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A B S T R A C T

Encapsulation of low molecular weight (Mw) bioactive peptides (BAPs) in electrostatically mediated poly-
electrolyte complexes (PECs) of sodium alginate (ALG) and chitosan (CS) was studied, formed via a simple one- 
step mixing process. PECs were characterized via dynamic light scattering (DLS), mixed-mode phase analysis 
light scattering (M3-PALS), static light scattering (SLS), small-angle X-ray scattering (SAXS) and transmission 
electron microscopy (TEM). The encapsulation efficiency (EE) and in vitro release of low Mw antihypertensive 
LKPNM and LKP BAPs (derived from fish hydrolysates) were measured, under both gastric and intestinal pH 
conditions, via high performance liquid chromatography (HPLC). Two different ALG were tested (Mw ≈ 8 and 21 
kDa, with mannuronic: guluronic ratios 5.1 and 1.4, respectively), whilst the Mw and degree of acetylation (DA) 
of the CS were ≈111 kDa and ≈10 %, respectively. At the pH (5.5) of PEC formation the BAPs were positively 
charged. As the molar charge ratio of alginate to chitosan (n− /n+) was increased from 0.1 to 0.6 the PEC size 
reduced from ca. 800 to 300 ± 50 nm, indicating more compact structures, but increased again significantly to 
>10 μm around charge neutralisation (n− /n+ = 1) and net PEC ζ-potential swapping from +ve to –ve. The size 
then decreased again to between 1 and 10 μm as n− /n+ → 10, as expected if the more prevalent polysaccharide 
(ALG) coated the surface of the PECs. However, higher Mw ALG gave significantly smaller (more compact) and 
more highly negatively charged PECs for n− /n+ > 1. The PECs showed high (≈80%) EE but low (10–20%) 
release in gastrointestinal conditions, highlighting their potential as effective carriers of such BAPs.

1. Introduction

Bioactive peptides (BAPs), typically composed of 2–20 amino acids, 
exhibit bioactivities relating to disease prevention, promotion of human 
health and support of physiological functions (Atma et al., 2024; Guo 
et al., 2023; Nongonierma & FitzGerald, 2015; Patil et al., 2022). The 
majority of BAPs are derived from enzymatically hydrolyzed proteins 
(Han et al., 2021; Lorenzo et al., 2018) sourced from natural materials 
such as dairy products (Estévez et al., 2020; Nongonierma et al., 2019; 
Yan et al., 2019), meat (Cao et al., 2020; Xing et al., 2019), fish 
(Abdelhedi et al., 2017; Neves et al., 2017), eggs (Marcet et al., 2022; 
Moreno-Fernández et al., 2020), plant proteins (Han et al., 2019; Kumar 
et al., 2022; Piovesana et al., 2018; Yuan et al., 2022), algae (Cermeño 
et al., 2020; Harnedy et al., 2017), insects (Ma et al., 2023; Sousa et al., 
2020), and mushrooms (Zhou et al., 2020). Fish and by-products from 
fish processing stand out as potent sources of BAPs, exhibiting 

bioactivities encompassing antioxidant, antihypertensive, antimicro-
bial, and anti-inflammatory properties (Gao et al., 2021; Halim et al., 
2016; Le Gouic et al., 2019; Nirmal et al., 2022; Zamora-Sillero et al., 
2018). Notably, marine sources seem to surpass antihypertensive BAPs 
from other sources, with some supplements containing these BAPs being 
commercially available (Fuentea et al., 2020; Hayes & Tiwari, 2015). 
The burgeoning interest in fish BAPs underscores their potential to 
enhance health and prevent diseases and a significant advance in the 
development of functional foods and nutraceuticals.

A notable antihypertensive BAP with pronounced bioactivity is the 
pentapeptide LKPNM (leucine-lysine-proline-asparagine-methionine), 
derived for example from the muscle of bonito fish (Sarda spp.) via 
thermolysin hydrolysis. This BAP, presented in the form of a food sup-
plement (Curtis et al., 2002; Fujita & Yoshikawa, 1999), has been 
patented, one advantage of it being that LKPNM does not exhibit a bitter 
taste (Yokoyama et al., 1992). However, it is noteworthy that, to date, 
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there is a dearth of published research on the encapsulation of this 
particular BAP. It is widely acknowledged that encapsulation of BAPs for 
applications in food, food supplements, and nutraceuticals is imperative 
to shield them from undesired hydrolysis and degradation during 
normal digestion, to preserve their sequences and bioactivities (Basirico 
et al., 2015; Fernández-Musoles et al., 2013; Lacroix et al., 2017). Prior 
investigations have predominantly centered on the encapsulation of 
insulin, proteins or protein fragments considerably larger than the above 
defined Mw range (Aguilar-Toala et al., 2022; Feng et al., 2019; Goy-
coolea et al., 2009; Mohan et al., 2016; Mohan et al., 2015; Zhang et al., 
2021) often by at least tenfold. Some attempts have been made to 
encapsulate BAPs ranging from di-to decapeptides, notably using chi-
tosan (CS) as an encapsulating material (Bicak et al., 2021; Chen et al., 
2017; Danish et al., 2017), or chitosan combined with alginate (ALG). 
The composite material serves as an effective carrier under a range of 
conditions, mitigating premature release of BAPs (Huang et al., 2017; 
Laroui et al., 2010; Xiao et al., 2017).

Chitosan (CS) is a cationic polysaccharide obtained from chitin, 
which in turn is one of the most abundant biopolymers in nature, found 
in the exoskeleton of crustaceans such as crab and shrimp and also in 
molluscs, insects and fungi. CS is produced on a commercial scale by 
partial thermoalkaline N-deacetylation of chitin (Alonso & Goycoolea, 
2008) and is relatively inexpensive (George & Abraham, 2006). CS 
structure is a linear polysaccharide consisting of glucosamine (deace-
tylated units, D) and N-acetyl-glucosamine (acetylated units, A) units 
linked via β-(1 → 4) linkages (Potaś et al., 2020) (see Fig. 1a). The ratio 
of the mole fraction of A residues to the total (A + D), defines the degree 
(or fraction) of acetylation (DA). The distribution of A residues in CS, 
known as the pattern of acetylation, in chemically deacetylated CS is 
known to be random but using enzymatic technology it is possible to 
produce block-wise patterned CS (Wattjes et al., 2020). The other 
parameter that dictates CS properties and applications is the Mw distri-
bution (in particular, the ratio of the weight average Mw to the number 
average Mw, also referred to as the polydispersity index). The intrinsic 
pKa (pK0) of the CS, known to be independent of CS’s degree of neu-
tralisation and degree of acetylation (up to DA ~25%), has been 
determined as 6.0 ± 0.1 (Rinaudo et al., 1999a, 1999b). At pH values of 
≈6.0 and below, corresponding to a minimum degree of protonation of 
0.5, CS dissolves in dilute acidic aqueous solutions. Generally, com-
mercial CS shows DA values between ~0.05 and ~0.30 and Mw values 
between ~10 and ~500 kDa (Luo & Wang, 2014).

