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The increasing interest in bioactive peptides (BPs) for their potential in disease control and health

promotion has been accompanied by a lack of scalable processes for their purification, hindering
their commercial production. Membrane filtration, especially using polymeric membranes (PMs), has
emerged as a promising technique for BP separation due to its excellent separation performance, ease

of fabrication, and flexibility. By utilizing natural sources, such as chitosan, cellulose, lignin, gelatin,
alginate, keratin, and silk fibroin, in PM production, the environmental impact of membrane-based
separation processes can be reduced while maintaining sustainable, eco-friendly approaches. Natural
polymer membranes have exhibited excellent separation performance in terms of molecular weight cut-
off and rejection of unwanted compounds, and their performance can be further improved by combining

them with nanoparticles or other polymers. This review presents the recent updates on the use of PMs
derived from natural sources for the separation of BPs, covering the production and functions of BPs,
different membrane separation technologies, and challenges faced during downstream purification.

Keywords: Bioactive peptides. Membrane filtration. Natural polymer.

INTRODUCTION

Short chains of amino acids known as bioactive
peptides (BPs) are formed either naturally or as a result
of the enzyme hydrolysis of proteins (Shahidi, Zhong,
2008). These particular protein fragments have distinctive
biological properties that may impact a range of health
conditions (Kitts, Weiler, 2003). The production of
various types of BPs with diverse actions, including
antibacterial, anti-thrombotic, antihypertensive, opioid,
immunomodulatory, mineral binding, and antioxidative
effects, has recently garnered significant attention due to
their health-promoting qualities. The amino acid sequence,
length, and structural characteristics of the BPs derived
from various sources determine their physiological or
functional properties (Kim, Salazar, Nunes, 2016).
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While BPs hold significant promise as a functional
food and therapeutic product ingredients, they face
various bioprocess challenges that hinder their practical
application. The availability of BPs in marketable
products is limited due to the lack of commercially viable
technologies for large-scale manufacturing (Venugopal,
2022). There is also a shortage of fundamental research
on purification techniques specifically developed for
large-scale production of BPs. The primary goals of
BP purification are to achieve high levels of purity and
optimal recovery (Hayes et al., 2018). However, it’s
also crucial to ensure that the purification procedure is
economically viable. To address these challenges, it is
necessary to develop cutting-edge, high-throughput, and
cost-effective platforms for bioprocessing BPs.

To separate and purify BPs from complex mixtures of
natural sources like plants, animals, and microorganisms,
polymeric membranes (PMs) are essential. These
membranes, which are composed of both synthetic
and natural polymers, are intended to concentrate and
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segregate BPs according to their molecular weight,
charge, and hydrophobicity. In a filtering system, PMs
are employed, and the mixture containing BPs is passed
through the membrane. On a single side of the membrane,
the peptides are kept while the undesirable molecules
are expelled. The membrane’s selectivity is influenced
by many variables, including pore size, surface charge,
and hydrophobicity, which can be changed to target
particular peptides (Morales et al., 2023). Additionally,
achieving high separation efficiency and yield depends
on the permeability and stability of the membrane. In
comparison to conventional separation methods like
chromatography and electrophoresis, PMs are much more
effective, economical, and ecologically benign (Kitts,
Weiler, 2003). Numerous benefits arise from employing
PMs for the separation of BPs across diverse industrial
fields, including the food, pharmaceutical, and biotech
industries. They may offer comparatively pure BPs that
can be used to develop new drugs, nutritive foods, and
functional foods (Alzaydi, et al., 2023).

In this regard, several reviews have highlighted
the significant potential of PMs for the separation and
purification of BPs. Kim et al. (2016) reviewed the
manufacture of PMs for peptide separation and emphasized
the importance of optimizing fabrication parameters and
material choice. Agyei et al. (2016) explored bioprocess
challenges in the isolation and purification of BPs
and highlighted the need for innovative technologies.
Korhonen and Pihlanto (2006) provided a comprehensive
review of protein separation methods, with a focus on
membrane-based separation. Alavi and Ciftci (2023)
also reviewed membrane filtration in the purification
and fractionation of BPs and discussed recent advances
and future directions. In another review, Liang et al.
(2023) provided an overview of membrane technology
for separating BPs and highlighted the importance of
membrane characteristics and recent developments in
membrane modification techniques.

This review provides an overview of the recent
updates on the significance and use of PMs derived
from natural sources for the separation of BPs. It also
covers the production and functions of BPs, as well as the
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different membrane separation technologies. Additionally,
the review discusses the challenges faced during the
downstream purification of these peptides.

