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Abstract
The use of green tea extract (GTE) and trehalose for the production of frozen carrots fortified with bioactive compounds was
investigated. Carrot enrichment was performed by blanching and vacuum impregnation (VI). Functional properties and quality
attributes of carrots were evaluated after pre-treatments, freezing and frozen storage (FS). Blanching effectively inactivated
peroxidase and pectinmethylesterase enzymes. Blanching in trehalose and VI in trehalose and/or GTE solutions limited the
soluble solid and firmness losses through pre-treatments, while effect on colour was similar to other pre-treatments (Δh° ≈ +6;
ΔL* ≈ −6). Pre-treatments did not affect the carotenoid content while increased the total polyphenol content (TPC) and
antioxidant activity (AOA), which in samples enriched with GTE resulted respectively three and two times higher than the fresh
vegetable. After FS, carrots showed a drastic firmness loss, and colour change. Trehalose showed a cryoprotective effect on
carrots’ firmness and colour only when its penetration in plant cells was promoted by blanching. All samples highlighted a
significant carotenoid loss (−40%), whilst a TPC decrease was observed only on GTE polyphenol fortified carrots. Despite this
loss, AOA of carrots enriched with GTE after 60 days of frozen storage was two times higher than AOA of fresh carrots.
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Introduction

Green tea (GT), from Camelia sinensis L., is a worldwide
consumed beverage recognised as valuable source of polyphe-
nols and, in particular, of catechins such as epigallocatechin
gallate (ECGC), epigallocatechin, epicatechin gallate and epi-
catechin. Besides their antioxidant properties, these polyphe-
nols show pharmacological activities, such as lowering effects
on glucose, lipid and uric acid, and their consumption has

been correlated with low incidence of chronic pathologies in
which oxidative stress is deeply involved (e.g. cardiovascular
and neurodegenerative diseases, cancer) (Del Rio et al., 2013;
Peluso & Serafini, 2017).

The amount of GT that needs to be consumed daily to
obtain health benefits is rather large and difficult to reach
(Vuong et al., 2011). In this context, the development of food
products enriched with GT could help consumers to reach the
amount of GT catechins capable to exert beneficial effects on
human health.

Fortification with GTE for functional purposes has been
studied in bakery products, such as bread (Bajerska et al.,
2010), biscuits (Sharma et al., 2011), noodles (Li et al.,
2012), probiotic yogurt (Muniandy et al., 2016) and frozen
surimi gel (Pérez-Mateos et al., 2006), as well as in dried
(Lavelli et al., 2010) and minimally processed apples (Tappi
et al., 2017).

However, the addition of GTE to food products can affect
their physio-chemical and sensory characteristics such as col-
our, flavour and taste (Ananingsih et al., 2013). Polyphenols,
in fact, contribute to define the sensory characteristics of
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foods, affect the rate of enzymatic browning, influence the
emulsification processes and the physical and chemical stabil-
ity of the dispersed systems, and interact with proteins (Bora
et al., 2018; Giacintucci et al., 2016; Scroccarello et al., 2019).
Moreover, concerning GT catechins, and EGCG in particular,
there is evidence from interventional clinical trials that doses
equal or above 800mg EGCG/day taken as a food supplement
have potential hepatotoxicity effects (Younes et al., 2018).
Thus, the enrichment of a food product with GT must be
optimised basing on the abovementioned nutritional recom-
mendations and to minimise the side effects exerted by these
compounds on the quality attributes of the food product.

Vacuum impregnation (VI) is recognised as a powerful
technology to directly introduce in a controlled way dissolved
or suspended substances into products with porous structure,
thus allowing a fast modification of nutritional, functional
and/or structural properties as well as improving the process-
ability of fruits and vegetables (Gómez Galindo & Yusof,
2014). A mechanistic description of the VI treatment in solid
porous food systems, in which hydrodynamic mechanism
(HDM) and deformation-relaxation phenomena (DRP)
models are coupled, was given by Fito et al. (1996).

During vacuum impregnation (VI), the plant porous frac-
tion composed by intercellular spaces is filled by an external
solution of defined composition and/or concentration to a de-
gree that depends on various factors, including (i) the process
conditions (i.e. vacuum level, vacuum time, equilibration time
at atmospheric pressure and temperature), (ii) the osmotic
pressure and viscosity of the impregnation fluid, (iii) the size
and shape of the samples and its effective porosity (pore size
and distribution); this last parameter affects the capillary pres-
sure of fluids within the vegetable tissue and its response to
mechanical stress (Neri et al., 2016). Recent investigations
(Demir et al., 2018; Dymek et al., 2016) have also shown that
VI of plant tissues is not only about mass transfer but depen-
dently on type of solutes in the impregnation liquid and the
optimization of the oxygen amount left in the residual tissue
porosity; it can stimulate the cell metabolic activity within
short time scales after the treatment (Tylewicz et al., 2013;
Yusof et al., 2017) and promote the metabolization of the
solutes and their transfer within the cells.

By VI, various compounds of various nature and function-
ality (e.g. firming, antimicrobial and antioxidant agents, fla-
vours, cryoprotectants, vitamins, minerals, probiotics, organic
acids, etc.) can be introduced inside a plant food matrix, as a
single component, or in mix (Comandini et al., 2010; Demir
et al., 2018; Derossi et al., 2013; Neri et al., 2014) . Depending
on the type of component chosen, the final product after VI
can be characterised by modified/improved sensorial quality,
extended shelf-life and/or varied composition so as to increase
the daily intake of nutrients and meet nutritional recommen-
dations or health benefits. With this last purpose, recent stud-
ies (Batista de Medeiros et al., 2019; Betoret et al., 2012;

Castagnini et al., 2015; Mejía-Águila et al., 2021) exploited
the use of VI for fruit fortification with fruit juices or plant
extract with a high content in bioactive compounds such as
green tea (Tappi et al., 2017). However, beside its application
for minimally processed fruit production, VI can be exploited
in several industrial processes as an innovative pre-treatment
inserted into a more complex processing with several applica-
tions (Betoret et al., 2015; Derossi et al., 2012; Zhao & Xie,
2004), e.g. in combination with other unit operations such as
pulsed electric fields (Phoon et al., 2008) or blanching
(Leunda et al., 2000; Del Valle et al., 1998; Bellary &
Rastogi, 2014; Moreno et al., 2000) for the production of
products with extended shelf life, e.g. dried or frozen
products.

Freezing is one of the most important preservation technol-
ogies available for fruits and vegetables. Despite its stabilising
effects, however, it may cause chemical and physical changes
in the plant tissues that may compromise the quality charac-
teristics of the products such as colour and texture (Bonat Celli
et al., 2015; Neri et al., 2014), and decrease their acceptability.

Quality and stability of frozen vegetables is enhancedwhen
freezing is coupled with other processing operations such as
blanching. Applied as pre-treatment, blanching inactivates en-
dogenous enzymes responsible for producing off-flavours and
changing colour, texture and nutritional attributes. However,
despite this positive effect, this heat treatment can negatively
affect the overall quality of the processed vegetables and ac-
ceptance by consumers, as well as their content in bioactive
compounds (Xin et al., 2015). The use of sugar solutions as
heat carriers in blanching treatments of vegetables is an inter-
esting tool since it allows the preservation of tissue micro-
structure by preserving the cell wall and membrane integrity.
Mono- and disaccharides have been shown, in fact, to stabilise
membranes against stress conditions by preserving their fluid
state and also to protect proteins by preventing denaturation
phenomena (Neri, Hernando, et al., 2011). Moreover, with
trehalose (α-D-glucopyranosyl α-D-glucopyranoside) being
among the most effective, at low temperatures these sugars
act as anti-freezing molecules. This is due to their effect on
lowering the freezing point and chemical potential of water,
and destructuring the tetrahedral hydrogen bond network of
water. Thanks to these properties, their addition to plant foods
was shown to preserve cell structures upon freezing (Phoon
et al., 2008) and frozen storage (Neri et al., 2014).

The aim of this study was to investigate the use of
blanching in combination with vacuum impregnation to pro-
duce frozen carrots fortified with green tea extract. Trehalose
was added in both VI and blanching solutions as stress pro-
tectant for carrot slices in order to limit quality loss induced by
both processing and frozen storage. The mass transfer phe-
nomena, the quality attributes of the final products, and their
functional properties were evaluated after blanching and VI
pre-treatments, as well as after freezing and frozen storage.
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Materials and Methods

Materials

Organic carrots (Daucus carota L., cv Romance) grown in the
Abruzzo region (Italy), and harvested in June 2018 were pur-
chased in a local farm. A single batch (40 kg) was supplied
and used for all the experiments. Upon arrival, carrots were
selected for size (i.e. length: 18–20 cm and diameter: 1.5–2
cm), stored in a chilled chamber at 3 °C at 90% RH and
processed within 10 days. Before processing, carrots were
washed, peeled and cut in 0.5-cm thick slices. Raw material
had the following characteristics: moisture = 90.8 ± 0.1%;
soluble solids = 9.6 ± 0.6 Brix; pH = 5.82 ± 0.03; porosity =
0.031% (methods of analyses are depicted in the following
sections).

