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Abstract
Hybrid meat products represent a promising, more sustainable alternative to all-meat formulations. However, differences 
among plant- and animal-based proteins may alter traditional handling and final product properties. In this study, pork meat 
was partially replaced with texturized pumpkin seed proteins at 12.5, 25, 37.5, and 50% to obtain dry-cured hybrid meat 
sausages and their ripening (acidification, drying) during 21 days and final product properties (texture, sensory) were charac-
terized and compared to a control (all-meat formulation). The drying behavior and distribution of moisture and free water of 
hybrids with extrudate contents of 12.5 and 25% were comparable to the sample made with meat and no significant (p > 0.05) 
differences in proximate composition were found. In contrast, higher meat replacement levels resulted in distinct changes of 
compositional and textural attributes i.e. chewiness was decreasing by up to 70%. Results suggested 25% of extrudates as an 
important threshold in manufacture of hybrid dry-cured sausages due to alterations in their ability to bind or release water. 
Results may be used to understand the influence of alternative texturized proteins in hybrid formulations and help product 
developers to understand related process and product relevant changes.
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Introduction

The demand for meat has increased over the last decades, 
primarily due to an increase of the world population [Inter-
national Food Policy Research Institute, [1]. Livestock 
production is one of the major drivers of greenhouse gas 
emissions and affects availability of land and water [2]. 
This together with health-related concerns with regards 
to consumption of meat and meat products [3] underlines 
the need to find alternative, consumer acceptable solutions 
to reduce meat consumption. One approach is to develop 
fully plant-based products wherein texturized plant proteins 
(extrudates) are used to imitate the characteristics texture 
and cooking behavior of meat [4]. Despite recent advances 

in the field though, not all products were readily accepted by 
consumers [5] due to challenges to create an appealing tex-
ture, appearance, taste, and aroma. These limitations might 
be overcome if meat and texturized proteins were to be com-
bined to create so-called hybrid meat products. There, the 
meat content is only partially reduced to still provide some 
of its unique functional and organoleptic properties. In this 
context, there are still a number of open questions on how 
texturized plant proteins behave in hybrid matrices leading 
to a lack of guidelines when it comes to formulations and 
processing operations. This is particularly true for dry-cured 
products, where the quality of raw materials combined with 
an appropriate process control is of importance to create a 
coherent, sliceable matrix, that has a good taste and is safe 
for consumption. For the latter, specific pH and moisture 
levels have to be achieved [6, 7]. In other words, differences 
in the proximate composition—especially moisture, protein, 
and fat content—and native pH of meat and plant extrudates 
might demand for adjustments in traditional formulations 
and manufacture.

This study investigates the influence of wet extrudates 
from unroasted pumpkin seed flour on the ripening behavior 
and textural and organoleptic properties of the dry-cured 
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hybrid sausages. Four hybrid and a control (all-meat) dry-
cured product were manufactured by chemical acidification 
with Glucono-delta-lactone (GDL) and subsequent drying. 
Special attention was paid to loss and distribution of water 
during ripening, and results were related to the textural 
properties of the final products. Findings were aimed at 
enhancing the understanding of functionality of texturized 
plant proteins in hybrid matrices to provide guidance on the 
development of manufacturing protocols that balance degree 
of acidification and drying to yield products with high con-
sumer acceptance and long shelf life.

Materials and methods

Materials

Lean pork meat (75% moisture, 20% protein, 5% fat, native 
pH 5.45) and pork backfat (8% water, 2% protein, 90% fat) 
were purchased from MEGA Fleisch GmbH (Stuttgart, 
Germany), standardized to 18 mm (fist-sized), and stored at 
− 18 °C until further use. Wet texturized pumpkin seed pro-
teins (60% moisture, 25% protein, 6% fat, 6% carbohydrates, 
native pH 6.70) were provided by Deutsches Institut für Leb-
ensmitteltechnik (Quakenbrück, Germany). There, oilseed 
flour Pumpkin®60, Unroasted (60% protein, 9% fat, 0.01% 
salt, 17% carbohydrates) from All Organic Treasures GmbH 
(Wiggensbach, Germany) was subjected to high moisture 
extrusion cooking in a double-screw extruder (ZSK 27MV, 
Coperion GmbH, Stuttgart) at a water to powder ratio of 9 to 
7. The inlet temperature of 40 °C was increased stepwise to 
145 °C. Protein plastification was done in the subsequently 
attached cooling die (FKD-750, DIL, Quakenbrück). The 
obtained extrudates were cut into stripes, packed airtight 
and stored at − 18 °C until further use. Curing salt (NPS) 
was obtained from ZENTRAG eG (Frankfurt, Germany). 
White pepper and ascorbic acid were purchased from MEGA 
Fleisch GmbH (Stuttgart, Germany). Glucono-δ-lactone 

(GDL), magnesium acetate (purity ≥ 99.5% p.a.), and sea 
sand were obtained from Carl Roth (Carl Roth GmbH & Co 
KG, Karlsruhe, Germany). Ethylenediaminetetraacetic acid 
(EDTA) was purchased from Sigma-Aldrich (Sigma-Aldrich 
Chemie GmbH, Munich, Germany).

Production of dry‑cured (hybrid) sausages

Part of the lean pork meat was thawed and minced to 3 mm 
with a meat grinder (model W 114, Maschinenfabrik Sey-
delmann KG, Stuttgart, Germany). Extrudates were thawed 
and chopped to particles of approx. 4 mm. Frozen pork 
meat (− 18 °C, 18 mm), pork backfat (− 18 °C, 18 mm), 
white pepper, ascorbic acid, and GDL were chopped in a 
bowl chopper (model K 64 AC8 VAK, Maschinenfabrik 
Seydelmann KG, Aalen, Germany) at high speed to obtain 
the desired particle size. Following this, respective amounts 
of minced meat (4 °C, 3 mm), chopped extrudates (4 °C, 
3 mm), and nitrite curing salt were mixed in to obtain raw 
meat batters. The formulations are summarized in Table 1. 
The meat content (frozen and chilled) was reduced from a 
total of 80% (Control) to 70, 60, 50, and 40% and replaced 
by 10, 20, 30, and 40% of extrudates, respectively, which 
was representative for meat reduction levels of 12.5% 
(Hybrid 12.5), 25% (Hybrid 25), 37.5% (Hybrid 37.5), and 
50% (Hybrid50). The amount of backfat was kept at 20%. 
Nitrite curing salt was added at a traditional concentration 
of 2.6 g/kg in all recipes for taste and safety reasons [6]. 
Following this, the batters were filled into sausage casings 
(d = 50 mm, Naturin Viscofan, Weinheim, Germany), hung 
onto drying racks and ripened for 21 days in a Unigar 1800 
BE chamber (Ness & Co. GmbH, Remshalden, Germany). 
Relative humidity (RH) and temperature were kept constant 
at 94% and 25 °C during the first 24 h. Sausages were then 
cold smoked (23 °C, RH 75%) twice for 10 min. Afterwards, 
RH was stepwise decreased to 85% (5 days), 80% (5 days), 
75% (5 days), 72% (5 days) at 18 °C to ensure homogene-
ous drying. Ripening parameters were chosen according to 

