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Entrapment of natural compounds in spray-dried
and heat-dried iota-carrageenan matrices as
functional ingredients in surimi gels
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Two drying methods (spray drying and heat drying) were used to entrap various natural compounds

within a matrix of iota-carrageenan. The natural compounds were, namely, collagen hydrolysate (CH),

pomegranate polyphenolic extract (PP) and shrimp lipid extract (SL). The resulting dry powders were

compared in terms of water solubility, entrapment efficiency, hydrodynamic particle properties, ζ poten-

tial and antioxidant properties (ABTS radical scavenging capacity, ferric ion reducing power and Folin-

reactive substances). Dry powders and plain compounds were incorporated into squid surimi gels, and

after in vitro simulated gastrointestinal digestion (sGID), the residual antioxidant and angiotensin-convert-

ing enzyme (ACE)-inhibitory activities were evaluated. All powders showed antioxidant properties, electro-

negative ζ potential and great entrapment efficiency after rehydration (ranging from ∼70 to 97%). The

heat-dried powders were composed of microparticles ranging from 177 to 380 µm resulting in low water

solubility (21.6–36.1%), while the average particle size and solubility values of spray-dried preparations

were 2.9–13.2 µm and >86%, respectively. In contrast to the plain compounds, the addition of any of the

microparticle dried preparations allowed obtaining well-conformed surimi gels. The ACE-inhibitory

capacity of the surimi gels after sGID was increased by the addition of any of the compounds studied, but

to a lesser extent by their entrapment forms (except with the entrapped SL). The antioxidant activities of

gels with the entrapped compounds were even lower than those of gels without bioactives in some

cases. In conclusion, the addition of dried microparticles did not increase the biological activity as com-

pared to the plain compounds; however, they were beneficial to ensure adequate gel consistency.

1. Introduction

The increasing awareness about the benefits of a healthy diet
has attracted interest to the consumption of foods enriched
with natural bioactive compounds. However, the biological
properties of active compounds can be compromised due to
their partial degradation by environmental factors during food
processing and/or gastrointestinal digestion, or just by inter-
acting with other food components.1 In this context, different
strategies for the entrapment of active molecules (core) in the
supporting matrix of a secondary (wall) material have been
proposed to improve the stability and bioaccessibility of bio-
logical molecules in food systems.2,3 The spray drying method
typically produces spherical microcapsules ranging approxi-
mately from 5 to 80 µm,4 and it is one of the most widely used
encapsulation techniques for food ingredients.5 Its benefits
include the ability to control the particle size, shape and mor-

phology of microcapsules, high encapsulation efficiency and
extended shelf life of the resulting powders, suitability for
both hydrophilic and hydrophobic compounds, processing of
heat-sensitive substances with low degradation risk, low cost,
and fast and energy-efficient processing.6

A variety of lipids, proteins, carbohydrates and complex bio-
polymer systems can be used as wall materials.3 Carrageenan,
an anionic water-soluble galactose-based polysaccharide
derived from the Rhodophyceae red algae, has been proposed
as a microencapsulating matrix of living cells due to its
capacity to form cross-linked three-dimensional networks
induced by thermal/ionotropic gelation (hydrogels).7

Depending on the number and position of ester sulphate
groups, carrageenan can be classified into three major types:
i.e. iota, kappa and lambda. Iota-carrageenan in aqueous solu-
tion forms soft elastic gels, which are more resistant to syner-
esis than gels formed with kappa-carrageenan.8 Both kappa-
and lambda-carrageenan have been widely used as pharma-
ceutical encapsulating matrices based on their gelling pro-
perties or their capacity to produce complexes with active
molecules.9,10 Iota-carrageenan conjugated with soy-protein
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isolate through the Maillard reaction has been proposed as a
bacterial encapsulating system obtained by a combination of
spray drying and dry heating.11 However, unlike kappa-carra-
geenan, reports on iota-carrageenan as a microencapsulating
agent of natural compounds for food applications are not
available.

