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peptides
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and Osvaldo Campanella *a

The escalating global issue of waste streams, particularly within the food industry, necessitates a sustainable

approach to valorizing food wastes and incorporating these valorized compounds into new products. This

study addresses the limitations of existing protein extraction methods by proposing an innovative

bioprocessing technology to effectively recover them from waste streams. The primary objective is to

regulate protein hydrolysis through a fermentation procedure applied to waste streams from the meat

and dairy industries. Sodium-citrated whole blood from cattle and pre-sterilized acid whey from cottage

cheese production were blended, followed by the addition of Lactobacillus rhamnosus (OSU-PECh-69)

due to its high proteolytic activity. The fermentation process, conducted at 37 °C for 5 days, revealed

that L. rhamnosus maintained viability at ∼9 log CFU g−1, while coliforms remained below the detection

limit of 250 CFU g−1. The acidity in the acid whey favored the growth of lactic acid bacteria over other

pathogens, resulting in a decline in pH, which limited coliform growth. The fermentation mixture with

the addition of L. rhamnosus achieved a degree of hydrolysis of 6%. SDS-PAGE analysis confirmed the

modification of proteins into smaller fragments during fermentation. This biotechnological process

demonstrates the potential to valorize nutrient-dense byproducts through fermentative hydrolysis,

offering a promising avenue for creating economically viable and sustainable processing solutions to

make better use of the food industry byproducts.
Sustainable spotlight

Direct disposal of byproducts from the food industries is no longer sustainable and poses risks. By utilizing a fermentation process using bacteria, we aim to
regulate protein hydrolysis in two waste streams. This approach not only may transform nutrient-dense byproducts into high-value ingredients but aligns with
the UN's Sustainable Development Goals. It directly contributes to Goal 12 (Responsible Consumption and Production) by overcoming protein extraction
limitations and encouraging sustainable processing solutions. Additionally, our approach supports Goal 9, associated to Industry, Innovation and Infrastructure
by promoting innovation in waste management and sustainable practices. Overall, our work contributes to responsible food processing, promotes a circular
economy in the food industry, and provides a long-term sustainable solution to food waste management challenges.
Introduction

Waste management has been a major challenge for the food
industry seeking a balance between economic value and envi-
ronmental impact.1,2 Due to the increasing awareness of food
security and sustainable food production, recovery of valuable
components from food byproducts is highly recommended. As
traditional extractionmethods require the use of organic solvents
and a high amount of water or heat, integrated bioprocessing
technologies, oen referred to as green extraction processes, are
y, The Ohio State University, Columbus,

su.edu

rsity, West Lafayette, 47907, IN, USA

te University, Columbus, 43210, OH, USA

the Royal Society of Chemistry
preferable as they are more sustainable.3 According to literature,
ideal green solvents are expected to have the following properties:
(1) low toxicity to humans and other organisms; (2) be easily
biodegradable; (3) occur naturally; (4) be derived from renewable
sources; (5) be produced as byproducts (6) have low vapor pres-
sure, and (7) eliminate the need for traditional evaporation steps
post-extraction.4 By utilizing byproducts from the food industry
as a source of biomass, we can manage residual streams effec-
tively without compromising food and feed availability. Conse-
quently, the adoption of such green extraction techniques is
crucial for sustainable bioprocessing, enabling the valorization of
food industry byproducts in a manner that supports environ-
mental and economic goals. Furthermore, no solvents are used in
the current research, and extraction of important compounds
can be obtained with the help of the fermentation process.
Sustainable Food Technol., 2024, 2, 1469–1475 | 1469
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The surge in global meat consumption, with approximately
40% of protein intake being of animal origin, poses signicant
waste management challenges to the meat industry.5 Approxi-
mately 50% of animal byproducts are deemed unsuitable for
conventional consumption due to their physical and chemical
properties. Moreover, animal byproducts are hardly consumed
in the U.S. due to cultural reasons and public safety concerns.
These byproducts generate tremendous disposal problems, and
byproduct management to promote environmental protection
and sustainability.6 Despite being byproducts, they are a great
source of macro and micronutrients (e.g., protein, fat, iron, folic
acid, zinc, vitamin A, B6, and B12).7 For example, blood, as an
edible byproduct of the meat industry, possesses key charac-
teristics that make it valuable. It is rich in essential nutrients,
including proteins, vitamins, minerals, and amino acids,
providing signicant nutritional value.8 A common approach to
recover their macro- and micronutrients is through the incor-
poration of animal byproducts into animal feed.