Table 1  Formulation of the 
control formulation and dry-
cured hybrid sausages

a Calculated according to a mathematical model from preliminary experiments (unpublished results)

Control Hybrid 12.5 Hybrid 25 Hybrid 37.5 Hybrid 50

Ingredient (%)
 Pork backfat (18 mm, − 18 °C) 20 20 20 20 20
 Lean pork meat (18 mm, − 18 °C) 45 40 35 30 25
 Lean pork meat (3 mm, 4 °C) 35 30 25 20 15
 Pumpkin Texturate (3 mm, 4 °C) 0 10 20 30 40

Additives (g/kg)
 Nitrite curing salt 2.6 2.6 2.6 2.6 2.6
 Pepper, white 3.0 3.0 3.0 3.0 3.0
 Ascorbic acid 0.5 0.5 0.5 0.5 0.5
 Corrected  GDLa 7.3 9.8 12.3 14.8 17.4
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preliminary experiments (not shown), that were adjusted 
from previous studies [8, 9]. All samples were prepared 
from the same raw materials with at least 15 sausages per 
formulation.

Ripening behavior

Acidification

The pH of sausages (control formulation and dry-cured 
hybrids) was measured during 120 h of ripening at select 
timepoints (0, 0.5, 1.5, 2.5, 4.5, 5.5, 24, 72, 120 h) with a 
pH-meter (Microprocessor pH Meter 537 with BlueLine21 
electrode, WTW GmbH, Weilheim, Germany). The time-
dependent pH-value was obtained as the average from all 
individual sausages. Each sausage was analyzed at least 
three-times.

Weight loss and drying rates

The weight of samples was determined daily during 21 days 
of ripening with a scale (U4100, Sartorius Lab Instruments 
GmbH & Co. KG, Göttingen, Germany). The relative weight 
loss related to the sausage weight and the absolute weight 
loss related to the initial moisture content were calculated 
according to Eqs. (1) and (2). The respective drying rates 
were calculated according to Eqs. (3) and (4).

where m0 is the sausage weight at day 0 (g), mdayi is the 
Sausage weight at day I (g),  MC0 is the moisture content of 
raw (hybrid) meat batter at day 0 (%), and Δd

i
 is the elapsed 

drying time (h). The time-dependent RWL and AWL and the 
respective drying rates were obtained as the average from 
the data obtained from the individual sausages. Each sausage 
was analyzed at least three-times.
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Chemical analysis

Sample preparation

Raw (hybrid) meat batters (day 0) and dried (hybrid) sau-
sages (day 21) were peeled, cut into smaller pieces, chopped 
with a blender (type 4 171, Braun GmbH, Kronberg im 
Taunus, Germany) until homogeneous, packed airtight, and 
stored at 4 °C until analysis. Furthermore, (hybrid) sausages 
at day 3, 5, 8, 14, 21 were subdivided into four different 
layers using a slicing machine (model VS 8A, Bizerba SE 
& Co. KG, Bailingen, Germany). Layer I represented the 
outer 3 mm of sausage, Layer II and Layer III were cut to 
a thickness of 6 mm each (3–9 mm and 9–15 mm). Layer 
IV represented the remaining Core. Individual layers were 
chopped and stored as outlined before. Each sausage was 
analyzed at least in duplicates unless otherwise stated.

Moisture content

The dry matter and moisture content of raw (hybrid) meat 
batters (day 0), dried (hybrid) sausages (day 21), and their 
layers (day 3, 5, 8, 14, 21) were determined gravimetrically 
with the sea sand method (AS § 64 L 06.00-3, BVL [10]). 
Approximately 10 g of sample were used.

Water activity (aw‑value)

Water activity  (aw-value) of raw (hybrid) meat batters (day 
0), dried (hybrid) sausages (day 21), and their layers (day 
3, 5, 8, 14, 21) was determined with a water activity meter 
(HygroPalm AW1, rotroic AG, Bassersdorf, Switzerland) at 
room temperature.

Total ash content

The total ash content of raw (hybrid) meat batters (day 0) 
and dried (hybrid) sausages (day 21) was obtained after pre-
incineration, followed by complete combustion at 600 °C 
(AS § 64 L 06.00-4, BVL [10]). Approximately 5 g of sam-
ple were used for analysis.

Total nitrogen and crude protein content

The total nitrogen content of raw (hybrid) meat batters (day 
0) and dried (hybrid) sausages (day 21) was determined 
according to Dumas (AS § 64 L 06.00-20, BVL [10]). EDTA 
was used as a standard for calibration. Crude protein content 
was derived by a multiplication with a nitrogen-to-protein 
conversion factor of 6.25.
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Total fat content

Total fat was determined by applying the method of Weibull-
Stoldt (AS § 64 L 07.00-6, BVL [10] followed by a low-
boiling Soxhlet extraction with petroleum ether. Pre-dried 
sample residues from moisture determination (see “Moisture 
content”) were used for analysis.

Appearance and color

Dry-cured (hybrid) sausages (21 days) were sliced to 17 mm 
thickness and scanned with a scanner (model V100 Photo, 
Seiko Epson Corporation, Suwa, Japan). The interior color 
was analyzed with a Chroma-Meter CR-200 (Minolta, 
Osaka, Japan) using the CIE L*a*b color space and a stand-
ard observer at a 2° angle and  D65 as illumination. Calibra-
tion was done with a white standard (Y = 86.9, x = 0.3183, 
y = 0.3352). The color distance ΔE of dry-cured hybrid sau-
sages from the Control was calculated according to Eq. (5). 
Each sausage was analyzed at least in triplicates.

where L, a and b were the lightness, red-green balance 
and yellow-blue balance of the control (subscript C) and 
hybrid (subscript H) sausage, respectively.

Texture profile analysis

Textural parameters (hardness, cohesiveness, springiness) of 
(hybrid) sausages were analyzed with a cyclic double com-
pression test (Instron type 3365, Instron, Darmstadt, Ger-
many) at a 50% compression. The chewiness was obtained 
from Eq. (6). Each sausage sample was analyzed at least 
10-times.

Statistical analysis

Statistically significant differences among samples were 
tested by a one-way analysis of variance with a Duncan post-
hoc-test (α-level of 0.05) using SPSS statistics V23 (IBM 
Corp., Armonk, NY, USA) after checking the assumption of 
normality (Shapiro–Wilk-test, p-value to reject ≤ 0.05) and 
equal variance (p ≤ 0.05).

