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Development of meat alternatives 

Understanding fiber formation of vegetable proteins  

Joana Lopes Pereira 

Abstract : Meat eaters are aware of the necessity of replacing meat proteins by vegetable proteins due to sustainability 
issues. However they are not willing to give up the taste and flavour of meat. The goal of this project was to develop the fiber 
like structures (present in meat) from vegetable proteins. The study was focused on the relationship between vegetable 
proteins and a negatively charged polysaccharide in the formation of fiber-like structures by coacervation. Different 
protein/polysaccharide ratios and parameters on the acidification step were tested. The optimum conditions were achieved 
with a ratio 6:1 and by adding hydrochloric acid through a pump (200 µL/min), while stirring with a mechanic stirrer. To 
protect the fibers from falling apart, the best cross-linking method was heating the fibers at 80ºC for 30 minutes and using 
0.5% (w/w) of a food grade cross-linker. A protein matrix to involve the fibers was created, by testing different forms of 
gelation: heating, adding a salt, and adding calcium chloride. The project resulted in the preparation of a meat alternative 
(hamburger) based on the fiber-like structures which was tasted by the project team. 

 

 
1. Introduction 
Meat and poultry are the basis of the daily diet of 

people around the world. In the United States of America, 
the total meat and poultry production in 2010 reached more 
than 41.8 billion kg [1]. With the increase of global demand 
for meat products over the years, awareness of the 
environmental damage that this industry causes also 
increased. This is becoming to play an important role in the 
decision on which products to buy. Many people are 
choosing to become vegetarians, changing their meat- 
eating habits into new products such as soy, tofu or seitan. 
However these products only give the customers the 
proteins they need for a meal, letting the taste, juiciness and 
texture of a good steak apart. For that reason people do not 
want to give up on meat despite their environmental 
concerns. 

In order to get the meat fibrous texture, the solution 
may rely on structuring vegetable proteins into fibers, 
creating fibrous structures for the essential meat bite 
experience (Figure 1). The fibrous structure can be 
achieved by combining vegetable proteins with a polymer in 
a phenomenon called coacervation. The interactions that 
originate coacervation can be electrostatic, Van der Waals 
or hydrophobic interactions and even hydrogen bonding. 
Various physico-chemical parameters influence these 
interactions and thus the complex formation of fibers. 

The pH plays a key role in the strength of 
electrostatic interaction since it determines the charge 
density of the proteins (in the amino and carboxylic groups). 
The maximum coacervation yield is therefore obtained 
below the pI of the protein [Schmitt et al., 1998]. For that pH 
the two biopolymers carry opposite net charges, resulting in 
a maximum electrostatic attraction. Another important 
parameter is the protein-to-biopolymer ratio. Each system 
has a specific ratio were maximum coacervation yield is 
achieved. After coacervation, the complexes (fibers in this 
project) remain loose in the remaining liquid. The step of 
cross-linking is intended to aggregate the fibers all together, 
turning the links between protein and polymer stronger. In 

this way, cross-linking is expected to protect the fibers when 
returning to neutral pH, since these tend to reverse the 
coacervation process. 

The final objective of this project was not only to 
create good water-retaining fibers but also to give them the 
familiar hamburger shape. One way of obtaining this desired 
shape is by involving the fibers with a protein matrix. 

 
 

 
Figure 1 - Steps needed to obtain a hamburger-type product. 



2. Materials and Methods 
The materials used in this project were vegetable 

proteins (called VP1 to 4), whey protein (WP), negatively 
charged polysaccharide (NCP), glucono delta-lactone 
(GdL), hydrochloric acid (HCl), lactic acid, sodium hydroxide 
(NaOH), glutaraldehyde, food grade cross-linker (FGC  1 
and 2), sodium azide (NaN3), sodium chloride (NaCl), 
calcium chloride (CaCl2) and sunflower oil. 

