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Abstract
Jams are preparations of fruits whose main preserving agent is sugar. Due to this, health concerns of consumers have resulted 
in a sugar reduction, and its replacement using alternative sweeteners and introducing new ingredients enhancing nutritional 
properties. In this study, four types of fruits jams (plum, strawberry, apple, and peach), with or without sugar, were prepared 
using two microalgae biomass, Arthrospira platensis (Spirulina) and Chlorella vulgaris, and Dunaliella salina extract 
as ingredients at different mix levels of concentrations, 0.10%–0.10%–0.05% respectively, for plum; 0.04%–0.00%–0.01 
respectively, for strawberry; 0.06%–0.04%–0.00% respectively, for apple and 0.00%–0.01%–0.04% respectively, for peach. 
Physicochemical, rheological, and textural parameters were evaluated. Substitution of sugar/fructose syrup in the jam’s 
preparation caused changes in pH values, solid soluble content, and rheological and textural properties compared to sugar 
jams. Using sugar or sweeteners as isomalt, stevia and sucralose and microalgae biomass or extract showed significant 
changes in colour coordinates, however, these differences were not perceptible by the human eye. Jams containing microalgae 
biomass-extract showed higher G’, G’’, G*, and η* values than their corresponding control samples. All the jams presented 
weak-gel characteristics, distinguishing fruit jams. However, the results of weak-gel model analysis suggest that the influence 
of the different ingredients in the food system depends not only on their concentration but also on the interactions in the gel 
structure. Strawberry and apple jams showed no significant differences between microalgae biomass-extract samples and 
control samples, for both sugar and no sugar added jams being the best-obtained samples.
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Introduction

Jam is defined as an intermediate moisture food obtained when 
boiling fruit pulp with sugar, pectin, acid, and other ingredients 
such as preservatives, colouring agents, and flavouring; and 
their composition is controlled by law worldwide [1]. Plum, 
strawberry, apple, and peach are fruit pulp commonly used 
in the jam production industry, highly popular in Europe, not 
only because of their high content in vitamins and minerals but 
also because of their organoleptic characteristics such as taste 

and aroma [2–4]. During the manufacturing process, all the 
mixed ingredients show gelation behaviours to obtain a reason-
ably thick consistency, because of the commercially desired 
rheological and textural characteristics [5]. However, rheo-
logical and textural understanding of fruit gel-based products 
is gaining interest because of their increasing importance in 
the modern-day diet, focusing on wellness and lower calorific 
intake, especially for diabetics and special needs. According to 
the World Health Organization (WHO) [6], keeping intake of 
sugars to less than 10% of total energy intake leads to reducing 
the risk of overweight, obesity, and tooth decay. Hence, they 
recommend adults and children reduce their daily intake of 
sugars to less than 10% of their total energy intake, and ideally 
less than 5% [6]. Thus, the dietary awareness of consumers has 
resulted in the reduction of the sugar content of commercially 
prepared foods like jams, and its replacement with alternative 
sweeteners or a mix of them, directly affecting the rheologi-
cal and textural properties [7]. High-intensity sweeteners as 
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polyols and especially, natural sweeteners as stevia are becom-
ing more popular for not providing calories but giving sweet 
flavour to food formulations adding to the pleasure of eating 
[8, 9]. They are used on a large scale by the food industry 
due to their good technological properties as thickeners or 
humectants; they are resistant to heat and are not involved in 
Maillard reactions [10]. Furthermore, microalgae are a source 
of several valuable compounds with health benefits such as 
proteins, carbohydrates, polyunsaturated fatty acids, essential 
minerals, and vitamins [11], which can increase the nutritional 
value of food products upon incorporation. The most impor-
tant microalgae strains cultured today are Arthrospira platen-
sis (Spirulina), Chlorella vulgaris, and Dunaliella salina. The 
cyanobacterium Spirulina, also considered microalgae, has a 
high protein content (65% of dry weight) and is a rich source 
of vitamin B12 and provitamin A, minerals, especially iron, 
and is a natural source of γ-linolenic acid [12]. Likewise, C. 
vulgaris is considered a potential source of protein (55% of 
dry weight), omega-6 family; which includes arachidonic acid; 
folate, vitamin B12, and iron. Furthermore, D. salina extract 
has the highest content of β-carotene and an eicosapentaenoic 
acid content of up to 39% of total fatty acids. These strains of 
microalgae and extracts have anti-inflammatory effects and a 
health-promoting factor in many kinds of disorders such as 
gastric ulcers, wounds, constipation, anaemia, hypertension, 
and diabetes [11]. Incorporating microalgal biomass in tra-
ditional food products, such as bakery products, is a global 
trend, as several products have been launched worldwide. 
In these cases, microalgae addition has improved freshness 
and modify firmness, nutritional values, and colour [13, 14]. 
Other novel applications for microalgae include emulsions and 
soups [15–17]. Therefore, the food industry must develop new 
formulations reducing or replacing the sugar content during 
food production, also enhancing their properties, achievable 
by adding novel ingredients like microalgae. However, so far 
microalgae addition in jams has not been studied.

This study aimed to analyse how the addition of two 
microalgae biomasses, A. platensis and C. vulgaris, and D. 
salina extract mixed at different levels of concentrations 
along with sugar/fructose syrup or a sweetener mix affects 
pH, °Brix, soluble solid content, colour, and rheological and 
textural properties of four types of fruit jams, plum, straw-
berry, apple, and peach.