Trehalose was purchased from Adea s.r.l. (Italy). All other
chemicals and standards were purchased from Sigma
(Steinheim, DE).

Green tea extract (GTE) in powder (Camelia sinensis L.,
PromoPharma, Republic of San Marino) with a standard con-
tent of polyphenols (95%, of which 65% were catechins, of
which the 40%was epigallocatechin gallate) was purchased in
a local drug store. Before use, GTE was diluted 1:200 in
water, agitated for 30 min to favour dissolving, and filtered
under vacuum with paper. Immediately after, this GTE stock
solution was used for the preparation of the vacuum impreg-
nation agents.

Sample Preparations

Carrot slices (200 g) were blanched for 108 s in water (BLw)
or trehalose 4% w/v (BL4T) solution pre-heated at 90 °C by
using a pot and a magnetic hotplate stirrer with temperature
con t ro l (AREX, VELP Scien t i f i ca , I t a ly ) . The
product:blanching medium ratio was equal to 1:15 w/w.
After blanching, samples were quickly drained, and the sur-
plus liquid was removed from surfaces by dabbing with ab-
sorbent paper. After packaging in single layer into high barrier
polyethylene bags, the carrot slices were immediately cooled
in ice bath for 3 min to minimise over-processing. In order to
collect about 2 kg of both BLW and BL4T sliced carrots; each
treatment was repeated 10 times.

Vacuum impregnation was carried out on BLw or BL4T

samples by using as impregnant agents water (VIw), trehalose
10% w/v (VI10T), green tea extract 0.25% w/v (VIE), or treha-
lose 10% w/v in combination with green tea extract 0.25% w/
v (VI10T-E). The solutions VIE and VI10T-E were prepared
starting from the GT stock solution (“Materials”).

The blanching parameters ( t ime, temperature,
product:blanching agent ratio), as well as the trehalose and
GTE concentrations were set up basing on preliminary tests
(data not shown) and results of previous investigations (Neri

et al., 2014; Neri, Di Mattia, et al., 2011; Neri, Hernando,
et al., 2011).

The vacuum impregnation parameters (vacuum and post-
vacuum times, sub-pressure level, temperature) and solutes
concentrations were selected after preliminary tests (data not
shown) aimed to maximise the impregnation efficiency, to
preserve the sensory properties of the product and to comply
with nutritional recommendation indicated by Younes et al.,
2018 as regards the ECGC maximum daily intake.

The VI treatments were performed by applying a pressure
of 50 mbar for 10 min and a post-vacuum time of 10 min by
using vacuum laboratory equipment composed of (i) a glass
cylindrical chamber (10 L volume) including a stainless steel
perforated holder connected to a vacuum pump (SC 920, KNF
ITALIA, Milan, Italy) and (ii) an external water flow chamber
for the process temperature control connected to a thermostat-
ed water bath set at 20 ± 1 °C. Carrot slices (200 g) were added
to the VI solution in a 1:15 (w/w) product:impregnant agent
ratio. Thereafter, samples were drained, and excess liquid was
removed by lightly dabbing carrot surfaces with absorbent
paper. In order to produce about 1.2 kg of each sample, the
VI treatment was repeated 6 times.

Fresh (non pre-treated, F) and pre-treated sliced carrots,
were portioned, packed in air immediately after their prepara-
tion as a single layer in bi-oriented polypropylene (BOPP)
bags and frozen at −40 °C (±0.5 °C) using a direct-freeze deep
freezer (NUVE, Ankara, Turkey). During freezing, the carrot
temperature was recorded at the product core by a thermo-
couple connected to a digital thermometer (DT68A Cocoda,
Italy). The average freezing rate was of 1.47 ± 0.03 °C/min.
After 24 h, the freezer temperature was increased up to –18
°C. During freezing and storage the freezer temperature was
monitored and recorded through the system’s temperature
controller and the temperature fluctuations were at maximum
of ±0.5 °C.

Moisture and Mass Transfer Parameters

Moisture content was determined according to the AOAC
gravimetric method (Ref 925.10, AOAC, 1990) by drying
~5 g of vegetable tissues at 70 °C until constant weight.

To evaluate the total mass variation of samples subjected to
blanching and VI, the weight of the vegetable was measured
before and after pre-treatments (blanching or blanching and
vacuum impregnation). Changes in total mass (ΔM0

t) at time t
(g/g), water mass (ΔMw

t) at time t (g/g) and soluble solids
(ΔMss

t) at time t (g/g) of each sample were calculated as
described by Neri et al. (2019).

Soluble Sold and pH

Soluble solids content (°Brix) and pH were measured with a
refractometer (Optech, Optical Technology, Vigo, Spain),
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previously calibrated with distilled water (°Brix = 0), and a
pH-meter MP220 (Mettler Toledo International, Polaris
Parkway, USA), respectively. All the analyses were per-
formed in duplicate on the aqueous phase obtained from the
carrot samples after homogenisation with Ultra-Turrax for
1 min at 13,000 rpm and centrifugation at 3606×g for 10 min.

Density and Porosity

Carrot apparent density (ρv) and real solid-liquid density (ρSL)
were determined by using a pycnometer. The apparent density
(ρv) was measured on a reference liquid consisting of an iso-
tonic solution whilst the real solid-liquid density (ρSL) on
sample purée after its degasifying at vacuum. These parame-
ters were both expressed as kg m−3. Due to the difficulty in air
removal of some samples and corresponding inconsistent ρSL
values, the real solid-liquid density was estimated from water
mass fraction Xw (Gras et al., 2002) using the following
equation:

ρSL ¼ 1590 1þ 0:590� Xwð Þ−1 ð1Þ

Sample porosity (ε) was calculated from density values as:

ε ¼ 1− ρv=ρSLð Þ ð2Þ

Sugar Identification and Quantification

Content of mono- and disaccharides has been determined by
HPLC analysis using an ICS 3000 Ionic Chromatograph
(Dionex, San Donato Milanese, Italy) equipped with ICS
3000 SP pump and ICS 3000 ED detector. Sugar extraction
was carried out in duplicate and according to the method used
by Neri, Hernando, et al. (2011). The chromatographic anal-
ysis was carried out using a carbohydrates separation column
(CarboPac PA20, 3 mm × 150 mm, Dionex) with a pre-guard
column (CarboPac PA20, 3 mm × 30 mm, Dionex). NaOH
150 mM was used as mobile phase. Sugar detection was car-
ried out using the time/potential waveform A as indicated by
Dionex (Technical note 21).

Operating conditions were the following: flow rate 0.5 mL
min−1, a 35-min run with a column temperature of 30 °C and a
volume injection of 10 μL. For sugar identification and quan-
tification, standard solutions containing from 0.1 to 100 g
mL−1 of trehalose, sucrose, fructose and glucose were used.
All the analyses were carried out in duplicate.

Enzyme Extraction from Carrot Tissue

Peroxidase (POD) extract ion was carried out by
homogenising for 2 min (ultraturrax Yellow line Di 25 basic,
IKA Germany), 25 g of sample with 50 mL of 0.1 M

phosphate buffer (pH 6,5); the solution was then filtered
through filter paper and centrifuged for 10 min at 4 °C and
3606×g. The supernatant was used as POD extract.

Pectinmethylesterase (PME) extraction was carried out by
homogenising 50 g of carrots with 100 mL of NaCl 8.8%
(w/v) for 2 min. The homogenised solution was stirred for
15 min, filtered through filter paper and centrifuged for
30 min at 4 °C and 2346×g. The pH of each enzymatic extract
was adjusted to pH 7.5 by adding a few drops of 0.1 N NaOH.

POD and PME Assay

POD and PME activity were tested according to the method
used by Neri, Hernando, et al. (2011). One unit (U) of POD
was defined as the quantity of enzyme necessary to obtain an
increase in absorbance of 0.001 in 1 min while one unit (U) of
PME was defined as the quantity of enzyme necessary to
obtain a decrease in absorbance of 0.01 in 1 min, under the
assay conditions.

POD and PME residual activity after treatments was deter-
mined as A/A0, where A is the enzymatic activity of the
blanched samples and A0 is the enzymatic activity of the fresh
carrots.

Colour Analysis

Colour analysis was performed using a spectrophotocolorimeter
Konica Minolta Chroma Meter CR-5 (Konica Minolta, Osaka,
Japan) equipped with a D65 illuminant. The measures were car-
ried out on the carrot phloem using a 10° standard observer and a
target mask with a measure area of 3 mm (Moscetti et al., 2017).
Colour was assessed in CIELab coordinates and the hue angle
(h°) was calculated as h° = tan−1 (b∗ a∗−1). For each sample, 10
slices were analysed.

Mechanical Properties

To determine themechanical properties of the samples, a com-
pression test was performed using an Instron dynamometer
(mod 5542, Instron Universal Testing Machine, Wycombe,
UK) equipped with a 3.5 cm diameter descending plunger.
A speed of 50 mm min−1 has been set to produce a deforma-
tion on the sample equal to 15% of its height. For each sample,
analysis was carried out on 20 different carrot slices with a
diameter between 2 ± 0.5 cm. Maximum force in compression
was used as firmness index.