BIOACTIVE PEPTIDES

Production of bioactive peptides

Bioprocessing methods such as enzymatic hydrolysis,
microbial fermentation, and physical treatments can be
used to produce BPs, which are frequently inactive in their
parent protein molecules (Cruz-Casas et al., 2021). These
methods aim to fragment proteins into smaller peptides
with biological functions. One of the most popular
methods for producing BPs is enzymatic hydrolysis, which
involves using proteases from various sources to reduce
proteins to smaller peptides, with the choice of enzyme
depending on both protein availability and the desired
peptide activity (Dhineshkumar, Ramasamy, 2017). In
microbial fermentation processes, proteolytic bacteria
are harnessed to produce BPs from low-cost protein
sources like plant proteins, which may not be suitable
for enzymatic breakdown (Romero-Luna, et al., 2022).
Additionally, BPs can also be generated through physical
methods such as high-pressure processing, ultrasound,
and microwave irradiation. These methods induce protein
denaturation and enhance susceptibility to enzymatic
hydrolysis (Marciniak et al., 2018).

Bioactivity, functional properties, and
applications

BPs have a wide range of potential uses in numerous
important consumer industries, including functional food,
nutraceuticals, pharmaceuticals, and cosmetics (Najafian,
2023).

BPs have gained popularity as functional ingredients
in the food industry because of their capacity to offer health
advantages above and beyond those of basic nutrition
(Wang et al., 2020). Adding BPs to food products provides
several advantages, including improving the product’s
functionality, sensory qualities, and shelf life while also
assisting in the creation of functional foods (Tomasevic¢
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etal.,2021). Based on the BP’s composition and related
health or functional claims, many food products are
currently marketed. Moreover, BPs can be employed to
fortify nutraceuticals and functional meals.

BPs offer therapeutic benefits due to their specificity,
broad bioactivity, low toxicity, structural diversity, and
low immunological response risk, providing antioxidant,
immunomodulatory, anti-inflammatory, digestive, and
neurological functions (Punia et al., 2020). Many studies
have shown that BPs have antioxidant activity, both in
vitro and in vivo, pointing to their potential therapeutic
uses in the prevention and treatment of diseases linked
to oxidative stress (Okagu et al., 2021 ). Different types
of BP, including protein hydrolysates from fish, whey
extracted from milk, soy, etc., are extracted by various
membrane separation techniques, and they have been
documented to have angiotensin-converting enzyme
(ACE) inhibitory activity (Koirala, Prathumpai, Anal,
2021). BPs are also reported to have immunomodulatory
activity by stimulating the production of different immune
cells and cytokines, which is essential for improving
immune function and preventing or treating infections,
thus protecting the body against infections and diseases
(Jiang et al., 2022).

Current research on BPs isolated via membrane
separation techniques has demonstrated their in-vivo
immunomodulatory action by boosting immune cell
generation and proliferation, as well as the phagocytic
activity of macrophages (Hernandez et al., 2023). In
addition to their antioxidant and immunomodulatory
properties, BPs have been found to exhibit anti-
inflammatory activity in various studies by mitogen-
activated protein kinase (MAPK) and nuclear factor
kappa B (NF-xB) pathways (Gao ef al., 2021). It has been
demonstrated that BPs from various sources can block the
synthesis of pro-inflammatory cytokines or activate anti-
inflammatory pathways, both of which are beneficial in the
prevention or treatment of inflammatory diseases (Gao et
al.,2021). Recent studies have isolated anti-inflammatory
BPs from sources like Atlantic salmon, whey soybean,
and egg yolk using techniques such as ultrafiltration (UF),
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nanofiltration (NF), and reversed-phase high-performance
liquid chromatography (RP-HPLC) (Jenab, Roghanian,
Emtiazi, 2020). Interleukin-6 (IL-6) and tumor necrosis
factor-alpha (TNF-a)) production by lipopolysaccharide-
stimulated macrophages are suppressed by these BP
(Reyes-Diaz, 2018).

BPs are believed to support digestive health by
fostering the growth of beneficial gut bacteria, acting as
prebiotics, and creating short-chain fatty acids (SCFAs)
with anti-inflammatory properties (Li e al., 2023). They
also have the potential to influence the composition and
function of the gut microbiota, impacting factors like
inflammation, infection, and immune function (Li et al.,
2023).