Carrageenans are commonly used as food ingredients due
to their stabilizing, gelling, texturizing and water binding
capacities.12 In particular, iota-carrageenan has been shown to
form a reticular structure when included in heat-induced fish
and squid mince gels, favouring protein gelation and water
binding properties;13,14 however, there is no information
regarding its incorporation into surimi gels in the form of
microcapsules or complexes containing natural bioactive com-
pounds. In this sense, surimi gels could be excellent matrices
for the development of fish-derived functional foods, since
they form highly digestible protein gel networks, which can
incorporate a variety of natural bioactive compounds.15 In the
previous work carried out by Marín et al.,15 various food waste
compounds (collagen hydrolysate from squid tunics, polyphe-
nolic extract from pomegranate peel and albedo, and shrimp
lipid extract) were encapsulated in soy phosphatidylcholine
liposomes and incorporated into squid surimi gels, providing a
notable radical scavenging capacity after in vitro simulated gas-
trointestinal digestion. These natural compounds, which were
chosen for their different chemical nature and biological pro-
perties, can show different susceptibilities to thermal degra-
dation during gel processing, or to changes in pH and action
of digestive enzymes after oral intake, as well as different
entrapment abilities depending on the encapsulation method
used.

As a follow-up to the work mentioned above, in the present
study different microcapsules containing the above-mentioned
natural compounds were prepared by spray-drying (SD) using
iota-carrageenan as the wall material. Alternatively, based on
the ability of iota-carrageenan to form soft gels at elevated
temperature, complex dry powders were also obtained in a
more simple way, by drying aqueous mixtures of iota-carragee-
nan and natural compounds by forced convection at 80 °C
(HD). This method for entrapment of bioactives could be an
interesting alternative due to its simplicity and ease of
implementation in SME industries dedicated to on-demand
food production. Both types of entrapment systems were evalu-
ated in terms of water solubility, entrapment efficiency, hydro-
dynamic particle properties and antioxidant capacity. Then,
both dry powders and plain compounds were incorporated
into squid surimi gels and subjected to in vitro simulated gas-
trointestinal digestion, after which the remaining antioxidant
and antihypertensive activities were evaluated.

2. Materials and methods
2.1. Materials

Iota-carrageenan was obtained from Hispanagar S.A. (Burgos,
Spain). Pepsin, pancreatin and ACE (EC. 3.4.15.1.) enzymes

were purchased from Sigma-Aldrich, Inc. (St Louis, MO, USA).
Giant squid (D. gigas) surimi was purchased from PSK Oceanos
(Spain). The collagen hydrolysate (CH) from giant squid
tunics, the polyphenolic extract from pomegranate peel and
albedo (PP), and the astaxanthin-containing lipid extract from
shrimp cephalothorax and cuticles (SL) were produced, dried
and stored at −20 °C, as reported in a previous work,15 in
which their chemical compositions were also described. All
reagents were of analytical grade. Milli-Q® Integral Water
Purification System was used to produce pure and ultrapure
water.

2.2. Preparation of dry powders

Iota-carrageenan was previously dissolved (1% w/v) in warm
pure water. Then, each natural compound, CH (fine powder),
PP (coarse powder), or SL (oil), was added in the ratio of 1 : 4
(compound/iota-carrageenan, w/w) and homogenized by vigor-
ous magnetic stirring at room temperature for 30 min. This
core/coating ratio was selected to ensure high entrapment
efficiency and stability of the resulting dried entrapment
powders, as well as a balanced proportion of both iota-carra-
geenan and natural compound in the surimi gel. Thus, for
each natural compound, two types of dry powders were
obtained following two different methodologies: (i) spray-
drying (SD) using a B-290 Basic Mini Spray-Dryer (Büchi,
Flawil, Switzerland) with an inlet temperature of 220 °C, an
aspirator at 90%, a pump at 65% and a Q-flow rate of 12.3 L
min−1, denominated SD-CH, SD-PP and SD-SL; and (ii) heat-
drying (HD) using a heating/drying chamber with forced con-
vection (FD 240, Binder, Tuttlingen, Germany) at 80 °C for
20 h (the resulting product was ground to a fine powder),
denominated HD-CH, HD-PP and HD-SL. All powders were
stored at 4 °C until use.

2.3. Characterization of dry powders

2.3.1. Particle size and ζ potential. The particle size was
measured after dispersing the powders in distilled water by
dynamic light scattering using a BI-200SM Goniometer
(Brookhaven Instruments, NY, USA). ζ potential values of the
dispersions were measured with a Nano-ZS ZEN 3600 Zetasizer
(Malvern Instruments, Germany).

2.3.2. Entrapment efficiency. The entrapment efficiency
(EE) (%) was calculated using the following equation:

EE ¼ ðentrapped compound=total compoundÞ � 100:

The entrapped compound was calculated from the differ-
ence between the total compound added and the non-
entrapped compound, which was separated and quantified by
different methods depending on the type of compound, follow-
ing the procedure described by Marín et al.15

2.3.3. Water solubility. Dry powders were dispersed in dis-
tilled water (1% w/v) using a vortex and an AG-200 shaker
(COMECTA S.A., Barcelona, Spain) at 100 rpm for 150 min.
The dispersions were then centrifuged at 3500 rpm and 4 °C
for 5 min, and the supernatants were collected and dried at
105 °C for 24 h. The solubility was calculated from weight
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differences with respect to the initial sample weight and was
expressed as a percentage.