Acid whey is a byproduct of so cheese and Greek yogurt
production from the dairy industry. The market for such
products has been growing rapidly in recent years. Because due
to practical reasons, acid whey is underutilized and inexpensive,
nding uses in other applications offers a practical and
economic opportunity. Acid whey contains protein, calcium,
and lactose and has a high concentration of Lactoccus (from the
starter culture of the cheese-making process), which can
degrade complex compounds (mainly proteins and lipids) and
synthesize molecules such as exopolysaccharides.9 Venegas-
Ortega et al. reported that lactic acid bacteria could be
a feasible alternative to valorize food waste.10 Moreover,
previous research has shown promising results in valorizing
nutrient-rich byproducts from the dairy and sh industries
through fermentations. This valorization has led to an increase
in peptide concentrations as well as microbial diversity, offering
a viable alternative for addressing the disposal issue of acid
whey and sh waste.11

Valorization of byproducts by recovering key nutrients and
incorporating them into new products has been considered
a sustainable approach to overcome the world's growing human
population and the massive production of unused byproducts.
However, due to the limitations of the protein extraction
methods, a new, innovative bioprocessing technology needs to
be developed to efficiently extract these components. Several
bioprocessing technologies have shown the effectiveness of
recovering the nutritive value and the additional bioactivity
from animal byproducts. Fermentation is one of the most
common processing tools to increase the nutrition and func-
tionality of animal byproducts.12 Research has shown that by
fermentation, proteins can be modied to expose more polar
groups on the surface for increased water solubility.11,13 The type
of the bacteria culture strain starter can also affect the physi-
cochemical characteristics and the functionality of proteins
aer fermentation. In addition, previous studies have pointed
out that the lactic acid bacteria present in acid whey may
preserve the same fermentation ability but not accelerate the
proteolysis of meat byproducts.14,15 The competition of the
natural microbiota within acid whey will strongly depend on the
1470 | Sustainable Food Technol., 2024, 2, 1469–1475
available nutrients and the type of byproduct source. In that
matter, the low acidity of acid whey is favorable for the growth of
lactic acid bacteria over other bacteria communities.

Recent advancements in bioprocessing technologies have
further emphasized the potential of valorizing byproducts from
food processes into high-added value compounds. As discussed
previously, fermentation is a technology that can help recover
valuable nutrients from various food-process waste streams. For
example, different types of research have been done to
comprehensively valorize by-products from seafood processing,
enabling the recovery of valuable nutrients and enhancing their
utilization.16 Lactic acid bacteria are commonly used for
fermentation of sh products where their proteolytic activity
aids the breakdown of proteins, enhancing their solubility and
functional properties of the resulting products. Furthermore,
lactobacillus fermentation ensures the safety and stability of the
end products by pH reduction.17 The quality of antioxidant
compounds, oil, and protein hydrolysates was shown to
improve aer LAB fermentation of sh byproducts.18

This study proposes a solution for waste management by
leveraging fermentation to control protein hydrolysis in
byproducts from the meat and dairy industries. We hypothe-
sized that the fermentation of blood-acid whey with the addi-
tion of molasses and the starter culture L. rhamnosus would
provide an optimal fermentation performance with higher LAB
viable cell counts and degree of hydrolysis. The objective of this
study was to dene parameters for suitable fermentation
parameters and characterize the fermentation kinetics of reac-
tions of interest (microbial count, pH, degree of hydrolysis).
Materials and methods
Materials

Acid whey was donated from Superior Dairy; it is a byproduct of
cottage cheese production. Cattle whole blood was provided by
the USDA-inspectedmeat processing plant in the Department of
Animal Sciences at The Ohio State University supplemented
with sodium citrate solution (1% v/v) to avoid coagulation aer
and during collection. Blood was obtained from the animal
during the exsanguination step in the slaughtering process. The
animal was unconscious at the time of exsanguination and felt
no pain. This process was done by trained staff in a USDA-FSIS
inspected meat processing facility following all USDA-FSIS meat
safety regulations and humane handling guidelines. Before
fermentation, acid whey and blood were stored at −20 °C.