Studies have demonstrated the neurological benefits of
BP, which can help improve cognitive function and address
neurological disorders. Certain BPs can cross the blood-
brain barrier (BBB) and interact with neurotransmitter
receptors or enzymes involved in neurotransmitter
metabolism, thereby influencing neuronal function and
neurotransmitter signaling (Bahlakeh ez al., 2022). This
potential mechanism can be useful in reducing the risk of
neurological diseases and enhancing cognitive function
(Bahlakeh et al., 2022). Recent research has identified
neuroprotective peptides from various sources, including
brain tissue, salmon muscle, and blue mussel protein,
suggesting their potential for treating neurodegenerative
diseases by mitigating toxin-induced damage (Ma et
al., 2022). Due to their capacity to improve the health
and appearance of the skin, BPs are also making their
way into the dermatological and cosmetic industries
(Aguilar-Toala et al., 2019). Their inclusion in skincare
products has been found to modulate inflammation of
cells and tissues, stimulate collagen production, control
the processes of angiogenesis and melanogenesis, regulate
cell proliferation and migration, improve skin elasticity,
and reduce fine lines and wrinkles (Avcil ef al., 2020).
Moreover, BPs are beneficial hair care ingredients due to
their ability to strengthen hair, reduce hair breakage, and
increase hair thickness (Tinoco et al., 2022).
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Physicochemical properties of bioactive peptides

BPs exhibit a wide range of physicochemical
properties that have an impact on their bioactivity and
functionality in various applications. These characteristics
include the molecular weight, hydrophobicity, solubility,
stability, charge distribution, isoelectric point, ionization,
and hydrophilicity or hydrophobicity of the substance (Ji
et al., 2020). Despite an incomplete understanding of the
connection between structure and function, numerous BPs
share comparable features like peptide lengths of 2-20
amino acids and the inclusion of hydrophobic amino acids
alongside proline, lysine, or arginine groups (Akbarian
et al., 2022). The charge of BPs is determined by their
amino acid composition, which also influences their
solubility and interactions with other molecules (Wang,
Xie, Li, 2019). While the core sequence influences the
structure and biological function of BPs, the secondary
structure, such as an alpha helix, beta sheet, or random
coil, primarily governs their systemic binding properties
(Akbarian et al., 2022). Some BPs undergo post-
translational modifications, such as glycosylation or
phosphorylation, which can affect their stability and
bioactivity potential (Zheng et al., 2021).

Various techniques for the separation of bioactive
peptides

The production of BPs has historically relied
heavily on traditional techniques, which frequently
come with many difficulties. There are now solutions
to some of the problems with traditional methods as
a result of bioinformatics approaches. Desired BPs
can be acquired through membrane filtration (MF, UF,
NF), chromatographic fractionation (HPLC, Sephadex
gel, ion exchange, size exclusion, reverse HPLC), and
electrophoretic (gel and capillary) techniques (Ge et al.,
2020). Adjusting separation parameters like temperature,
pH, and buffer composition is crucial for achieving pure
BPs. By combining these methods, highly pure BPs can
be produced for future research and possible applications.
Membrane filtration, particularly UF and NF, is effective
for purifying peptides based on molecular weight (Alavi,
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Ciftci, 2023). These methods have yield, purification, and
product quality that are comparable to chromatography
processes, but they are more affordable and productive.
Enzymatic membrane reactors (EMRs) have also emerged
as an effective technology for online enzyme recycling and
peptide purification (Alavi, Ciftci, 2023). Electrodialysis
with UF membrane (EDUF) has been identified as an
ultra-selective process for peptide separation, benefiting
from the size-based exclusion abilities of UF and the
charge selectivity of electrodialysis. However, compared
to the UF separation technique, its peptide migration rate
and recovery yield are still inferior (Jayaprakash, Perera,
2020). Ongoing research aims to enhance UF process
efficiency and address challenges related to electrodialysis
in conjunction with UF.

Challenges associated with the separation of
bioactive peptides

The production of BPs faces challenges due to
biological material complexity and reaction mixture
properties. Therefore, selecting the best purification
pathway and using alternate techniques is crucial for
effective purification. Separating and purifying BPs can
be challenging due to their low levels in source materials
and similarities in chemical and physical properties with
other molecules (Agyei et al., 2016). BPs can also vary in
size, charge, and hydrophobicity, which makes it difficult
to develop a universal separation strategy (Hajfathalian
et al., 2018). Components of the biological matrix, such
as proteins that attach to the column and block peptide
elution, can impede separation processes (Huang et al.,
2023). Overpurifying BPs can be expensive, reduce yields,
and remove potentially advantageous interactions with
other peptides, which is a significant barrier to large-scale
manufacture. Separating and purifying BPs is a time-
consuming procedure that calls for specific knowledge
(Wuet al., 2022).

Membrane filtration techniques, commonly used
to separate BPs, are often plagued by pore blockage,
which can impede effective separation and potentially
contaminate or damage the membrane (Kucera, 2019).
Improper membrane cleaning and storage can lead to
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sample contamination, while the diverse sources of BPs
add complexity to the separation process, making it
challenging to find a universally applicable separation
method (Pimentel et al., 2019). Environmental conditions
like temperature, pH, and proteolytic enzymes can affect
the stability of peptides (BPs) during separation and
purification processes, potentially leading to degradation
or loss of activity (Ye et al., 2022). Furthermore, during
sample preparation or separation, BPs are vulnerable
to degradation by enzymes or other factors, which can
lead to a loss of peptide activity or the generation of
degradation products that could impair the separation
(Cruz-Casas et al., 2021). To overcome these issues,
scientists combine mass spectrometric, electrophoretic,
and chromatographic methods to isolate and identify
BPs, offering high sensitivity, selectivity, and accuracy
while regulating the environment for future applications
(Pei et al., 2022).