2.4. Preparation of surimi gels and in vitro gastrointestinal
digestion

Giant squid surimi was thawed and homogenized with sodium
chloride (1%, w/w) under refrigeration and vacuum conditions
using a Stephan Universal Machine (UMC 5, Stephan
Machinery GmbH, Germany). The moisture level in the final
product was adjusted to 80% by adding the required amount
of water (in the form of crushed ice). Dry powders were added
to the salt-ground surimi paste (10% w/w, accounting for 2% of
the bioactive compound with respect to surimi) and homogen-
ized again for 2 min. Gels were obtained by stuffing the result-
ing pastes into the plastic casings with 3.5 cm diameter and
heating at 90 °C for 45 min. They were stored at 4 °C until use.
Gels with plain compounds (2% with respect to surimi) and a
control gel (CG) without compounds or carrageenan were pre-
pared under the same conditions. The in vitro simulated gas-
trointestinal digestion (sGID) of surimi gels was carried out fol-
lowing the procedure described by Marín et al.15 The water
soluble fraction of non-digested gels (WS) was obtained by
homogenizing 20 g of gel with distilled water (1 : 10 w/v) using
an Ultraturrax mixer (IKA-Werke, Germany) and centrifuging at
10 000g and 4 °C for 45 min. The supernatant was freeze-dried
and stored at −20 °C until use.

2.5. Colour of surimi gels

The Chroma (saturation) and Hue (tonality) parameters of gels
were obtained as described by Marín et al.15 using a Konica
Minolta CM-3500d colorimeter (Konica Minolta, Spain)
equipped with a D65 illuminant and a D10 standard observer.

2.6. Antioxidant activity

The antioxidant activity was determined in plain compounds,
dry microparticle powders and surimi gels (water soluble frac-
tion and after sGID). The ABTS radical scavenging capacity
(ABTS) and ferric ion reducing antioxidant power (FRAP) were
determined as described by Alemán et al.16 Folin-reactive sub-
stances (FRS) were determined following the procedure
described by Slinkard and Singleton.17 The results of the ABTS
assay were expressed as mg vitamin C equivalents (VCEAC) per
g of sample, based on a standard curve of vitamin C. The

results of FRAP were expressed as µM Fe2+ equivalents per g of
sample, based on a standard curve of FeSO4·7H2O. The results
of FRS were expressed as mg of gallic acid (GA) equivalents per
g of sample, based on a standard curve of gallic acid. For
appropriate comparison between the plain compounds and
dry powders, the results were expressed per gram of bioactive
compound and per g of dry powder.

2.7. Antihypertensive activity

The antihypertensive capacity was measured according to the
angiotensin-converting enzyme (ACE) inhibition method
described by Alemán et al.16 using a High Performance Liquid
Chromatography analyser (HPLC, model SPE-MA10AVP,
Shimadzu, Kyota, Japan). All samples were dissolved in ultra-
pure Milli-Q water at 0.8 mg mL−1. The results were expressed
as the percentage of ACE-inhibitory activity.

2.8. Statistical analysis

Analysis of variance was performed using the SPSS® computer
program (IBM SPSS Statistics 22 Software, Inc., Chicago, IL,
USA). Differences among the samples were established using
the Tukey test, with a significance level set at p ≤ 0.05. All
results are expressed as the mean of at least three replicates.

3. Results and discussion
3.1. Characterization of dry powders

3.1.1. Particle size and ζ potential. The particle sizes of
both iota-carrageen-based spray-dried (SD) and heat-dried
(HD) preparations containing the various natural compounds
(CH, PP and SL) were measured after dispersing them in pure
water. The results obtained for the mean size and ζ potential
are shown in Table 1. As a rule, the mean particle size was
noticeably lower for SD than for HD preparations. SD-CH pre-
sented a mean particle size of 3.6 µm, which was very close to
those of spray-dried microcapsules based on maltodextrin and
gum arabic containing a seed protein hydrolysate, with mean
values varying between 3.3 and 6.8 µm depending on the
hydrolysate concentration.18 The mean particle size for SD-SL
was 2.9 µm, which was slightly lower than the value (5.5 µm)
reported for spray-dried maltodextrin microcapsules with a
similar shrimp lipid extract.19 The mean particle size was