Determination of Total Carotenoids

Total carotenoids were determined using the modified method
described by Koca et al. (2007). Dehydrated carrot powder
(0.125 g) was extracted in duplicate in a 25 mL 7:3
hexane:acetone mixture using a shaker. The extract was
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filtered, and the residue was re-extracted until it became
colourless. The filtrates were combined in a separatory funnel
and washed with a 50-mL distilled water. The water phase
was discarded and Na2SO4 (10 g) was added as desiccant.
The hexane phase was transferred to a 50-mL volumetric flask
and brought to volume with hexane. The total carotenoid con-
centration in the solution was determined by its absorbance at
450 nm with a UV/Vis spectrophotometer and determined as
β-carotene equivalent (β-CE) from the standard curve pre-
pared in the β-CE range from 0.5 to 30 mg/L. Results were
reported as mg of β-CE g−1 d.w.

Polyphenol Extraction

Polyphenol extraction was carried out as described by Ma
et al. (2013) with slight modifications. Freeze-dried carrots
(2.5 g) were homogenised with 10 mL of 70% v/v methanol
for 10 min using a homogeniser (Yellowline DI25basic, IKA,
France); the solution was stirred for 20 min and then centri-
fuged for 20 min at 6000 rpm at 15 °C. The supernatant ob-
tained was filtered with a 0.45-μm nylon filter and stored at
−40 °C until analysis. For each sample, the polyphenol extrac-
tion was performed in duplicate.

Determination of Total Phenolic Content and
Antioxidant Activity

Total polyphenol content (TPC) and the antioxidant activity
were determined on the polyphenolic extracts by using the
Folin-Ciocalteau reagent according to Singleton and Rossi
(1965) and the ABTS radical cation decolorization assay ac-
cording to Santarelli et al. (2020). On each extract, the TPC
analysis was performed in duplicate and the AOA analysis in
triplicate.

Viscosity and Surface tension Measurements

The air/water surface tension of the VI solutions was mea-
sured at 25 °C with an Attension Sigma 700/701 tensiometer
(Biolin Scientific Oy, Espoo, Finland) equipped with a
Wilhelmy platinum plate (length, width, and thickness 19.6,
10 and 0.1 mm, respectively). Surface tension measurements
were carried out after 60 min of equilibration time.

Viscosity data were obtained from flow curves (shear stress
versus shear rate) obtained with a rotational rheometer (MRC
302, Anton Paar, Graz, Austria) equipped with a concentric
cylinder configuration (CC27). Flow curves were collected in
the shear rate range from 1 to 1000 s−1. Samples were loaded
into the cylindrical cup and allowed to equilibrate at a set-
point temperature of 25 °C for 2 min before analysis.

Statistical Analyses

Data were expressed as mean and standard deviation and ad-
ditionally analysed by one-way ANOVA analysis. Significant
differences between means were computed by LSD test at a
significance level of 0.05.

Firmness and colour data collected on samples after
blanching in combination with vacuum impregnation and dur-
ing the frozen storage were further processed by three-way
ANOVA to highlight single effects of the solvent/solution
used respectively for the blanching (SBL) and vacuum impreg-
nation (SVI) pre-treatment, and the effect of freezing and fro-
zen storage. Effective hypothesis decomposition was comput-
ed for the significant factors (p < 0.05). The sigma-restricted
coding of effects was used, and for each effect its sum of
squares is the difference of the model sums of squares for all
other effects from the whole model sums of squares. As such,
the effective hypothesis decomposition sums of squares pro-
vide an unambiguous estimate of the variability of predicted
values for the outcome uniquely attributable to each effect.

Data were processed using STATISTICA for Windows
(StatSoftTM, Tulsa, OK, USA) software.

Results

Effect of pre-treatments on enzymatic activity and
carrot composition

The activity of peroxidase (POD) and pectinmethylesterase
(PME) was determined on fresh and blanched carrots in order
to assess the effectiveness of the blanching pre-treatment in
inactivating endogenous enzymes otherwise responsible for
quality loss during vacuum impregnation and frozen storage.
Fresh carrots showed a POD and PME activity respectively of
311 ± 61 U g−1 dw and 519 ± 46 U g dw−1 while, after
blanching, independently from the blanching agent used, no
PME activity was detected and a POD residual activity lower
than 10% was achieved in accordance with industrial require-
ments (Moscetti et al., 2017).

Mass transfer data and trehalose uptake of blanched and VI
carrots are reported in Fig. 1. In order to better describe the
effect of pre-treatments on carrots’ composition, the content of
native sugars and trehalose was also reported (Fig. 2).

After water blanching (BLw), carrots showed a weight loss
due to the loss of both water and soluble solids, as an effect of
leaching phenomena promoted by thermal damages induced
on cell structures by the heat treatment. In particular, the sugar
content drastically decreased with a loss of glucose, fructose
and sucrose ranging between 43 and 51%.

Carrots blanched in trehalose solution (BL4T) highlighted a
lower weight decrease than the water blanched ones thanks to
the sugar uptake and lower loss of water and soluble solids,
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including native sugars (Fig. 2). This result can be attributable
both to the thermo-protective effect exerted by trehalose on
cell structures (Neri, Hernando, et al., 2011) and also to the
reduction of diffusion phenomena as a result of the lower
osmolarity difference between the product and the blanching
agent.

VI affected the composition of blanched carrots by the
enrichment with water and solutes of the impregnant medium
(GTE and/or trehalose), while causing the depletion of treha-
lose in samples previously blanched in trehalose solution and,
in general, a loss of endogenous soluble solids. This loss, in
samples pre-treated by blanching in trehalose solution was
due to the drop of both glucose, fructose and sucrose (Fig.
2); conversely, samples pre-treated by water blanching, after
the sugar loss due to water blanching, in general did not high-
light any further variation due to VI. The results are ascribed
to gas-liquid and to liquid-liquid substitution occurring at ex-
tracellular level in carrot tissue (Gras et al., 2002) as an effect

of hydrodynamic mechanisms and deformation and relaxation
phenomena induced by the pressure variation, and due to dif-
fusion phenomena provoked by the difference in solute con-
centration between the vegetal matrix and the VI medium.

Samples blanched and VI in trehalose solutions (BL4T +
VI10T and BL4T + VI10T-E) showed the highest uptake of tre-
halose, and thus, a total sugar content slightly lower than that
measured in fresh carrots (Fig. 2).

The addition of tea extract to the VI trehalose solution did
not influence the sugar penetration (Figs. 1 and 2) into the
carrot tissue, in fact, both samples BLw + VI10T and BLw +
VI10T-E, and samples BL4T + VI10T and BL4T + VI10T-E
showed a similar (p > 0.05) trehalose uptake. It is generally
assumed that solute penetration during VI process is affected
by the impregnation solution viscosity and by the liquid inter-
facial tension (Gómez Galindo & Yusof, 2014). Both the so-
lutions used for VI showed similar (p > 0.05) viscosity (1.4 ±
0.1 × 10−3 Pa•s). The addition of GTE to the trehalose solution

Fig. 1 Mass transfer parameters and trehalose uptake of pre-treated car-
rots. Total mass change (ΔM0

t); water mass change (ΔMw
t); soluble

solids change (ΔMss
t). Water blanched: BLW; blanched in trehalose so-

lution: BL4T; vacuum impregnated with water: VIw; VI in trehalose 10%

w/v : VI10T; VI with green tea extract 0.25% w/v :VIE; VI with trehalose
10% w/v and green tea extract 0.25% w/v :VI10T-E.

a-e: different letters
stand for statistically significant differences at p < 0.05 within each inde-
pendent variable

1331Food Bioprocess Technol  (2021) 14:1326–1340



lowered the surface tension from 71.6 ± 2.5 to 49.4 ± 0.1 mN
m−1 due to the ability of catechins to modify the interfacial
properties of the impregnating agent (Di Mattia et al., 2010).
In the light of the observed results, it is possible to assume that
the viscosity of the solution is the main driving factor of tre-
halose penetration in the experimental conditions of this
study.

Effect of Pre-treatments, Freeing and Frozen Storage
on Physical Properties

In Fig. 3, firmness of fresh (non pre-treated) and pre-treated
carrots before and after freezing and frozen storage for 7 and
60 days is shown.

Blanching treatments significantly impaired the carrots’
firmness irrespective of the blanching agent used (i.e. water
or 4% trehalose solution). This effect is attributable to the
gelification, solubilisation and degradation of pectins located
in the cell wall occurring during heat treatment as an effect of
the temperature increase. In general, VI treatment did not af-
fect carrot firmness. However, samples blanched in trehalose
solution, subsequently vacuum impregnated with tea extract
or tea extract in combination with trehalose (BL4T + VIE and
BL4T + VI10T-E) highlighted a significant (p < 0.05) higher
firmness compared to the other pre-treated samples. This re-
sult could be partly ascribed to trehalose, whose thermo-

protective effect during blanching of carrots was already
highlighted in a previous study by microstructural analysis,
but not by mechanical test (Neri, Hernando, et al., 2011),
and to polyphenols adsorption to cell walls. Phan, Flanagan
et al. (2017) showed, in fact, that polyphenols, when added to
cell wall extracts, selectively and extensively interact with
different types of cell wall polysaccharides with reversible
binding (hydrogen bonding and hydrophobic interactions) in
very short times (<1 min). Thus, these interactions could have
increased the cell wall strength contributing to the firmness
increase observed on the processed vegetable tissues.