CS has been widely used in the food and pharmaceutical industries. 
CS has superior properties as an encapsulation agent, particularly for 
oral or gastrointestinal delivery, because it is biodegradable, biocom-
patible, mucoadhesive, a permeation enhancer and easy to modify. CS 
increases the bioaccessibility and bioavailability of encapsulated pro-
teins and peptides during gastrointestinal delivery because its 
mucoadhesive ability facilitates penetration into the intestinal mucus 
layer. CS encourages opening of the tight junctions and therefore ab-
sorption via the paracellular route in the intestinal epithelium (Sonaje 
et al., 2012). Due to its positive charge at mildly acidic conditions CS 
forms complexes with polyanions such as alginate (ALG) by means of 
electrostatic interactions that can aid delivery (Potaś et al., 2020). 
Polyelectrolyte complexes (PECs) have been the subject of extensive 
research, serving as one of prominent methods for encapsulating and 
delivering bioactive proteins and peptides (Kulkarni et al., 2016).

ALG is an anionic polysaccharide that is commercially extracted 
from brown seaweeds. ALG is an unbranched biopolymer consisting of 
(1 → 4) linked α-guluronic acid (G) and β-mannuronic acid (M) in blocks 
of various lengths (Goycoolea et al., 2009). There can be homosequences 
(M blocks or G blocks) interspersed with heterosequences (G-M blocks) 
of various lengths (see Fig. 1a) with overall Mw typically between 60 and 
700 kDa. The charged carboxyl groups make ALG highly water soluble 
but also capable of forming gels by decreasing the pH (protonating the 
COO− groups) or by addition of specific divalent cations such as Ca2+ to 
form Ca-ALG (Stewart & Swaisgood, 1993; Tanaka et al., 1984). The 

mannuronic to guluronic (M/G) ratio and Mw also affect the physical 
properties of ALG (Cazorla-Luna et al., 2021). ALG has been used 
extensively by the food industry and has GRAS (Generally Recognized as 
Safe) approval by the FDA. Recently ALG has been developed as 
microgel particles and the protein lactoferrin encapsulated via a simple 
one step precipitation process (Pravinata et al., 2016).

In terms of an encapsulation agent for gastrointestinal delivery, ALG 
offers many advantages. Like CS, these include its mucoadhesive char-
acter (George & Abraham, 2006; Gombotz & Wee, 1998), low toxicity, 
biocompatibility and the fact that it is not hydrolyzed by most enzymes 
in the gastrointestinal tract. As mentioned above, its anionic charge 
makes it ideal for formation of a polyelectrolyte complex (PEC) with the 
cationic polymer CS. Such PECs can trap BAPs within them and aid their 
protection and delivery. For example, some studies have proven that 
crosslinking ALG with CS reduces the porosity of ALG hydrogels that 
prevents BAP leaching under gastric conditions (George & Abraham, 
2006; Luo & Wang, 2014; Potaś et al., 2020). CS + ALG systems have 
been used to encapsulate the BAP KPV via a double emulsion solvent 
evaporation method (Xiao et al., 2017) and to encapsulate the peptide 
VLPVP via membrane emulsification and ionic gelation (Huang et al., 
2017). The apparent simplicity and versatility of PECs based on CS +
ALG combinations would seem to make them an ideal candidate for 
delivery of BAPs and this study explores a model system in detail to try 
to understand the key factors controlling their formation, encapsulation 
efficiency and BAP release.

2. Materials and methods

2.1. Materials

Chitosan (CS) (product code HMC 90/100, batch number 212- 
160315-03) with a Mw of 111 kDa (polydispersity = 1.2) as deter-
mined by HPSEC-MALS-RI-UV/VIS (see Supplementary Material), 
intrinsic viscosity ([η]) ~ 400 mL g− 1 (as determined by viscometry in 
20% acetic acid and 85 mM NaCl, 25 ◦C) and degree of acetylation (DA) 
= 10 %, as determined by 1H NMR spectroscopy (Hirai et al., 1991), was 
obtained from Heppe Medical Chitosan GmbH (Halle, Germany).

Sodium alginate of Mw 21 kDa (ALG21), with a mannuronic (M) to 
guluronic (G) acid (M/G) ratio = 1.42 and sodium alginate of Mw 8 kDa 
(ALG8), M/G ratio = 5.1 were obtained from and characterised by 
Danisco, (Copenhagen, Denmark). The samples belong to the same panel 
of samples used in previous studies (Fuenzalida et al., 2016; Goycoolea 
et al., 2009). Bonito fish protein extract (PeptACE®) was obtained from 
Natural Factors (Washington, USA). Synthetic peptide standards LKPNM 
and LKP (≥95% HPLC) were obtained from GenScript (Oxford, UK). 
Acetonitrile (ACN) (HPLC grade), salt (NaCl), hydrochloric acid and 
sodium azide were purchased from Sigma-Aldrich (Gillingham, UK); 
trifluoroacetic acid (TFA) (HPLC grade 99.5%) from Alfa Aesar (Hey-
sham, UK). Ultrapure Milli-Q water was provided by a Milli-Q apparatus 
(Millipore Corp., Bedford, MA, USA) and used to make up all solutions 
unless otherwise stated. A Hettich, Ritona 380 R centrifuge (A Hettich, 
Tuttlingen, Germany) was used to centrifuge (2 mL) the various samples 
throughout.