Every stock solution was prepared a day before the 
experiments. VP 1, 2 and 4 stock solutions were prepared 
by adding the powder to reverse osmosis (RO) water in 10% 
w/w, stirred at least 2 hours at room temperature, stirred 
overnight at 5ºC and centrifuged for 15 minutes at 2000 
rpm, collecting the supernatant (≈6% protein w/w). VP 3 
stock solution was prepared by adding the powder to RO 
water at 8.6% w/w, stirred at least 2 hours at room 
temperature, stirred overnight at 5ºC and centrifuged for 15 
minutes at 4000 rpm, collecting the supernatant (6% protein 
w/w). Stock solutions of WP were prepared by adding the 
powder to RO water in 6% w/w and stirred overnight at 5ºC. 
Polysaccharide stock solution was prepared by adding 
polysaccharide powder to RO water in 1% w/w, stirred at 
least for 2 hours at room temperature and stirring overnight 
at 5ºC. 

2.1 Preparation of proteins-polysaccharide systems 
By mixing the stock solutions according to Table 1, 

systems of different ratios of protein and polysaccharide 
were prepared. After the experiments, all samples were 
centrifuged for 5 minutes at 4000 G and the fibers formed 
were observed at the CLSM. 

Table 1 - Quantities used on all systems with 
protein:polysaccharide. 

 
 
 
 
 
 
 
 
 
 
 

2.2 Characterization of the proteins 
The Isoelectric Point (pI) was obtained using the 

Zetasizer Nano (Malvern Instruments). For each stock 
solution a sample was collected and 0.02% of sodium azide 
(NaN3) was added to avoid bacteria growth. The pH range 
used for the determination of the pI was from the initial pH of 
the sample to 3, with a decrease between measurements of 
0.4. For each pH three independent zeta potential measures 
were performed. 

To select the VP used through the project the key 
parameter used was the solubility. Kjeldahl analysis was 
performed to 8 samples of the VP1, 2 and 3. Each protein 
was dissolved in RO Water in a concentration of 12% w/w, 
stirred overnight at 5ºC and part of the solution was then 
analyzed. The other part was centrifuged for 15 minutes at 
4000 rpm, the supernatant was collected and analyzed. Also 

samples of both VP1 and 2 were heated at 60ºC for 30 
minutes to improve the dissolution, stirred overnight at 5ºC 
and centrifuged for 5 minutes at 4000 rpm. The supernatant 
was then analyzed with the other six samples. 

2.3 Acidification 
Two methods of adding the acid to the systems in 

2.1 were tested. To add the acid all at once a syringe filled 
with acid was used, while the system was magnetically 
stirred. To pump the acid into the system, a syringe filled 
with the acid was connected by a plastic tube to the flask 
containing the system. The syringe was then placed in the 
pump which was operated at 200 µL/min flow rate. The yield 
of wet fibers formed was obtained by weighing the 
centrifugation bottle first empty, then with the entire system, 
and finally after centrifugation and decanting the liquid 
phase. 

For the slow acidification different GdL 
concentrations were tested for each WP:NCP ratio. In order 
to follow the acidification profile, 6 electrodes and the 
software Microbe were used. 

The acidification process was divided in three parts, 
since different structures were observed during this process: 
before, during, and after fiber formation. HCl (1M) and lactic 
acid (33% m/v) were tested with WP:NCP systems in 24:1 
and 6:1 ratios, to study the microstructures formed in each 
part of the acidification and see if there was any difference 
in adding the acid all at once or continuously with a pump. 
To study the effect of stirring speed on the acidification with 
HCl the same amount of acid was added to WP:NCP 
systems at 24:1 and 6:1 ratios, only varying the stirring 
speed. The acid was added with a pump and speed 3, 5  
and 7 were tested with a magnetic stirrer. For VP3:NCP 
systems, the two different ways of adding both HCl and 
lactic acid were experimented for both 24:1 and 6:1 ratios. 