Table 1 Particle properties, water solubility and entrapment efficiency (EE) of spray-dried (SD) and heat-dried (HD) preparations with collagen
hydrolysate (CH), pomegranate extract (PP) and shrimp lipid extract (SL)

Sample Size (µm) ζ potential (mV) Water solubility (%) EE (%)

SD-CH 3.60 ± 0.04b/x −68.05 ± 4.20a/x 90.92 ± 0.53a/x 96.29 ± 0.81a/x

SD-PP 13.21 ± 0.16a/x −47.50 ± 3.49b/x 86.49 ± 1.51a/x 95.61 ± 1.18a/x

SD-SL 2.87 ± 0.04c/x −47.75 ± 2.22b/x 88.08 ± 2.47a/x 70.36 ± 1.54b/x

HD-CH 177.3 ± 5.48c/y −56.23 ± 1.56a/y 33.63 ± 2.40a/y 97.21 ± 2.36a/x

HD-PP 280.3 ± 3.32b/y −42.90 ± 2.24b/x 36.14 ± 3.71a/y 97.14 ± 1.49a/x

HD-SL 380.1 ± 4.07a/y −53.93 ± 4.82a/x 21.55 ± 0.77b/y 91.23 ± 1.02b/y

Different letters (a, b, and c) indicate significance differences (p ≤ 0.05) among the extracts for the same dried preparation and (x and y) between
SD and HD preparations for the same extract.
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greater for SD-PP (13.2 µm), which agrees with the range of
5.8–18.7 µm reported by Goula and Adamopoulos20 for spray-
dried skimmed milk powder microcapsules encapsulating a
pomegranate seed extract. In contrast to SD, the HD method
generally resulted in more polydispersed microparticles of
several hundred micrometers (Table 1), which were clearly
different in size depending on the type of compound: HD-CH
were the smallest, followed in ascending order by HD-PP and
HD-SL. It is important to note that not only spray drying but
also heat drying resulted in small particles in the range of
microns, with HD-SL being the largest microparticles with a
mean size of 380 µm. In the HD entrapment procedure, pre-
formed microcapsules were not dried as in typical encapsula-
tion methods, but rather insoluble microcomplexes were
formed as a result of heating, drying and subsequent grinding.

ζ potential refers to the aggregation ability of dispersed par-
ticles and is considered a key stability indicator of colloidal
suspensions. The studied dispersions had the ζ potential
values in the range of −42.9 and −56.2 mV for HD and −47.5
and −68.1 mV for SD samples (Table 1), all indicative of high
particle stability. The negative charge is attributed to the
anionic nature of iota-carrageenan, which typically presents a
ζ potential value between −50 and −70 mV.21 Negative ζ poten-
tial for microcapsules obtained by Sun et al.22 was also attribu-
ted to the employment of κ-carrageenan as the wall material.

3.1.2. Entrapment efficiency. The entrapment efficiencies
(EE) of both SD and HD preparations were high in all cases,
reaching values above 95% for CH and PP samples regardless
of the drying procedure used (Table 1). These values were
higher than those reported, for instance, by Goula and
Adamopoulos20 for spray-dried skimmed milk powder micro-
capsules containing a pomegranate seed extract with an
average particle size of ≈13 µm (80%) or by Jayanudin et al.23

for red ginger oleoresin–chitosan–corn oil emulsions dried at
70 °C (79.5–82.5%). In general, comparisons with the reported
literature are quite difficult since both materials and encapsu-
lating conditions differ considerably from each other. The EE
of HD-SL was also very high (91.23%) (Table 1), but that of
SD-SL was lower (70.36%), probably because the lipids in SL
were not previously emulsified or finely homogenized with the
wall material solution. According to Carneiro et al.,24 lipids in
the form of stable emulsions typically show high encapsula-
tion efficiency by spray-drying microencapsulation. Gómez-
Estaca et al.25 reported lower EE values (59.9%) for freeze-dried
gelatin-gum arabic coacervates containing a similar lipid
extract from shrimp waste.