Materials and methods

Materials

Freeze-dried A. platensis (Spirulina) and C. vulgaris (Chlo-
rella) biomasses were supplied by AlgaEnergy S.A. (Madrid, 
Spain), and D. salina (Dunaliella) extract, by ROHA Europe 
S.L.U. (Torrent, Spain). Fruit pulp (plum, strawberry, apple, 

and peach), sweetener mix (isomalt, stevia (Stevia Rebau-
diana) and sucralose) and the other ingredients used for the 
different formulations (Table 1) were supplied by Jumel Ali-
mentaria S.A. (L’Alqueria de la Comtessa, Spain). 

Preparation of jams

The jams were prepared according to the procedure provided 
by Jumel Alimentaria S.A. (L’Alqueria de la Comtessa, 
Spain). Table 1 describes the ingredients and quantities used 
for all the samples.

Sugar jams preparation

All ingredients were weighed separately (Table 1). Soluble 
solid content (SSC) of the fruit pulp was determined as 16 
ºBrix for plum pulp, 6 ºBrix for strawberry pulp, 10 ºBrix 
for apple pulp, and 11 ºBrix for peach pulp. For each type 
of jam, water and the fruit pulp were added to a kitchen 
appliance (Thermomix, TM31, Vorwerk Corporate Group, 
Wuppertal, Germany) and mixed at speed two (200 rpm) for 
3 min. Then the mixture was heated until reaching 70 °C, 
obtaining a homogeneous product. Afterwards, granulated 
sugar, fructose syrup, and xanthan gum were added to the 
mixture and blended until reaching 80 °C at speed three 
(400 rpm). Then, citric acid, potassium sorbate and pectin 
were added to the mixture and blended for 3 min. At this 
stage, SSC was around 40 ºBrix. The product was hot-pack-
aged in sterilised 370 mL glass jam jars and subsequently 
sealed, then inverted, so the hot jam contacted the lid surface 
[18], in cold water at 5 °C for 5 min to maintain the maxi-
mum colour in the product. Jam samples were stored at 4 °C 
for further studies.

No added sugar jams preparation

The preparation used the same equipment and conditions as 
Sect. 2.2.1. The ingredients were added in the same order 
except using the sweeteners mix instead of granulated sugar 
and fructose syrup. Moreover, xanthan gum was not added 
in this formulation. Here, SSC content was around 21 ºBrix.

The jams were formulated, replacing part of the water 
with the microalgae biomass (Spirulina and Chlorella) and 
extract (Dunaliella) mix for each fruit type, for jams and no 
sugar added jams (Table 1). The biomass was added to the 
mixture when the temperature reached 80 °C. The microal-
gae biomass-extract mix levels were determined according 
to previous sensorial trials from the company (Jumel Ali-
mentaria S.A., L’Alqueria de la Comtessa, Spain) (data not 
shown), then the mixture was blended for 2 min. Likewise, 
the product was hot-packaged in sterilised 370 mL glass 
jam jars, subsequently sealed and inverted so the hot jam 
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contacts the lid surface [18] in cold water at 5 °C for 5 min. 
Jam samples were stored at 4 °C for further studies.

Physicochemical analysis

Water activity (aw) of samples were determined using an 
AquaLab Dewpoint Water Activity Meter 4TE (Decagon 
Devices Inc., Pullman, WA, USA). SSC of samples, reported 
as °Brix, were measured with a digital pocket refractometer 
PAL-1 (ATAGO CO., LTD, Tokyo, Japan). pH values of 
samples were measured using a pHmeter Crison MultiMeter 
MM 41 (Hach Lange Spain S.L.U., L’Hospitalet de Llobre-
gat, Spain). Samples were analysed in triplicate at 20 °C on 
the same day of production.

Colour measurement

Colour coordinates were obtained using a Konica Minolta 
CM-700d colorimeter (Konica Minolta CM-700d/600d 
series, Tokyo, Japan) with standard illuminant D65 and 
visual angle of 10°. Jam samples were individually spread 
out on circular glass sample holders, 50 mm diameter and 
10 mm height, and the L*a*b* values were measured at 
three equidistant points, where L* indicates lightness (0—
black, 100—white); a*, chromaticity on a green (−) to red 
( +) axis; and b*, chromaticity on a blue (−) to yellow ( +) 
axis, according to the CIEL*a*b* system (CIE, 1986). 
Chroma, C*ab (saturation) and hue angle, h°ab, were also 
calculated, defined by Eqs. 1 and 2, respectively.

The total colour difference (ΔE) between control samples 
and microalgae biomasses-extract samples for each type of 
formulations were determined using L*a*b* values accord-
ing to Eq. 3.

The measurements were conducted under constant light-
ing conditions, at 20 °C on the same day of production.

Dynamic rheology

A dynamic oscillatory Kinexus pro + rotational rheometer 
(Malvern Instruments, Worcestershire, UK) and rSpace 
software; equipped with a 25 mm diameter parallel-plate 
geometry (DSR II, Upper Plate) with a 2.0 mm gap between 
plates and a heat-controlled sample stage (Peltier Cylinder 

(1)C
∗
ab

=
[
(a∗)

2 + (b∗)
2

]1∕2

(2)h
◦

ab
= arctan

(
b∗∕a∗

)

(3)ΔE∗ =
[
(ΔL∗)

2 + (Δa∗)
2 + (Δb∗)

2

]1∕2

Cartridge, Malvern Instruments, Worcestershire, UK) were 
used to determine the jam samples viscoelastic properties. 
Before each measurement, samples were loaded onto the 
geometry plate and rested for 300 s.