2.2. BAP isolation from protein extract

PeptACE® powder (2 g) was dissolved in 100 mL of water and stirred 
with an IKA RT 5 magnetic stirrer (Oxford, UK) at 250 rpm at 25 ◦C for 
60 min. The solution was then centrifuged at 5000×g for 30 min at 4 ◦C. 
The supernatant was then filtered through an Ultracel® ultrafiltration 
disc with 3 kDa Mw cut off (Amicon® Bioseparations, Massachusetts, 
USA). The filtered solution was then stored (for 1 week) at 4 ◦C before 
further purification and analysis via high-performance liquid chroma-
tography (HPLC). A Shimadzu HPLC with a UFLC-XR system (Kyoto, 
Japan) was used in reverse-phase (RP) mode. The filtered solution was 
diluted 10 x with water then passed through a 0.22 μm hydrophilic 
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Fig. 1. (a) Chitosan (CS) and (b) alginate (ALG) schematic chemical structures, showing the constituent residues and representative sequences using the standardised 
symbol nomenclature for glycans (chitosan: filled blue boxes = A residues, half-filled blue boxes = D residues; alginate: orange filled circles = G residues, green filled 
circles = M residues). (c) Standard curves for unfiltered solution density (ρ) versus concentration (C): CS (red); AlG21 (blue); AlG8 (green), with the corresponding 
linear regression lines and coefficients shown.
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PVDF syringe filter and loaded into an autosampler tube (1 mL vials). 
RP-HPLC was performed based on the methods of Curtis et al. (2002), 
Jiang et al. (2017) and Liu et al. (2020), with some modifications. A C-18 
column stationary phase (Gemini®, 4.6 × 250 mm, 5 μm, 110 Å, 
Darmstadt, Germany) was employed. Mobile phase A was Milli-Q water, 
mobile phase B was ACN containing 0.05% TFA, using a flow rate of 1 
mL min− 1. The gradient of the mobile phase for ACN was 5% (0–6 min), 
15% (6–10 min), 25% (10–15 min), and 35% (15–21 min). The injection 
volume was 20 μL. The eluent was monitored at a wavelength (λ) = 219 
nm and retention times compared with those of standard solutions of 
LKPNM and LKP. The solutions were stored in a refrigerator until further 
use.

2.3. Preparation and calibration of the CS and ALG stock solutions

CS was dissolved in 85 mM NaCl aqueous solution, to which had also 
been added aliquots of 12 M HCL to give 1.25x moles of H+ compared to 
the moles of non-acetylated (ionizable) amino groups, the final CS 
concentration = 10 mg mL− 1. This NaCl concentration was found to 
maintain a constant particle size in CS-ALG-tripolyphosphate (TPP) 
nanocomplexes according to Goycoolea et al. (2009) and others for 
synthesizing CS-TPP nanoparticles (Milkova & Goycoolea, 2020; Sree-
kumar et al., 2022). The resultant pH was 4.8. ALG was dissolved in 25 
mL of 85 mM NaCl to give 10 mg mL− 1 ALG; the pH of this solution was 
pH 5.8. Sodium azide was added (to give 0.02% w/v) to both solutions 
as a preservative. Both solutions were then stirred with a magnetic 
stirrer overnight at 25 ◦C. The densities of samples of the CS and ALG 
solutions at a range of dilutions (0, 1.0, 2.0, 3.0, 4.0 and 5.0 mg mL− 1) 
were measured with a DMA 4500 M density meter (Anton Paar GmbH, 
Austria) at 25 ◦C and standard curves of density versus concentration for 
each were plotted. Measurements were carried out in triplicate. Pure 
water and solvent (85 mM NaCl) were initially measured to calibrate the 
instrument using the density of water at 25 ◦C (ρ = 0.997 g cm− 3) as a 
reference. All solutions were loaded into the instrument uniformly, each 
comprising 1 mL dispensed using a 1 mL syringe, ensuring the absence of 
any bubbles during the measurement. The remaining CS and ALG so-
lutions were then filtered through a hydrophilic polyethersulfone (PES) 
sterile membrane (Millex®, Millipore, Ireland), pore size 0.22 μm, 
diameter 33 mm and their densities measured for comparison with the 
standard curve to obtain their final concentration (O’Connell, Goycoo-
lea, et al., 2023). These solutions were diluted to the appropriate con-
centration for subsequent PEC formation, diluted with 85 mM NaCl (also 
previously filtered through the PES membrane). Filtration was necessary 
to remove any dust or large undissolved aggregated material in prepa-
ration for subsequent light scattering analysis of the solutions and their 
mixtures. Fig. 1 illustrates the components of the stock solutions and 
their density measurements.

In our preparations, CS with a Mw of 111 kDa at concentrations be-
tween 0.1 and 0.5 % (w/v) exhibited ρ between 1.0012 and 1.0029 g 
cm− 3, in close agreement with the work of Kumar et al. (2021). The 
densities of the ALG solutions were very similar at the same concen-
trations (see Fig. 1), although the ALG8 gave higher ρ than ALG21 
within experimental error, again in agreement with Kumar et al. (2021).

2.4. Calculation of the molar charge ratio (n− /n+)

On mixing, the molar charge ratio (n− /n+) of the polymers is given 
by: 

n−
/

n+ = MALG⋅N−
ALG

/
MCS⋅N+

CS (1) 

where MALG = the final molar concentration of ALG, N−
ALG = the number 

of negative charges per ALG molecule, MCS = the final molar concen-
tration of CS and N+

CS = the number of positive charges per CS molecule. 
N−

ALG and N+
CS are given by: 

N−
ALG = α⋅MWALG

/
MWALGmon (2) 

and 

N+
CS =(1-α)⋅(1 /100)⋅(100-DA)⋅MWCS

/
MWCSmon (3) 

where α is the degree of dissociation of the ionizing groups; MwALG and 
MwCS are the Mw of the ALG and CS, respectively; MwALGmon and 
MwCSmon are the Mw of the ALG and CS monomers, respectively. DA is 
the % degree of acetylation of the CS. Assuming that at the pH at which 
the polymers are mixed both the ALG carboxylate groups and the CS 
amino groups are fully charged (see later), at − 1 and + 1, respectively, i. 
e., α = 1 for carboxylate and 0 for the NH3

+ groups, this allows calcu-
lation of N−

ALG and N+
CS if the Mw of the species are known. Taking the Mw 

of the CS, ALG8 and ALG21 as 111, 8, and 21 kDa, respectively (as 
described above), plus values of 198 g mol− 1 for ALGmon and for CSmon 
166.3 g mol− 1 (the average molar mass of the A and D CS residues, 
weighted according to DA = 10%) the values of N+

CS for CS and N−
ALG for 

ALG8 and ALG21 are 601+, 40.4− and 106− , respectively. From the 
known concentration (2 mg mL− 1, converted to MALG and MCS) of the CS 
and ALG stock solutions and the different volumes mixed together, n− / 
n+ was then calculated via eq. (1).