3.1.3. Water solubility. The SD powders showed high water
solubility (values between 86.5 and 90.9%), with no significant
differences depending on the entrapped compound (Table 1).
Besides acting as a carrier, microcapsules prepared by spray
drying are known to improve the solubility of the bioactive
compounds encapsulated. Similarly high water solubility was
found by Zhao et al.26 for spray-dried gelatin-dextrose micro-
capsules encapsulating astaxanthin (96.2%) and by Venil
et al.27 for spray-dried κ-carrageenan microcapsules containing
a flexirubin-type pigment (91.6%). It should be noted that no

extra-compound was added to the formulation to favour the
crosslinking of iota-carrageenan, which could explain the high
water solubility values of spray-dried microcapsules. These
microcapsules could be especially useful to improve the solubi-
lity of highly hydrophobic extracts.28 In contrast, HD-CH and
HD-PP presented the solubility values of 33.6% and 36.1%
respectively, and HD-SL exhibited a considerably lower value
(21.6%) (p ≤ 0.05), which is attributed to the lipophilic nature
of SL and its lower EE. Upon drying at elevated temperature
(80 °C) for a long time, chemical interactions between the reac-
tive groups from both iota-carrageenan and natural com-
pounds were favoured, leading to the formation of insoluble
complexes entrapping the bioactive compounds. This kind of
low-soluble microparticles could be suitable for a nutraceutical
preparation, allowing the release of the entrapped bioactive
after gastrointestinal digestion. In this respect, the drug–
polymer insoluble complexes formed by the ionic interactions
between lambda-carrageenan and diltiazem have been shown
to allow controlled release of the drug under different pH con-
ditions along the intestinal tract.10

3.1.4. Antioxidant activity. The antioxidant activity, deter-
mined by ABTS, FRAP and Folin reactive substances (FRS), of
various natural compounds and their corresponding dried SD
and HD preparations are shown in Fig. 1. For appropriate com-
parison between the plain compounds and dry powders, the
results were expressed per gram of bioactive compound and
per g of dry powder. The contribution of plain carrageenan to
the different antioxidant activities in both dried powders (SD
and HD) was also evaluated. As reported previously regarding
the ABTS values, the antioxidant activity was by far the highest
in the pomegranate peel and albedo extract (PP) followed at a
distance by the collagen hydrolysate.15 In particular, the high
antioxidant activity of PP was attributed to its polyphenol com-
position, rich in β- and α-punicalagins, ellagic acid, rutin and
epigallocatechin, while the collagen hydrolysate was mostly
composed of peptides with a molecular weight lower than
1.3 kDa.15 The antioxidant activity of the SL extract was not
measurable by any of the methods used due to its strong lipo-
philic nature; in this connection, considerable superoxide
radical scavenging capacity as determined by the lipophilic
photochemiluminiscence assay has been previously reported,
which is attributed to its contents of α-tocopherol and
astaxanthin.15

Regarding the mixture of bioactive compound and iota-car-
rageenan, the antioxidant activity of dried powders was gener-
ally lower than in both CH and PP (Fig. 1), which in part could
be due to the diluting effect of the wall material. Such a dilut-
ing effect has been reported in terms of the total phenolic
content for spray-dried maltodextrin microcapsules loaded
with the pomegranate peel extract at different ratios.29 The
only exception was SD-CH, which registered higher (p ≤ 0.05)
FRAP values than the plain CH hydrolysate which indeed
showed very low ferric ion reducing capacity. One possible
explanation could be the capacity of iota-carrageenan to act as
a reducing agent of ferric ions.30 This effect is clearly observa-
ble in Fig. 1b, where plain carrageenan SD and HD dried
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powders registered similar FRAP values than CH. It should be
noted that the FRAP values for SD–CH were considerably
higher than the sum of the values obtained for CH and SD sep-
arately; therefore, the possible conformational changes in pep-
tides due to the interaction with iota-carrageenan during the
atomization process should not be disregarded. Tkaczewska
et al.31 also observed an increase in the FRAP values of a carp

skin gelatin hydrolysate by microencapsulation with furcel-
laran (a polysaccharide structurally similar to κ-carrageenan).
Carrageenan also contributed to the ABTS and FRS values, but
much less than for FRAP. In fact, carrageenan was probably
the main factor determining the FRAP and FRS measured
values for SD-SL and HD-SL dried powders, the latter showing
lower values probably as a result of its lower water solubility.