All tested samples were measured using oscillatory 
sweeps at a frequency ranging from 0.1 to 10 Hz at 0.01 Pa 
stress (which was within the linear viscoelastic region as 
determined by an amplitude sweep). The mechanical spec-
tra were obtained recording the elastic modulus (G’ (Pa)), 
related to the material response as a solid; viscous modulus 
(G’’ (Pa)), related to the material response as a fluid; com-
plex viscosity (η* (Pa·s)), used to describe the total resist-
ance to flow of a material considered a viscous-liquid; and 
the complex modulus (G* (Pa)), a quantitative measure of 
material stiffness or total resistance of the material to defor-
mation as a function of the frequency range. The loss angle 
values (tan δ) as a function of frequency, defined as the ratio 
of G’’ to G’, were also calculated [7, 19, 20].

SigmaPlot Software version 11.0 (Systat Software Inc., 
San Jose, CA, USA) was used to fit rheological data to power 
law equations. Samples were performed in triplicate at 20 °C 
on the day after their preparation.

Textural analysis

The texture was measured using a TA-XT2 Texture Ana-
lyser (Stable Micro Systems Ltd, Godalming, UK) with 
the software Texture Exponent (version 6.1.12.0) (Stable 
Micro Systems Ltd). A standard size back extrusion con-
tainer (50 mm diameter) was filled with 60 mL of sample. A 
compression plate (35 mm diameter) attached to a 50 kg load 
cell compress was positioned centrally over the container, 
compressing the sample at pre- and test-speeds of 1.0 mm/s 
and a post-test speed of 10 mm/s.

The textural parameters of jam samples are expressed as 
firmness (N), defined as the maximum force on a product 
that displays substantial resistance to deformation; Consist-
ency (N.s), defined as the maximum force necessary to over-
come the attractive forces between the surface of the sample 
and the surface of the platen with which the sample comes in 
contact; Cohesiveness (N), defined as the total force required 
to carry out the shearing process the maximum negative 
force of the samples; and index of viscosity (N.s), defined 
as the force involved in the withdrawal of the plate from the 
sample [21]. Samples were performed in triplicate at 20 °C 
on the day after their preparation.

Statistical analysis

Analysis of variance (ANOVA) using Statgraphics Centu-
rion 18 Software, version 18.1.13 (Statgraphics Technolo-
gies, Inc. The Plains, VA, USA) with a confidence level 
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of 95% (p < 0.05) was applied to evaluate the differences 
among each type of jam samples.

Results and discussion

The jam formulations were developed based on company 
experience in creating formulations for the fruit processing 
industry, producing sugar jams (plum (G), strawberry (S), 
apple (A), and peach (P)) and no added sugar jams (plum 
(SG), strawberry (SS), apple (SA), and peach (SP)). The 
quantity of microalgae biomass and extracts added in their 
formulations are shown in Table 1.

Physicochemical properties

Water activity (aw), SSC (°Brix) and pH of food materials 
are considered important factors influencing jam stability 
[22]. Sugar in jams reduces the aw to 0.86–0.88 (Fig. 1) 
showing no significant differences (p > 0.05) between the 
control and microalgae biomass-extract samples for each 
type of jam. Sugar acts as a preservative in gelled products, 
like jams, by reducing the water activity and enhancing the 

stability, preventing the growth of yeasts and microbes [1, 
18]. Nevertheless, the aw in no added sugar jams showed 
significant differences (p < 0.05), presenting higher values 
(0.90–0.91) than the sugar jam samples. Overall, aw values 
are within the tolerance of 0.82–0.94 for jams and jellies 
[23] agreeing with other authors [24–26]. Sugar jam’s SSC 
was around 40°Brix and for no added sugar jams, around 
18°Brix. These values were expected because the condi-
tions of both processes were set to give a product with SSC 
within the regulations for sugar and no added sugar jams [27, 
28]. No SSC significant differences (p > 0.05) were found 
between control and microalgae biomass-extract samples for 
each type of fruit. Comparing SSC values between sugar 
jams and no added sugar jams a logical significant differ-
ence (p < 0.05) was observed. The lowest values of SSC 
were observed for the different no added sugar jams, where 
a mix of sweeteners was added in the formulations instead of 
sugar/glucose syrup. SSC are primarily represented by sug-
ars, with acids and minerals contributing [29]. Thus, ingre-
dients like sugar and fructose syrup in the formulation allow 
higher content of soluble solids and simultaneously reduce 
the aw of the samples. pH values of all jam samples were 
between 3.6 and 3.9 (Fig. 1), and therefore, are considered 
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Fig. 1  Water activity (aw), Soluble solid content (SSC, °Brix), and 
pH of fruit jams. Sugar plum jam (G) and its control (CG), no sugar 
added plum jam (SG) and its control (CSG). Sugar strawberry jam 
(S) and its control (CS), no sugar added strawberry jam (SS) and its 
control (CSS). Sugar apple jam (A) and its control (CA), no sugar 
added apple jam (SA) and its control (CSA). Sugar peach jam (P) and 
its control (CP), no sugar added peach jam (SP) and its control (CSP). 
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microbiologically stable (pH lower than 4.0) because of add-
ing citric acid, potassium sorbate and pasteurisation as the 
final stage of the jam production process [4, 18, 24].