2.5. Polyelectrolyte complex (PEC) formation

PEC preparation was carried out via a simple one step mixing tech-
nique (Goycoolea et al., 2009). The appropriate volumes and concen-
trations of ALG and CS solutions were mixed according to the charge 
ratio calculation indicated above to give a total volume = 2 mL. ALG 
solution was added into the CS solution via a micropipette. The mixture 
was then vortexed for 5 s via a Fisherbrand™ Classic Vortex Mixer 
(Fisher Scientific, Loughborough, UK) at room temperature (20 −
25 ◦C), left for 3 h then cooled to 4 ◦C then sonicated for 5 min (5 s 
pulsed ON, 3 s pulsed OFF, amplitude 35% at 20 kHz) via a Sonics® VCX 
750 (Sonics & Materials, Inc., Newtown, CT, USA) ultrasonicator and 
tapered microtip probe. To create PECs load with BAPs, the BAP was 
dissolved in water then added to the CS solution before mixing with the 
ALG solution to give a final BAP concentration in the PECs of 1.0 mg 
mL− 1. Fig. 2 summarises the PEC preparation method.

2.6. Encapsulation efficiency (EE)

The loaded PECs were centrifuged at 20,000×g for 25 min and the 
free (non-encapsulated) concentration of BAP in the supernatant was 
determined via HPLC as described above (section 2.2). The % encap-
sulation efficiency (EE) was defined as: 

100(Ci− Cs)/Ci                                                                               (4)

(Bicak et al., 2021; Danish et al., 2017) where Ci is the initial BAP 
concentration in the mixture and Cs is the BAP concentration in the 
supernatant measured via HPLC.

2.7. Viscosity determinations

Viscosity (η) analysis of the supernatants from the PECs (both loaded 
and unloaded) was also performed to indicate differences in the amount 
of remaining, non-complexed biopolymer (Menchicchi et al., 2014), as a 
way of qualitatively confirming the extent of complex formation, plus 
these supernatant viscosities are required for accurate estimation of Rh 
via DLS (see section 2.9). Utilizing the microVISC™ method by Rheo-
Sense, a 300 μL sample of the supernatant was loaded into the device, 
which is equipped with a chip featuring a rectangular slit for both inflow 
and outflow. The chip, enhanced with a sensory array, measures the 
solution’s flow and viscosity as it is propelled by a plugger.
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2.8. BAP release (R)

In vitro release studies were conducted at pH 3.0 and pH 6.8 based on 
earlier methodology (Goycoolea et al., 2009) with slight modification. 
After centrifuging samples of the loaded BAPs as above (section 2.6) the 
pellets were re-suspended in 3 mL of a mixture of 0.1 M HCl and water 
adjusted to pH 3 and other pellets in a mixture of water + 0.1 M NaOH 
adjusted to pH 6.8. The mixtures were then incubated for 3 h at 37 ◦C 
(Egger et al., 2016; Zhang et al., 2022). These two pH values and in-
cubation times were intended to mimic the ‘typical’ physical gastric and 
intestinal conditions during human digestion of foods. After incubation, 
the mixtures were centrifuged at 20,000×g for 25 min then the con-
centration of BAP in the supernatants measured via HPLC as described 
above. The % release (R) was calculated as: 

R = 100(CBAP − n− /n+
S )/CBAP)                                                       (5)

where CBAP = the concentration of BAPs in the mixture before incuba-
tion (determined by the measured EE) and n− /n+S = the concentration 
of BAPs released from the mixture on incubation, measured via HPLC 
analysis of the supernatant.

2.9. PEC particle size measurements

The mean particle sizes, particle size distributions (PSD) and poly-
dispersity index (PDI) were measured via dynamic light scattering 
(DLS). Sample suspensions were pipetted into polymethyl methacrylate 
(PMMA) semi-micro filling UV transparent cuvettes, path length 10 mm 
(VWR International, UK) then were measured in a Zetasizer Ultra 
(Malvern Panalytical). Measurements were performed by setting the 
cuvette mode on ZEN0040 and refractive index of the dispersant = 1.33 
(water). Samples were equilibrated for 120 s at 25 ◦C and analysed using 
backscattered light (wavelength 633 nm) at a detection angle of 173◦ to 
determine the mean hydrodynamic radius (Rh), assuming the particles 
are spherical and obey the Stokes-Einstein eq.: 

Rh =
kB T

3 π η D
(6) 

where, kB is Boltzmann’s constant, T is absolute temperature (298.15 K) 
and D is diffusion coefficient as measured by the instrument (Anderson 
et al., 2013; Stetefeld et al., 2016). The ζ-potential of the particles was 
calculated from their electrophoretic mobility (μ) measured by 
mixed-mode phase analysis light scattering (M3-PALS). Samples were 
diluted 50x (100 μL of sample to 5 mL of 10 mM NaCl at pH ~ 7) and 
vortexed. (This NaCl concentration was to fix the ionic strength, but at a 
low value in order to avoid particle aggregation or complex dissolution). 
Then 0.8 mL of sample was loaded into a folded capillary zeta cell 
DTS1070 and subsequently measured via a Zetasizer Ultra (Malvern 
Panalytical) equipped with a 4 mW He/Ne laser beam (λ = 633 nm) at 
25 ◦C. The zeta potential (ζ) was calculated via the Smoluchowski 
approximation: 

ζ=
4π η μ

ε.ε0
(7) 

where εr is the relative dielectric constant of the solvent (for water and 
10 mM NaCl ≈ 78.5), ε0 the permittivity of free space 8.854 × 10− 12 F 
m− 1) and μ = v/E, where v is measured particle velocity in an electric 
field of strength E (Doroszkowski, 1999; S. Zhang, Murray, et al., 2021). 
Some samples of both loaded and unloaded PECs were transferred into 
an Eppendorf tube containing a small amount of glycerol then centri-
fuged at 20,000×g for 25 min. The supernatant was discarded, and the 
pellet re-suspended in filtered 85 mM NaCl and mixed via a micropipette 
for re-examination of PEC particle size.

2.10. Small angle X-ray scattering (SAXS)

Small angle X-ray scattering (SAXS) was conducted on unloaded 
PECs at 25 ◦C. SAXS measurements were performed utilizing a SAXSpace 
small-angle X-ray camera Anton Paar (Graz, Austria). Briefly, the X-ray 
beam was collimated into a line focus, length = 20 mm and width = 0.5 
mm. The distance of sample to detector was 317 mm, determined via 
utilization of silver behenate powder. Each sample was loaded into a 1.5 
mm diameter quartz capillary tube and exposed for 3600 s to a beam 
from an X-ray tube (wavelength 0.154 nm) operating at 40 kV and 50 
mA. The instrument system was additionally run in high-intensity mode, 
offering a minimum accessible scattering vector magnitude qmin = 0.12 
nm− 1 (where q = 4π/λ sin(θ), and 2θ represents the scattering angle). 
Further details of the instrument and its operation are available else-
where (Apostolidis et al., 2023).