Fig. 1 Antioxidant activity of plain compounds (collagen hydrolysate CH, pomegranate peel extract PP, and shrimp lipid extract SL), spray-dried (SD)
and heat-dried (HD) iota-carrageenan, spray-dried iota-carrageenan with natural compounds (SD-CH, SD-PP and SD-SL), and heat-dried iota-carra-
geenan with natural compounds (HD-CH, HD-PP and HD-SL). (a) ABTS values; (b) FRAP values; (c) FRS values; expressed per g of bioactive (light
bars) and per g of dry powder (dark bars). Different letters (a, b, c,…) indicate significant differences (p ≤ 0.05) among the samples expressed per g
of dry powder. Different letters (A, B, C,…) indicate significant differences (p ≤ 0.05) among the samples expressed per g of bioactive extract.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2021 Food Funct., 2021, 12, 2137–2147 | 2141

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 8
/3

/2
02

4 
8:

26
:1

2 
A

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/D0FO02922J


In contrast to the present work, Zhao et al.26 reported high
radical scavenging capacity in highly soluble spray-dried
gelatin-maltodextrin microcapsules containing an H. pluvialis
astaxanthin extract; this difference is probably attributed to
the different wall materials used (gelatin-maltodextrin vs. iota-
carrageenan) and the astaxanthin content of the original
extract (9% vs. 0.7%).

In order to factor out the diluting effect of carrageenan in
dry powders, the antioxidant activities were also expressed per
g of bioactive agent added (Fig. 1). The antioxidant activity of
the collagen hydrolysate (CH) was maintained (by FRS and
ABTS) or increased (by FRAP in SD–CH) when it was encapsu-
lated. In contrast, HD preparations containing the pomegra-
nate peel extract (HD-PP) registered a considerably lower (p ≤
0.05) activity than the plain extract (Fig. 1), whether expressed
as per g of dry powder or per g of bioactive. This effect could
be due to the partial degradation of phenolic compounds
during the drying process or to the possible polyphenol–poly-
saccharide interactions with the wall material, thus reducing

the availability of the reactive groups. A similar loss of anti-
oxidant activity (determined by ABTS) of PP was also reported
in a previous work using soy phosphatidylcholine as the
encapsulating agent.15 In spite of this, both SD-PP and HD-PP
preparations showed the highest (p ≤ 0.05) activity in both
ABTS and FRS assays, but the activity of SD-PP was higher (p ≤
0.05) than that of HD-PP due to its higher water solubility.
Çam et al.29 reported similar FRS values for spray-dried malto-
dextrin microcapsules with the pomegranate peel extract.

3.2. Properties of surimi gels

The addition of iota-carrageenan-based SD and HD powders
containing the various natural compounds produced homo-
geneous and well-structured gel matrices similar to that
obtained with the control gel without ingredients (Fig. 2). In
contrast, the addition of plain compounds resulted in weak
and friable gels, with a deformed structure, visible water syner-
esis and stronger coloration, especially with SL. The gels pre-
pared with the addition of SD powders showed slightly more

Fig. 2 Cross section of surimi gels: (a) control gel G; (b) gels with plain compounds; (c) gels with spray-dried iota-carrageenan with natural com-
pounds (SD-CH, SD-SL and SD-PP); (d) gels with heat-dried iota-carrageenan with natural compounds (HD-CH, HD-SL and HD-PP). CH: Collagen
hydrolysate; SL: shrimp lipid extract; PP: pomegranate peel extract.
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uniform cross-section than that prepared with the HD counter-
parts. This effect was attributed to the higher water solubility
of the former, which favours homogenisation with the muscle
protein. The improving effect of iota-carrageenan on the gel
properties of fish mince or surimi has been well
documented.13,14,32 The present work also reveals this effect by
incorporating iota-carrageenan in the form of highly soluble
(SD) or less soluble microparticles (HD).

3.2.1. Colour. Strong colorations of natural compounds,
particularly those of SL, were considerably attenuated when
they were added to the surimi gels as dry entrapment prep-
arations (SD and HD). The Chroma and Hue colour parameters
of gels incorporating SD and HD dried powders are shown in
Fig. 3. No great differences were found between SD- and HD-
containing gels with the same compound, especially with the
collagen hydrolysate (CH). In fact, both SD-CH and HD-CH
gels were very similar to the control gel (CG) due to the light
coloration provided by the peptide hydrolysate. In contrast, PP
and SL preparations induced more intense colour, resulting in
gels with higher chroma values than the control. A slight ten-
dency towards higher colour saturation was observed in gels
formulated with SD microcapsules, likely related to their high
solubility and possible compound release during the hom-

ogenization step. There were slight differences in the hue
values, and SD-SL and HD-SL gels stood out for showing a ten-
dency towards greater orange coloration due to the astaxanthin
content of the shrimp lipid extract. Nevertheless, the hue
values in the present work denoted less orange colouration
than surimi gels containing the same lipid extract encapsu-
lated in soy phosphatidylcholine liposomes.15 In contrast, the
entrapment of both CH and PP in iota-carrageenan did not
change substantially the hue of gels as compared to their
corresponding liposomal preparations.