(5)ΔE =

√(
LC − LH

)2
+ (aC − aH)

2 +
(
bC − bH

)2
,

(6)

Chewiness (N*mm) = Cohesiveness(−)

⋅ Hardness (N) ⋅ Springiness (mm)

Results and discussion

The ripening of dry-cured sausages is important for key 
product characteristics such as microbial stability and texture 
[6]. It is generally divided into two steps (1) acidification of 
raw meat batters at high relative humidity and (2) drying at 
decreasing relative humidity until the desired weight loss/
moisture level is reached. For this reason, results pertaining 
to the chemical acidification with GDL (0–120 h) of dry-
cured hybrid sausages and a control (all-meat) formulation 
are discussed first, followed by an evaluation of the drying 
behavior and moisture distribution during 21 days of ripen-
ing. Results were then discussed in relation to the textural 
properties and appearance of ripened products to gain first 
insights into the organoleptic aspects of using extrudates in 
dry-cured formulations. Wet texturized pumpkin seed pro-
teins (extrudates) were used at meat replacement levels of 
12.5%, 25%, 37.5%, and 50% (Table 1), representative of 
samples labelled Hybrid 12.5, Hybrid 25, Hybrid 37.5, and 
Hybrid 50.

Acidification behavior

Start and thus mixing pH-values of raw (hybrid) meat bat-
ters were slightly, but not significantly (p > 0.05) different 
with pH 5.55 ± 0.07 (Control), pH 5.75 ± 0.01 (Hybrid 25), 
pH 5.77 ± 0.01 (Hybrid 37.5), pH 5.81 ± 0.33 (Hybrid 50), 
and pH 5.85 ± 0.05 (Hybrid 12.5) (Table  2). The time-
dependence of pH of all samples was similar with a steep 
pH-drop, followed by a further slow and less pronounced 
acidification. Small differences in initial mixing pH were 
compensated by a faster acidification of hybrid samples 
(0.62 to 0.68 pH-units after 5.5 h) compared to the con-
trol (0.50 pH-units after 5.5. h). After 120 h, final values 
of pH 5.02 ± 0.02 (Control), pH 5.01 ± 0.01 (Hybrid 12.5), 
pH 4.96 ± 0.01 (Hybrid 25), pH 5.02 ± 0.02 (Hybrid 37.5), 
pH 4.96 ± 0.01 (Hybrid 50) were reached.

When it comes to dry-cured sausages, a final pH of 5.0 is 
considered to be a good target value to achieve safety against 
food pathogens such as Salmonella spp. or Lysteria monocy-
togenes [7]. Moreover this ensures a sufficient denaturation 
of myofibrillar meat proteins as prerequisite for coherent gel 
formation in the final product [11]. It can be achieved by the 
addition of starter cultures and sugar or via a chemical acidi-
fier such as GDL. The latter has recently gained popularity 
in particular in mixed biopolymer systems [12–14], since its 
application quantity can be adjusted according to the formu-
lation and the desired pH-drop. There, intensity and speed of 
acidification can be modulated since first-order reaction rates 
of GDL-hydrolysis depend on the matrix pH and/or acidifier 
amount [15, 16]. In this study, GDL-concentrations were 
adjusted according to the extrudate concentration to achieve 
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a final pH of 5.0. This resulted in faster and longer lasting 
acidification of Hybrids compared to the Control and initial 
differences in mixing pH disappeared after 5.5 h. Following 
this, further pH-declines in hybrids resulted in a final pH 
of pH 5.00 ± 0.06. As such, the overall time-dependent pH-
development was typical for a GDL-induced acidification 
[6, 12, 17, 18], indicating that hybrids can be manufactured 
with a targeted pH-value in mind using GDL. This may be of 
interest for product developers since pH-variations of alter-
native proteins in hybrid formulations as shown by other 
authors [19–23] may be overcome.

Drying behavior and proximate composition

The drying behavior was analyzed by monitoring the weight 
of dry-cured (hybrid) sausages during 21 days/504 h of rip-
ening (24 h of acidification at higher humidity, 20 days/480 h 
of drying at deceasing humidity). The relative weight loss 
RWL (Fig. 1A) related to the original sausage weight m0 
and the absolute weight loss AWL (Fig. 1B) based on the 
original moisture weight MCo were calculated according 
to Eqs. (1) and (2). Respective relative and absolute dry-
ing rates were derived from Eqs. (3) and (4). The moisture 
weight for calculations of the absolute weight loss (Fig. 1B) 
was obtained from Table 3 where the protein, fat, ash, 
and the free water content expressed via the water activ-
ity value (aw-value) of raw (hybrid) meat batters and final 
products (21 days) are additionally shown. Both the rela-
tive (Fig. 1A) and the absolute (Fig. 1B) weight loss curves 
followed the same course with an initial rapid increase 
occurring in between day one (24 h) and six (144 h), fol-
lowed by a more gradual weight loss indicating a decel-
eration of drying. Correspondingly, drying rates increased 
during the first 96 h, remained high for another 48 h and 
decreased until the end of the ripening time. For example, 
the Control formulation had a drying rate of 0.091%/h after 

24 h, 0.144%/h after 96 h, 0.133%/h after 144 h and finally 
0.070%/h after 504 h (Fig. 1A). Furthermore, there were 
differences in both weight loss and rate between the dif-
ferent formulations (Fig. 1A, Fig. 1B). First, higher meat 
replacement levels resulted in lower relative weight losses 
(Fig. 1A) at any given time i.e. at day six (144 h) the weight 
losses were 19.2 ± 0.5% (Control) > 19.2 ± 0.2% (Hybrid 
12.5) > 18.7 ± 0.2 (Hybrid 25) > 17.7 ± 0.5% (Hybrid 37.5) 
> 15.6 ± 0.3% (Hybrid 50). Statistically, Hybrid 12.5 and 
Hybrid 25 sausages were not significantly different (p ≤ 0.05) 
to the Control from day 15, and the final relative weight loss 
of these three formulations was comparable (around 35%). 
In contrast, Hybrid 37.5 and Hybrid 50 incurred lower rela-
tive weight losses of 32.5 ± 0.2% and 29.2 ± 0.2%, respec-
tively. If the absolute weight loss was considered (Fig. 1B), 
Hybrid 25 sausages had the largest values, followed by 
Hybrid 12.5, Hybrid 37.5, the Control, and the Hybrid 50, 
e.g. samples had lost 41.8 ± 0.5%, 41.5 ± 0.5%, 40.9 ± 0.4%, 
40.6 ± 1.1%, and 36.8 ± 0.3% at day 10 (240 h), respectively. 
There, the Control and hybrids having extrudate contents 
of 12.5  to 37.5% were comparable, and distinct differ-
ences were found only for the sample with 50% extrudates 
(Hybrid 50). Replacement of pork meat with extrudates from 
pumpkin seed proteins resulted in slight elevations in pro-
tein and decreases in fat content, but this did not translate 
into significant differences (p > 0.05) in dry-cured (hybrid) 
sausages (Table 3). However, small variations in the initial 
moisture content developed to significant (p ≤ 0.05) ones in 
dried end products when meat replacement levels exceeded 
12.5%, and aw values ranged from 0.890 (Hybrid 37.5) to 
0.909 (Control, Hybrid 25). 