POLYMERIC MEMBRANES

Advantages of polymeric membranes

PMs have gained significant attention across
diverse applications due to their exceptional separation
capabilities, ease of production, and flexibility (Piovesana
etal.,2018). Their high selectivity in separating molecules
based on size, shape, and chemical properties is crucial
for separation tasks. Moreover, PMs offer cost-effective
advantages compared to ceramic or metallic membranes,
with ongoing research focusing on methods like 3D
printing and recycled materials to further enhance their
cost-efficiency (Li ef al., 2021). Recent studies are also
exploring the development of responsive PMs that
can adapt to pH changes, benefiting biomedical and
environmental applications. Researchers are actively
working to improve PM permeability by incorporating
nanomaterials, enlarging pores, and using cross-linking
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agents to enhance both their permeability and durability
(Guo, 2021). PMs hold substantial promise across a range
of applications, and ongoing research efforts in this field
could lead to significant advancements in membrane
technology.

Different polymeric membrane-based separation
techniques

Protein hydrolysates have gained popularity in
recent years due to their enhanced digestibility, which
is achieved by increasing protein solubility, reducing
antinutrients like protease inhibitors, oxalates, lectins,
etc., and releasing BPs. BPs can be activated by separating
them from their corresponding proteins (Cheng et al.,
2021). Although extraction, precipitation, centrifugation,
and chromatography are frequently used techniques
for BPs separation, they have several drawbacks,
including denaturation and proteolysis in extraction and
precipitation, low resolution in centrifugation, and low
yield in chromatography-based techniques (Korhonen,
Pihlanto, 2006). In contrast, membrane-based separation
techniques provide many advantages, including gentle
filtration conditions, molecular separation, effective
separation performance, a smaller space requirement,
reduced chemical usage, and simple scalability
(Plaxton, 2019). These characteristics make membrane-
based separation techniques well-suited for different
industries, including the production of BPs (Korhonen,
Pihlanto, 2006). Membrane-based technology enables
gentle filtration conditions, such as low temperature and
pressure, without any phase change, which helps retain
the bioactivity of separated BPs (Gede et al., 2020).
Membrane-based separation techniques are preferred
for separating BPs due to their use of transmembrane
pressure (TMP) and the influence of isoelectric point and
pH. Pressure-driven techniques like MF, UF, and NF are
the most effective, as they increase membrane resistance
as holes enlarge (Bazinet, Firdaous, 2013). (Figure 1).
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FIGURE 1 - Schematic diagram of process for fractionation and separation of bioactive peptides through a natural polymeric membrane.

Microfiltration

MF using PMs is commonly used for separating and
purifying BPs due to its effectiveness and efficiency. PMs,
which have a controlled pore size ranging from 0.1 to
10 microns, are utilized to selectively separate the target
BPs from the reaction mixture (Lemes et al., 2021). The
impurities that are retained on the membrane can be
removed by washing with a suitable solvent or buffer
solution and the permeate containing BPs can be further
purified by using techniques like UF or chromatography
(Mostashari et al., 2023). MF can be performed in three
configurations: dead-end filtration, cross-flow filtration,
and tangential flow filtration (Lemes et al., 2021).
Dead-end filtration filters until the membrane clogs,
cross-flow filtration minimizes clogging, and tangential
flow filtration maintains a concentration gradient for
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higher throughput (Dosmar et al., 2019). The bioprocess
industry considers MF techniques, particularly PMs, as
a crucial and effective method for the separation and
purification of BPs, including bacteria and suspended
solid particles (Wenten et al., 2021). The technique boasts
several advantages, including low energy consumption,
high separation efficiency, ease of implementation and
operation, high productivity, absence of phase transition,
and non-use of additional solvents (Castro-Muioz, Fila,
2018). MF is a cost-effective, adaptable, and versatile
method for solute recovery, separation, and bioprocessing
applications due to its ability to scale up to industrial
production levels (Anis, Hashaikeh, Hilal, 2019).