2.11. Electron microscopy (EM)

Transmission electron microscopy (TEM) was performed to observe 
the size and morphology of selected loaded PECs. The liquid sample was 
pipetted onto a copper TEM grid placed on filter paper, then allowed to 
dry under cover. The grid was then placed carefully into a TEM specimen 
holder via tweezers and the grid clamped. TEM analysis was carried out 
using a FEI Titan3 Themis G2 S/TEM (Massachusetts, USA) operated at 
300 kV with an energy spread ≈ 0.25 eV and fitted with Gatan OneView 
4K CMOS digital camera.

2.12. Statistical analysis

The data outcomes have been presented as mean values and their 
associated standard deviations of 3 repeat measurements, except for the 
HPLC measurements, which were only repeated twice. SPSS Statistics 
29.0 (IBM, Chicago, IL) was employed for the data analysis. The efficacy 
of the treatment was assessed through a one-way analysis of variance 
(ANOVA), followed by the application of Tukey’s test. Statistical sig-
nificance was established at a threshold of p < 0.05.

Fig. 2. (a) Schematic illustration of preparation of PECs; (b) Cartoon of complex formation with or without BAPs.
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3. Results and discussion

3.1. BAP fractionation and identification

The HPLC chromatograms (Fig. 3) revealed two predominant pep-
tides in the ultrafiltrate of the PeptACE sample, characterized by high- 
intensity and sharp peaks at retention times between 105–117 and 
218–225 s. These peaks coincided with those of the two synthetic pep-
tides LKP and LKPNM when introduced under the same conditions at 
concentrations ranging between 0.05 and 0.25 mM. This agrees with 
previous studies (Curtis et al., 2002; Fuentea et al., 2020; Fujita & 
Yoshikawa, 1999). The LKP eluted just before LKPNM, probably owing 
to its lower Mw and higher solubility in the hydrophilic mobile phase.

The existence of LKP may stem from the hydrolysis of LKPNM, as 
indicated earlier (Fujita et al., 2000; Fujita & Yoshikawa, 1999) where it 
was shown that LKPNM yielded two peptides: LKP and NM. Notably, 
LKP exhibited an eight-fold higher antihypertensive activity than the 
original LKPNM, with an IC50 of 0.32 μM, whilst NM did not manifest 
any bioactivity. No additional BAPs were observed, despite assertions 
claiming the presence of six short fish peptides (Guan et al., 2001). A 
study conducted by Curtis et al. (2002) reported that the BAPs in the 
PeptACE® exhibited 95% similarity with synthetic LKPNM, via LC-MS 
analysis. PeptACE® is supposed to contain 85% peptides with an IC50 
of 50.2 μg mL− 1 (2.40 μM). It is pertinent to mention that LKPNM is 
completely soluble in water, possessing an isoelectric point ranging from 
9.6 to 10.5 (Curtis et al., 2002; Fujita & Yoshikawa, 1999).

Fig. 4 shows theoretical plots of the net charge on the peptides, 
chitosan and the alginates as a function of pH, taking into account the 
varying values of α based on the pKa values of the various ionizing 
groups (α = (Ka/([H+] + Ka)). The pKa values for the α-NH2, LYS side- 
chain NH2 and terminal COOH group of the peptides (LKPNM or LKP) 
were taken as 9.3, 10.2 and 2.2, respectively (Belitz & Grosch, 1999). 
The pKo value of the CS NH2 groups was taken as 6.0 (see above) and the 
alginate mannuronic and guluronic COOH groups 3.38 and 3.65, 
respectively (see earlier). The number of NH2 and COOH groups on the 
CS and ALG molecules were calculated as described above, plus, in the 
case of the alginates, also the M/G ratio to calculate the average number 
of ManpA and GulpA residues per molecule of ALG21 and ALG8. It is 

seen that at the pH of PEC formation (5.5) the charge on the CS is 
dominant, approximately 4 and 11x as large (and opposite in sign) to 
that on the ALG21 and ALG8 molecules, respectively. The net charge 
(~+1) on both BAPs is minuscule in comparison, but because of their 
lower Mw, the molar concentration of +ve charges due to the BAPs be-
comes significant, as will be explained below. Between pH 3.0 and 5.5 
CS loses approximately 20% of its full charge; by pH 8 CS would have 
lost almost all its charge. Decreasing the pH from 5.5 to pH 3.0 results in 
the ALG losing approximately 70% of their –ve charge.

3.2. Physical properties of unloaded CS + ALG PECs

Fig. 5 shows the measured hydrodynamic radius (Rh) and 

Fig. 3. (a) HPLC chromatograms of ≤ 3 kDa PeptACE BAPs and their fractionation scheme. Standard curves for LKPNM (b) and LKP (c) calculated from area under 
the curves (AUC).

Fig. 4. The magnitude of the net charge |N| on single molecules of the poly-
mers and the BAPs as a function of pH. Left hand ordinate: |N| (+ve) for CS (full 
black line); |N| (-ve) for ALG21 (red long dashed line); |N| (-ve) for ALG8 (green 
short dashed line). Right hand ordinate: |N| for the LKPNM or LKP peptides. 
(Calculation explained in the text). The vertical dashed line indicates the pH 
(5.5) of PEC formation.
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ζ− potential of PECs formed (in the absence of added BAPs) as a function 
of the molar charge ratio n− /n+, between n− /n+ = 0.1 (excess CS) and 
n− /n+ = 10 (excess ALG) for CS + ALG21 and CS + ALG8. (Note that 
these Rh values were calculated taking into account the viscosity of the 
background solutions, measured when the PECs were centrifuged off – 
see Fig. 7 below, whereas the samples were highly diluted into water for 
the ζ measurements). n− /n+ is generally a critical parameter influencing 
the formation and stability of such PECs, whilst there seems to be a 
scarcity of work focusing on this. To the best of our knowledge, only few 
studies such as the ones conducted by Becheran-Maron et al. (2004), 
Sæther et al. (2008) and Yilmaz et al. (2019) have endeavoured to 
control the n− /n+ in CS + ALG PECs formation. Conductometric and 
potentiometric titrations, along with turbidity measurements in CS +
ALG PECs, revealed that the full charge neutralisation occurs at a 
non-stoichiometric n+/n− − charge ratio of 0.70 ± 0.2 (i.e., n− /n+ ~ 
1.43), thus reflecting the pivotal role of the weak electrolyte character 
and nature of the polymers (Becheran-Maron et al., 2004). Meanwhile, 
the other two studies concurred that as n− /n+ approaches 1 the elec-
trostatic attraction intensifies, leading to the formation of coacervates or 
larger aggregates. This is seen for both CS + ALG systems, where a large 
increase in Rh occurs around n− /n+ = 1. At the same time, this coincides 
with a change in the sign of the ζ, from positive to negative. For n− /n+ >

