
after all treatments. Similar behaviour was observed in the
different BCAR isomers: 9Z, 13Z and 15Z with increased con-
tents related to longer time or/and higher intensity (tempera-
ture/power) treatments. Increased levels of Z carotenoid
isomers resulting from heating are expected as carotenoids,
due to their highly unsaturated structure, are prone to geo-
metrical isomerization, which is favoured by heating.11 If the
thermal treatment is long enough an equilibrium state in
which the proportion of geometrical isomers remains stable
can be reached.30 In this respect, Lemmens et al.31 reported
heat-induced changes in the levels of geometrical isomers of
BCAR until an equilibrium state is reached after prolonged
heating.

In contrast to ACAR, BCAR content, showed no significant
differences in the BK treatment, while for the ST (100 °C), WC
(100 °C) and MW (both intensities) treatments decreases were
observed. Other authors reported similar results. Bureau
et al.32 studied several treatments and only the microwave
cooking induced a clear degradation of BCAR. Considering the
results from the present study, MW at 750 W and WC at 100 °C
were the treatment that most negatively affected BCAR and
ACAR contents, respectively.

Finally, lutein content was differently affected by the
different cooking processes and conditions. While ST at
100 °C for 20 min increased its levels by ∼2-fold, WC did not
affect it significantly in general. On the contrary, MW led to
decreases in LUT levels independently of the intensity used.
Surprisingly, baking at 180 °C resulted in a decrease in lutein.

Apparent increases such as the ones observed in this study
for total and individually carotenoids, are usually attributed to
an enhanced extractability caused by matrix changes induced
by some treatments. However, although there can be a certain
extractability enhancement due to matrix softening (especially
in hard ones such as raw carrots), the most probable cause is
the concentration effects due to partial dehydration of foods
during cooking and the loss of soluble solids, effects that
result in a concentration of carotenoids, as discussed in a
reference guide for carotenoid analysis.11

3.3. Colour

Fig. 1 shows the colour changes produced by the different con-
ditions evaluated as these led to important changes in caroten-
oid levels. As expected, overall, the magnitude of colour
changes increased with the intensity and duration of the treat-
ments. The cooking processes that showed the greatest colour
difference between cooked and raw sample was MW at 750 W
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for 3 min (17.9 CIELAB units), followed by WC at 100 °C for
20 min (16.2 CIELAB units) (Fig. 1). The lowest colour differ-
ences were observed for the samples steamed at 100 °C for
5 min (5.6 CIELAB units) followed by that water-cooked at
80 °C for 10 min (6.2 CIELAB units). These results are in agree-
ment with those reported by Vervoort et al.,33 who observed
that all the processing conditions tested (mild thermal pas-
teurization, mild high pressure (HP) pasteurization, severe
thermal pasteurization, severe HP pasteurization, thermal ster-
ilization and HP sterilization) caused noticeable changes in
colour relative raw carrots, with HP sterilization preserving the
original colour the most. Taking into account that colour
differences ΔE*

ab up to 3 CIELAB units are noticeable by the
human eyes,33,34 it could be affirmed that all domestic cooking
processes assayed in the different conditions tested produced
colour changes perceptible to the human eye.

3.4. Carotenoid bioaccessible content (CBC)

Table 3 summarizes the CBC values considering 100 g ser-
vings, an estimation of the amount of carotenoids theoretically
incorporated into micelles and potentially absorbable from
such servings. The carotenoids in the micellar fractions
included those found in the undigested samples, some Z
isomers of lutein, α- and β-carotene. Considering the total
carotenoid contents, it can be observed that cooking can lead

to significant increases in CBC values. Thus, increases of up to
6.04-fold (MW), 6.97-fold (WC), 7.98-fold (ST) and 8.91-fold
(BK) were observed for the most intense conditions.

Regarding the correlations between texture and CBC of total
carotenoids, more aggressive treatments resulted in higher
values of total carotenoids (coloured and uncoloured). In all
cases, this correlation is significant, and even in treatments
such as MW, WC and ST, R-squared values between 0.8 and 0.9
were obtained (ESI Table 2†), but in no case could this corre-
lation be used to predict CBC of total carotenoids from texture.
In any case, these correlations were only observed when cate-
gorised into treatments, not across the range of all carrot
samples.