3.2.2. Antioxidant activity. The antioxidant activities of the
water soluble (non-digested) and digested (sGID) fractions of
surimi gels containing both plain compounds and dry powders
are shown in Fig. 4. In all tested samples, the ABTS radical
scavenging capacity was noticeably higher in the digested frac-
tions compared to the non-digested ones, including the
control surimi gel (CG) without ingredients (Fig. 4a). This
effect is largely attributed to the release of short antioxidant
peptides resulting from the hydrolytic action of digestive
enzymes (pepsin and pancreatin) on the gelled myofibrillar
protein.33 The low water solubility of gels was to be expected
given the formation of strong heat-stable hydrophobic and dis-
ulphide bonds during protein thermal gelation. The addition

Fig. 3 Polar plot representing the saturation (Chroma) and tonality (Hue) colour parameters of gels containing spray-dried iota-carrageenan with
natural compounds (SD-CH, SD-SL and SD-PP) and heat-dried iota-carrageenan with natural compounds (HD-CH, HD-SL and HD-PP). CH:
Collagen hydrolysate; SL: shrimp lipid extract; PP: pomegranate peel extract. CG: Control gel.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2021 Food Funct., 2021, 12, 2137–2147 | 2143

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 8
/3

/2
02

4 
8:

26
:1

2 
A

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/D0FO02922J


of natural compounds entrapped in iota-carrageenan (both SD
and HD preparations) showed a general tendency to reduce the
ABTS values as compared to the plain compounds in both WS
and sGID fractions, which could be due to the dilution effect
of the wall material with respect to the antioxidant capacity of
the hydrolysed myofibrillar protein. In digested samples, the
ABTS values for all gels with SD- and HD-iota-carrageenan
preparations with embedded natural compounds were even
lower (p ≤ 0.05) than in the control, suggesting that the dried
powders could hinder the hydrolysis of the muscle protein. In
general, surimi gels containing PP presented higher (p ≤ 0.05)
ABTS value than those with CH or SL, the only exception being

HD-PP gels, which were similar to HD-CH. The contribution of
PP to the radical scavenging capacity of gels, especially after
sGID, was somewhat lower than would be expected in view of
the noticeably high values shown by the original extract.
Besides the diluting effect of PP inside the surimi gel matrix,
any protein–polyphenol interactions could have reduced the
activity in the extract. In addition, PP has been reported to
present a considerable loss of antioxidant activity (ABTS
method) when subjected to sGID, which did not occur with
CH.15 As previously observed by including freeze-dried lipo-
somes in the cited work, massive muscle protein digestion
could mask the radical scavenging activity of the added com-

Fig. 4 Antioxidant activity of water soluble (WS) and simulated gastrointestinal digestive (sGID) fractions of surimi gels incorporating the plain com-
pounds, spray-dried iota-carrageenan with natural compounds (SD-CH, SD-PP and SD-SL) and heat-dried iota-carrageenan with natural com-
pounds (HD-CH, HD-PP and HD-SL). (a) ABTS values; (b) FRAP values; (c) FRS values. CH: Collagen hydrolysate; SL: shrimp lipid extract; PP: pome-
granate peel extract; CG: control gel. Different letters (a, b, c,…) indicate significant differences (p ≤ 0.05) among the WS fractions. Different letters
(A, B, C,…) indicate significant differences (p ≤ 0.05) among the sGID fractions.
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pounds (both free or joined to iota-carrageenan), thus redu-
cing the differences among them, regardless of their intrinsic
chemical nature.

The results of ferric ion reducing capacity (FRAP) of both
non-digested and digested gels are shown in Fig. 4b. Unlike
ABTS, no general increase was observed in the FRAP values as
a result of sGID, suggesting a negligible contribution of the
digested muscle protein to the overall reducing capacity. In
this case, the activity produced by PP in surimi gels was strik-
ing, especially when added as a plain extract. In contrast, CH
and SL registered as low FRAP values as the control gel, and
the values also slightly decreased when CH and SL were
included in SD and HD preparations.

The antioxidant activity expressed as Folin reactive sub-
stances (FRS) of the different gels (Fig. 4c) showed a similar
trend to that of ABTS radical scavenging activity, although in
this case the rise in FRS following sGDI was less pronounced.
There was a considerable increase of FRS in the gel with plain
PP after sGID, so that the specific differential effect of PP was
observable over and above the outcome of the digested muscle
protein. This effect, however, was not evident in the corres-
ponding dried PP preparations, where differences with respect
to their HC and SL counterparts were minimal. Therefore,
depending on the antioxidant mechanism studied, the activity
results in gels with different compounds may vary depending
on how much was contributed by the hydrolysed muscle
protein.