In one study by Vieira et al., (2020) an innovative
beverage called GOB, made from goat whey and orange
juice and processed using MF with a newly developed
ceramic membrane, showed improved quality. This process,
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which used a ceramic membrane with a pore size of 0.2
um, demonstrated scalability for industrial production
and versatility for various bioprocessing applications
(Rektor, Vatai, 2004). In another study, Sitanggang
et al., (2021) utilized enzymatic membrane reactors
to couple enzymatic hydrolysis with MF membranes,
which retained the enzyme and protein substrate while
allowing the separation of the produced peptides through
the application of hydraulic pressure. During hydrolysis,
there was a continuous conversion of proteins into BPs
that were subsequently released and separated from the
reactor, depending on the molecular weight cut-off size of
the membrane employed (Sitanggang, Sumitra, Budijanto,
2021). The molecular weight of the final product can be
regulated by utilizing a membrane with a suitable pore
size that is recommended to be 3—6 times lower than the
molecular mass of the enzyme to ensure its retention
(Nazir et al., 2019).

Ultrafiltration

UF is a technique commonly utilized to separate and
purify BPs using membranes with a narrower pore size
range (1-100 nanometers) than MF (Miller ef al., 2017).
Therefore, it is critical to choose a membrane with the
appropriate molecular weight cut-off for the UF of BPs.
Typically, PMs with molecular weight cut-offs ranging
from 1 to 1000 kDa are employed for UF of BPs (Lemes
etal.,2021). In recent years, researchers have improved
the resolution capabilities of traditional UF methods by
incorporating combined driving forces like electrical and
concentration gradients into commercial processes (Qiu et
al., 2023). For instance, charged UF can be employed to
separate proteins in the 0.1-5 pm range, while membrane
chromatography can be applied to peptides around 1-10
um (Yea, et al., 2022). To collect substances ranging in size
from 0.1 to 5 nm, methods including ultrasound-enhanced
ultrafiltration, high-performance tangential flow filtration,
electro-ultrafiltration with membranes, electrodialysis
using ultrafiltration membranes, and potential employment
of electrodialysis with a bipolar membrane have been
explored (Vieira ef al., 2020). Reviews have been made
on protein separation using filtration techniques, with
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a focus on UF. Some of these reviews cover a broad
range of topics such as comprehensive membrane-based
protein separation, UF applications in the food industry
(Sitanggang, Sumitra, Budijanto, 2021) and other general
applications, protein recovery from alfalfa leaves through
filtration, Separation, and purification of whey protein
using membrane processes (Aguero et al., 2017). Protein
recovery from fish meal wastewater through UF recovery
of antihypertensive peptides through membrane-based
production, pore blocking in UF, fouling in MF and UF,
the effect of ultrasonic waves on membrane filtration,
electrodialysis-assisted UF, and dynamic filtration
(Ratnaningsih et al., 2021).

The charged-membrane UF technique is utilized to
overcome the limitations of size-based separation methods,
which are hindered by electrostatic forces (Mohammad et
al., 2012). Arunkumar, Molitor and Etzel (2016) evaluated
the efficiency of two UF membranes: small-scale flat-sheet
and larger-scale spiral-wound wide-pore membranes,
which effectively concentrated whey proteins, retaining
approximately 98% of the total proteins. Mehta, Zydney
(2005) demonstrated the significant impact of membrane
charge on UF membrane performance, particularly on
the flux of permeate and protein transport behavior. The
findings provide insights into the design and optimization
of UF membranes for a variety of applications, such as
protein purification and wastewater treatment (Chen et
al., 2023). Liu et al. (2011) provided a novel method
for protein separation based on their electrophoretic and
electroosmotic mobilities on a supported lipid bilayer
(SLB) surface. Mehta, Zydney (2005) demonstrated the
effectiveness of their method by separating a mixture of
proteins using an SLB surface consisting of a mixture of
charged and uncharged lipids.

Concentration polarization in protein fractions is a
common issue in separation processes, requiring complex
control systems and often harder to scale up compared to
other methods (Liu et al., 2011). Electro-ultrafiltration
(EUF) is another approach that can be used to address
concentration polarization and fouling in UF processes,
particularly in protein separation applications. EUF
combines the principles of electro-kinetic phenomena,
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such as electrophoresis, electro-osmosis, and electrolysis,
with UF to create an electrochemical environment that can
modify the properties of the solutes and the membrane
surface, resulting in reduced fouling and concentration
polarization (Jenab, Roghanian, Emtiazi, 2020). Song et al.
(2010) described a rapid and efficient protein concentration
technique using crossflow electro-ultrafiltration (EUF).
In their study, they observed that under the influence of
an electric field, the protein solution passed through a
porous membrane, minimizing membrane fouling and
increasing the concentration rate.

Wen-Qiong et al., (2017) suggested that UF combined
with transglutaminase (TG) catalysis can be used to
modify the properties of food proteins to improve protein
solubility, emulsifying properties, and gel-forming
ability. Recently, the UF membrane incorporated into
electrodialysis cells (EDUF) has been used for BPs
separation, which is based on their charge and molecular
weight. An electric potential difference is the driving force
of the process EDUF (Wen-Qiong ef al., 2017). He et
al., (2016) explored the EDUF separation technology as
an enrichment tool to facilitate the isolation of rapeseed
antihypertensive peptides.