Typical drying curves of dry-cured sausages consist of 
three phases: (1) an induction period (short time, increase of 
the surface to the wet bulb temperature), (2) a constant rate 
period (constant drying rate, removal of water from the wet 
sausage surface), and (3) a falling rate period (removal of 

Table 2  Time-dependent 
pH-course of the control 
formulation and dry-cured 
hybrid sausages during 120 h 
acidified with GDL

Different lower-case letters indicate significant difference (p ≤ 0.05) among formulations at the same time-
point;
Different upper-case letters indicate significant difference (p ≤ 0.05) among timepoints from one formula-
tion

Time (h) Control Hybrid 12.5 Hybrid 25 Hybrid 37.5 Hybrid 50

0 5.55 ± 0.08a,A 5.85 ± 0.02a,A 5.75 ± 0.01a,A 5.77 ± 0.07a,A 5.81 ± 0.33a,A

0.5 5.52 ± 0.01b,B 5.49 ± 0.04b,B 5.64 ± 0.01ab,B 5.73 ± 0.06a,A 5.79 ± 0.12a,A

1.5 5.46 ± 0.02a,C 5.39 ± 0.04ab,C 5.35 ± 0.01b,C 5.37 ± 0.05ab,B 5.42 ± 0.05ab,B

2.5 5.15 ± 0.01b,D 5.20 ± 0.01a,D 5.19 ± 0.01a,D 5.19 ± 0.01a,C 5.15 ± 0.02b,BC

4.5 5.10 ± 0.01c,DE 5.15 ± 0.01ab,DE 5.19 ± 0.01a,D 5.12 ± 0.03bc,CD 5.14 ± 0.02abc,BC

5.5 5.10 ± 0.01a,DE 5.13 ± 0.04a,DE 5.13 ± 0.01a,DE 5.12 ± 0.04a,CD 5.14 ± 0.01a,BC

24 5.07 ± 0.01ab,EF 5.09 ± 0.02b,EF 5.09 ± 0.01b,E 5.08 ± 0.01b,DE 5.03 ± 0.03a,C

72 5.04 ± 0.03a,FG 5.04 ± 0.04a,FG 5.07 ± 0.02a,E 5.09 ± 0.03a,DE 5.08 ± 0.01a,C

120 5.02 ± 0.02a,G 5.01 ± 0.01a,G 4.96 ± 0.01b,F 5.02 ± 0.02a,E 4.94 ± 0.01b,C
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internal moisture by diffusion) [24]. In this study, moisture 
decreased slightly within the first 48 h with average dry-
ing rates among all samples (Fig. 1B) of 0.149 ± 0.020%/h 
(induction period), followed by a linear 96 h decline in 
absolute weight loss (not shown) at an average drying rate 
of 0.218 ± 0.008%/h, indicating that the drying had entered 
the constant rate period. The falling rate period began after 
168 h (7 days) where average drying rates decreased by 45%. 
Along with the pH of around 5.0 (Table 2), a final mois-
ture content between 30 and 40%, and a water activity of 
 aw < 0.91 represent common target values in dry and semi-
dry sausages [7, 25, 26]. Considering this, all formulations 

were sufficiently ripened to achieve microbial stability and 
shelf life (Table 3). Small differences in proximate composi-
tion could be related to differences in their drying behavior 
(Fig. 1A, B), which depends on some internal and external 
parameters, such as the used raw materials and/or additives, 
the sausage diameter and temperature, the relative humid-
ity, and the air velocity. For example, Walz et al. [27] dried 
microbially fermented small caliber (20–22 mm) pork meat 
sausages with different casing materials to a final weight loss 
of 41.5% in as little as 101 h (natural casing) to as long as 
134 h (alginate or collagen casing). This resulted in 20–21% 
of moisture and 5.5–7.4% of ash. In contrast, Yim et al. [28] 

Fig. 1  Relative weight loss and drying rate related to the sausage 
weight (m0) (A) and absolute weight loss and drying rate related to 
the original moisture content  (MC0) (B) of the control formulation 

and dry-cured hybrid sausages during 21  d of ripening (RH 94% 
(1 day), 85% (5 days), 80% (5 days), 75% (5 days), 72% (5 days))
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combined starter cultures and GDL and beef and pork meat 
to ferment sausages at 55 mm diameter having a compara-
ble proximate composition as the Control (Table 3). This 
yielded samples with final moisture, fat, protein, and ash lev-
els ranging between 29 and 34%, 31 and 34%, 28 and 31%, 
and 5.1 and 5.4% after 25 days of ripening. At the end, the 
proximate composition of products is related to the targeted 
characteristics of the sausage variety e.g. fast vs. medium 
vs. slow fermented, dry vs. semi-dry or small vs. big diam-
eter sausages [6]. These characteristics impact the drying 
behavior as fast drying of small calibers generally results 
in a short, steep drying regime, followed by a long gradual 
one, while slow drying and/or big diameters prolongs the 
first and shortens the latter [27–29]. In this study, relative 
(Fig. 1A) and absolute weight loss (Fig. 1B) of hybrid sau-
sages and the control formulation were representative for 
slow drying curves due to their large diameters (50 mm), 
slowly decreasing relative humidity of the drying air, and 
low total drying rates after 21 days of ripening, more pre-
cisely 0.105%/h (Hybrid 50), 0.114%/h (Control), 0.115%/h 
(Hybrid  37.5), 0.116%/h (Hybrid  12.5), and 0.117%/h 
(Hybrid 25) (Fig. 1B). This also shows that lower moisture 
contents (Table 3) may correlate with slower relative weight 
loss and drying rates (Fig. 1A) of Hybrid 37.5 and Hybrid 50 
in comparison to the Control, since dry(er) products have a 
lower moisture migration than wet ones [30].

Considering literature data on hybrid meat products, a 
lot of research has been done on the effect of texturized pro-
teins as meat replacers in boiled meat products [31–35]. The 
search for suitable texturized fat alternatives in raw ferments 
has also led to recent investigations [8] and the effect of meat 
replacement upon microbial fermentation was assessed [21]. 
Despite differences in the assessed type of meat product, 

extrudates used (dry vs. wet texturized plant proteins), and 
acidification method applied (starter culture vs. GDL) some 
results may be of relevance for those obtained here. For 
example, Zepeda Bastida et al. [21] assessed the effect of 
textured soy proteins in raw rabbit meat sausages at replace-
ment levels of 10–40%. Ripening was performed for 14 days 
which resulted in a final aw between 0.625 (Control formu-
lation) and 0.945 (40% hybrid). There, authors concluded 
that increasing shares of extrudates resulted in an increased 
water holding capacity. Omwamba et al. [35] found a simi-
lar effect upon beef meat replacement of samosa stuffing 
using texturized soy proteins, with moisture levels of the 
final products increasing along with decreasing protein and 
fat contents. While both studies used dry texturized instead 
of wet texturized proteins, differences in the water holding 
capacity of extrudates compared to meat should be consid-
ered in particular for Hybrid 37.5 and Hybrid 50 sausages. 
As extrudates from pumpkin seed flours have a high dietary 
fiber content (around 5% according to the manufacturers 
specification), results may also be related to those obtained 
from raw ferments with plant-based fibers. For example, 
the addition of 1 or 2% of tiger nut fiber resulted in higher 
moisture, comparable protein and fat contents, and lower 
water activity and weight loss of end products [36]. Simi-
larly, the addition of a citrus fiber to chorizo formulations 
decreased the aw and moisture content in Longaniza de Pas-
cua [37], and 2 to 4% of orange fiber decreased the cooking 
loss of Sucuk [38]. In our study, meat replacement levels of 
37.5% and 50% could be related to a dietary fiber content of 
around 1.88% and 2.50% (according to the manufacturers 
specifications) which may be one reason for the lower weight 
loss of the Hybrid 37.5 in comparison to Hybrid 25 and 
12.5 sausages and the lagged drying behavior of Hybrid 50. 