Colour measurements

Figure  2 shows the mean values and standard devia-
tion of studied colour coordinates. All analysed colour 
coordinates of the strawberry jams presented significant 
differences with sugar addition (p < 0.05), but no sig-
nificant changes were seen when microalgae was added 
(p > 0.05). However, L*, a*, b*, h°ab, and C*ab of plum 
jams were significantly affected by sugar and microalgae 
addition (p < 0.05). Apple jam’s L*, b*, and C*ab values 
were affected by sugar and microalgae addition, whereas 
the apple jams a* and h°ab values were only affected by 

sugar addition. In contrast, the peach jam’s L*, b*, and 
C*ab values were only affected by sugar addition and the 
peach jam’s a* and h°ab values were affected by sugar and 
microalgae addition. Using sugar instead of sweeteners 
mix in jam formulations increased a* values in the final 
product. Moreover, in all jams, except strawberry jams, 
this increased b* values and reduced L* values of the 
final product. This could be a consequence of Maillard 
reactions, which contributes to a dark colour (lower L*) 
as was observed in other studies [30]. Other authors also 
observed that kiwifruit puree treated thermally without 
sugar were more luminous than fresh samples [31]. The 
plum jam’s L* values (Fig. 2a) changed with microalgae 
addition, but the trend was opposite between sugar jams 
and no added sugar jams. Sugar plum jams were more 
luminous when microalgae were added (G) compared with 
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Fig. 2  Color parameters a L*, b a*, c b*, d h°ab, e C*ab, and f ΔE 
of jams samples. Sugar plum jam (G) and its control (CG), no sugar 
added plum jam (SG) and its control (CSG). Sugar strawberry jam 
(S) and its control (CS), no sugar added strawberry jam (SS) and its 
control (CSS). Sugar apple jam (A) and its control (CA), no sugar 
added apple jam (SA) and its control (CSA). Sugar peach jam (P) and 
its control (CP), no sugar added peach jam (SP) and its control (CSP). 

For microalgae-enriched jam, the same superscript small letter within 
type of fruit indicates homogeneous groups established by ANOVA 
(p < 0.05) comparing each control formulation for both, sugar jams, 
and no sugar added jams. For sugar jams and no sugar added jams, 
the same superscript capital letter within type of fruit indicates homo-
geneous groups established by ANOVA (p < 0.05) comparing control 
jam samples and microalgae-enriched jam samples
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its control (CG), however, no added sugar plum jams were 
less luminous when microalgae were added (SG) com-
pared with its control (CSG). The same behaviour was 
observed in apple jams. A significant decrease of a* val-
ues (Fig. 2b) with the microalgae addition in plum and 
peach jams with sugar (p < 0.05) was observed, whereas 
these jams with the sweeteners mix and microalgae suf-
fered a significant increase of a* values (p < 0.05). These 
a* variations were reflected in h* values, showing an h°ab 
increase with microalgae addition in jams with sugar and 
a h°ab decrease with microalgae addition in no added sugar 
jams (Fig. 2e). ΔE values were closer to 3 units (Fig. 2f), 
therefore these differences were not detected by the human 
eye [32]. Moreover, there were no significant differences 
between jams with sugar or the sweeteners mix (p > 0.05).

According to colour results, using sugar or the sweeten-
ers mix, and microalgae showed changes in colour coor-
dinates, however, these differences were not perceptible.

Rheological and viscoelastic characterisation

Dynamic rheology

Rheological properties of jam are mainly affected by the 
amount and type of sugar added, proportion and type of 
gelling agent used, fruit pulp content, synergy with other 
ingredients, and process temperature [7]. Figure 3 shows 
the dynamic mechanical spectra of the jam samples as 
functions of frequency (Hz). Elastic modulus (G’) was 
higher than the viscous modulus (G’’) for all samples, 
and both parameters progressively increased throughout 
the studied frequency range. Furthermore, the loss angle 
(tan δ) values for all jam samples were greater than 0.1 
(Table 2). This behaviour may be rheologically classified 
as a gel-like behaviour, characteristic of fruit jams [7, 
29]. According to Fig. 4, complex viscosity (η*) was also 
frequency dependent since η* decreased as the frequency 
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Fig. 3  Frequency sweeps of jams. Elastic modulus (G’) and viscous 
modulus (G’’) of a plum jams, b strawberry jams, c apple jams, and d 
peach jams different formulations. Sugar plum jam (G) and its control 
(CG), no sugar added plum jam (SG) and its control (CSG). Sugar 
strawberry jam (S) and its control (CS), no sugar added strawberry 

jam (SS) and its control (CSS). Sugar apple jam (A) and its control 
(CA), no sugar added apple jam (SA) and its control (CSA). Sugar 
peach jam (P) and its control (CP), no sugar added peach jam (SP) 
and its control (CSP)
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increased. These results suggest molecular interactions 
could form gel structure at low frequency but gave rise to 
a fragmented structure at a higher frequency [34].

Evaluating the effect of adding sugar or sweeteners in 
the different jam formulation, G’, G’’, G*, and η* param-
eters showed significant differences (p < 0.05) between 
plum, apple, and peach jam samples; with and without 
sugar; and with and without microalgae addition (Table 2). 
This is because of the sugar and fructose syrup addition 
in the formulations, developing stronger gel-like behav-
iour, characterised by having greater SSC (Fig. 1). With 
apple jams, adding sugar in the formulations provoked an 
increase of the η* (Table 2 and Fig. 4c), suggesting that 
sugar had a thickening effect and increased internal cohe-
sive forces [35]. Moreover, the gelation process during jam 
manufacturing is attributed to the alignment and stretching 
of the pectin polymer chains in sugar/fructose syrup and 
fruit pulp, resulting in more sites that become available for 
the formation of intermolecular hydrogen bonding [20]. In 
addition, the type of sugar affects the water availability in 
the pectin–sugar–pH and thus, hydrogen bonds possibly 
form between water and with the polymeric pectin chain, 

creating an interconnected three-dimensional gel network 
[2].