Moreover, the effective separation of BPs from
flaxseed protein hydrolysates involved a successful
approach by combining high hydrostatic pressure
(HHP) pre-treatment with EDUF membranes (Marie
et al., 2019). This method enhanced BP concentration
in the hydrolysates, leading to increased peptide yield
during the subsequent electrodialysis process (Suwal
et al., 2014). Additionally, the electrodialysis with UF
membranes effectively separated and concentrated
the peptide fractions from quinoa hydrolysates. The
peptide fractions showed potential antihypertensive and
antidiabetic activity, indicating that they could be used
in the development of functional foods process (Suwal
et al.,2014). Again, another study provided insights into
the potential of using electrodialysis with UF membrane
for the production of BPs from whey protein hydrolysate
(Marie et al., 2019). The recovered BPs fraction was
discovered to exhibit higher bioactivity compared to the
initial hydrolysate, specifically in terms of its ability to
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inhibit dipeptidyl peptidase-IV (DPP-1V) and angiotensin-
converting enzyme (ACE) (Fadimu ef al., 2022).

For the isolation of the Neokyotorphin (a137-141)
peptide from hemoglobin, standard enzymatic hydrolysis
needed chemical denaturation of hemoglobin (Geoffroy ef
al., 2022). However, this led to higher chemical usage and
subsequently elevated mineral salt levels in the resulting
hydrolysates. The application of electrodialysis with a
bipolar membrane (EDBM) is proposed as a different
approach to conventional enzymatic hydrolysis for
separating a137-141 peptides from hemoglobin (Adje
et al., 2011). Additionally, for the separation of casein,
using the EDBM module coupled with UF can effectively
prevent the precipitation of casein within the EDBM
stack, which is essential for enhancing the efficiency of
the EDBM process (Adje et al., 2011). Furthermore, to
produce a137-141 peptide from enzymatic hydrolysis of
bovine hemoglobin with low mineral salt concentration,
EDBM is an eco-efficient and innovative technology
in which cationic membrane configuration (MCP)
and anionic membrane configuration (AEM) are used
(Mikhaylin et al., 2018). The use of EDBM-MCP resulted
in the production of hydrolysates with a low mineral
salt concentration but caused fouling on MCP. On the
other hand, EDBM-AEM produced hydrolysates without
fouling, although their salt concentration was similar to
that of conventional hydrolysis (Abou-Diab et al., 2020).

Nanofiltration

NF is another membrane separation technique that
has gained popularity for the separation of BPs in recent
years. It involves the use of a semi-permeable membrane
with nanopores ranging from 1 to 10 nm in size, which
selectively separates molecules based on their size,
shape, and charge (Khulbe, Matsuura, 2021). Different
techniques are utilized in NF, including pressure-driven,
concentration-driven, and electric field-driven methods
(Wang et al., 2022). In pressure-driven NF, the pressure
gradient is used to drive the transport of molecules through
the membrane, making it ideal for industrial applications
to recover valuable compounds and separate biomolecules
(De Castro, Sato, 2015). Concentration-driven NF uses
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a concentration gradient to separate molecules, which
is particularly useful for separating small molecules
from larger ones (Krupkova et al., 2023). Electric field-
driven NF relies on an electric field to drive the transport
of molecules through the membrane, making it useful
for separating molecules based on their charge. By
employing these different techniques, NF has proven to
be an effective method for the separation and purification
of BPs (Tavares et al., 2012).

One of the key advantages of NF in the separation
of BPs is its ability to separate peptides based on their
size and charge, which is particularly important for
separating peptides with similar molecular weights. The
use of NF can be a cost-effective and environmentally
friendly alternative to traditional separation techniques.
Butylina, Luque, Nystrom (2006) employed a UF and
NF hybrid approach to separate BPs from sweet whey,
which was treated with NF at varying pH levels, 9.5
and 3.0, representing different peptide charge states and
Langevin et al. (2012) compared EDUF and NF methods
for separating BPs from soy protein hydrolysate (SPH). NF
outperformed EDUF in producing a low molecular weight
peptide fraction, while EDUF’s molecular weight profile
was influenced by process pH. Furthermore, Mosser et al.,
(2015) conducted a study to fractionate yeast extract using
the NF process to identify the key compounds that could
improve CHO cell culture. In their study, they found that
short peptides were separated together in the permeate
fraction. Additionally, the separation of BPs from whey
protein by using a combination of UF and NF, in which
two polyethersulfone membranes with varying pore sizes
were tested at three different pH values (2, 6, and 8), found
that, among 42 peptides, 16.7% were biologically active
(Yu et al., 2022). Recently, Yu ef al. (2022) developed a
positively charged nanochannel NF membrane using a
one-step method from random amphiphilic copolymers
(RACPs) synthesized through soap-free polymerization.
The membrane exhibited a large pore structure and a
strong surface positive charge across a wide pH range
(2 to 10), enabling efficient separation of BPs through
a combination of size sieving and the Donnan effect
(Qasem, Mohammed, Lawal, 2021).
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POLYMERIC MEMBRANE FROM NATURAL
SOURCES