2.4 Cross-linking 
All the systems and experiments were performed 

with VP3:NCP at 6:1 ratio under mechanical stirring and 
acidification continuous with a pump. Samples with both 
acids were tested: 2.8g to acidify with HCl; 2.2g to acidify 
with lactic acid. Different cross-linkers were tested: 1%(w/w) 
glutaraldehyde; 10%(w/w) FGC1; 0.5%(w/w) FGC2; heat; 
and the combination of heat with the other cross-linkers. 

2.5 Neutralization 
A range of different NaOH (2M) amounts was tested 

for neutralizing the fibers. VP3:NCP systems were prepared 
in ratio 6:1 and acidified with 2.8g of HCl through a pump 
(200 µL/min). The following amounts of NaOH were tested: 
0.5g; 1.0g; 1.2g; 1.5g; 2.0g; and 2.5g. The NaOH was 
added with a pump (100 µL/min). Samples were left stirring 
overnight at room temperature, in order to reach equilibrium. 
To determine the amount of protein retained inside the  
fibers Kjeldahl analysis was performed to the fibers cross- 
linked with glutaraldehyde, FGC2, and heating, and 
neutralized with the selected amounts of NaOH. 

Protein:polysaccharide 
mass ratio 

  Stock Solutions  (g)  RO 
water 

(g) Protein Polysaccharide 

24:1 100 25 - 

12:1 50 25 50 

6:1 25 25 75 



2.6 Gelation of vegetable proteins 
Three types of gelation were tested: heat; NaCl and 

heat; and CaCl2 and heat. For the heat tests, 6% (w/w) 
protein solutions of VP1, 2 and 3 were prepared and heated 
on glass lab tubes for 30 minutes at 90ºC. Experiments with 
heat and NaCl were tested only with VP3 (10% w/w, without 
centrifugation). A total of 4 experiments were performed by 
combining two different temperatures – 95ºC and 105ºC – 
and two different salt concentrations – 1% and 2%. The 
samples were heated for 30 minutes. For experiments with 
heat and CaCl2, a 10% and 6% (w/w) VP3 solution (with and 
without centrifugation respectively) were prepared. The 
samples were heated at 105ºC in an oil bath for 30 minutes, 
then cooled down for 2 hours at room temperature. 
Afterwards, the 10% VP3 non centrifuged samples were 
diluted into 9% and 8% (w/w) protein and 20mM of CaCl2 
was added. Samples were left further 24 hours at room 
temperature and analysed. 

2.7 Addition of sunflower oil 
VP3 stock solution was prepared. An emulsion was 

made with 5% and 10% of sunflower oil and the VP3 
solution. Two systems were then prepared, as described in 
2.1, with these two VP3/oil solutions and acidified with 2.8g 
of HCl through a pump. 

2.8 Large Scale 
Two cross-linking methods were selected to be 

tested in large scale: heat; and 0.5% FGC2. Four samples 
of 125g VP3:NCP system were prepared according to the 
FGC2 cross-linking experiment. To shape the fibers, a 10% 
(w/w) egg white protein solution was mixed with the fibers 
(20% w/w of protein solution). The mixed samples were 
heated for 30 minutes at 95ºC. Each shaped product was 
fried in a pan following a protocol. For the heat cross-linking, 
six samples of 125g VP3:NCP system were prepared as 
described in 2.4. The fibers were then compressed to 
remove the excess of water. To shape the fibers, a 10% 
(w/w) egg white protein solution was mixed with the fibers, 
to a final concentration of 1% (w/w). The mixed samples 
were heated for 30 minutes at 95ºC. Each shaped product 
was fried in a pan following a protocol. The resulting meat-
like burgers were tasted by the project team, in order to 
evaluate their textures. 

 
 

3. Results and Discussion 
The microstructure of food products is an important 

aspect when trying to mimic an existing product. The more 
similar the microstructures are, more similar will be the 
texture of the final product. In this project the optimal 
conditions to obtain good water-retaining fibers were 
studied, as well as experiments to create a cooked 
hamburger-type product. 