Whole blood and pre-sterilized acid whey were mixed in
a ratio of 1 : 3 (w/w). Acid whey and blood were thawed and
blended with unsulfured blackstrap molasses at a concentra-
tion of 2.5% w/w (Golden Barrel, Honey Brook, PA) as a carbo-
hydrate source for supplemental purpose. The strain of
Lactobacillus rhamnosus (OSU-PECh-69), Lr., was selected as the
lactic acid bacteria (LAB) starter culture inoculated into the
fermentation system due to its high proteolytic ability. This
strain was originally isolated from provolone cheese and has
shown to produce antimicrobial agents against both Gram-
positive and Gram-negative bacteria.19,20
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Methodology of fermentation

The fermentation process was based on previous studies on
acid whey fermentation of sh waste.11 Acid whey, whole blood,
and molasses were mixed thoroughly. Four treatments were
considered for this study: (1) whole blood + acid whey, (2) whole
blood + acid whey + molasses, (3) whole blood + acid whey + Lr.,
and (4) whole blood + acid whey + molasses + Lr. (Table 1). The
fermentation was conducted in a 1 liter fermenter with an S-
shape air stopper to ensure ventilation and maintain the
microaerobic condition for the growth of LAB for ve days at
37 °C. Samples were collected from day 0 to day 5 and stored at
−80 °C until analysis.
Inoculation of the starter culture

One loop of the starter culture of Lactobacillus rhamnosus (OSU-
PECh-69) in a−80 °C glycerol stock was activated by inoculating
it into 10 mL sterilized MRS broth medium (BD Difco™,
Frankin Lakes, NJ) and then incubated aerobically for 16 h at
37 °C. One hundred (100) ml of the overnight culture was
transferred to 10 mL of new sterilized MRS broth medium to
reactivate the bacteria and incubated aerobically for 16 h at 37 °
C. Cells were harvested by centrifugation (3500× g, 20 min) and
washed twice with 0.85% (w/v) NaCl. Aerward, the supernatant
was removed, and cell pellets were collected and inoculated into
the sh-whey mixture. The total amount of starter culture
inoculation was 108 CFU mL−1.
Monitoring of fermentation

The pH value of the samples was measured with a pH meter,
whereas LAB microbial growth was monitored by the pour plate
technique on DeMan, Rogosa, and Sharpe (MRS) agar with
bromocresol green as a pH indicator. Total coliforms were
monitored by plating the samples on eosin methylene blue
agar. Plates were incubated at 37 °C for 48 h (LAB) and 24 h
(total coliform) under aerobic conditions. The viability of the
microorganisms was expressed as colony-forming units per
gram of sample (CFU g−1).
Molecular weight analysis: sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE)

The fermented samples were diluted to a protein concentration
of ∼2 mg mL−1. An aliquot of diluents was added to the
reduced-form Laemmli Buffer (with b-mercaptoethanol) at
a ratio of 1 : 1 and heated for 5 min at 95 °C. A 10× Tris/glycine/
SDS buffer was used as the electrophoresis gel buffer. 15 mL of
Table 1 Experimental treatments of the fermentation

Treatment Abbreviation Composition

1 BW Blood + whey
2 BWM Blood + whey + molasses
3 BWL Blood + whey + Lr.
4 BWML Blood + whey + molasses + Lr.

© 2024 The Author(s). Published by the Royal Society of Chemistry
samples and 10 mL of protein standard (10–250 kDa, Precision
Plus Protein™) was loaded into a 12% hand-casted gel (TGX
Stain-Free Fastcast Acrylamide Kit, 12%) and ran at 200 V for
30 min. The gel was then xed with polypeptide xative solution
containing 40%methanol, 10% acetic acid, and 50% water (v/v)
for 30 min, washed twice, stained in Coomassie Brilliant Blue G-
250 for 1 h, destined with 10% acetic acid three times prior to
being imaged using the GelDoc Go Imaging System (BioRad,
Hercules, CA).
Degree of hydrolysis (DH)