After freezing and frozen storage, all samples showed a
drastic firmness decrease (Fig. 3). Mechanical damages pro-
voked by ice formation and crystal growth, as well as cell
turgor loss due to the alteration of local osmotic pressure
caused by migration of unfrozen water to the frozen area,
could be responsible for this effect. The alteration of osmotic
pressure, in particular, provokes cell dehydration and shrink-
age, denaturation of cell components such as proteins and loss
of pectin mediated cell connection (Li et al., 2018). This phe-
nomenon could not be completely inhibited under the storage
conditions used (−18 °C) as the vegetable products were kept
at a temperature above the glass transition temperature of the
maximally concentrated solution (T’g) of carrots (ca. −40 °C)
(Chirife et al., 1996), allowing non-convective diffusion pro-
cesses of water in the matrix (Van der Sman, 2020).

Fig. 2 Content of endogenous sugars (glucose, fructose and sucrose) and
trehalose in carrots blanched and/or vacuum impregnated in trehalose
solutions. Water blanched: BLW; blanched in trehalose solution: BL4T;
vacuum impregnated with water: VIw; VI in trehalose 10% w/v: VI10T;

VI with green tea extract 0.25%w/v :VIE; VI with trehalose 10%w/v and
green tea extract 0.25% w/v :VI10T-E. For each sugar, different letters in
the bars stand for statistically significant differences at p < 0.05
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Non pre-treated (F) carrots showed a higher firmness loss
compared to the pre-treated ones due to their PME activity.
After 7 days of frozen storage, a higher firmness in the carrots
blanched in trehalose solution than the water-blanched ones
was observed; however, after 60 days, no differences were
found between these samples. This result is in agreement with
Neri et al. (2014) who observed a positive effect of trehalose
on firmness of blanched and frozen carrots only for short times
of frozen storage.

Firmness data collected on all the samples pre-treated
by blanching in combination with vacuum impregnation
were further processed by ANOVA analysis (data not
shown) and a significant effect (p < 0.05) was observed
for both the factors SBL and SVI, i.e. the solvent/solution
used respectively for the blanching and vacuum impreg-
nation pre-treatment. The effective hypothesis decompo-
sitions of these effects are reported in Fig. 3 (insert a and
b, respectively).

SBL and SVI significantly (p < 0.05) affected the samples’
firmness with samples blanched in trehalose being harder than
the water-blanched ones, and samples VI in water, GTE
solution and GTE in combination with trehalose solution
being harder than those impregnated with trehalose solution.
These results indicate that trehalose is able to exert a
cryoprotective effect on frozen carrots only when its
addition is carried out by blanching. In fact, when the
product is exposed to high temperatures, its penetration in
plant cells is promoted by the increase of membrane
permeability. This hypothesis is also supported by recent
studies carried out on spinach leaves by Phoon et al. (2008)
and Demir et al. (2018), who highlighted a cryoprotective
effect of trehalose only when its penetration was induced at
intracellular level by coupling pulsed electric field treatments
(PEF) with VI or, vice versa, combining the VI treatment with
PEF. PEF and VI, depending on process conditions, can in-
fluence the solutes penetration into the cells respectively by

Fig. 3 Firmness of fresh and pre-treated carrots before (t0) and after
freezing and frozen storage for 7 (t7) and 60 (t60) days. Water blanched:
BLW; blanched in trehalose solution: BL4T; vacuum impregnated with
water: VIw; VI in trehalose 10% w/v : VI10T; VI with green tea extract
0.25% w/v :VIE; VI with trehalose 10% w/v and green tea extract 0.25%

w/v :VI10T-E. Insert: effective hypothesis decomposition of factorial
ANOVA for the individual effect of the solvent/solution used respective-
ly for blanching (SBL) and vacuum impregnation (SVI) pre-treatments on
firmness
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changing the permeability of the cell membranes and by acti-
vating cell metabolic processes (Dymek et al., 2016; Gómez
Galindo and Yusof, 2014). In carrots, it is excluded that this
latter action mechanism contributed to the penetration of tre-
halose at intracellular level as cells were inactivated by the
blanching treatment.

The sugar addition only at extracellular level could deter-
mine, on the contrary, a negative effect on cell turgidity prob-
ably due to the promotion of osmotic phenomena.

Figures 4 and 5 respectively report the lightness and hue
angle of fresh and pre-treated carrots before and after freezing
and frozen storage.

Fresh carrots showed a lightness (L*) and hue angle (h°)
respectively lower and higher than those reported by Moscetti
et al. (2017) on the same variety. Blanching and VI pre-
treatments affected the colour of the fresh carrots by determin-
ing a significant (p < 0.05) decrease in lightness (Fig. 4) and a
slight increase (p < 0.05) in the hue angle (Fig. 5). The shift of

colour from orange to yellow could be related to pigment
degradation, whilst sample darkening is related to the replace-
ment of the gases and native liquids present in the vegetable
matrix with the impregnant solutions as an effect of the
blanching and VI pre-treatment (Neri et al., 2016).

Overall, no significant differences were found in terms of
L* and h° among the differently pre-treated carrot samples
and this indicates that the solutes used in blanching and VI
treatments, as well as the vacuum impregnation itself, did not
affect the carrot colour.

After freezing and frozen storage carrots showed, in gener-
al, a slight but significant (p < 0.05) L* decrease, with sample
F (i.e. non pre-treated) being the most affected. When
ANOVA analysis was performed on data collected on sam-
ples pre-treated by blanching in combination with VI (data
not shown), a significant effect (p < 0.05) was noted for the
individual SBL and SVI factors; the effective hypothesis de-
compositions for these effects are reported in Fig. 4 (insert a

Fig. 4 Lightness (L*) of fresh and pre-treated carrots before (t0) and after
freezing and frozen storage for 7 (t7) and 60 (t60) days. Water blanched:
BLW; blanched in trehalose solution: BL4T; vacuum impregnated with
water: VIw; VI in trehalose 10% w/v : VI10T; VI with green tea extract
0.25% w/v :VIE; VI with trehalose 10% w/v and green tea extract 0.25%

w/v :VI10T-E. Insert: effective hypothesis decomposition of factorial
ANOVA for the individual effect of the solvent/solution used respective-
ly for blanching (SBL) and vacuum impregnation (SVI) pre-treatments on
L*
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and b respectively). Lightness was negatively influenced by
both blanching in trehalose solution and vacuum impregna-
tion with GTE + trehalose solution. As far as h° is concerned
(Fig. 5), freezing did not determine any significant (p > 0.05)
variation on sample BLw and BL4Twhilst sample F showed an
h° increase (p < 0.05), or rather a yellowish colour. ANOVA
analysis of samples pre-treated by blanching and VI highlight-
ed a slight but significant effect (p < 0.05) for the individual
SBL factor; by observing the effective hypothesis decomposi-
tions for this effect (insert in Fig. 5), it is possible to observe
that samples blanched in trehalose had a lower h° than the
water blanched ones, corresponding to a more orange colour.

The different effect exerted by freezing on the colour of the
F sample and of the pre-treated ones is due to the presence in
the former of oxidative enzymes which were not completely
inhibited by the low storage temperatures (−18 °C), and still
exhibit activity, being at a temperature above the products’ T′

g. The lightness and hue angle of the frozen samples pre-
treated by blanching in trehalose in combination with VI could
be due to the protective effect of the sugar on tissue pigments
(Forni et al., 1997).

Effect of Pre-treatments, Freezing and Frozen Storage
on Functional Properties

In Table 1, the data of the total polyphenol content (TPC),
total carotenoid content and antioxidant activity (AOA) of
fresh and differently pre-treated samples before and after
freezing and 60 days of frozen storage, are reported.

Fresh carrots showed a TPC similar to that reported by
other authors (Gonçalves et al., 2010; Patras et al., 2011).
Blanched samples depicted a total polyphenol content signif-
icantly higher than the fresh vegetable (p < 0.05). This result is
in agreement with what observed by Ma et al., (2013) and by

Fig. 5 Hue angle (h°) of fresh and pre-treated carrots before (t0) and after
freezing and frozen storage for 7 (t7) and 60 (t60) days. Water blanched:
BLW; blanched in trehalose solution: BL4T; vacuum impregnated with
water: VIw; VI in trehalose 10% w/v : VI10T; VI with green tea extract
0.25% w/v :VIE; VI with trehalose 10% w/v and green tea extract 0.25%

w/v :VI10T-E. Insert: effective hypothesis decomposition of factorial
ANOVA for the individual effect of the solvent/solution used respective-
ly for blanching (SBL) and vacuum impregnation (SVI) pre-treatments on
h°
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Santana-Gálvez et al. (2019), and confirms that short thermal
treatment does not impair the functional properties of the
plant, while it promotes the extraction of bioactives. When
the blanched samples were further VI treated in water, no
variation of the phenolic content was observed, indicating that
the experimental conditions used for the vacuum impregna-
tion treatment allowed to preserve the functional properties of
the vegetable. VI treatment in green tea solutions determined a
significant increase (p < 0.05) in polyphenols, which resulted
three times higher than that in the fresh vegetable. The addi-
tion of trehalose to the GTE solution negatively influenced the
TPC of the VI samples and this result could be due to (i) the
higher viscosity of the 10 T-E solution compared to the GTE
solution (1.4 ± 0.1 mPa·s vs. 1.1 ± 0.05 mPa·s), which could
have hindered the penetration of the impregnant solution into
the vegetable tissue; (ii) the protective action of trehalose on
the plant tissue and, in turn, the lower extractability of the
phenolic compound; (iii) the lower capacity of the extracts
to reduce the Folin-Ciocalteu’s reagent as a consequence of
phenol–sugar interactions. In fact, as highlighted by Kopjar
et al. (2016) and by Lončarić et al. (2018), trehalose can affect

the TPC of plant extracts to a very different extent depending
on the phenolic profile and thought mechanisms, which still
need to be explained.