1, Rh decreases again, whilst the ζ values tend to level off – at − 30 and 
− 42 mV for the ALG8 and ALG 21 systems, respectively. For n− /n+ < 1 
Rh of the PECs is much smaller and decreases a little (from ca. 800 to 300 
± 50 nm) as n− /n+ 1 → 1, with the ALG8 + CS system giving lower Rh 
than the ALG21 + CS system, within experimental error, whereas the 
ζ-potentials of the two systems are indistinguishable. Between n− /n+ =

0.1 and 1 Rh are <1 μm but for n− /n+ > 1, where the charge inversion 
occurs, all Rh > 1 μm, especially just beyond n− /n+ = 1, suggesting that 
much less compact PEC structures are formed in the presence of excess 
ALG. Note the polydispersity of the sizes is also larger at the higher 
values of n− /n+. This is in agreement with the findings of Yilmaz et al. 
(2019), who reported smaller Rh when CS was in excess rather than ALG. 
Also notable is that the range of n− /n+ where the charge inversion and 
steep rise in Rh occur for n− /n+ > 1 is displaced to higher n− /n+ in the 
case of the lower Mw ALG8. The final Rh (at n− /n+ = 10) for the CS +
ALG8 system is also considerably higher than for the CS + ALG21 sys-
tem: these final values being approximately 10 and 2 μm, respectively. 
Thus, the lower Mw ALG when in excess (n− /n+ > 1), appears to give 
more expanded and lower charged PECs than those formed with the 
higher Mw ALG, perhaps indicating that the ALG8 is less ‘efficient’ than 
ALG21 in being able to pull CS chains together to form the PECs at the 
same n− /n+. Note that there will be more molecules of ALG8 than ALG 
21 available at the same n− /n+, but if the cross-linking between the two 

types of polymer is a co-operative process depending upon multiple 
points of attraction between the different polymers, then it makes sense 
that the higher Mw ALG is more efficient as an agent of cross-linking.

According to Vold et al. (2006) the persistence length of ALG, at 12 
nm, tends to be larger than that of this type of CS: ca. 5 nm (Rinaudo 
et al., 1993; Schatz et al., 2004). In other words, ALG is stiffer than CS, so 
that, even though the CS Mw is so much higher, ALG might be expected 
to have a disproportionate effect on the size of the complexes of the two 
molecules.

Fig. 6 compares the values of Rh determined via DLS with the radius 
of gyration (Rg) as determined by SLS (at scattering angles between 30 
and 130◦) for freshly prepared PECs at n− /n+ = 0.5 and 10 for CS +
ALG21.

For the PEC particles formed at these ratios, we applied the spherical 
particles scattering model to fit the angular dependency of scattered 
intensities from SLS data. The analysis provided us with asymmetric size 
distributions for different PECs with a skewness towards large di-
mensions and the average radius of gyration (Rg) for each sample. (SLS 
data fitting and size distributions are reported in Fig SI1). It is interesting 
that the Rg values are considerably and consistently lower than Rh for 
both n− /n+. This probably indicates that the core of the structures in 
both cases is somewhat similar, whilst the outer layers differ – Rh being 
much more sensitive to the presence of long, less dense ‘hairy’ layers at 
the surface. Thus, the smaller difference between Rh and Rg in the case of 
n− /n+ = 0.5 again points to these particles having a more compact 
structure − when CS is in excess rather than ALG in excess (n− /n+ = 10). 
Typical reported Rg: Rh ratios for spherical nanoparticles are 0.775 and 
for macromolecules between 1 and 2; ratios >2 generally indicate 
anisotropy in the molecules, i.e., elongated conformations such as rod- 
like conformations. Ratios <0.7 typically represent highly swollen 
macromolecules or “micro gels” (Schmidt et al., 1979). Using macro-
molecular fractionation techniques, such as asymmetric flow field-flow 
fractionation (AF4) coupled to SLS and DLS detection, the determina-
tion of Rg: Rh ratios also allows one to distinguish between aggregated 
and non-aggregated structures in a population (Glantz et al., 2010; 
Hakansson et al., 2012; Nilsson, 2013). (Also notable is that the Rh 
values are lower when the system is loaded with BAP – this is discussed 
later in section 3.3).

The more efficient cross-linking via ALG21 discussed above (Fig. 5) is 
also hinted at by the results in Fig. 7a and b, which show the viscosities 
(η) of the supernatants when centrifuging off the PECs, as a function of 
the mass fraction (f) of ALG in system. A measured viscosity (η) further 
away (lower) than the theoretical additive line (which assumes no 

Fig. 5. Hydrodynamic radius (Rh) and ζ-potential of unloaded PECs as a 
function of molar charge ratio n− /n+ at a total polymer concentration of 2 
mg mL− 1.

Fig. 6. Measured PEC sizes via DLS (Rh, black) and SLS (Rg, blue) for the CS +
ALG21 systems at n− /n+ = 0.5 and 10, both loaded and unloaded with BAPs. 
(Bars with different letters are values that are statistically different from one 
another, at p < 0.05).
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Fig. 7. Viscosity (η) of the supernatants of centrifuged CS + ALG mixtures as a function of the original mass fraction of ALG (f) in the systems for (a) CS + ALG8 and 
(b) CS + ALG21 at 25 ◦C. The dashed lines in (a) and (b) are the theoretical η of the biopolymer mixtures assuming simple additivity of the η of the pure components. 
(Thus η at f = 0 and 1 are the values of CS and ALG stock solutions at 2 mg mL− 1, respectively). Figures (c) and (d) show the % difference of the measured η from the 
additive line for CS + ALG8 and CS + ALG21, respectively.