PMs made from natural sources have emerged as
an attractive alternative to synthetic membranes for
separating and purifying BPs. Using natural sources
in PMs production for BPs separation can reduce the
environmental impact of membrane-based separation
processes and provide a sustainable, eco-friendly
approach (Kirshanov et al., 2022). Natural materials
like chitosan, cellulose, silk fibroin, and alginate have
been used to produce PMs due to their biocompatibility,
biodegradability, and availability (Bandehali et al., 2021).
These membranes have demonstrated excellent separation
performance in terms of molecular weight cutoff and
rejection of unwanted compounds (Dara et al., 2020).
For instance, chitosan membranes have been effective
in separating BPs from shrimp waste hydrolysate, while
cellulose membranes have been used for the purification
of angiotensin-converting enzyme (ACE) inhibitory
peptides from milk protein hydrolysates. Furthermore,
silk fibroin membranes have been used for separating
peptides with molecular weights ranging from 1 to 10
kDa (Jiang ef al., 2020). By combining natural polymer
membranes with other materials like nanoparticles or
other polymers, researchers can further improve their
BP separation performance. For example, chitosan
membranes functionalized with silver nanoparticles have
shown improved antibacterial properties, which are useful
in food industry applications (Sayyed et al., 2021).

Lignin (Figure 2A), a green, renewable, and degradable
biomacromolecule, is the second most abundant biomass
in the botanic field, used as feedstock, raw material, and
reactive additive in polymeric materials. It is abundant
in phenyl and hydrophilic active groups like methoxy,
hydroxy, and ether groups, making its cost low due to its
high abundance (Kumar et al., 2020). Lignin, a naturally
occurring polymeric material, has potential applications
in membrane fabrication and membrane modification
(Sun et al., 2023). Cellulose (Figure 2B) membranes, a
biopolymer extracted from plant sources like wood and
cotton, are widely used in ultrafiltration (UF) processes
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for biomolecule separation and purification due to their
biocompatibility, non-toxicity, and mechanical strength
(Poolachira, Velmurugan, 2023). Cellulose membranes
come in various forms like MF, UF, and NF, and can
be fabricated using techniques like phase inversion,
electrospinning, and chemical modification. In the phase
inversion method, a cellulose polymer solution is cast
onto a flat surface and then immersed in a non-solvent
bath, resulting in the formation of a porous membrane
via phase separation (Jiménez-Gomez, Cecilia, 2020).
The pore size and morphology of the membrane can be
adjusted by varying the concentration of the polymer
solution and the properties of the non-solvent bath. In
the electrospinning method, a cellulose polymer solution
is electrospun onto a collector to form a non-woven
membrane with a controlled pore size and morphology
(Jiménez-Gomez, Cecilia, 2020). The template-assisted
synthesis method involves casting a cellulose polymer
solution onto a pre-formed template, cross-linking, or
curing it to form a stable membrane. This method offers
low fouling, biocompatibility, cost-effectiveness, and high
mechanical strength, making it ideal for biopharmaceutical
applications (Raemdonck et al., 2014). Chitosan (Figure
2C) is another naturally occurring biopolymer that is
obtained from chitin and is currently being employed
in the separation of BPs. This structural polysaccharide
is abundantly present in the exoskeletons of various
crustaceans, including crabs, lobsters, and shrimp
(Thimmiah et al., 2022). Due to its unique properties
such as high surface area, high mechanical strength, and
biocompatibility, chitosan has found diverse applications
in the biomedical field and the production of membranes
for filtration and separation processes (Thimmiah et
al., 2022). Chitosan membranes are being explored for
separating and purifying BPs, with properties tailored
by controlling chitosan concentration, deacetylation, and
cross-linking agents. Surface modification techniques
enhance biocompatibility and hydrophilicity. Chitosan
membranes have been demonstrated to have excellent
separation properties for molecules with molecular
weights ranging from 200 Da to 100 kDa (Roméan-Doval
et al., 2023). In particular, chitosan membranes have been
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utilized for the separation and purification of peptides
from both plant and animal sources, and have shown
potential in the separation of antimicrobial peptides, which
have significant applications in the food industry. Fibrin
(Figure 2D) is a viscoelastic biological polymer formed
by the coagulation cascade at the site of vascular damage.
A locally active thrombin enzyme cleaves circulating
fibrinogen to generate fibrin monomers. During the last
two decades, autologous Platelet Rich Fibrin (PRF)
opened new perspectives in regenerative medicine and
the preparation of PRF membranes (Kawase et al., 2015).
The Platelet Rich Fibrin membranes (PRF) play a key
role in tissue and bone regeneration. Numerous articles
have been published detailing the various properties of