After freezing and 60 days of frozen storage, no effect was
observed on the TPC of unblanched and blanched carrots (p >
0.05) in accordance with Patras et al. (2011), as well as on
samples blanched in water and trehalose solution. In contrast,
samples blanched and VI with GTE solutions were negatively
affected by freezing and frozen storage. These results could be
explained by a different sensitivity of endogenous and exog-
enous GTE polyphenols towards oxidation reactions as an
effect of their different localization and binding to cell wall
constituents.

Despite the highest TPC decrease upon frozen storage,
samples impregnated with GTE solutions after freezing and
frozen storage confirmed their highest polyphenol content,
which was up to 2.9 times higher than the fresh product.

Fresh carrots showed a carotenoid content slightly higher
than that reported by de Jesus Junqueira et al. (2018) and
Moscetti et al. (2017). In general, the carotenoid content was
not influenced by pre-treatment despite what observed for the

Table 1 Mean and standard deviation of carotenoids content, total polyphenol content (TPC), and Trolox equivalent antioxidant capacity (TEAC) of
fresh/not pre-treated (F) and pre-treated carrots before (t0) and after freezing and 60 days of frozen storage (t60).

Carotenoids (mg g-1 dw) sd TPC (mg GAE g-1 dw) sd TEAC (μmol g-1 dw) sd

t0 F 0.98bcd 0.12 7.55l 0.27 9.09hij 0.02

BLW 1.07ab 0.01 8.81hi 0.68 10.6f 0.23

BL4T 0.95cd 0.03 9.46gh 0.96 11.7e 0.07

BLW+VIW 1.05abc 0.03 9.36gh 0.16 9.16hij 0.49

BL4T+VIW 1.14a 0.04 8.76hi 0.46 8.80ijk 0.05

BLW+VI10T 1.14a 0.15 5.39m 0.22 9.20hij 0.52

BLW+VIE 1.10ab 0.02 23.7a 0.16 20.43c 4.65

BLW+VI10T-E 1.01bcd 0.10 11.0f 0.61 22.4b 8.78

BL4T+VI10T 0.89d 0.04 8.64i 0.10 10.5fg 0.55

BL4T+VIE 1.10ab 0.02 22.6b 1.58 20.2c 8.98

BL4T+VI10T-E 0.99bcd 0.13 14.9d 0.73 23.9a 0.36

t60 F 0.56efg 0.08 7.62l 0.52 8.49jk 0.42

BLW 0.58efg 0.01 8.99hi 0.68 9.64ghi 0.55

BL4T 0.51g 0.00 8.87hi 0.05 6.60m 0.13

BLW+VIW 0.67e 0.03 9.18ghi 0.61 8.15jk 0.52

BL4T+VIW 0.66e 0.01 9.81g 0.66 9.87fgh 0.29

BLW+VI10T 0.56efg 0.03 5.21m 0.32 6.94lm 0.37

BLW+VIE 0.65e 0.06 21.6c 0.06 18.91d 3.14

BLW+VI10T-E 0.57efg 0.01 12.6e 0.11 20.2c 0.82

BL4T+VI10T 0.52fg 0.02 4.97m 0.32 7.93k 0.55

BL4T+VIE 0.64ef 0.01 20.9c 0.95 20.4c 1.24

BL4T+VI10T-E 0.46g 0.03 12.2e 0.23 20.0c 2.12

Water blanched: BLW; blanched in trehalose solution: BL4T; vacuum impregnated with water: VIw; VI in trehalose 10% w/v: VI10T; VI with green tea
extract 0.25% w/v: VIE; VI with trehalose 10% w/v and green tea extract 0.25% w/v: VI10T-E. sd: standard deviation
a-m : Data with different letters stand for statistically significant differences at p<0.05.
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h° parameter (Fig. 4) which suggests a pigment degradation.
This result could be due to the different extractability of ca-
rotenoids from the plant tissue. In the blanched samples, in
fact, as observed for polyphenols, it could have been positive-
ly influenced by the heat treatment which, in turn, could have
led to a modification in cell membrane permeability. The en-
hancement of the carotenoid extraction efficiency after
blanching was observed on carrots and other fruit and vegeta-
ble products also by other authors (Behsnilian & Mayer-
Miebach, 2017; Palermo et al., 2014; Santana-Gálvez et al.,
2019).

Freezing and frozen storage negatively affected (p < 0.05)
the carotenoid content (Table 1) in agreement with what ob-
served by Bouzari et al. (2015). Sample F, despite what ob-
served with respect to the h° and L* colour parameters,
showed a carotenoid content similar (p > 0.05) to all the other
pre-treated samples, which were stabilised by the blanching
treatments through the inactivation of endogenous enzymes.
No differences (p > 0.05) in the carotenoid content were ob-
served also among the other pre-treated samples, regardless of
their process and formulation.

The antioxidant activity (AOA) (Table 1) increased in car-
rots blanched in trehalose solution and VI with GTE solution;
in particular, AOA was higher in samples vacuum impregnat-
edwith GTE and trehalose, despite their lower TPC values. As
reported by Lončarić et al. (2018), interactions occurring in
complex food matrices between phenols and trehalose can
explain this result. Trehalose, in fact, differently affected the
reactivity of single or mixed polyphenols depending on the
mechanisms of action exploited by the method used to evalu-
ate the polyphenols’ antioxidant activity, and this could thus
explain the discrepancy between the ABTS and TPC results.
Although TPC and ABTS results are generally correlated,
TPC exclusively measures the reducing power of extracts
(Sánchez-Rangel et al., 2013) whilst, in the TEAC assay, the
ABTS radical could undergo reduction by both single electron
transfer (SET) and hydrogen atom transfer (HAT), therefore
presenting a mixed mechanism of action towards the antioxi-
dants present in the extracts (Apak et al., 2016; Prior et al.,
2005).

After freezing and frozen storage, a significant AOA reduc-
tion (p < 0.05) was observed as an effect of both the carotenoid
and polyphenol content decrease (Table 1). Despite these var-
iations, the samples blanched and VI in GTE solutions after
freezing and frozen storage showed AOA values doubled re-
spect to fresh carrots.

Conclusions

The results presented in this study show that blanching in
combination with vacuum impregnation can be effectively
used as freezing pre-treatments for the production of

innovative frozen plant products allowing for both the enzy-
matic stabilisation and direct formulation with functional
ingredients.

In particular, the enrichment of carrots with trehalose by
blanching and of green tea extract by VI showed to slightly
affect the quality properties of carrots, while allowing for a
considerable increase in the carrots’ functional properties and
firmness preservation of plant tissue.

Freezing and frozen storage caused a significant loss of
carotenoids while the total polyphenol content decreased only
in carrots previously enriched with green tea polyphenols.
Despite these variations, blanching and vacuum impregnation
in green tea extract solution permitted to obtain after 60 days
of frozen storage, carrots with an antioxidant activity doubled
compared to that of the fresh vegetable.

Trehalose showed a cryoprotective effect on colour and on
the mechanical properties of the frozen carrots only when its
transfer into the vegetable matrix occurred by blanching, and
this result could be related to its penetration at intracellular
level promoted by changes of the membrane permeability
due to the thermal treatment.

Further investigations and microstructural analysis are nec-
essary to better understand the role of trehalose and polyphe-
nols on preserving and/or enhancing the firmness of processed
plants. In addition, the effect of both BL and/or VI treatments
on quality and storability of carrots slices subjected to differ-
ent processing methods (e.g. drying) should be tested.

Funding The authors wish to thank the Core Organic Plus Program for
financial support in the framework of the SusOrganic-Development of
quality standards and optimised processing methods for organic produce
project (Nr: 2814OE006) and the ‘Departments of excellence 2018’ pro-
gram (i.e. ‘Dipartimenti di eccellenza’) of the Italian Ministry of
Education, University and Research for the financial support through
the ‘Landscape 4.0 food, wellbeing and environment’ (DIBAF depart-
ment of University of Tuscia).

References

Ananingsih, V., Sharma, A., & Zhou, W. (2013). Green tea catechins
during food processing and storage: A review on stability and de-
tection. Food Research International, 50(2), 469–479. https://doi.
org/10.1016/j.foodres.2011.03.004.

AOAC. (1990).Official methods of analysis. 14th ed. Washington: Assn.
of Official Analytical Chemists.