The apple jams presented higher values of G’, G’’, G*, 
and η* than the other fruit jam samples, showing no signifi-
cant (p > 0.05) differences between control and microalgae 
biomass-extract samples, and for sugar jams and no added 
sugar jams (Table 2, Figs. 3c, and 4c). Therefore. although 
apple jams presented weak-gel characteristics, they were 
stronger than the other samples, having a greater ability to 
resist to the compression/deformation process [36–39]. This 
could be attributed to the higher concentration of pectin, a 
naturally occurring starch found in apples, showing higher 
complex viscosity values [33, 36]. Regarding the microalgae 
biomass-extract addition in the other formulations, signifi-
cant differences (p < 0.05) were found between CG and G 
for plum jams, CSG and SG for plum jams, and CSP and 
SP for peach jams (Table 2). In these cases, jams contain-
ing microalgae biomass-extract in their formulations showed 
higher values for G’, G’’, G*, and η* than their correspond-
ing control samples. This can be related to the high protein 
content of Spirulina, Chlorella, and Dunaliella [11] giving 
up a slight reinforcement of the structure [39].

Table 2  Mean values (and 
standard deviations) of elastic 
modulus (G’), viscous modulus 
(G’’), loss angle values (tan 
δ), complex modulus (G*), 
and complex viscosity (η*) at 
1 Hz obtained from rheological 
measurements of studied jam 
samples

Sugar plum jam (G) and its control (CG), no sugar added plum jam (SG) and its control (CSG). Sugar 
strawberry jam (S) and its control (CS), no sugar added strawberry jam (SS) and its control (CSS). Sugar 
apple jam (A) and its control (CA), no sugar added apple jam (SA) and its control (CSA). Sugar peach jam 
(P) and its control (CP), no sugar added peach jam (SP) and its control (CSP). For microalgae-enriched 
jam, the same superscript small letter within type of fruit indicates homogeneous groups established by 
ANOVA (p < 0.05) comparing each control formulation for both, sugar jams, and no sugar added jams. For 
sugar jams and no sugar added jams, the same superscript capital letter within type of fruit indicates homo-
geneous groups established by ANOVA (p < 0.05) comparing control jam samples and microalgae-enriched 
jam samples

Samples G’ (Pa) G’’ (Pa) tan δ G* (Pa) η* (Pa s)

Plum
 CG 530 (93)aA 116 (16)aA 0.219 (0.008)aA 543 (95)aA 86 (15)aA

 G 917 (107)bA 238 (67)bA 0.256 (0.041)aA 942 (110)bA 143 (6)bA

 CSG 358 (37)aB 65 (19)aA 0.195 (0.015)aA 311 (58)aB 53 (13)aB

 SG 413 (39)aB 100 (27)aB 0.222 (0.014)aA 419 (40)aB 61 (13)aB

Strawberry
 CS 433 (46)aA 85 (11)aA 0.197 (0.006)aA 442 (47)aA 83 (14)aA

 S 494 (46)aA 105 (15)aA 0.213 (0.011)bA 505 (48)aA 80 (8)aA

 CSS 488 (70)aA 77 (9)aA 0.159 (0.005)aB 494 (70)aA 83 (4)aA

 SS 463 (64)aA 72 (6)aB 0.155 (0.008)aB 469 (64)aA 75 (10)aA

Apple
 CA 2483 (316)aA 367 (44)aA 0.148 (0.002)aA 2510 (319)aA 417 (29)aA

 A 2300 (334)aA 349(44)aA 0.152 (0.003)aA 2328 (337)aA 370 (54)aA

 CSA 1042 (147)aB 163 (20)aB 0.157 (0.005)aB 1055 (148)aB 176 (15)aB

 SA 1098 (288)aB 181 (40)aB 0.165 (0.007)bB 1113 (291)aB 159 (15)aB

Peach
 CP 531 (12)aA 107 (3)aA 0.201 (0.005)aA 542 (14)aA 86 (2)aA

 P 529 (20)aA 95 (5)bA 0.179 (0.003)bA 534 (21)aA 86 (3)aA

 CSP 308 (10)aB 49 (3)aB 0.161 (0.004)aB 312 (10)aB 50 (2)aB

 SP 382 (17)bB 66 (7)bB 0.172 (0.002)bA 387 (18)bB 62 (3)bB
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Analysis of dynamic rheological data

The power law describes the rheological behaviour of the 
jam samples within the linear viscoelastic region because 
the frequency dispersions of the dynamic mechanical spectra 
(G′ and G″) of the jam samples are more or less straight lines 
with different gradients (Fig. 3) [40]. Therefore, each set of 
data can be fit using power law Eqs. 4 and 5 to quantitatively 
compare samples:

where, a is the low-frequency elastic modulus (Pa); b is the 
power law index for elastic modulus (dimensionless); c the is 
low-frequency viscous modulus (Pa); and d the is power law 
index for viscous modulus (dimensionless). Table 2 lists the 
elastic and viscous modulus power law model parameters for 
all the samples. Proper fitting of the model was confirmed 

(4)G
� = a(�)b

(5)G
�� = c(�)d

by R2 values varying from 0.9833 to 0.9994 for the elastic 
power law model and, from 0.8459 to 0.9897 for the viscous 
power law model (Table 3).