The major carotenoids in decreasing order of CBC from raw
carrots were 15Z-PT (∼50% of total CBC), PF-2, LUT, PF-1,
ACAR and BCAR (Table 3). It can be readily observed that col-
ourless carotenoids account for most of the bioaccessibility
from raw carrots and that the contribution of the major caro-
tenoids in this matrix (ACAR and BCAR) is the lowest.
Considering 15Z-PT, the increases in CBC relative to raw
carrots were, in decreasing order, 4.52-fold (BK), 3.20-fold
(WC), 3.19-fold (MW) and 3.02-fold (ST). PF-1 and PF-2 were by
far the predominant PF isomers detected in the micelles. The
effect of cooking in their CBCs was noticeable. Increases rela-
tive to raw carrots of up 15.84-fold (BK), 11.72-fold (ST), 8.97-

Fig. 1 Effects of cooking methods on colour. Colour differences were calculated from colorimetric parameters measured before and after each
treatment. Different letters in bars (n = 6) denote significant differences (p < 0.05). Nomenclature used for cooking process: Raw, raw carrots; ST
(100 °C), steaming at 100 °C; WC (80 °C), water cooking at 80 °C; WC (100 °C), water cooking at 100 °C; BK (180 °C), baking at 180 °C; BK (210 °C),
baking at 210 °C; MW (80%), microwaving at 600 W; MW (100%), microwaving at 750 W.
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fold (MW), and 3.93-fold (WC) were observed for PF-1.
Increases in relation to raw carrots of up 6.82-fold (WC), 4.34-
fold (BK), 4.24-fold (ST) and 3.88-fold (MW) were observed for
PF-2. The positive effect of different processes in the CBC of
colourless carotenoids in citrus juices has been demonstrated
recently. Mapelli-Brahm et al.8 reported that PT and PF in
ultra-frozen juice were more bioaccessible when thawed at
room temperature or in the microwave oven, compared to
fresh juice. Likewise, juices homogenized at 150 MPa (ref. 9)
and pulp homogenized at 150 MPa and posteriorly reconsti-
tuted and pasteurized at 85 °C (ref. 35) showed significant
increases in bioaccessible colourless carotenoid content com-
pared to fresh juices. However, to the authors’ knowledge,
there is no similar information related to colourless caroten-
oids in carrots and domestic cooking treatments.

The maximum increases in the CBC of ACAR were up to
37.94-fold (ST) and 26.22-fold (MW), and for BCAR they ranged
from 71.40-fold (ST) to 45.8-fold (MW) relative to raw carrots.
Thus, the very low bioaccessibility of these provitamin A caro-
tenoids in raw carrots can be increased considerably due to
the thermal treatments tested.36 The heat treatments resulted
in isomerisation of both carotenoids, and some Z isomers (9Z-
ACAR, 9Z-BCAR, 13Z-BCAR, 15Z-BCAR) were readily detected in
the micellar fraction. With few exceptions, their CBCs
increased with the duration and intensity of treatments. The
CBC of the isomer identified as 13Z-BCAR were in some cases
(intense steaming and baking) remarkable. Aherne et al.37

found that the micellar fractions from cooked carrots (boiled,
pureed) generally contained significantly higher levels of 13Z-
BCAR and 15Z-BCAR and higher but not significant contents
of 9Z-BCAR. BCAR is known to aggregate in carrots to form
crystals, which are thought to make their release during diges-
tion more difficult.17,38

Concerning LUT, in general, the CBC increased with the
intensity and duration of the treatments, like the other caro-
tenoids. Increases in the CBC of LUT up to 6.79-fold (BK),
6.42-fold (ST), 4.98-fold (WC), and 4.16-fold (MW), relative to
raw carrots, were observed. Similarly, to what was commented
for phytoene and phytofluene, despite the levels of LUT being
much lower than those of ACAR and BCAR in the matrices, its
bioaccessibility was higher (ranging between ∼13 and ∼90%)
and therefore the CBC of lutein was comparable to that of the
provitamin A carotenoids. Two Z isomers of lutein (13Z and
15Z) were found in the CBC, whose levels also increased with
the severity of the treatments.

3.5. Carotenoid bioaccessible content in equivalent cooking
treatments

As discussed above, several studies have concluded that
cooking treatments have a positive effect on the bioaccessibil-
ity of carotenoids. However, to facilitate a meaningful compari-
son across thermal treatments it is necessary to establish para-
meters that serve to somehow assess the effect of structural
changes in the matrix. The evidence obtained in this work
points out that each of the treatments assayed has a different
effect on the structure of the matrix resulting in differences in

hardness (Table 1). To find out equivalent experimental con-
ditions that allow a reasonable comparison of treatments con-
cerning bioaccessibility we tested different linear and non-
linear models of the texture of the samples versus time for
each treatment and temperature. Finally, the one with the
highest coefficient of determination (R2) and the lowest value
of the root mean square error (RMSE) was selected. The
equation that best fitted the curves was of exponential type
(eqn (2)).39 Equations obtained from each cooking process
studied are included in ESI Table 1.†

hardness ¼ ae�b�time ð3Þ

where a and b are the constants optimising the goodness-of-fit
parameters.