DH was determined by the modied O-phthalaldehyde (OPA)
method described by Nielsen et al.21 The total amount of amino
acid in the fermentation mixture was measured by complete
hydrolysis with 6 N HCl and heated at 120 °C for 24 h prior to
analysis. Before the measurement of absorbance at 340 nm, the
fermented samples or complete hydrolysate was mixed with
OPA reagents at room temperature for 2 min. The DH was
calculated from the following formula:

DH ð%Þ ¼ ODsample �ODblank

ODtotal �ODblank

� 100%

ODsample, ODtotal and ODblank are the absorbance of sample,
complete hydrolysates, and water control, respectively.
Statistical analysis

All treatments were conducted in triplicate. Statistical analysis
was performed by analysis of variance (ANOVA) with the post
hoc Tukey's HSD signicant difference test (a = 0.05) using the
JMP Pro 16.0 soware (SAS, Cary, NC).
Results and discussion
Monitoring of fermentation

Fig. 1 illustrates the viable cell counts for LAB in the BW
treatment on day 0 and the BWM treatment on Day 0 and 1 were
below the detection limit means that the viability was less than
10 CFU g−1. During the BW treatment, the viability of LAB
increased signicantly aer the rst day of fermentation.
Although the viability of LAB continued to increase in BW, it was
found not to be signicant from Day 2 to Day 5 (p > 0.05). A
similar trend was found in BWM. In contrast, treatments with
starter culture had a viability of LAB that maintained at ∼9 log
CFU g−1 throughout the 5 day fermentation period (BWL and
BWML), while no signicant differences (p = 0.998) were found
Blood (%)
Acid whey
(%)

Molasses
(%) Lr. (CFU ml−1)

25 75 — —
25 72.5 2.5 —
25 75 — 1 × 108

25 72.5 2.5 1 × 108

Sustainable Food Technol., 2024, 2, 1469–1475 | 1471
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Fig. 1 Viable cell counts of lactic acid bacteria in blood-whey (BW),
blood-whey-molasses (BWM), blood-whey-Lr. (BWL), and blood-
whey-molasses-Lr. (BWML) during the fermentation. Note: Dotted line
represents the detection limit of 250 CFU g−1.

Fig. 2 pH value of blood-whey (BW), blood-whey-molasses (BWM),
blood-whey-Lr. (BWL), and blood-whey-molasses-lactic acid bacteria
Lr. (BWML) during the fermentation period.
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between BWL and BWML across the whole fermentation
process.

When comparing within the same day across the four
treatments, LAB viability was signicantly the highest (p < 0.05)
in the BWL and BWML treatments, followed by BW and BWM in
Day 2 and 3. However, on day 5 of fermentation, LAB viability in
BWL and BWML treatments were signicantly higher than
BWM (p < 0.01), but no signicant difference was found
between them. In conclusion, LAB counts in treatments inoc-
ulated with starter culture remained constant until the last day
of fermentation. Even though an increase in LAB counts in BW
and BWM was observed, the viability was still below those
observed on samples with inoculation. Furthermore, the addi-
tion of molasses in treatments with starter culture did not make
a signicant difference in terms of LAB counts. Coliforms
remained below the detection limit of 250 CFU g−1 during the
ve-day fermentation period for all treatments (not shown in
Fig. 1).