Sugar, fructose syrup, and pectin added in the formula-
tions seemed to have an influence on the rheological proper-
ties [28]. For apple jams, CA and A had the highest ‘a’ and 
‘c’ values compare to CSA and SA, respectively. Likewise, 
for plum jams, CG and G compare to CSG and SG, respec-
tively and, CP and P peach jams compare to CSP and SP 
peach jams, respectively, showing significant differences 
(p < 0.05) between sugar and no added sugar jams. Notably, 
sugar peach jams had more pectin content compare to no 
added sugar peach jams, intensifying the gelling character-
istics of the fruit material [28]. Similar responses have been 
reported for different jams [30, 36]. However, strawberry 
jams showed no significant (p > 0.05) differences between 
sugar jams and no sugar added jams, and between the control 
and microalgae biomass-extract samples.

Parameters ‘a’ and ‘c’ also increased due to the micro-
algae biomass-extract addition in plum jam formulations 
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Fig. 4  Complex viscosity (η*) of a plum jams, b strawberry jams, c 
apple jams, and d peach jams different formulations. Sugar plum jam 
(G) and its control (CG), no sugar added plum jam (SG) and its con-
trol (CSG). Sugar strawberry jam (S) and its control (CS), no sugar 

added strawberry jam (SS) and its control (CSS). Sugar apple jam 
(A) and its control (CA), no sugar added apple jam (SA) and its con-
trol (CSA). Sugar peach jam (P) and its control (CP), no sugar added 
peach jam (SP) and its control (CSP)
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for both, sugar and no added sugar jams, showing signifi-
cant differences (p < 0.05). This behaviour was expected 
because plum jams contain the highest quantities of 
microalgae-extract mix in the formulations (Table 1) [42]. 
Likewise, microalgae biomass-extract peach jam formu-
lations for both sugar and no added sugar jams showed 
significant differences (p < 0.05) between them. Apple 
and strawberry jams showed no significant (p > 0.05) dif-
ferences between control and microalgae biomass-extract 
samples, for sugar jams and no added sugar jams.

Parameters ‘b’ and ‘d’, for all jam formulations, 
showed no clear trend considering microalgae addition 
and sugar or sweeteners addition. Nevertheless, these 
values were found as positive, further proving the weak 
gel-like structure of the jams [41].

Weak‑gel model

Many foods, particularly fruit gels, can be considered vis-
coelastic gels, characterised by a three-dimensional network 
where weak interactions (hydrogen bonding or Van der 
Waals interactions) ensure the stability of the structure [7]. 
This approach, called a weak-gel model, was found suitable 
for gelled food systems like fruit jam [43] and it introduced 
the concept of power law relaxation modulus to describe 
their rheological behaviour, characterised by Eq. 6.

The three-dimensional structure characterising a gel is 
described in terms of ‘A’, a constant which can be interpreted 

(6)|G∗| =
√

G�(�)2 + G��(�)2 = A�
1∕z

Table 3  Mean values (and standard deviations) of the parameters of 
power law functions describing elastic modulus (G’) where a, is the 
low-frequency elastic modulus (Pa) and b, the power-law index for 
elastic modulus (dimensionless); viscous modulus (G’’) where c is 

the low-frequency viscous modulus (Pa) and d is the power-law index 
for viscous modulus (dimensionless); and weak model (complex 
modulus ( |G∗| ) where A is the interaction strength (dimensionless) 
and z the coordination number (dimensionless)

Sugar plum jam (G) and its control (CG), no sugar added plum jam (SG) and its control (CSG). Sugar strawberry jam (S) and its control (CS), 
no sugar added strawberry jam (SS) and its control (CSS). Sugar apple jam (A) and its control (CA), no sugar added apple jam (SA) and its 
control (CSA). Sugar peach jam (P) and its control (CP), no sugar added peach jam (SP) and its control (CSP). For microalgae-enriched jam, the 
same superscript small letter within type of fruit indicates homogeneous groups established by ANOVA (p < 0.05) comparing each control for-
mulation for both, sugar jams, and no sugar added jams. For sugar jams and no sugar added jams, the same superscript capital letter within type 
of fruit indicates homogeneous groups established by ANOVA (p < 0.05) comparing control jam samples and microalgae-enriched jam samples

Sample G
�

= a(�)b G�� = c(�)d |G∗| = A(�)
1∕Z 

a(Pa) b R2
adj c(Pa) d R2

adj
A(Pa.s

1∕z)
z R2

adj

Plum
 CG 422 (72)aA 0.124 (0.003)aA 0.9968 78 (12)aA 0.239 (0.001)aA 0.9883 428 (73)aA 7.7 (0.2)aA 0.9979
 G 706 (83)bA 0.131 (0.019)bA 0.9986 171 (49)bA 0.195 (0.006)bA 0.9897 722 (85)bA 7.7 (1.4)aA 0.9992
 CSG 289 (31)aB 0.110 (0.003)aB 0.9833 49 (15)aA 0.177 (0.013)aB 0.9646 251 (44)aB 8.9 (0.4)aB 0.9905
 SG 353 (25)bB 0.095 (0.014)bB 0.9968 82 (18)aB 0.13 (0.02)bA 0.9270 357 (26)aB 11.7 (1.8)bB 0.9970

Strawberry
 CS 355 (36)aA 0.112 (0.004)aA 0.9974 63 (9)aA 0.186 (0.008)aA 0.9768 360 (37)aA 8.7 (0.4)aA 0.9975
 S 397 (34)aA 0.111 (0.016)bA 0.9965 75 (11)aA 0.17 (0.05)aA 0.9886 404 (26)aA 9.1 (1.8)aA 0.9965
 CSS 404 (59)aA 0.098 (0.004)aB 0.9880 64 (8)aA 0.12 (0.01)aB 0.9362 390 (57)aA 10.5 (0.6)aB 0.9910
 SS 368 (57)aA 0.095 (0.006)aB 0.9887 59 (6)aA 0.126 (0.014)aB 0.9463 372 (20)aA 10.6 (0.4)aB 0.9929