3.1 Characterization of the proteins 
The pI for each protein was determined and they are 

in agreement with the literature: for acidic polypeptides the 
range of pI is 4.5 - 5.8 [O'Kane, 2004]. As expected NCP 
remained negatively charged through the whole range of pH 

chosen. As explained before, the proteins must be positively 
charged in order to coacervation happens. So the pH of 
acidification has to be below the pI of the proteins. Given 
this panorama and in order to assure that for all proteins 
coacervation occurs, the selected pH of acidification was 
3.5. Only one vegetable protein was chosen to carry the 
experiments with coacervation. Kjeldahl analysis was 
performed to VP 1, 2 and 3 to determine their solubility 
(Figure 2). As the difference between the amount of protein 
present in the non-centrifuged sample and in the 
supernatant was very small on VP3 sample, this was the 
protein selected. 
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Figure 2 - Graph of the amount of vegetable protein present on 
each sample tested in Kjeldahl analysis. 

 
3.2 Acidification 
Several methods of acidification were tested in 

protein:NCP systems: slow acidification; acidification with a 
strong acid; acidification with a weak acid; batch 
acidification; and continuous acidification. Acidifying 
continuously with a strong acid turned out to give the best 
fibers. Experiences were first performed with WP, since it 
was easier to work with. 

Experiments with GdL for slow acidification (18 
hours) didn’t form any fibers. Instead a hard gel network  
was observed (Figure 3). 

 

  
Figure 3 - General microstructure of the gels from WP:NCP 
systems, acidified with GdL without stirring. Images obtained by 
CLSM. 

 
When acidifying with HCl two different structures 

were observed: pearls and fibers. The pearls presented a 
very smooth translucent surface, with several layers of very 
thin fibers, which give rise to fibers when the pH is lower 
enough. One difference between the two ratios was the pH 
at which pearls become fibers. For ratio 24:1, the fiber turn 
point is around pH 5.3, while for ratio 6:1 fibers are obtained 
at pH 4.3. Another difference was the yield in wet fibers. For 
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ratio 24:1, the yield was around 16% while for 6:1 ratio was 
25%. These results might have something to do with the 
final pH. At pH 5.3 probably there are still a lot of protein 
and NCP free in solution, leading to a low yield in fibers. 

 
Figure 4 – Pearl structure (A) and fibers obtained with systems 
WP:NCP ratio 24:1 (B) and 6:1 (C) acidified with HCl. Images 
obtained by CLSM. 

 
Experiments were performed in order to understand 

the differences of adding HCl all at once or slowly with a 
pump. When looking to the fibers of both ratio 24:1 and 6:1 
(Figure 5 A to D), there are no big differences between 
adding the acid all at once or through a pump. Thinking 
about scale up were using a pump is more usual, the 
method of adding acid with a pump was selected. 

To understand the influence of the stirring speed on 
the quality of the fibers, experiments with the same pump 
rate and three different stirring speeds were tested. The 
results obtained for both ratios were similar. If the stirring 
speed is too low (speed 3) a few fibers appear, giving place 
to pearl structures. Also the pH remains at the initial value. 
The explanation can be that as the stirring is so slow, the 
acid does not have time to mix in the whole system. 
Therefore local coacervation happens, giving form to the 
pearls shape structures. These pearls trap the remaining 
acid inside, not allowing coacervation in the remaining 
solution and the lowering of the pH. At regular speed (speed 
5) the system readily forms some fibers but still some 
smooth lumps (pearls) are visible. The best fibers are 
obtained at high speeds (speed7). Therefore a mechanical 
stirrer was used for the next experiments. 

The results with lactic acid were very similar to the 
ones with HCl. The same structure types were found. The 
major difference was that with lactic acid at the final pH 
there were still a lot of pearls mixed with the fibers. So 
acidification with HCl is preferable to acidification with lactic 
acid. 