Fig. 8. Small-angle X-ray scattering (SAXS) patterns (a) and corresponding Kratky plots (b) are presented for 2 mg mL− 1 CS, ALG, and their PECs at two different n− / 
n+ molar charge ratios. The Kratky plots demonstrate swollen chain behaviour for pure polyelectrolytes, whereas Gaussian and collapsed chains/clustered structures 
are observed for PECs of ALG8 and ALG21, respectively. The scattering profiles were acquired at 85 mM NaCl and 25 ◦C. The horizontal dashed lines in the Kratky 
plots provide a guide for the Gaussian (random coil) chain behaviour at low q values.
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interaction between the polymers in dilute solution) indicates that 
higher levels of polymer have become trapped within the PECs. The 
same dilute solution viscosity method was used in previous studies to 
determine the degree of interaction between chitosan and other poly-
saccharides with soluble mucin (Menchicchi et al., 2014, 2015), and 
between polysaccharides of varying structure and conformation 
(Goycoolea-Valencia et al., 1995). It is seen that η is overall closer to the 
additive line in the case of the CS + ALG8 system (Fig. 7a). Quantita-
tively the integrated area between the curve describing the data points 
and the additive straight line is larger (1.7 x larger) for CS + ALG21 than 
CS + ALG8 (see Fig. 7(c) and (d)). For CS + ALG8 between f = 0.7 and 1, 
η was higher than the theoretical additive line, which might be due 
simply to the limits of sensitivity of the measurement at these low η, or 
due to non-homogeneous mixing or incomplete separation of compo-
nents during centrifugation, since the η of the ALG8 stock solution was 
considerably lower than that of the CS, so that relatively minor varia-
tions in CS content will have a disproportionately large effect on the 
overall η. Similarly, this condition also occurs in the CS + ALG21 sys-
tems at f > 0.92.

Fig. 8 shows the SAXS patterns (Fig. 8a) and corresponding Kratky 
plots (Fig. 8b) before and after complexation. Intensities in Y-axis of 
both curves are shown in arbitrary units and shifted vertically for the 
sake of clarity. For pure CS and ALG polyelectrolyte solutions, scattering 
intensities (I) demonstrate a slow decay by scattering vectors (q) which 
is accompanied by a monotonous increase of I × q2 in the Kratky plot. 
The behaviour indicates the existence of homogeneous solutions of 
stretched chains of polyelectrolytes. The stretching is enforced by the 
high charge along the biopolymer chains at the pH condition studied. In 
contrast, after mixing the two biopolymers and upon formation of PECs, 
a much higher angular dependency is observed (the intensity versus q 
decays faster compared to the pure polyelectrolytes). The intensities 
decay considerably until q = 0.5 nm− 1 (associated with the length scale 
>12 nm), however, the rate of these decays is dependent on the type and 
molecular weight of polyelectrolytes. To understand the chain 
arrangement for different PECs, a close look into Kratky plots is helpful. 
For the PEC of ALG8 at n− /n+= 1, the Kratky plot shows a plateau at low 
q, confirming a Gaussian chain (random coil) behaviour (Takeshita 
et al., 2019). The dashed lines in Fig. 8b represent the Kratky plot 
behaviour of ideal Gaussian chains. The line is perfectly aligned with the 
experimental data for CS + ALG8 PEC at n− /n+ = 1. In contrast, the 
complexes of ALG21 at both ratios (n− /n+ = 1 and n− /n+ = 0.2) show 
decreases in I × q2 versus q at q < 0.5 nm− 1. This deviation from 
Gaussian chain behaviour indicates more collapsed chain configurations 
and possibly the formation of larger clusters in PEC samples. The devi-
ation is more pronounced in the case of CS + ALG8 PEC at n− /n+ = 1 
(see blue curve in Fig. 8b). It is noteworthy that all SAXS curves behave 
similarly at higher q values (q > 0.5 nm− 1), indicating that the chains 
appear swollen when focusing on very small length scales (length scales 
below 12 nm).

3.3. Physical properties of loaded CS + ALG PECs

In view of the sensitivity of the properties of the unloaded PECs to 
n− /n+, particularly around n− /n+ = 1, two extremes, n− /n+ = 0.5 and 
10 for ALG 21, were chosen to test the effects of addition of BAPs to the 
systems and their loading. In addition, of course, these two extremes are 
predicted to form complexes of very different sizes (assuming the same 
behaviour as in Fig. 5), i.e., sub-micron and >1 μm, which might have 
different release properties and applications, whilst their higher ζ values 
are likely to prevent them aggregating. LKPNM and LKP from the ul-
trafiltration of fish peptides were encapsulated into PECs as described in 
the Methods, adding the BAPs to the CS solution before mixing with 
ALG. Thus, the starting solution contained two net positively charged 
molecules, the CS and the BAPs. The results are shown in Table 1.

It is seen that both for n− /n+ = 0.5 and 10, including the BAPs 

resulted in a significant reduction in Rh and PDI (as already noted in 
Fig. 6), suggesting that the BAP contributed to the cross-linking and led 
to more compact structures. A PDI value between 0 and 0.1 indicates 
monodispersity (Raval et al., 2019), between 0.1 and 0.3 suggests 
moderate polydispersity but still relatively uniform (Gazzillo et al., 
2006) whereas PDI values between 0.3 and 1.0, or greater than 0.7, 
signify a diverse range of particle sizes (Mudalige et al., 2019). The yield 
of PECs also increased significantly when the PECs were formed in the 
presence of the BAPs, reinforcing the supposition that the BAPs 
contributed to PEC formation. At the same time, it is noticeable that with 
the BAP included the value of ζ attained was smaller in magnitude: less 
+ ve for n− /n+ = 0.5 (excess CS) and less -ve for n− /n+ = 10 (excess 
ALG). In the latter case, this might indicate that the BAP has more of an 
effect on the cross-linking at the surface of the PEC, whereas with excess 
CS the CS dominates over any structural effect due to the BAP. Similar 
increases in the yields of PEC formation (>~50%) were observed in CS 
+ ALG nanoparticles comprising low Mw alginate upon loading them 

Table 1 
Comparison of measured properties of CS + ALG21 PECs with and without BAP 
loading. n− /n+

= molar charge ratio; Rh hydrodynamic radius; PDI = poly-
dispersity index; ζ = zeta potential; EE = encapsulation efficiency.

System n− / 
n+

Rh/nm PDI ζ/mV EE/% PEC 
yield 
/%

no BAPs 0.5 402 ±
13 a

0.25 ±
0.02 a

+36.0 ±
2.1 a

– 8.6 ±
0.7bc

with 
BAPs

0.5 322 ± 2 
a

0.19 ±
0.01 a

+33.9 ±
1.3 b

85 ±
0.1

13.5 ±
1.1ab

no BAPs 10 843 ±
88b

0.49 ±
0.06 b

− 23.0 ±
1.3 c

– 3.0 ±
1.4c

with 
BAPs

10 436 ±
54a

0.42 ±
0.04 b

− 14.6 ±
2.3d

80.6 ±
0.5

6.9 ±
5.8bc

Symbols in the same column with different notations indicate differences with 
significance >95% (p < 0.05).