Acid whey from cottage cheese has a pH of 4.09± 0.12 (mean
± SE) and increased to 4.14 ± 0.09 aer the addition of
molasses. Cattle blood, on the other hand, has a pH of 7.49 ±

0.11. The pH values for the four treatments across the 5 day
fermentation period are presented in Fig. 2. The pH of treat-
ments with starter culture (BWL and BWML) dropped signi-
cantly aer the rst day of fermentation (p < 0.05) and gradually
decreased through the end of fermentation. The lowest pH was
found to be 3.54± 0.16 in the BWL treatment and 3.65± 0.09 in
the BWML treatment in day 5. However, no signicant differ-
ences were found in these two groups at the end of the
fermentation period, indicating that the addition of molasses
did not have a signicant difference. In contrast, the pH of the
treatments without starter culture (BW and BWM) was main-
tained between 4.5 and 5 along the 5 day fermentation, and no
signicant difference was found between the BW and BWM
treatment during the whole fermentation period. The low
acidity of acid whey is favorable for the growth of lactic acid
bacteria over pathogens. As the pH level continued to drop with
1472 | Sustainable Food Technol., 2024, 2, 1469–1475
fermentation time, the growth of coliforms was limited (below
the detection limit of 250 CFU g−1).

The measured pH values of our fermentation materials,
cattle blood and acid whey, are similar to those previously re-
ported.22,23 The low pH in acid whey is primarily attributed to
the presence of lactic acid.24 This low pH plays a key role in the
microbial ecological dynamics during fermentation, which
either foster or inhibit the growth of specic microorganisms.
For lactic acid bacteria for example, the low pH environment
acts as a facilitator for the growth of lactic acid bacteria (LAB)
while concurrently serving as a deterrent for pathogenic
organisms.25 As previously reported, LAB are known for thriving
in acidic conditions.26,27 Its acidophilic nature allows LAB to
dominate the microbial community during the fermentation
period, contributing to the substantial pH drop noted in our
study. The continued decline in pH throughout the fermenta-
tion period further supports the notion of LAB dominance,
underscoring the effectiveness of low pH conditions in inhib-
iting the growth of potential pathogens, such as E. coli, that are
sensitive to acidic environments.

Bovine blood is 80.9% water and 17.3% protein, with
carbohydrates typically constituting less than 1%.28 Therefore,
molasses was added into the formulations as an external source
of sugar to facilitate the glycolytic metabolism of lactic acid
bacteria in the fermentation systems. However, we did not
observe any signicant difference on the LAB viable cell counts
and pH changes with the addition of molasses between the
treatments with starter culture (BWL and BWML treatments).
These results are in contrast to results reporting that the use of
carbohydrate sources has a signicant impact on the fermen-
tation of sh waste with lactic acid bacteria.11,29,30 Although the
carbohydrate concentration is low in blood, its main composi-
tion includes glucose which could be utilized directly as
a source for hexose fermentation (glycolysis) in lactic acid
bacteria.31 Our results show that the carbohydrate source
present in blood and acid whey is sufficient to positively affect
the LABmetabolism. Thus, the addition of molasses may be less
important.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Molecular weight distribution: SDS-PAGE

SDS-PAGE results during the fermentation period are shown in
Fig. 3. The low molecular weight bands (bracketed red arrow,
Fig. 3d and e) that begins to show on the SDS-PAGE during
fermentation could be either the results of hydrolysis or de novo
synthesis (synthesis of complex compounds from simple
molecules) caused by LAB. It should be noted that, both effects
are possible. Peptides can either be generated from protein
hydrolysis with the cleavage of peptide bonds or synthesis by
two or more amino acids/peptides to form other peptides.32

Fig. 3a shows the protein molecular weight distribution of acid
whey (lane 2) and blood (lane 3) alone. The main proteins in
acid whey are b-lactoglobulin and a-lactalbumin.33 Whereas
albumin and hemoglobin are the two main proteins in whole
blood.34,35

In Fig. 3d and e, the bands of large-molecule proteins (above
100 kDa and 66.5 kDa) hydrolyzed (proteolyzed) during
fermentation. In addition, there was a large accumulation of
smaller molecular weight bands from day 1 to day 5 in both
treatments. Bands with molecular weights greater than 100 kDa
are likely immunoglobulins (∼150 kDa) presented in both acid
whey and blood; whereas bands around 66.5 kDa are likely
albumins from the two sources.36,37 The lower molecular weight
bands (below 15 kDa) consistently increase throughout the
fermentation, while the large molecular weight bands (>100
kDa) disappear gradually, suggesting the occurrence of protein
hydrolysis. However, the accumulation of lower molecular
weight bands is less obvious in the fermentation conducted
with no starter culture (Fig. 3b and c). Moreover, larger molec-
ular weight bands (>100 kDa) remain unhydrolyzed during the
fermentation period. This result suggests that the accumulation
Fig. 3 SDS-PAGE profile of (a) acid whey and blood alone, (b) blood-whe
(e) blood-whey-molasses-Lr. (BWML) during the fermentation period.