Apak, R., Özyürek, M., Güçlü, K., & Çapanoğlu, E. (2016). Antioxidant
activity/capacity measurement. 1. Classification, Physicochemical
principles, mechanisms, and electron transfer (ET)-based assays.
Journal of Agricultural and Food Chemistry, 64(5), 997–1027.
https://doi.org/10.1021/acs.jafc.5b04739.

Bajerska, J., Mildner-Szkudlarz, S., Jeszka, J., & Szwengiel, A. (2010).
Catechin stability, antioxidant properties and sensory profiles of rye
breads fortified with green tea extracts. Journal of Food & Nutrition
Research, 49(2), 104–111.

1337Food Bioprocess Technol  (2021) 14:1326–1340

https://doi.org/10.1016/j.foodres.2011.03.004
https://doi.org/10.1016/j.foodres.2011.03.004
https://doi.org/10.1021/acs.jafc.5b04739


Batista de Medeiros, R. A., & Vieira da Silva Júnior, E., Fernandes da
Silva, J. H., da Cunha Ferreira Neto, O., Rupert Brandão, S. C.,
Pimenta Barros, Z. M., et al. (2019). Effect of different grape resi-
dues polyphenols impregnation techniques in mango. Journal of
Food Engineering., 262, 1–8. https://doi.org/10.1016/j.jfoodeng.
2019.05.011.

Behsnilian, D., &Mayer-Miebach, E. (2017). Impact of blanching, freez-
ing and frozen storage on the carotenoid profile of carrot slices
(Daucus carota L. cv. Nutri Red). Food Control, 73, 761–767.
https://doi.org/10.1016/j.foodcont.2016.09.045.

Bellary, A. N., & Rastogi, N. K. (2014). Effect of Selected Pretreatments
on Impregnation of Curcuminoids and Their Influence on Physico-
chemical Properties of Raw Banana Slices. Food and Bioprocess
Technology, 7(10), 2803–2812. https://doi.org/10.1007/s11947-
014-1312-z.

Betoret, E., Betoret, N., Rocculi, P., & Dalla Rosa, M. (2015). Strategies
to improve food functionality: Structure-property relationships on
high pressures homogenization, vacuum impregnation and drying
technologies. Trends in Food Science and Technology., 46(1), 1–12.
https://doi.org/10.1016/j.tifs.2015.07.006.

Betoret, E., Sentandreu, E., Betoret, N., Codoñer-Franch, P., Valls-
Bellés, V., & Fito, P. (2012). Technological development and func-
tional properties of an apple snack rich in flavonoid from mandarin
juice. Innovative Food Science & Emerging Technologies, 16, 298–
304. https://doi.org/10.1016/j.ifset.2012.07.003.

Bonat Celli, G., Ghanem, A., & Su-Ling Brooks, M. (2015). Influence of
freezing process and frozen storage on fruits and fruit products qual-
ity. Food Reviews International, 32(3), 280–304. https://doi.org/10.
1080/87559129.2015.1075212.

Bora, A. F. M., Ma, S., Li, X., & Liu, L. (2018). Application of micro-
encapsulation for the safe delivery of green tea polyphenols in food
systems: Review and recent advances.Food Research International,
105, 241–249. https://doi.org/10.1016/j.foodres.2017.11.047.

Bouzari, A., Holstege, D., & Barrett, D. M. (2015). Vitamin retention in
eight fruits and vegetables: A comparison of refrigerated and frozen
storage. Journal of Agricultural and Food Chemistry, 63(3), 957–
962. https://doi.org/10.1021/jf5058793.

Castagnini, J. M., Betoret, N., Betoret, E., & Fito, P. (2015). Vacuum
impregnation and air drying temperature effect on individual antho-
cyanins and antiradical capacity of blueberry juice included into an
apple matrix. LWT - Food Science and Technology, 64(2), 1289–
1296. https://doi.org/10.1016/j.lwt.2015.06.044.

Chirife, J., Buera, M. P., & Labuza, T. P. (1996). Water activity, water
glass dynamics, and the control of microbiological growth in foods.
Critical Reviews in Food Science and Nutrition, 36(5), 465–513.
https://doi.org/10.1080/10408399609527736.

Comandini, P., Blanda, G., Paz, H. M., Fragoso, A. V., & Toschi, T. G.
(2010). Impregnation techniques for aroma enrichment of apple
sticks: A preliminary study. Food and bioprocess technology,
3(6), 861–866. https://doi.org/10.1007/s11947-010-0385-6.

de Jesus Junqueira, J. R., Corrêa, J. L. G., de Mendonça, K. S., de Mello
Júnior, R. E., & de Souza, A. U. (2018). Pulsed vacuum osmotic
dehydration of beetroot, carrot and eggplant slices: effect of vacuum
pressure on the quality parameters. Food and bioprocess technolo-
gy, 11(10), 1863–1875. https://doi.org/10.1007/s11947-018-2147-
9.

Del Rio, D., Rodriguez-Mateos, A., Spencer, J. P. E., Tognolini, M.,
Borges, G., & Crozier, A. (2013). Dietary (poly)phenolics in human
health: Structures, bioavailability, and evidence of protective effects
against chronic diseases. Antioxidants & Redox Signaling, 18(14),
1818–1892. https://doi.org/10.1089/ars.2012.4581.

Del Valle, J. M., Aránguiz, V., & Léon, H. (1998). Effects of blanching
and calcium infiltration on PPO activity, texture, microstructure and
kinetics of osmotic dehydration of apple tissue. Food Research
International, 31(8), 557–569. https://doi.org/10.1016/S0963-
9969(99)00029-0.

Demir, E., Dymek, K., & Gómez Galindo, F. (2018). Technology
allowing baby spinach leaves to acquire freezing tolerance. Food
Bioprocess Technology, 11(4), 809–817. https://doi.org/10.1007/
s11947-017-2044-7.

Derossi, A., De Pilli, T., & Severini, C. (2012). The application of vacu-
um impregnation techniques in food industry, scientific, health and
social aspects of the food industry. Dr. Benjamin Valdez (Ed.),
Scientific, Health and Social Aspects of the Food Industry (pp. 25-
56) ISBN: 978-953- 307-916-5.

Derossi, A., De Pilli, T., & Severini, C. (2013). Application of vacuum
impregnation techniques to improve the pH reduction of vegetables:
study on carrots and eggplants. Food and bioprocess technology,
6(11), 3217–3226. https://doi.org/10.1007/s11947-012-0994-3.

Di Mattia, C. D., Sacchetti, G., Mastrocola, D., Sarker, D. K., & Pittia, P.
(2010). Surface properties of phenolic compounds and their influ-
ence on the dispersion degree and oxidative stability of olive oil O/
W emulsions. Food Hydrocolloids, 24(6-7), 652–658. https://doi.
org/10.1016/j.foodhyd.2010.03.007.

Dymek, K., Panarese, V., Herremans, E., Cantre, D., Schoo, R., Toraño,
J. S., Schluepmann, H., Wadso, L., Verboven, P., Nicolai, B. M.,
Dejmeka, P., & Gómez Galindo, F. (2016). Investigation of the
metabolic consequences of impregnating spinach leaves with treha-
lose and applying a pulsed electric field. Bioelectrochemistry, 112,
153–157. https://doi.org/10.1016/j.bioelechem.2016.02.006.

Fito, P., Andres, A., Chiralt, A., & Pardo, P. (1996). Coupling of hydro-
dynamic mechanism and deformation- relaxation phenomena dur-
ing vacuum treatments in solid porous food-liquid systems. Journal
of Food Engineering, 27(3), 229–240. https://doi.org/10.1016/
0260-8774(95)00005-4.

Phan, A. D. T., Flanagan, B. M., D'Arcy, B., & Gidley, M. J. (2017).
Binding selectivity of dietary polyphenols to different plant cell wall
components: quantification and mechanism. Food Chemistry, 233,
216–227. https://doi.org/10.1016/j.foodchem.2017.04.115.

Forni, E., Sormani, A., Scalise, S., & Torreggiani, D. (1997). The influ-
ence of sugar composit ion on the colour stabil i ty of
osmodehydrofrozen intermediate moisture apricots. Food
Research International, 30(2), 87–94. https://doi.org/10.1016/
S0963-9969(97)00038-0.

Giacintucci, V., Di Mattia, C., Sacchetti, G., Neri, L., & Pittia, P. (2016).
Role of olive oil phenolics in physical properties and stability of
mayonnaise-like emulsions. Food Chemistry, 213, 369–377.
https://doi.org/10.1016/j.foodchem.2016.06.095.

Gómez Galindo, F., & Yusof, N. L. (2014). New insights into the dynam-
ics of vacuum impregnation of plant tissues and its metabolic con-
sequences. Journal of the Science of Food and Agriculture, 95(6),
1127–1130. https://doi.org/10.1002/jsfa.6777.

Gonçalves, E. M., Pinheiro, J., Abreu, M., Brandão, T. R. S., & Silva, C.
L. M. (2010). Carrot (Daucus carota L.) peroxidase inactivation,
phenolic content and physical changes kinetics due to blanching.
Journal of Food Engineering, 97(4), 574–581. https://doi.org/10.
1016/j.jfoodeng.2009.12.005.