Once the coefficients a and b that yielded the best fit were
calculated, the different curves of hardness versus time were
compared. As expected, each treatment and temperature
affected the speed of texture change. According to the objec-
tives of the study, it did not make sense to compare samples
with the same treatment time but to compare samples with a
similar texture. Therefore, an optimal texture level for con-
sumption was chosen and, for each treatment and tempera-
ture, the processing time leading to equivalent levels of hard-
ness was obtained.

From the texture equations obtained, it was determined
that the treatment conditions leading to hardness levels that
could be considered equivalent were:

Group A: ST (100 °C, 5 min)/WC (100 °C, 10 min)/BK
(210 °C, 15 min)/MW (100%, 2 min).

Group B: ST (100 °C, 10 min)/WC (100 °C, 15 min)/MW
(100%, 3 min).

Fig. 2 shows the bioaccessible content of the different caro-
tenoids for the two groups of equivalent cooking treatments.
Considering group A, the highest CBC for the provitamin A
carotenoids, LUT, 15Z-PT and PF-1 were observed for baking at
210 °C. The highest CBC for PF-2 and PF-3 were obtained in
carrots cooked in water at 100 °C. Regarding group B, the
highest CBC for PT, PF-1 and provitamin A carotenoids were
found in the microwave-cooked carrots. For PF-2 and PF-3, the
treatment that provided the highest CBC was WC at 100 °C
(Fig. 2) and LUT showed no significant differences among the
three treatments.

The results obtained showed that in the equivalent treat-
ment group A, the highest total carotenoid CBC was observed
in the BK at 210 °C, while in the equivalent treatment group B,
it was observed in the MW at 750 W (Fig. 2).

If the Q obtained for each sample (Table 1) in each of the
equivalent treatments of both groups are compared, it can be
observed that the conditions leading to higher CBC of total
carotenoids correspond to the conditions with the highest Q.
It could be argued that higher thermal energy inputs
facilitate to a greater extent the breakdown of cell walls and
plant tissue structures, resulting in a softer texture and allow-
ing a more efficient release of carotenoids and other cell
components.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2024 Food Funct., 2024, 15, 8835–8847 | 8843

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 4
/2

8/
20

25
 7

:0
5:

40
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo02752c


3.6. Implications of equivalent cooking treatments about
sustainability

It is important to bear in mind that hardness is related not
only to the bioavailability of components but also to consu-
mers’ preferences and energy expenditure during cooking. For
this reason, the approximate energy expenditure of the
different equivalent treatments was estimated. For group A,
the energy consumptions were in increasing order: 0.025 kW h
(MW 100%, 2 min); 0.133 kW h (ST 100 °C, 5 min); 0.267 kW h
(WC 100 °C, 10 min) and 0.695 kW h (BK 210 °C, 15 min).
That is, in this group the energy consumption of MW was
5.32-, 10.68- and 27.80-fold lower relative to ST, WC and BK,
respectively. Dividing CBC for total carotenoids by the energy

consumption, it was observed that the highest CBC values per
kW h (104.88 CBC per kW h) corresponded to MW 100%,
2 min, and the lowest (7.37 CBC per kW h) corresponded to ST
100 °C, 5 min (ESI Fig. 1†). Considering provitamin A caroten-
oids the highest CBC values per kW h (33.60 CBC per kW h)
corresponded to MW 100%, 2 min, and the lowest (1.52 CBC
per kW h) corresponded to ST 100 °C, 5 min.

For group 2, the consumption was: 0.038 kW h (MW 100%,
3 min); 0.267 kW h (ST 100 °C, 10 min) and 0.400 kW h (WC
100 °C, 15 min). That is, in this group the energy consumption
of MW was 7.03- and 10.53-fold lower relative to ST, and WC,
respectively. It was observed that the highest CBC values for
total carotenoids per kW h (123.84 CBC per kW h) corre-
sponded to MW 100%, 3 min and the lowest (7.51 CBC per kW

Fig. 2 Bioaccessible carotenoid content (mg per 100 g) of heat-treated carrot slices with equivalent treatments. Different letter within the bars
indicate statistically significant differences (p < 0.05). Nomenclature used for cooking process: ST, steaming; WC, water cooking; BK, baking; MW,
microwaving. Nomenclature used for carotenoids: 15Z-PT, 15Z phytoene; PF-1, phytofluene isomer 1, PF-2, phytofluene isomer 2; PF-3, phytofluene
isomer 3; LUT, lutein; ACAR, α-carotene; BCAR, β-carotene, Total CARs, total carotenoids content.
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h) corresponded to ST 100 °C, 10 min. Considering provitamin
A carotenoids the highest CBC values per kW h (46.89 CBC per
kW h) corresponded to MW 100%, 3 min, and the lowest (2.70
CBC per kW h) corresponded to ST 100 °C, 10 min.