© 2024 The Author(s). Published by the Royal Society of Chemistry
of lower molecular weight bands (<15 kDa), may not be the
effect of protein hydrolysis but de novo synthesis, where low
molecular weight bands form through peptides and amino
acids synthesis.

For peptide synthesis, amino acids or small peptides are
required as the material to synthesize peptides and this is why
or how protein hydrolysis and peptide synthesis could happen
at the same time via unidentied enzyme activity. Furthermore,
amino acids and peptides generated from protein hydrolysis
could serve as building material for peptide synthesis. As the
proteins are breaking into small peptides or free amino acids
due to hydrolysis, the band intensity on the same molecular
weight should appear in a progressive way on the gel prole
(intensity of bands with large molecular weight disappearing
and intensity of small molecular weight bands accumulating).
But if peptide synthesis is happening simultaneously during the
hydrolysis, the bands of lower molecular weight (below 10 kDa)
on the same row may not build up in a gradual way.

Therefore, both protein hydrolysis and peptide synthesis
coexist during the fermentation process. As intact proteins are
being hydrolyzed, new peptides may also be synthesized. The
key to distinguishing between these processes on an SDS-PAGE
gel is to monitor the time-dependent changes in band patterns,
intensities, and the appearance of new bands.
Degree of hydrolysis

A degree of hydrolysis (6%) was achieved in the blood-whey
fermentation treatment (BWL, BWML) with the addition of Lr.
(Fig. 4). No signicant difference was found between the BWML
and BWL treatments (with and without the addition of
molasses, respectively) in the ones inoculated with the starter
y (BW), (c) blood-whey-molasses (BWM), (d) blood-whey-Lr. (BWL), and

Sustainable Food Technol., 2024, 2, 1469–1475 | 1473
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Fig. 4 Degree of hydrolysis in blood-whey (BW), blood-whey-
molasses (BWM), blood-whey-Lr. (BWL), and blood-whey-molasses-
Lr. (BWML) during the fermentation period.

Sustainable Food Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
22

/2
02

5 
9:

16
:5

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
culture. On the other hand, the degree of hydrolysis of the
treatments with no starter culture (BW and BWM) remained
below 2%.

Conclusions

This study introduces an innovative bioprocessing technology
for the efficient extraction of components from waste streams in
the meat and dairy industries. The fermentation process,
utilizing Lactobacillus rhamnosus as a starter culture, demon-
strated an effective regulation of protein hydrolysis in waste
streams from the meat and dairy industries. The addition of
molasses did not make a difference in the fermentation process.
The low pH environment of acid whey favored the growth of
lactic acid bacteria, limiting the proliferation of coliforms. SDS-
PAGE analysis conrmed the hydrolysis of large-molecule
proteins into smaller molecules during fermentation.

This approach of mixed and complementary substrate
fermentation holds signicant promise in valorizing nutrient-
dense byproducts through fermentation, offering sustainable
and economically viable processing solutions for the food
industry. This work could be applied to other biological systems
to produce suitable and economically viable products in the
food and feed industries, as well as create long-term sustainable
processing solutions. Moreover, these peptides may have
bioactivities such as antioxidant, antimicrobial, ACE (dene)-
inhibitory activities that could be incorporated into food and
animal feed as an additive, which will bring out health-
promoting benets beyond basic nutrition. Our positive expe-
rience with the capabilities of the byproduct acid whey to
ferment other organic matter, as well as the development of
novel approaches to obtain valuable compounds, will be
expanded to produce animal feed utilizing innovative and
sustainable extrusion technology.
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