Having all the data from systems WP:NCP, 
experiments with VP were then performed. Looking at both 
ratios, a great difference in the amount of water content was 
observed. With ratio 24:1, a paste similar to dough was 
formed (Figure 6). On the other hand, with ratio 6:1 there 
were evident fiber structures. When observed under the 
CLSM, for ratio 24:1 there were no fibers, whereas for ratio 
6:1 the fibers were very watery as desired. 

 

 
 

 

A) 

B) C) 

A) B) E) F) 

C) D) G) H) 

Figure 5 – Fiber microstructures obtained with the addition of HCl in WP:NCP system ratio 24:1 (A and B) and 6:1 (C and D) all 
at once and with a pump (respectively); ratio 6:1 in different stirring speeds: Control (E), Speed 3 (F), Speed 5 (G), Speed 7 (H). 
Images obtained by CLSM. 



 

 
Figure 6 - Fibers obtained with HCl and VP3:NCP systems ratio 
24:1 (A) and 6:1 (B) and its microstructure (C and D respectively). 

 
3.3 Cross-linking and Neutralization 
After optimizing the parameters to obtain good water-

retaining fibers, a cross-linking study came up. Different 
chemical and physical cross-linkers were tested in VP3:NCP 
systems at ratio 6:1. 

When comparing fibers cross-linked with 
glutaraldehyde to fibers without cross-linking, the cross- 
linked fibers were very strong, there was extra strength 
between fibers when the sample was pulled to opposite 
sides. Using the CLSM the explanation to why the cross- 
linked fibers were so stiff was observed. A specific 
microstructure was present (Figure 7 G). The sample 
consisted of a majority of fibers resembling twisted ropes. 

Fibers cross-linked with FGC1 appeared to be very 
watery and soft (Figure 7 C). These fibers were not as stiff 
as the ones cross-linked with glutaraldehyde. When 
compressed, a lot of water was also released. On the 
microscope scale, the usual fiber structure was present. 

No significant difference was observed when compared to 
the control sample Fibers obtained by cross-linking with 
FGC2 were very similar to muscle (Figure 7 I) 

Heating the fibers at 80ºC for 30 minutes was 
another method tested to cross-link. The fibers presented a 
good yield (27%; Figure 8), meaning that heating process 
helps to retain water inside. A combination of both chemical 
and physical cross-linkers was also tested. Although all the 
experiments presented good results, only cross-linking with 
FGC2 and cross-linking with heat alone were selected. 

Even though good fibers were obtained with all the 
experiments presented above they all were set around 
pH≈3. This pH is not suitable for meat alternatives, which 
have a neutral pH. As the pH on the liquid goes higher, the 
fibers start to dissociate and the reverse process of 
coacervation happens. Figure 8 resumes the yields in wet 
fibers obtained before and after neutralization. For cross-
linking with FGC1 the yield was not accurately calculated 
and the results not presented. As coacervation is reversible, 
it was expected that after neutralization on samples without 
cross-linking there would be no fibers present, which was 
verified (control). Glutaraldehyde was the cross-linker that 
better worked in protecting the fibers during the 
neutralization, as no fiber was lost. The protection effect 
also worked with the other cross-linkers, even though the 
yields decreased. 
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Figure 8 - Differences on the yield in wet fibers of VP3:NCP ratio 
6:1 before and after neutralization. 
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Figure 7 – Fibers obtained from VP3:NCP systems ratio 6:1, acidified with HCl. Control sample (A) and cross-linked with: 
glutaraldehyde (B), FGC1 (C) FGC2 (D), and heat (E). Respective fiber microstructures (F to J). 
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To determine the yield in terms of the amount of 
protein retained inside the fibers and their water holding 
capacity, Kjeldahl analysis was performed. The results 
(Figure 9) show that most of the protein is retained in the 
fibers for all the cross-linking processes. After the 
neutralization, fibers cross-linked with both FGC2 and heat 
still had a good amount of protein present, around 60%. As 
expected there was no loss of protein with glutaraldehyde. 
These results indicate that cross-linking is efficient on 
protecting also the proteins inside the fibers. The results on 
the water holding capacity reveal that the FGC induces 
water retaining at low pH. 
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Figure 10 - Fiber microstructures of VP3:NCP systems ratio 
6:1 with 5% (w/w) sunflower oil. Green corresponds to protein, while 
red corresponds to the oil droplets. Images obtained by CLSM. 