3.2.3 Antihypertensive activity. The collagen hydrolysate
(CH) was the most antihypertensive bioactive agent with 86.9%
of ACE-inhibition. It is well known that most ACE inhibitors
are peptide compounds. Previous works have also reported
high ACE inhibitory activity in hydrolysates from squid gelatin
with Alcalase, which is attributed to the peptide sequence rich
in proline residues or the enzyme used.16,34,35 In contrast, the
pomegranate peel extract (PP) presented low antihypertensive
activity (24.70% of inhibition), while the lipid extract (SL)
could not be quantified due to its low water solubility. When

the natural compounds were subjected to sGID, the activity of
CH slightly increased (from 86.9% to 89.9%), while it
decreased considerably in PP (from 24.7% to 7.9%).

The ACE-inhibitory capacity of the surimi gels after sGID is
shown in Fig. 5. The control gel (CG) presented 32% of ACE-
inhibitory capacity, which is attributed to the release of active
peptides by the hydrolysis of surimi proteins. The addition of
any of the plain compounds led to a significant increase in the
ACE-inhibition percentage, the gel with plain CH being the
sample with highest activity (71.2%). It is worth noting the
augmented (p ≤ 0.05) activity in the gels containing plain PP
(63.87%) and SL (50.9%) compared to the control gel. These
extracts did not stand out for their high ACE-inhibition, and
thus the measured activity, especially with SL, should be attrib-
uted to their interference in protein gelation, causing the
muscle protein to be more exposed to digestive enzymes. As
mentioned before, good gels were not obtained by the addition
of plain compounds. The ACE-inhibitory activity of gels con-
taining SD-CH and HD-CH was lower than that of gels with the
plain hydrolysate, but higher than that of the control gel,
despite the diluting effect and gelling capacity of iota-carragee-
nan. A similar finding, but with lower values, was also
observed with SD-PP. The presence of iota-carrageenan in the
gel matrix would also affect the protein–protein interactions,
and therefore muscle protein digestion. However, the resulting
ACE-inhibitory activity varied considerably depending on the
dried preparation, since HD-PP, SD-SL and HD-SL led to gels
with ACE-inhibition values lower than the control gel. So, the
observed differences could be attributed to the activity pro-
vided by the natural compounds, which was considerably
higher with CH, especially when entrapped in the more
soluble form (SD-CH). In the case of SD-PP, the encapsulation
process could have protected the activity of PP from digestion,
while the low solubility and/or lack of activity in HD-PP, SD-SL
and HD-SL preparations might have contributed to the
decrease of the ACE-inhibitory potential of the hydrolysed myo-
fibrillar protein.

Fig. 5 Antihypertensive activity, expressed as percentage of ACE inhibition, after simulated gastrointestinal digestion of surimi gels incorporating
the plain compounds, spray-dried iota-carrageenan with natural compounds (SD-CH, SD-PP and SD-SL) and heat-dried iota-carrageenan with
natural compounds (HD-CH, HD-PP and HD-SL). CH: Collagen hydrolysate; SL: shrimp lipid extract; PP: pomegranate peel extract; CG: control gel.
Different letters (a, b, c,…) indicate significant differences (p ≤ 0.05) among the samples.
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4. Conclusion

Both spray-drying (SD) and heat-drying (HD) of the aqueous
dispersions of iota-carrageenan and natural food waste com-
pounds resulted in antioxidant microparticle dry powders,
which showed good miscibility with surimi protein to obtain
well-conformed thermal gels, regardless of different solubili-
ties of both types of preparations. Both types of dry powders
were then suitable for addition as technological ingredients to
surimi gel formulations. The noticeable high antioxidant
capacity of the pomegranate extract (PP) was considerably
decreased when included via SD or HD preparations, while the
entrapped SL extract presented a limited antioxidant power,
despite becoming highly soluble in the SD preparation. In
general, the antioxidant properties and ACE-inhibitory capacity
of the surimi gels determined after in vitro gastrointestinal
digestion were noticeably lower when the natural compounds
were entrapped in the iota-carrageenan matrices regardless of
the drying method used, suggesting that the technological
functionality of the dry powders could be superior to the bio-
active itself. In vivo studies would be necessary to overcome
possible limitations derived from the presence of iota-carragee-
nan, as well as its possible functionality as a dietary fibre.
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