Apple
 CA 2150 (266)aA 0.095 (0.002)aA 0.9950 340 (42)aA 0.098 (0.009)aA 0.8459 2272 (143)aA 12.0 (0.2)aA 0.9911
 A 1931 (269)aA 0.095 (0.002)aA 0.9979 323 (49)aA 0.09 (0.02)aA 0.8464 2060 (109)bA 10.7 (0.2)bA 0.9989
 CSA 831 (66)aB 0.0954 (0.0005)aA 0.9961 146 (20)aB 0.104 (0.006)aA 0.8545 843 (67)aB 10.77 (0.05)aB 0.9975
 SA 826 (78)aB 0.0949 (0.0013)aA 0.9882 152 (36)aB 0.130 (0.008)bB 0.8681 838 (79)aB 10.59 (0.13)bA 0.9918

Peach
 CP 390 (72)aA 0.111 (0.009)aA 0.9987 75 (2)aA 0.216 (0.007)aA 0.9802 435 (14)aA 8.2 (0.4)aA 0.9988
 P 440 (14)aA 0.097 (0.011)aA 0.9989 69 (4)bA 0.17 (0.05)aA 0.9723 445 (15)aA 10.1 (1.2)bA 0.9991
 CSP 259 (6)aB 0.090 (0.005)aB 0.9949 42.3 (1.4)aB 0.122 (0.012)aB 0.8638 262 (7)aB 10.9 (0.7)aB 0.9962
 SP 318 (16)bB 0.099 (0.005)aA 0.9966 53 (3)bB 0.154 (0.004)bB 0.9179 322 (16)bB 9.9 (0.4)bA 0.9972
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as the ‘interaction strength’, and it is related to the overall 
stiffness or resistance to deformation (G*) within the linear 
viscoelastic region at an angular frequency of 1 rad/s. Fur-
thermore, the coordination number ‘z’, which is the number 
of flow units interacting with each other to give the observed 
flow response [20]. A rheological characterisation based 
on ‘A’ and ‘z’ would be useful for distinguishing between 
fruit jams made with different formulations of microalgae 
biomass-extract with sugar and no sugar added in their for-
mulations. These values are shown in Table 3. Apple jams, 
CA and A had higher interaction network strength values, 
showing significant differences (p < 0.05) between them. 
Similar ‘A’ values have been reported by other authors for 
commercial apple jams [37]. However, for CSA and SA, 
no significant (p > 0.05) differences between samples were 
found. Regarding sugar and fructose syrup as ingredients, 
significant differences (p < 0.05) were shown between plum, 
peach, and apple jams, for both sugar and no added sugar, 
with and without microalgae addition. In these cases, ‘A’ 
values for CG, G, CP, P, CA, and A were higher due to 
sugar, fructose syrup, and pectic added in the formulations. 
It has been established that the rheological properties of 
jam are mainly affected by added sugar, creating a complex 
interaction between it and other components such as pec-
tin, strengthening the interaction of the ingredients in the 
network [7]. However, no significant differences (p > 0.05) 
were found for ‘A’ values among any type of strawberry 
jams. ‘A’ values were higher because of adding microal-
gae biomass-extract for G and SP, showing significant dif-
ferences (p < 0.05) between them and their corresponding 
control jams, CG and CSP, respectively. This could be for 
the reinforcement of the structure due to the microalgae 
biomass-extract addition into their formulation [39].

SG and P containing microalgae biomass-extract showed 
‘z’ values significantly higher than their control samples, 
CSG and CP, respectively, being dependent of the micro-
algae addition [11]. These data suggest that microalgae 
content prevails over the other ingredients regarding coor-
dination number, especially for the plum jams that have a 
higher concentration of microalgae mix in the formulation 
(Table 1). However, the ‘z’ value did not show a clear behav-
iour considering the effect of microalgae biomass-extract 
addition for all the samples. The results of weak-gel model 
analysis suggest that the influence of the different ingredi-
ents in the food system depends not only on their concentra-
tion but also on the interactions in the gel structure [2].

Textural properties

In jam manufacturing, sugar and fructose syrup act as a 
dehydrating agent for the pectin molecules, permitting 
closer contact between the chain molecules [4]. Moreover, 
variation in ingredients or their concentration levels usually 

leads to changes in gel structure in jam often perceived by 
consumers through texture [5]. As Table 4 shows, incorpo-
rating them significantly increased (p < 0.05) jam firmness, 
consistency, cohesiveness, and index of viscosity of plum, 
apple, and peach jams, with and without sugar, with and 
without microalgae addition. However, for strawberry jams, 
there were only significant (p < 0.05) increases in the textural 
properties for samples with microalgae addition. This sug-
gested a more stable pectin network structure formation with 
sugar and fructose syrup because they are more hygroscopic 
and hold water stronger than the sweeteners mix, suggesting 
a more sufficient water-binding capacity than sweeteners. 
Similar findings were observed by other authors [4, 30]. CG 
and G for plum jams, CA and A for apple jams, and CP 
and P for peach jams, showed higher values of consistency 
compared to the other jam samples, which could be sensory 
related to the product coverage in the mouth [30]. How-
ever, CP and CSP firmness values did not show significant 
(p > 0.05) differences between them.