Table 3  Proximate composition and aw-value of the control formulation and dry-cured hybrid sausages at day 0 and day 21

Different lower-case letters indicate significant difference (p ≤ 0.05) among formulations at the same timepoint
a Nitrogen to protein conversion factor = 6.25 [50]
b Calculation based on extrudate share and nitrogen-to-protein conversion factor for meat = 6.25 [50] and pumpkin seeds = 5.50 [51]

Time (days) Control Hybrid 12.5 Hybrid 25 Hybrid 37.5 Hybrid 50

Moisture (%) 0 61.2 ± 0.7a 59.9 ± 4.7ab 58.0 ± 0.2ab 56.3 ± 0.3ab 55.1 ± 0.1b

21 44.2 ± 0.7a 43.2 ± 0.9a 40.9 ± 0.5b 34.8 ± 0.9c 34.3 ± 0.1c

Crude  proteina (%) 0 17.5 ± 0.3a 18.3 ± 0.5a 18.0 ± 1.6a 18.3 ± 1.3a 19.2 ± 0.7a

21 25.2 ± 2.1a 27.0 ± 0.9a 26.3 ± 1.8a 26.3 ± 1.1a 27.8 ± 1.7a

Specific protein (%)b 0 17.5 ± 0.3a 18.0 ± 0.4a 17.5 ± 1.6a 17.5 ± 1.2a 18.0 ± 0.7a

21 25.2 ± 2.1a 26.6 ± 0.8a 25.5 ± 1.8a 25.2 ± 1.0a 26.1 ± 1.6a

Total fat (%) 0 18.1 ± 0.3a 17.4 ± 2.6a 18.1 ± 0.3a 17.3 ± 0.4a 16.9 ± 0.4a

21 25.7 ± 0.8a 25.2 ± 1.1a 26.2 ± 0.6a 26.9 ± 1.1a 26.3 ± 0.5a

Total ash (%) 0 3.49 ± 0.03ab 3.62 ± 0.07a 4.05 ± 0.01a 4.17 ± 0.01a 2.87 ± 0.61b

21 4.92 ± 0.03c 5.05 ± 0.07c 5.28 ± 0.11b 6.28 ± 0.12a 6.06 ± 0.09a

aw (–) 0 0.962 ± 0.004a 0.957 ± 0.012a 0.953 ± 0.006a 0.961 ± 0.011a 0.967 ± 0.025a

21 0.909 ± 0.006a 0.908 ± 0.014ab 0.909 ± 0.001a 0.890 ± 0.001b 0.898 ± 0.004ab
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This could also explain the somewhat lower water activity of 
dried hybrids (Table 3) with water being sorptively bound to 
the matrix. Moreover, swelling of fibers may have decreased 
the pore size of the matrix and thereby reduced the tendency 
of water to be released through the extrudates’ cavities [39]. 
However, it is important to say that the degree of acidifica-
tion and thus the final pH-value also influences the drying 
behavior of sausages since the water holding capacity of 
meat is negatively correlated with the pH-value. As a result, 
literature data on lower or higher weight loss of hybrid meats 
may also be related to pH-effects of the used plant-based 
meat replacers [21, 35] or additives [36, 37, 40].

All in all, meat replacements of up to 25% resulted in 
comparable or lower moisture levels after 21 days of ripen-
ing, while higher meat replacement levels showed the oppo-
site trend. This might be indicative of a threshold concentra-
tion of extrudates in dry-cured hybrid meats above which 
negative effects become dominant hinting at a complex 
interplay of compositional elements such as dietary fiber 
and initial moisture levels on the drying behavior of dry-
cured (hybrid) meat matrices.

Distribution of moisture and free water

A more in-depth knowledge of the water distribution in dry-
cured sausages during ripening can provide further insights 
into the drying behavior and quality development in prod-
ucts. Therefore, dry-cured (hybrid) sausages were sectioned 
into four layers, namely Layer I (outer 3 mm), Layer II (fol-
lowing 6 mm), Layer III (following 6 mm), and a Core Layer 
(remaining layer), and analyzed as to their moisture (Fig. 2, 
“Appendix I”) and aw values (Fig. 3,“ Appendix II”) at day 
3, 5, 8, 14, and 21 of ripening. Diameters were measured to 
correct the distance from the core/center according to the 
shrinkage of the sausages.

All formulations showed an U-shaped moisture versus 
diameter distribution profile meaning higher contents in 
the core compared to the outer layers (Fig. 2). Respective 
moisture gradients were increasing with increasing drying 
time from an average of 11.1% (3 d) to 20.6% (Hybrid 50), 
21.5% (Control, Hybrid 37.5), 22.1% (Hybrid 12.5), and 
22.3% (Hybrid  25) after 21  days. Furthermore, vary-
ing moisture in raw (hybrid) meat batters (Table  3) 
resulted in differences among samples in the order of 
Hybrid 50 < Hybrid 37.5 < Hybrid 25 < Hybrid12.5 < Con-
trol. For example, moisture levels after 3 d were 54.2 ± 0.1% 
(Hybrid  50), 56.2 ± 0.1%  (Hybrid  37.5), 56.6 ± 0.6% 
(Hybrid 25), 59.0 ± 0.1% (Hybrid 12.5), and 60.8 ± 0.7 (Con-
trol) in the Core Layer and 43.0 ± 0.1%, 45.1 ± 0.1%, 
46.2 ± 0.1%, 47.6 ± 0.1%, and 49.5 ± 0.1% in the outer 
Layer I, respectively (“Appendix I”). Differences among for-
mulations were mostly significant (p ≤ 0.05) in Layer I, II, 
and III except for Hybrid 50 sausages where moisture levels 

were comparable or even significantly (p ≤ 0.05) higher than 
in the Hybrid 37.5 in the third drying regime. Moreover, a 
trend towards lowered differences among all formulations 
with ongoing ripening time could be deduced (Fig. 2). As 
such, moisture levels in Layer IV (core) of the Control and 
Hybrid 12.5 sausages were diverging over time, and values 
after 21 days were around 49% and 48%, respectively. In 
contrast, Hybrid 25, 37.5, and 50 were similar starting from 
day 8 and showed no significant (p > 0.05) difference at day 
14 and 21 ( “Appendix I”).