 
3.5 Large scale 
To conclude the experiments of this project, two 

hamburgers were created (total system scale of 500gr). The 
two cross-linked methods were tested: with FGC2, and with 
heat. To shape the hamburger a matrix of egg white protein 
was tested in 2 and 1% (w/w). 

The best product was achieved with heat as cross- 
linker. To improve the flavour, meat flavour was added to 
the fibers before neutralization. The centrifuged fibers were 
compressed to remove the water, mixed with 1% (w/w) of 
egg white protein, heated and fried on a pan. The final 
product was tasted by six persons. The texture resembled 
chicken, even though it was too dry. The egg flavour was 
not very intensive. Regarding the flavour, the opinions were 
diverse as some did not felt the meat flavour. 
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Figure 9 - Graphics of the protein yield in fibers and their water 
holding capacity, on system VP3:NCP ratio 6:1 before and after 
neutralization. 

 
3.4 Gelation of vegetable proteins and addition of 

sunflower oil 
The final objective of this project was not only to 

create fibers but also to give them the familiar shape of an 
hamburger. One way of doing that is to involve the fibers on 
a protein matrix. To create the matrix, a serial of 
experiments were performed with vegetable proteins. 
However no protein matrix was obtained with the VP and 
the conditions experimented. Therefore the protein matrix 
used to obtain the hamburger shape was with 1 and 2% of 
egg white protein. 

Sunflower oil can be added to improve the mouth 
taste. It can be added in the continuous phase (protein 
matrix) or directly in the fibers. To see the behavior of the oil 
droplets in the fibers, an emulsion of oil and the VP solution 
was used. Two oil concentrations were studied: 5 and 10% 
(w/w). The fibers were observed with CLSM and the results 
show that the oil droplets are trapped inside the fibers for 
both concentrations (Figure 10). 

 
 
 
 
 
 

Figure 11 – Large scale test. Fiber cross-linked with heat, 
compressed and involved in 1% (w/w) egg white protein matrix: 
before (A) and after frying (B). 

 
 

4. Conclusion 
The main objective of this project was to understand 

the fiber formation with vegetable proteins, resulting on the 
development of a new meat alternative. The product should 
resemble as much as possible real meat in terms of bite 
(juiciness) and structure (presence of fibers). 

The system selected was VP3:NCP in a 6:1 ratio 
since VP3 was the most soluble vegetable protein. The best 
results were achieved with slow acidifying of the system (15 
minutes) with a strong acid (HCl through a pump) under 
mechanical high speed stirring. The microstructures 
obtained with this parameters were well defined water- 
retaining fibers. Most of the protein is retained in the fibers 
before neutralization. To stabilize the fibers, cross-linking by 
heat and by adding FGC2 were the methods selected. 
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These made the fibers stronger and resistant to neutral pH. 
However there is still a loss in yield of wet fibers and of 
protein. More cross-linkers should be tested in order to 
improve the yields after neutralization, since the final 
product must be profitable. 

The final objective of this project was not only to 
create fibers but also to give them the shape of a familiar 
hamburger. To do that, several methods of creating a VP 
matrix external to the fibers were unsuccessfully tested, 
unlike with egg white protein. 

The experiments with sunflower oil demonstrated 
that it can be added directly into the fibers to improve mouth 
taste and also addition of oil improves the yield in wet fibers. 

Finally, two large scale experiments were performed 
with best result beeing obtained with compressed fibers in a 
matrix of 1% (w/w) egg white protein. The hamburger-type 
product turned out to be very similar to a chicken 
hamburger, having nice strong fibers inside. In the future, 
more experiments with different proteins as matrices are 
need, in order to obtain a product made out of only 
vegetable proteins. 
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