PRF membranes (Gassling et al., 2010). Gelatin (Figure
2E), a protein-based biopolymer obtained from animal
skin, bones, and connective tissues, exhibits unique
physicochemical properties that make it an excellent option
for various separation processes. Gelatin membranes,
in particular, are a safe and biocompatible choice for
biomedical applications due to their non-toxicity and
biodegradability. Recently, they have been studied as an
alternative to synthetic PMs for UF and other separation
processes (Radu, Voicu, Thakur, 2023). The properties
of gelatin membranes can be fine-tuned by adjusting the
gelatin concentration, crosslinking density, and processing
parameters. These membranes have a high degree of
porosity, good mechanical strength, and excellent
biocompatibility and can be used for the separation and
purification of biomolecules, including proteins, peptides,
and enzymes, as well as for drug delivery applications and
the removal of heavy metal ions from wastewater. Gelatin
membranes possess a hydrophilic and porous structure,
which enables effective separation of peptides ranging
from 1-10 kDa (Zong et al., 2022). Several methods
have been developed for the preparation of gelatin
membranes, including solution casting, electrospinning,
and phase separation. Alternatively, a gelatin solution
can be frozen and the ice removed by sublimation under
a vacuum to create a porous structure that can be used
as a scaffold for tissue engineering or as a membrane
for separation or filtration applications (Alipal ef al.,
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2021). The surface properties of gelatin membranes
can be modified through various techniques, such as
plasma treatment, chemical treatment, or coating with
other materials (Alipal et al., 2021). These modifications
can enhance the wettability, biocompatibility, and
functionalization of the membrane surface. Crosslinking
agents like glutaraldehyde, formaldehyde, or genipin can
be employed to enhance the mechanical strength and water
resistance of the membranes (Yu et al., 2021). Gelatin
can also be blended with other materials such as chitosan,
polyvinyl alcohol, or cellulose to improve the properties
of the membrane, including stability, mechanical strength,
and biocompatibility (Xiao et al., 2023). Nonetheless,
gelatin’s susceptibility to hydrolysis and degradation may
limit membrane durability and stability over time, and the
use of animal-derived sources raises ethical and safety
concerns (Xiao et al., 2023). Therefore, researchers are
exploring alternative sources of gelatin, such as fish or
plant-based sources, to overcome these limitations (Xiao
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et al., 2023). Several other natural polymers, including
alginate, keratin, and silk fibroin, are also utilized for
the separation of BPs. Alginate (Figure 2F) is a linear
polysaccharide extracted from brown seaweed and
consists of repeating units of B-D-mannuronic acid (M)
and a-L-guluronic acid (G) connected by 1-4 glycosidic
bonds. Alginate, a biocompatible and degradable material,
forms gels with calcium ions, enabling the immobilization
of enzymes and biomolecules in separation applications,
with adjustable pore size by changing the concentration
of alginate and calcium ions (Teng et al., 2021). Keratin
(Figure 2G), derived from animal sources like chicken
feathers and sheep wool, can be processed into membranes
using techniques like solvent casting, electrospinning, or
phase separation (Yan et al., 2022). Silk fibroin (Figure
2H), a natural protein from spiders and silkworms, is
being explored for its biocompatibility, high porosity, and
mechanical strength, making it a potential material for
separation membranes (Grabska-Zielinska et al., 2021).
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FIGURE 2 - Basic chemical structure of natural polymeric membrane A: Lignin; B: Cellulose; C: Chitosan; D: Fibrin; E: Gelatin; F: Alginate;
G: Keratin; and H: Silk fibroin.
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CONCLUSION

PMs offer several advantages over other separation
techniques and have emerged as a promising technology
for the separation of BPs. They are cost-effective, efficient,
and environmentally friendly, making them suitable for
various industrial applications. Due to the increasing
demand for high-purity BPs in the food, biotech, and
pharmaceutical industries, advanced separation techniques
are needed to meet the stringent requirements for purity
and yield. PMs have the potential to address these
challenges, as they can be designed and optimized to
selectively separate and purify target peptides based on
their molecular weight, charge, and hydrophobicity. In
the future, the development of PMs is expected to focus
on improving their selectivity, stability, and permeability
and on novel materials that can meet the specific needs of
different separation applications. With continued research
and development, PMs are expected to lead to more
advanced membrane materials, improved membrane
processes, and successful commercialization in the

fractionation and separation of BPs from natural sources.
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