The results serve to illustrate that the cooking of carrots
affects sensory (colour, hardness) and nutritional (carotenoid
bioavailability, vitamin A bioavailability) quality. On the one
hand, the milder conditions (those consuming less energy)
lead to lower loss of hardness and colour changes. On the
other hand, more drastic conditions lead to important colour
and hardness changes but significantly and markedly
improved carotenoid/vitamin A bioaccessibility. The results of
this study can contribute to fostering new studies aiming at
fine-tuning cooking conditions to help make more informed
decisions about cooking practices and effects on colour, soft-
ness, carotenoid bioavailability and energy consumption. In
this sense, apart from optimizing food production practices
and making changes in dietary habits as well as reducing food
waste as highlighted by the EAT-Lancet Commission,40 opti-
mizing cooking conditions appears as another important strat-
egy to make better use of resources. This has led us to define
the concept of “sustainable cooking” as “cooking practices
that optimize intensity, duration and other parameters leading
to a more efficient use of energy to maximize the bio-
availability of nutrients and other beneficial food components
(such as bioactive) while ensuring food appeal and safety”.

4. Conclusions

Colour and texture are two important parameters influencing
consumer’s preferences in purchasing and/or degree of cooking.
All the treatments applied led to colour differences perceptible
to the human eye. Overall, the greatest and lowest colour differ-
ences were observed for MW at 750 W and WC at 80 °C, respect-
ively. The maximum tenderness was found for the sample
steamed at 100 °C for 20 minutes. The cooking treatment with
the lowest influence on carrot texture was WC at 80 °C. Thus, it
can be inferred that WC under these conditions is the treatment
that affects these two organoleptic properties the least.

CBC helps estimate the amount of carotenoid that is poten-
tially available from a food serving. It can be argued that CBC is
the result of different phenomena, including inherent caroten-
oid solubility in micelles, softening due to the cooking prac-
tices, enhanced extractability relative to the raw sample or the
different susceptibilities that carotenoids with different struc-
tures and differently organized in plastids have to the different
conditions of the treatments. Cooking led to noticeably signifi-
cant (p < 0.05) increases in CBC values considering total caro-
tenoids, ranging from 6.03-fold (MW) to 8.91-fold (BK) for the
most intense conditions tested. It can be concluded that despite
the considerably higher contents of ACAR and BCAR in the
carrot matrices, the colourless carotenoids have the highest
CBC. These results highlight the importance of conducting
bioaccessibility studies in addition to compositional studies to
obtain more meaningful information in the context of health

promotion through diet. The highest increases in CBC relative
to raw carrots were observed for the provitamin A carotenoids.
Increases in the CBC of ACAR and BCAR up to 37.9-fold and
71.4-fold (ST) were observed. Baking was the process leading to
the highest potential bioavailability of total carotenoids,
whereas steaming led to a slightly higher potential bio-
availability of provitamin A carotenoids. Despite there being
ample evidence that processing in the industry or in the kitchen
can favour the bioavailability of carotenoids and other health-
promoting compounds in different foods, consumers are largely
unaware of it, so the industry could educate on this additional
benefit of processing technologies. Indeed, information about
processing and cooking practices that optimize energy and bio-
availability of food components needs to be efficiently commu-
nicated to consumers as their progressive adoption can make a
remarkable contribution to health promotion and sustainabil-
ity. Considering samples with the same level of tenderness, the
highest CBC values per kW h corresponded to microwave
cooking, indicating that the heating produced at much shorter
times compared to the other practices tested was the most
efficient from an energetic point of view to increase CBC. This
adds to the versatility and convenience of microwaves in the
kitchen and can lead to more scientific research on the topic to
contribute to the production of healthier and more sustainable
foods. From a nutritional point of view, fruits and vegetables
are considered important as sources of fibre, minerals, vitamins
and bioactives. At least 5 servings per day are being rec-
ommended to promote health through the diet. Increasing the
bioavailability of these compounds through cooking (and also
through other treatments in the field, the industry, the markets
or in households) might be important to obtain appropriate
levels for health promotion with fewer servings, which may con-
tribute to the saving of resources and therefore to sustainability.
This appears as a research topic that deserves further attention
and multidisciplinary approaches.
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