The time-dependent moisture changes of hybrids were 
thus in principal similar to those of dry-cured sausages with 
gradients developing during drying and equilibration of salt 
and water across the matrix [6, 41]. Fabbri and Cevoli [41] 
found that moisture distributions in raw meat batters (day 0) 
became gradual after 1 day of drying and a distinct gradient 
over four distinct zones along the diameter of sausages was 
reached after 28 days of ripening. Baldini et al. [9] observed 
that moisture levels of Mènage (50–55 mm diameter) were 
around 59% in both the external and the core fraction at 
day 0 and decreased by 12 and 4%, respectively until day 
7. Accordingly, dry-cured (hybrid) sausages (50–55 mm 
diameter) had 10 to 13% of moisture loss in the outer Layer 
I and 2 to 3% in the core (Layer IV) after 8 days (Fig. 2). 
Baldini et al. [9] further showed that moisture levels among 
fractions differed not only depending on the variety, but also 
when different ripening parameters (temperature, relative 
humidity) were applied.

This underlines the importance of thorough process con-
trol to balance water diffusion on the inside and evaporation 
on the surface of the sausages. Otherwise, product defaults 
such as case hardening may occur, where sausages form 
a glassy barrier at the surface that may decelerate or even 
prevent drying yielding products with a high susceptibil-
ity towards microbial spoilage as well as a poor texture [6, 
9]. Case hardening generally happens when the removal 
of water from the outside of the sausage is higher than 
the moisture migration from the inside [42]. It also affects 
phenomena such as product shrinkages and appearance of 
wrinkles or dents. As seen in Fig. 2, moisture levels of all 
formulations decreased steadily during drying, but shrinkage 
of the Hybrid 50 was distinctively lower at later stages of 
drying (see distance from center after 8, 14, and 21 days). 
This and observations from Fig. 1 may hint at some case 
hardening at high meat replacement levels possibly due to 
differences in glass transition temperatures.

While the moisture level describes the whole amount 
of water in the samples, the  aw-value is representative for 
the amount of free water and thus the amount that can be 
dried-off more easily. Figure 3 shows the aw values of sau-
sage Layer I–IV at day 3, 5, 8, 14, and 21, and illustrates 
that differences in the development of the spatial free water 
distribution profiles of the five formulations develop over 
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Fig. 2  Moisture content (%) along the diameter of the control formulation and dry-cured hybrids during ripening after 3, 5, 8, 14, and 21 days 
(RH 94% (1 day), 85% (5 days), 80% (5 days), 75% (5 days), 72% (5 days))



1478 European Food Research and Technology (2022) 248:1469–1484

1 3

Fig. 3  Free water content (aw) along the diameter of the control formulation and dry-cured hybrids during ripening after 3, 5, 8, 14, and 21 days 
(RH 94% (1 day), 85% (5 days), 80% (5 days), 75% (5 days), 72% (5 days))
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time. These differences in final aw values after 21 days 
increase in the order of Hybrid 12.5 ~ Hybrid 25 < Con-
trol < Hybrid  37.5 << Hybrid  50. Food products often 
consist of hygroscopic, porous materials. In such systems, 
sorptively bound water limits the amount of water that can 
be removed, since they can only be dried until the so-called 
equilibrium moisture content is reached [30]. Micro- and 
macrosized capillaries and pores enable liquid and gas 
transport through the matrix e.g. by capillary motion, hydro-
dynamic and Knudsen flow, as well as liquid, vapor, and 
surface diffusion [43]. Differences in these structural fea-
tures combined with differences in individual water hold-
ing capacity of compounds could be an explanation for the 
observed different drying behavior and end state of solely 
meat-based and hybrid samples. Cornet et al. [44] recently 
demonstrated that soy-gluten-based meat analogs possessed 
water-filled cavities that may enable an easy and fast release 
of water. They also discussed that the initial moisture release 
might be more intense than for meat, where the water hold-
ing capacity is highly dependent on the spatial organization 
and state of myofibrillar proteins [45]. While they looked 
primarily at the behavior of meat analogs under compres-
sion, the outlined findings could still explain the somewhat 
faster drying behavior of the Hybrid 12.5 and 25 compared 
to the Control (Fig. 1A). In addition, presence of dietary fib-
ers in wet extrudates might not only lead to modulated water 
binding, but may also limit the release of water through the 
blockage of cavities in the matrix due to swelling [39]. 
Likely, a complex interplay of structural features and phys-
icochemical properties is behind the observed differences 
that will require more detailed studies.

Texture and appearance

Key textural attributes of non-heat treated, dry-cured sau-
sages are a good sliceability along with a coherent, elastic 
texture that evolves through a solidification of the coagulated 
meat-protein gel upon drying [25]. Moreover, color displays 
an important quality attribute that influences consumer 
acceptance of meat analogs. Therefore, dry-cured (hybrid) 
sausages were analyzed in color (CIE-lab) and subjected 
to texture profile analysis (double compression test) after 
21 days of ripening (Table 4). The replacement of meat 
by increasing concentrations of pumpkin seed extrudates 
resulted in a higher lightness L* and all dry-cured hybrid 
sausages were significantly (p ≤ 0.05) less red (a*) and more 
yellow (b*) compared to the Control. This is also reflected 
in high color distances ∆E of 4.13 ± 1.38 (Hybrid 12.5), 
8.21 ± 1.80 (Hybrid  25), 11.1 ± 1.0 (Hybrid  37.5), and 
13.7 ± 1.3 (Hybrid 50). When it comes to texture, hardness 
of the Control and Hybrid 12.5 and Hybrid 25 were not sig-
nificantly (p > 0.05) different, but hybrid formulations devi-
ated from the all-meat control in all other textural attributes. 
For example, cohesiveness decreased from 0.487 ± 0.012 
(Control Formulation) to 0.408 ± 0.013 (Hybrid  12.5), 
0.386 ± 0.011 (Hybrid 25), 0.336 ± 0.008 (Hybrid 37.5), 
and 0.256 ± 0.005 (Hybrid 50). Similarly, springiness was 
lower and declined from 4.88 ± 0.16 mm (Control) to as lit-
tle as 3.88 ± 0.16 mm (Hybrid 50). Effects on the chewiness 
were similar at meat replacement levels of 12.5 and 25% 
with - 139 Nmm, - 146 Nmm, but markedly higher for 37.5% 
with - 178 Nmm. Chewiness of Hybrid 50 was substantially 
lower than all other samples, with only 30% of the value of 
the Control.