Gras, M., Vidal-Brotóns, N., Betoret, A., & Fito, P. (2002). The response
of some vegetables to vacuum impregnation. Innovative Food
Science & Emerging Technologies, 3(3), 263–269. https://doi.org/
10.1016/S1466-8564(02)00032-2.

Koca, N., Burdurlu, H. S., & Karadeniz, F. (2007). Kinetics of colour
changes in dehydrated carrots. Journal of Food Engineering, 78(2),
449–455. https://doi.org/10.1016/j.jfoodeng.2005.10.014.

Kopjar, M., Pichler, A., Turi, J., & Piližota, V. (2016). Influence of
trehalose addition on antioxidant activity, colour and texture of or-
ange jelly during storage. International Journal of Food Science and
Technology, 51(12), 2640–2646. https://doi.org/10.1111/ijfs.13250.

Lavelli, V., Vantaggi, C., Corey,M., &Kerr,W. (2010). Formulation of a
dry green tea-apple product: Study on antioxidant and color stability.
Journal of Food Science, 75(2), C184–C190. https://doi.org/10.
1111/j.1750-3841.2009.01489.x.

1338 Food Bioprocess Technol  (2021) 14:1326–1340

https://doi.org/10.1016/j.jfoodeng.2019.05.011
https://doi.org/10.1016/j.jfoodeng.2019.05.011
https://doi.org/10.1016/j.foodcont.2016.09.045
https://doi.org/10.1007/s11947-014-1312-z
https://doi.org/10.1007/s11947-014-1312-z
https://doi.org/10.1016/j.tifs.2015.07.006
https://doi.org/10.1016/j.ifset.2012.07.003
https://doi.org/10.1080/87559129.2015.1075212
https://doi.org/10.1080/87559129.2015.1075212
https://doi.org/10.1016/j.foodres.2017.11.047
https://doi.org/10.1021/jf5058793
https://doi.org/10.1016/j.lwt.2015.06.044
https://doi.org/10.1080/10408399609527736
https://doi.org/10.1007/s11947-010-0385-6
https://doi.org/10.1007/s11947-018-2147-9
https://doi.org/10.1007/s11947-018-2147-9
https://doi.org/10.1089/ars.2012.4581
https://doi.org/10.1016/S0963-9969(99)00029-0
https://doi.org/10.1016/S0963-9969(99)00029-0
https://doi.org/10.1007/s11947-017-2044-7
https://doi.org/10.1007/s11947-017-2044-7
https://doi.org/10.1007/s11947-012-0994-3
https://doi.org/10.1016/j.foodhyd.2010.03.007
https://doi.org/10.1016/j.foodhyd.2010.03.007
https://doi.org/10.1016/j.bioelechem.2016.02.006
https://doi.org/10.1016/0260-8774(95)00005-4
https://doi.org/10.1016/0260-8774(95)00005-4
https://doi.org/10.1016/j.foodchem.2017.04.115
https://doi.org/10.1016/S0963-9969(97)00038-0
https://doi.org/10.1016/S0963-9969(97)00038-0
https://doi.org/10.1016/j.foodchem.2016.06.095
https://doi.org/10.1002/jsfa.6777
https://doi.org/10.1016/j.jfoodeng.2009.12.005
https://doi.org/10.1016/j.jfoodeng.2009.12.005
https://doi.org/10.1016/S1466-8564(02)00032-2
https://doi.org/10.1016/S1466-8564(02)00032-2
https://doi.org/10.1016/j.jfoodeng.2005.10.014
https://doi.org/10.1111/ijfs.13250
https://doi.org/10.1111/j.1750-3841.2009.01489.x
https://doi.org/10.1111/j.1750-3841.2009.01489.x


Leunda, M. A., Guerrero, S. N., & Alzamora, S. M. (2000). Color and
chlorophyll content changes of minimally processed kiwifruit.
Journal of Food Processing and Preservation, 24(1), 17–38.
https://doi.org/10.1111/j.1745-4549.2000.tb00403.x.

Li, M., Zhang, J. H., Zhu, K. X., Peng, W., Zhang, S. K., Wang, B., &
Zhu, Y. J. (2012). Effect of superfine green tea powder on the ther-
modynamic, rheological and fresh noodle making properties of
wheat flour. LWT- Food Science and Technology, 46(1), 23–28.
https://doi.org/10.1016/j.lwt.2011.11.005.

Li, D., Zhu, Z., & Sun, D. W. (2018). Effects of freezing on cell structure
of fresh cellular food materials: A review. Trends in Food Science &
Technology, 75, 46–55. https://doi.org/10.1016/j.tifs.2018.02.019.

Lončarić, A., Pichler, A., Rašić, N., Vukoja, I., Leventić, A., & Kopjar,
M. (2018). Influence of phenol and sugar interactions on antioxidant
activity of pomegranate juice. Acta Alimentaria, 47(2), 203–209.
https://doi.org/10.1556/066.2018.47.2.9.

Ma, T., Tian, C., Luo, J., Zhou, R., Sun, X., &Ma, J. (2013). Influence of
technical processing units on polyphenols and antioxidant capacity
of carrot (Daucus carrot L.) juice. Food Chemistry, 141(3), 1637–
1644. https://doi.org/10.1016/j.foodchem.2013.04.121.

Mejía-Águila, R. A., Aguilar-Galvez, A., Chirinos, R., Pedreschi, R., &
Campos, D. (2021). Vacuum impregnation of apple slices with
Yacon (Smallanthus sonchifolius Poepp. & Endl) fructooligosac-
charides to enhance the functional properties of the fruit snack.
International Journal of Food Science and Technology. https://doi.
org/10.1111/ijfs.14654.

Moreno, J., Chiralt, A., Escriche, I., & Serra, J. A. (2000). Effect of
blanching/osmotic dehydration combined methods on quality and
stability of minimally processed strawberries. Food Research
International, 33(7), 609–616. https://doi.org/10.1016/S0963-
9969(00)00097-1.

Moscetti, R., Haff, R. P., Ferri, S., Raponi, F., Monarca, D., Liang, P., &
Massantini, R. (2017). Real-time monitoring of organic carrot (var.
Romance) during hot-air drying using near-infrared spectroscopy.
Food and Bioprocess Technology, 10(11), 2046–2059. https://doi.
org/10.1007/s11947-017-1975-3.

Muniandy, P., Shori, A. B., & Baba, A. S. (2016). Influence of green,
white and black tea addition on the antioxidant activity of probiotic
yogurt during refrigerated storage. Food Packaging and Shelf Life,
8, 1–8. https://doi.org/10.1016/j.fpsl.2016.02.002.

Neri, L., Di Biase, L., Sacchetti, G., Di Mattia, C., Santarelli, V.,
Mastrocola, D., & Pittia, P. (2016). Use of vacuum impregnation
for the production of high quality fresh-like apple products. Journal
of Food Engineering, 179, 98–108. https://doi.org/10.1016/j.
jfoodeng.2016.02.002.

Neri, L., Di Mattia, C.D., Sacchetti, G., Mastrocola, D., & Pittia, P.
(2011) Effect of trehalose and storage temperature on quality of
frozen vegetables. EFFoST Annual Meeting, 9-11 November,
Berlin, Germany.

Neri, L., Hernando, I., Pérez-Munuera, I., Sacchetti, G., Mastrocola, D.,
& Pittia, P. (2014). Mechanical properties and microstructure of
frozen carrots during storage as affected by blanching in water and
sugar solutions. Food Chemistry, 144, 65–73. https://doi.org/10.
1016/j.foodchem.2013.07.123.

Neri, L., Hernando, I. H., Pérez-Munuera, I., Sacchetti, G., & Pittia, P.
(2011). Effect of blanching in water and sugar solutions on texture
and microstructure of sliced carrots. Journal of Food Science, 76(1),
E23–E30. https://doi.org/10.1111/j.1750-3841.2010.01906.x.

Neri, L., Santarelli, V., Di Mattia, C. D., Sacchetti, G., Faieta, M.,
Mastrocola, D., & Pittia, P. (2019). Effect of dipping and vacuum
impregnation pretreatments on the quality of frozen apples: A com-
parative study on organic and conventional fruits. Journal of Food
Science, 84(4), 798–806. https://doi.org/10.1111/1750-3841.14489.

Palermo, M., Pellegrini, N., & Fogliano, V. (2014). The effect of cooking
on phytochemical content in vegetables: A review. Journal of the
Science of Food and Agriculture, 94(6), 1057–1070.

Patras, A., Tiwari, B. K., & Brunton, N. P. (2011). Influence of blanching
and low temperature preservation strategies on antioxidant activity
and phytochemical content of carrots, green beans and broccoli.
LWT - Food Science and Technology, 44(1), 299–306. https://doi.
org/10.1016/j.lwt.2010.06.019.

Peluso, I., & Serafini, M. (2017). Antioxidants from black and green tea:
from dietary modulation of oxidative stress to pharmacological
mechanisms. British Journal of Pharmacology, 174(11), 1195–
1208. https://doi.org/10.1111/bph.13649.