Because of microalgae biomass-extract addition in jams 
formulations, significant differences (p > 0.05) were found 
between plum jams samples for both sugar jams and no 
added sugar jams, and for sugar peach jams; agreeing with 
the results for the viscoelastic properties. Nevertheless, 
strawberry and apple jams showed no significant (p > 0.05) 
differences between control and microalgae biomass-extract 
samples, for sugar jams and no added sugar jams; likewise, 
between CSP and SP peach jams.

Conclusions

aw, SSC, and pH values of jams have followed the regula-
tions of sugar and no added sugar jams. The higher con-
tent of soluble solids of all the jams was for sugar jams, 
expected results since the conditions for the jams were 
previously set to give a product with that SSC. Therefore, 
rheological and textural parameters of sugar jams showed 
higher differences than no added sugar jams, due to the 
sugar and fructose syrup addition as ingredients and the 
type of fruit, reinforcing the gel-like character of the sam-
ples, as with apple jams. Parameters ‘b’ and ‘d’ for the 
analysis of dynamic rheological data, for all jam formula-
tions, did not show a clear trend considering microalgae 
addition and sugar/sweeteners addition. Nevertheless, 
these values were found as positive, further proving the 
weak-gel structure of the jams. Moreover, rheological and 
textural parameters were higher because of adding micro-
algae biomass-extract for plum and peach jams, showing 
significant differences between them and their correspond-
ing control samples. However, the coordination number 
did not show a clear behaviour considering the effect of 
microalgae biomass-extract addition for all the samples. 
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The results for weak-gel model analysis suggest that the 
influence of the different ingredients in the food system 
depends not only on their concentration but also on the 
interactions in the gel structure.

Strawberry and apple jams showed no significant dif-
ferences between control and microalgae biomass-extract 
samples, for all the studied parameters, for sugar jams 
and no added sugar jams. The results observed in this 
study suggest that the microalgae biomass-extract mix, 
sugar/glucose syrup; or their replacement by the sweet-
eners mix; and type of fruit influenced the rheological 
and textural properties of the jam samples. Considering 
colour results, colour differences were not perceptible by 
the human eye and the properties of sweeteners, as they 
did not have caloric intake compared to sugar addition, 
microalgae-enriched strawberry and apple jams showed 
the best results and fewer differences between samples.
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Table 4  Mean values (and 
standard deviations) of 
firmness (N), consistency (N.s), 
cohesiveness (N), and index 
of viscosity (N.s) as textural 
properties of studied jams

Sugar plum jam (G) and its control (CG), no sugar added plum jam (SG) and its control (CSG). Sugar 
strawberry jam (S) and its control (CS), no sugar added strawberry jam (SS) and its control (CSS). Sugar 
apple jam (A) and its control (CA), no sugar added apple jam (SA) and its control (CSA). Sugar peach jam 
(P) and its control (CP), no sugar added peach jam (SP) and its control (CSP). For microalgae-enriched 
jam, the same small letter in superscript within type of fruit indicates homogeneous groups established by 
ANOVA (p < 0.05) comparing each control formulation for both, sugar jams, and no sugar added jams. For 
sugar jams and no sugar added jams, the same superscript capital letter within type of fruit indicates homo-
geneous groups established by ANOVA (p < 0.05) when comparing control jam samples and microalgae-
enriched jam samples

Samples Firmness (N) Consistency (N.s) Cohesiveness (N) Index of viscosity (N.s)

Plum
 CG 1.8 (0.1)aA 12.1 (0.6)aA − 1.42 (0.02)aA − 1.50 (0.01)aA

 G 2.22 (0.16)bA 13.4 (0.6)aA − 2.50 (0.12)bA − 1.6 (0.3)aA

 CSG 0.58 (0.02)aB 1.9 (0.6)aB − 0.44 (0.04)aB − 0.25 (0.05)aB

 SG 1.6 (0.2)bB 9.6 (1.7)bB − 1.08 (0.12)bB − 0.51 (0.04)aB

Strawberry
 CS 1.0 (0.1)aA 7.7 (0.6)aA − 1.15 (0.09)aA − 0.96 (0.14)aA

 S 1.13 (0.05)aA 9.1 (0.4)bA − 1.23 (0.04)aA − 0.97 (0.04)aA

 CSS 1.11 (0.06)aA 7.7 (1.5)aA − 0.7 (0.1)aB − 0.52 (0.06)aB

 SS 0.99 (0.05)aB 7.4 (0.5)aB − 0.63 (0.05)aB − 0.46 (0.04)aB

Apple
 CA 1.33 (0.08)aA 9.7 (0.9)aA − 1.33 (0.05)aA − 0.99 (0.08)aA

 A 1.41 (0.17)aA 11.0 (0.7)aA − 1.39 (0.04)aA − 1.09 (0.03)aA

 CSA 1.13 (0.11)aB 8.1 (0.9)aB − 0.96 (0.13)aB − 0.66 (0.09)aB

 SA 1.14 (0.08)aB 8.1 (0.3)aB − 0.85 (0.09)aB − 0.640 (0.009)aB

Peach
 CP 1.69 (0.09)aA 11.04 (0.07)aA − 1.31 (0.06)aA − 1.30 (0.02)aA

 P 1.97 (0.11)bA 13.7 (0.3)bA − 1.43 (0.01)bA − 1.536 (0.013)bA

 CSP 1.66 (0.05)aA 10 (2)aA − 1.07 (0.16)aB − 0.60 (0.15)aB

 SP 1.70 (0.09)aB 11 (3)aA − 1.17 (0.16)aB − 0.69 (0.18)aB
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were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.
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