Table 4  Appearance, color values, and parameters derived from texture profile analysis (deformation 50%) of the control formulation and dry-
cured hybrid sausages after 21 days of ripening

Different lower-case letters indicate significant difference (p ≤ 0.05) among formulations and the same textural parameter or color value

Parameter Control Hybrid 12.5 Hybrid 25 Hybrid 37.5 Hybrid 50

Appearance

Lightness L* (–) 51.8 ± 1.7c 52.5 ± 2.2c 55.4 ± 2.4b 57.4 ± 0.9a 57.9 ± 0.9a

Red-Green balance a* (–) 13.2 ± 1.1a 11.7 ± 1.5b 9.53 ± 1.15c 7.30 ± 0.59d 5.91 ± 0.94e

Yellow-blue balance b* (–) 6.39 ± 0.78e 9.45 ± 0.71d 12.3 ± 1.9c 13.8 ± 1.4b 16.2 ± 0.8a

Color distance ∆E (–) 0e 4.13 ± 1.38d 8.21 ± 1.80c 11.1 ± 1.0b 13.7 ± 1.3a

Cohesiveness (–) 0.487 ± 0.012a 0.408 ± 0.013b 0.386 ± 0.011c 0.336 ± 0.008d 0.256 ± 0.005e

Springiness (mm) 4.88 ± 0.16a 4.56 ± 0.18b 4.56 ± 0.17b 4.28 ± 0.24c 3.88 ± 0.16d

Chewiness (Nmm) 614 ±  42a 475 ±  38b 468 ±  44bc 436 ±  37c 180 ±  12d
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It has already been shown that an incorporation of alter-
native proteins or fibers causes distinct color changes of 
meat products and most authors found decreasing a* and 
increasing b*-values especially at high meat replacement 
levels [31, 32, 36–38, 40]. The red color of meat products is 
based on the conversion of myoglobin to the red meat color-
ant nitrosomyoglobin after its reaction with nitrite, which 
is characteristic for meat products [6]. As such, decreas-
ing contents of meat proteins lower the number of reactants 
to form nitrosomyoglobin allowing the light green color of 
pumpkin seed extrudates to exert an influence (Table 4). 
This influence could be correlated with the meat replace-
ment level at 12.5 and 25% with a* decreasing by 11.4 and 
27.8%, but not at higher meat replacement levels hinting to a 
hindrance of the red color formation irrespective of sufficient 
amounts of nitrite curing salt in the formulation (Table 1). 
Moreover, lower amounts of meat protein resulted in a low-
ered capability to form gels upon acidification and drying 
[25], which accounts for changes in the textural parameters 
(Table 4), in particular at meat replacement levels of > 25%. 
Results also fit to previously reported studies, e.g. texturized 
plant proteins were included into beef sausage [31] or goat 
meat patties [46], or meat in frankfurters was partly replaced 
by rice bran [47]. Kamani et al. [22] reported a lowered 
hardness, chewiness, cohesiveness, and springiness of boiled 
chicken sausage when meat was partly or fully replaced with 
a soy-gluten analog. Based on their findings Alvarez et al. 
[47] suggested an interference of non-meat ingredients on 
the heat-induced gelation of frankfurters, while Hidayat 
et al. [31] proposed an interplay of fat reduction and higher 

water contents through the replacement of meat with textur-
ized plant proteins.

Figure 4 summarizes our findings on the effect of pump-
kin extrudates in dry-cured hybrid sausages. It is suggested 
that 25% of meat replacement constitutes an important 
threshold above which distinct effects on the drying behav-
ior, texture, and color of end products can be observed. This 
may be related to structural and compositional differences 
imparted by the extrudates that may lead to an altered water 
binding and migration behavior. There are still a lot of open 
questions as to the role of molecular interactions between 
alternative and meat proteins i.e. the role that in particular 
non-covalent interactions such as hydrophobic or electro-
static ones play, as it has been recently shown that the associ-
ation of meat proteins is affected by a functional potato pro-
tein fraction [48, 49]. Furthermore, it is not clear under what 
conditions extrudates act as active or purely passive (inert) 
fillers in the matrix—and depending on this—whether they 
represent defects in the meat gel matrix or provide additional 
mechanical strength to the matrix. Some extrudates contain 
still soluble proteins that may be capable of binding with 
meat proteins and/or altering their functionality, while oth-
ers may not.

Conclusion

Analysis on the ripening behavior, color, and texture of 
dry-cured hybrid sausages and a traditional all-meat recipe 
provided valuable insights into the effect of adding textur-
ized plant proteins as meat alternatives. A meat replacement 

Fig. 4  Schematic overview of the effect of pumpkin extrudates on the drying behavior and properties of dry-cured hybrids
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that exceeded 25% altered the drying speed and distribu-
tion of moisture and increased the risk of case hardening 
and undesirable changes in color and texture. This was 
mostly related to differences in the proximate composition 
of formulations based on varying extrudates shares, which 
caused changes in water migration and binding and on the 
deviation of extrudates from the acid-induced texture forma-
tion of meat proteins. Thus, manufacturers of plant-based 
extrudates should not only aim to generate the macroscopic, 
fibrous properties of meat, but also play close attention to 
these physicochemical and functional properties. Neverthe-
less, the addition of suitable binders that can interact with 
both meat and/or extrudates might be of key importance to 
support cohesion and structural integrity in meat hybrids and 
analogs, which is a prerequisite to creating products with 

high consumer acceptability. Besides, meat replacers may 
cause favorable and/or unfavorable organoleptic changes. At 
the end, both these raw material specific and final product 
characteristics, as well as consumer-related aspects should 
be taken into account to broaden the commercial relevance 
of hybrid meat products.

Appendix I

Moisture content (g/100 g) of whole sausage and along the 
diameter of the control formulation and dry-cured hybrids 
at 3, 5, 8, 14, and 21 days of ripening (RH 94% (1 day), 85% 
(5 days), 80% (5 days), 75% (5 days), 72% (5 days)).

Time 
(days)

Control Hybrid 12.5 Hybrid 25 Hybrid 37.5 Hybrid 50

Layer 1 3 49.5 ± 0.1a,C 47.6 ± 0.1b,D 46.2 ± 0.1c,C 45.1 ± 0.1d,D 43.0 ± 0.1e,C

5 40.8 ± 0.4a,C 39.1 ± 0.1b,C 38.4 ± 0.1bc,D 37.6 ± 0.7c,D 36.2 ± 0.1d,D

8 38.3 ± 0.2a,D 34.6 ± 0.4b,D 33.2 ± 0.2c,D 31.7 ± 0.4d,D 33.1 ± 0.1c,D

14 33.3 ± 0.8a,D 31.1 ± 0.2b,D 28.0 ± 0.1c,D 27.0 ± 0.1d,D 28.5 ± 0.1c,D

21 27.6 ± 0.5a,D 26.0 ± 0.1b,D 24.4 ± 0.4d,D 23.9 ± 0.1d,D 25.2 ± 0.1c,D

Layer II 3 57.5 ± 0.2a,B 56.7 ± 0.1a,C 54.2 ± 1.4b,B 53.9 ± 0.1b,C 52.6 ± 0.2b,B

5 55.6 ± 0.5a,B 53.7 ± 0.1b,B 52.4 ± 0.6c,C 50.7 ± 0.1d,C 48.8 ± 0.3e,C

8 51.8 ± 0.1a,C 49.3 ± 0.3b,C 48.1 ± 0.7c,C 45.8 ± 0.1d,C 46.3 ± 0.1d,C

14 45.9 ± 0.3a,C 44.0 ± 0.1b,C 42.3 ± 0.4c,C 39.4 ± 0.1e,C 41.4 ± 0.2d,C

21 40.2 ± 0.1a,C 37.5 ± 0.3b,C 35.7 ± 0.2cd,C 35.2 ± 0.3d,C 35.9 ± 0.2c,C

Layer III 3 60.3 ± 1.6a,A 58.3 ± 0.1b,B 56.7 ± 0.4bc,A 55.5 ± 0.5cd,B 54.2 ± 0.2d,A