Pérez-Mateos, M., Lanier, T. C., & Boyd, L. C. (2006). Effects of rose-
mary and green tea extracts on frozen surimi gels fortified with
omega-3 fatty acids. Journal of the Science of Food and
Agriculture, 86(4), 558–567. https://doi.org/10.1002/jsfa.2388.

Phoon, P. Y., Gómez Galindo, F., Vicente, A., & Dejmek, P. (2008).
Pulsed electric field in combination with vacuum impregnation with
trehalose improves the freezing tolerance of spinach leaves. Journal
of Food Engineering, 88(1), 144–148. https://doi.org/10.1016/j.
jfoodeng.2007.12.016.

Prior, R. L., Wu, X., & Schaich, K. (2005). Standardized methods for the
determination of antioxidant capacity and phenolics in foods and
dietary supplements. Journal of Agricultural and Food Chemistry,
53(10), 4290–4302. https://doi.org/10.1021/jf0502698.

Sánchez-Rangel, J. C., Benavides, J., Heredia, J. B., Cisneros-Zevallos,
L., & Jacobo-Velázquez, D. A. (2013). The Folin-Ciocalteu assay
revisited: Improvement of its specificity for total phenolic content
determination. Analytical Methods, 5(21), 5990–5999. https://doi.
org/10.1039/c3ay41125g.

Santana-Gálvez, J., Santacruz, A., Cisneros-Zevallos, L., & Jacobo-
Velázquez, D. A. (2019). Postharvest wounding stress in horticul-
tural crops as a tool for designing novel functional foods and bev-
erages with enhanced nutraceutical content: carrot juice as a case
study. Journal of Food Science, 84(5), 1151–1161. https://doi.org/
10.1111/1750-3841.14588.

Santarelli, V., Neri, L., Sacchetti, G., Di Mattia, C. D., Mastrocola, D., &
Pittia, P. (2020). Response of organic and conventional apples to
freezing and freezing pre-treatments: Focus on polyphenols content
and antioxidant activity. Food Chemistry, 308, 125570. https://doi.
org/10.1016/j.foodchem.2019.125570.

Scroccarello, A., Della Pelle, F., Neri, L., Pittia, P., & Compagnone, D.
(2019). Silver and gold nanoparticles based colorimetric assays for
the determination of sugars and polyphenols in apples. Food
Research International, 119, 359–368. https://doi.org/10.1016/j.
foodres.2019.02.006.

Sharma, K. D., Karki, S., Thakur, N. S., & Attri, S. (2011). Chemical
composition, functional properties and processing of carrot—A re-
view. Journal of Food Science and Technology, 49(1), 22–32.
https://doi.org/10.1007/s13197-011-0310-7.

Singleton, V. L., & Rossi, J. A. (1965). Colorimetry of total phenolics
with phosphomolybdic-phosphotungstic acid reagents. American
Journal of Enology and Viticulture, 16, 144–158.

Tappi, S., Tylewicz, U., Romani, S., Dalla Rosa,M., Rizzi, F., & Rocculi,
P. (2017). Study on the quality and stability of minimally processed
apples impregnated with green tea polyphenols during storage.
Innovative Food Science and Emerging Technologies, 39, 148–
155. https://doi.org/10.1016/j.ifset.2016.12.007.

Tylewicz, U., Romani, S., Widell, S., & Gómez Galindo, F. (2013).
Induction of vesicle formation by exposing apple tissue to vacuum
impregnation. Food and bioprocess technology, 6(4), 1099–1104.
https://doi.org/10.1007/s11947-011-0644-1.

van der Sman, R. G.M. (2020). Impact of processing factors on quality of
frozen vegetables and fruits. Food Engineering Reviews., 12(4),
399–420. https://doi.org/10.1007/s12393-020-09216-1.

Vuong, Q. V., Stathopoulos, C. E., Nguyen, M. H., Golding, J. B., &
Roach, P. D. (2011). Isolation of green tea catechins and their utili-
zation in the food industry. Food Reviews International, 27(3), 227–
247. https://doi.org/10.1080/87559129.2011.563397.

1339Food Bioprocess Technol  (2021) 14:1326–1340

https://doi.org/10.1111/j.1745-4549.2000.tb00403.x
https://doi.org/10.1016/j.lwt.2011.11.005
https://doi.org/10.1016/j.tifs.2018.02.019
https://doi.org/10.1556/066.2018.47.2.9
https://doi.org/10.1016/j.foodchem.2013.04.121
https://doi.org/10.1111/ijfs.14654
https://doi.org/10.1111/ijfs.14654
https://doi.org/10.1016/S0963-9969(00)00097-1
https://doi.org/10.1016/S0963-9969(00)00097-1
https://doi.org/10.1007/s11947-017-1975-3
https://doi.org/10.1007/s11947-017-1975-3
https://doi.org/10.1016/j.fpsl.2016.02.002
https://doi.org/10.1016/j.jfoodeng.2016.02.002
https://doi.org/10.1016/j.jfoodeng.2016.02.002
https://doi.org/10.1016/j.foodchem.2013.07.123
https://doi.org/10.1016/j.foodchem.2013.07.123
https://doi.org/10.1111/j.1750-3841.2010.01906.x
https://doi.org/10.1111/1750-3841.14489
https://doi.org/10.1016/j.lwt.2010.06.019
https://doi.org/10.1016/j.lwt.2010.06.019
https://doi.org/10.1111/bph.13649
https://doi.org/10.1002/jsfa.2388
https://doi.org/10.1016/j.jfoodeng.2007.12.016
https://doi.org/10.1016/j.jfoodeng.2007.12.016
https://doi.org/10.1021/jf0502698
https://doi.org/10.1039/c3ay41125g
https://doi.org/10.1039/c3ay41125g
https://doi.org/10.1111/1750-3841.14588
https://doi.org/10.1111/1750-3841.14588
https://doi.org/10.1016/j.foodchem.2019.125570
https://doi.org/10.1016/j.foodchem.2019.125570
https://doi.org/10.1016/j.foodres.2019.02.006
https://doi.org/10.1016/j.foodres.2019.02.006
https://doi.org/10.1007/s13197-011-0310-7
https://doi.org/10.1016/j.ifset.2016.12.007
https://doi.org/10.1007/s11947-011-0644-1
https://doi.org/10.1007/s12393-020-09216-1
https://doi.org/10.1080/87559129.2011.563397


Xin, Y., Zhang, M., Xu, B., Adhikari, B., & Sun, J. (2015). Research
trends in selected blanching pretreatments and quick freezing tech-
nologies as applied in fruits and vegetables: A review. International
Journal of Refrigeration., 57, 11–25. https://doi.org/10.1016/j.
ijrefrig.2015.04.015.

Younes, M., Aggett, P., Aguilar, F., Crebelli, R., Dusemund, B., Filipič,
M., Frutos, M. J., Galtier, P., Gott, D., Gundert-Remy, U., Lambré,
C., Leblanc, J. C., Lillegaard, I. T., Moldeus, P., Mortensen, A.,
Oskarsson, A., Stankovic, I., Waalkens-Berendsen, I., Woutersen,
R. A., Andrade, R. J., Fortes, C., Mosesso, P., Restani, P., Arcella,
D., Pizzo, F., Smeraldi, C., & Wright, M. (2018). Scientific opinion
on the safety of green tea catechins. EFSA Journal, 16(4), e05239.
https://doi.org/10.2903/j.efsa.2018.5239.

Yusof, N. L., Wadsö, L., Rasmusson, A. G., & Gómez Galindo, F.
(2017). Influence of vacuum impregnation with different substances
on the metabolic heat production and sugar metabolism of spinach
leaves. Food and Bioprocess Technology, 10(10), 1907–1917.
https://doi.org/10.1007/s11947-017-1959-3.

Zhao, Y., & Xie, J. (2004). Practical applications of vacuum impregna-
tion in fruit and vegetable processing. Trends in Food Science &
Technology, 15(9), 434–451. https://doi.org/10.1016/j.tifs.2004.01.
008.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

1340 Food Bioprocess Technol  (2021) 14:1326–1340

https://doi.org/10.1016/j.ijrefrig.2015.04.015
https://doi.org/10.1016/j.ijrefrig.2015.04.015
https://doi.org/10.2903/j.efsa.2018.5239
https://doi.org/10.1007/s11947-017-1959-3
https://doi.org/10.1016/j.tifs.2004.01.008
https://doi.org/10.1016/j.tifs.2004.01.008

	Combined...
	Abstract
	Introduction
	Materials and Methods
	Materials
	Sample Preparations
	Moisture and Mass Transfer Parameters
	Soluble Sold and pH
	Density and Porosity
	Sugar Identification and Quantification
	Enzyme Extraction from Carrot Tissue
	POD and PME Assay
	Colour Analysis
	Mechanical Properties
	Determination of Total Carotenoids
	Polyphenol Extraction
	Determination of Total Phenolic Content and Antioxidant Activity
	Viscosity and Surface tension Measurements
	Statistical Analyses

	Results
	Effect of pre-treatments on enzymatic activity and carrot composition
	Effect of Pre-treatments, Freeing and Frozen Storage on Physical Properties
	Effect of Pre-treatments, Freezing and Frozen Storage on Functional Properties

	Conclusions
	References