5 58.6 ± 0.1a,A 57.0 ± 0.4b,A 55.3 ± 0.3c,B 53.9 ± 0.1d,B 52.0 ± 0.1e,B

8 55.3 ± 0.3a,B 53.2 ± 0.2b,B 52.1 ± 0.1c,B 51.0 ± 0.2d,B 50.5 ± 0.4d,B

14 50.9 ± 0.2a,B 48.8 ± 0.2b,B 48.0 ± 0.3c,B 46.0 ± 0.1e,B 46.8 ± 0.1d,B

21 45.2 ± 0.3a,B 44.3 ± 0.4a,B 42.6 ± 0.4b,B 41.7 ± 0.2c,B 41.4 ± 0.6c,B

Core Layer 3 60.8 ± 0.7a,A 59.0 ± 0.1b,A 56.6 ± 0.6c,A 56.2 ± 0.1c,A 54.2 ± 0.1d,A

5 59.4 ± 0.2a,A 58.2 ± 1.1ab,A 56.9 ± 0.6bc,A 55.5 ± 0.1c,A 53.4 ± 0.5d,A

8 57.6 ± 0.8a,A 56.4 ± 0.1b,A 53.8 ± 0.6c,A 52.9 ± 0.1cd,A 52.6 ± 0.1d,A

14 53.6 ± 0.1a,A 51.9 ± 0.3b,A 50.4 ± 0.6c,A 49.1 ± 0.4c,A 49.3 ± 0.5c,A

21 49.1 ± 0.5a,A 48.1 ± 1.4ab,A 46.8 ± 0.6bc,A 45.4 ± 0.2c,A 45.8 ± 0.1c,A

Different lower-case letters indicate significant difference (p ≤ 0.05) among formulations in the same layer and timepoint
Different upper-case letters indicate significant difference (p ≤ 0.05) among layers from the same formulation and timepoint
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Appendix II

Water activity aw (–) of whole sausage and along the diam-
eter of the control formulation and dry-cured hybrids at 3, 
5, 8, 14, and 21 days of ripening (RH 94% (1 day), 85% 
(5 days), 80% (5 days), 75% (5 days), 72% (5 days)).
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Time 
(days)

Control Hybrid 12.5 Hybrid 25 Hybrid 37.5 Hybrid 50

Layer 1 3 0.955 ± 0.002a, B 0.950 ± 0.001ab, C 0.945 ± 0.006b, A 0.945 ± 0.003b, B 0.948 ± 0.001ab, A

5 0.929 ± 0.004a, B 0.931 ± 0.002a, B 0.923 ± 0.006a, B 0.928 ± 0.004a, B 0.926 ± 0.001a, B

8 0.930 ± 0.001a, B 0.910 ± 0.004b, B 0.910 ± 0.002b, B 0.901 ± 0.004c, C 0.915 ± 0.003b, B

14 0.905 ± 0.001a, C 0.895 ± 0.001b,C 0.890 ± 0.001d,C 0.889 ± 0.001d,C 0.893 ± 0.001c,C

21 0.885 ± 0.001a, B 0.874 ± 0.003c, C 0.874 ± 0.002c, B 0.873 ± 0.001c, C 0.880 ± 0.001b, C

Layer II 3 0.961 ± 0.001a, AB 0.957 ± 0.001ab, C 0.945 ± 0.001b, A 0.947 ± 0.001ab, B 0.946 ± 0.013ab, A

5 0.947 ± 0.001b, A 0.950 ± 0.001a, A 0.942 ± 0.001c, A 0.947 ± 0.001b, A 0.951 ± 0.001a, A

8 0.938 ± 0.002a, A 0.937 ± 0.001a, A 0.933 ± 0.004a, A 0.928 ± 0.004a, B 0.931 ± 0.010a, A

14 0.915 ± 0.002a, B 0.920 ± 0.001a,B 0.913 ± 0.004a,B 0.914 ± 0.002a,B 0.915 ± 0.004a,B

21 0.909 ± 0.001ab, A 0.895 ± 0.005c, B 0.896 ± 0.002c, B 0.906 ± 0.001b, AB 0.914 ± 0.001a, B

Layer III 3 0.965 ± 0.001a, A 0.959 ± 0.001a, B 0.947 ± 0.001b, A 0.950 ± 0.001b, AB 0.952 ± 0.001b, A

5 0.950 ± 0.001a, A 0.949 ± 0.002ab, A 0.946 ± 0.002ab, A 0.944 ± 0.004b, A 0.948 ± 0.004ab, A

8 0.931 ± 0.001a, B 0.931 ± 0.006a, A 0.933 ± 0.001a, A 0.936 ± 0.001a, A 0.935 ± 0.001a, A

14 0.924 ± 0.002a, A 0.925 ± 0.001a, A 0.918 ± 0.001b,AB 0.917 ± 0.001b,B 0.918 ± 0.001b,B

21 0.909 ± 0.001b, A 0.908 ± 0.001b, A 0.906 ± 0.006b, A 0.908 ± 0.003b, A 0.917 ± 0.003a, B

Core 
Layer

3 0.960 ± 0.004a, AB 0.954 ± 0.001ab, A 0.953 ± 0.001b, A 0.954 ± 0.002ab A 0.952 ± 0.004b, A

5 0.945 ± 0.003ab, A 0.946 ± 0.001ab, A 0.946 ± 0.004ab, A 0.943 ± 0.001b, A 0.952 ± 0.004a, A

8 0.928 ± 0.003b, B 0.929 ± 0.004b, A 0.933 ± 0.002ab, A 0.937 ± 0.001a, B 0.934 ± 0.001ab, A

14 0.928 ± 0.001a, A 0.927 ± 0.001ab, A 0.923 ± 0.003b,A 0.924 ± 0.001b,A 0.927 ± 0.001ab,A

21 0.907 ± 0.004ab, A 0.910 ± 0.001ab, A 0.907 ± 0.016b, A 0.902 ± 0.001b, B 0.924 ± 0.002a, A

Different lower-case letters indicate significant difference (p ≤ 0.05) among formulations in the same layer and timepoint
Different upper-case letters indicate significant difference (p ≤ 0.05) among layers from the same formulation and timepoint
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