Fig. 9. The signed molar charge ratio − (n− /n+) for the CS + ALG21 PECs 
calculated excluding (black full curve) and including (red dashed curve) the 
contribution of charges from encapsulated BAPs as a function of the volume of 
2 mg mL− 1 stock ALG21 solution added into the system. The horizontal dashed 
line indicates n− /n+ = 1, i.e., overall charge compensation of the systems.
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with insulin (Goycoolea et al., 2009).
Fig. 9 shows the molar charge ratio of –ve species (ALG21) to +ve 

charged species when the moles of charge carried by the encapsulated 
BAPs are included, compared to when the latter is ignored (as in Fig. 5). 
(In this case, we have given the ratio the appropriate sign to indicate 
whether the net charge is negative or positive). Even though there is 
only one net +ve charge per BAP molecule, compared to 601 per CS 
molecule, it is seen that the contribution of the BAPs to the n− /n+ does 
become significant as n− /n+ → 10, i.e., in the ALG21-rich but CS- 
depleted complexes, due to the much higher molar concentration of the 
BAPs. This adds further weight to the hypothesis that in the latter sys-
tems the BAPs themselves may contribute to the structure and integrity 
of the PECs formed.

The encapsulation efficiency was similar and high for both systems 
− 85 % for n− /n+ = 0.5 and 80.6 % for n− /n+ 10 − therefore just higher 
(within experimental error) for the more compact PECs. Danish et al. 
(2017) reported EE between 22.6% and 43.9% for the encapsulation of 
the tripeptide IPP and 40.9%–65.1% for the encapsulation of LKP into 
CS nanoparticles (NPs). The EE of tripeptide YKT into CS ‘macro-
particles’ (MP) was approximately 35% (Bicak et al., 2021). Encapsu-
lation of the decapeptide YLGYLEQLLR into guar gum coated with CS 
MPs yielded an EE of about 86%. The CS + ALG system reported in this 
work therefore seems at least as good if not better than these other 
systems reported.

We also investigated the influence of re-suspension of CS + ALG21 
PECs, both loaded and unloaded, on their Rh, ζ-potential and PDI to 
check for their stability to re-dispersal and dilution after their isolation. 
The results are shown in Fig. 10, expressed as the ratio of the values for 
the fresh to re-suspended. For n− /n+ = 0.5 (excess CS) the ratios were 
close to 1, indicating no significant differences. However, for n− /n+ =

10 (excess ALG) the ratios were significantly >1, particularly for the Rh 
and ζ values, indicating that the PECs with excess ALG were less stable, 
noting that these PECs were much larger and therefore possibly less 
compact to start with. This was further corroborated by comparing η of 
the supernatants after centrifugation. The results are shown in Fig. 11
and indeed indicate that η was lower for the loaded PECs, indicating a 
greater proportion of the polymer being incorporated into the PECs 
when BAPs were present, but especially when CS was present in excess.

3.4. Microscopy evidence of PEC morphology

The morphology of the smaller PECs with the highest BAP loading (i. 
e., excess CS, at n− /n+ = 0.5 with ALG21) was examined via trans-
mission electron microscopy (TEM) – see Fig. 12. The size as measured 

via DLS was approximately 322 nm whereas the TEM images showed 
particles ranging from less than 20 nm to over 500 nm, with some larger 
particles exceeding 1 μm. Some of these structures appeared to consist of 
aggregates. Within these structures smaller objects (<20 nm) were 
consistently observed, which also seemed to form larger clusters in some 
regions. It cannot be certain, but these smaller objects were presumed to 
be aggregates of the encapsulated BAP. This is in overall agreement with 
the low Rg: Rh ratios discussed above (Fig. 5), and future fractionation 
studies using asymmetric flow field-flow fractionation could shed more 
light on the presence of aggregates, as shown in previous studies focused 
on polysaccharide and protein systems (Glantz et al., 2010; Hakansson 
et al., 2012; Nilsson, 2013; O’Connell, Gonzalez-Espinosa, et al., 2023). 
Most other microscopic observations of PEC-type structures with 
encapsulated peptides suggest spherical-like PEC structures are formed 
(Chen et al., 2017; Huang et al., 2017; Jiang et al., 2021). Huang et al. 
(2017) focused on pentapeptide VLPVP-loaded sodium 
ALG-O-carboxymethyl CS microspheres and noted that the surface of the 
microspheres appeared rough when peptides were included, though it is 
not clear if this roughness was due to the sort of proposed BAP aggre-
gates as observed in Fig. 12. We attempted SEM measurements on the 
samples, but unfortunately, these were very inconclusive, due to the 
drying out of the samples, that induced dense aggregation of the 
particles.

4. Studies of BAP release from PECs

As an initial study into BAP release from the type of PECs described 
above, we first chose to check the effect of pH and salt, i.e., without 
including digestive enzymes. Although such enzymes are not expected to 
digest the ALG or CS, they may have effects on the BAPs, which as we 
have shown to seem to also affect the PEC structure when encapsulated 
at this level. At the same time, it is well known that pH and salt will 
affect the electrostatic interactions thought to be holding the PECs 
together, so it seemed important to try and separate out the effects of 
enzymes and pH/salt in the first instance.

The CS + ALG21 PECs for n− /n+ = 0.5 (excess CS) and n− /n+ = 10 
(excess ALG21) were incubated for 3 h at 37 ◦C at pH 3 (representative 
of gastric pH) and at pH 6.8 (representative of intestinal pH), in separate 
experiments. These two pH values and incubation times were intended 
to mimic ‘typical’ physical gastric and intestinal conditions during 
human digestion of foods (Egger et al., 2016; Zhang et al., 2022). The 
suspensions were then centrifuged and the amounts of BAPs released in 
the supernatants were quantified via RP-HPLC in the way already Fig. 10. Ratio between freshly prepared and re-suspended values of Rh, PDI 

and ζ of both loaded and unloaded CS + ALG21 PECs, at n− /n+ = 0.5 and 10.

Fig. 11. Viscosity (η) at 25 ◦C of the supernatants of centrifuged CS + ALG21 
mixtures as a function of the original mass fraction of ALG21 (f) in the system. 
The dashed curve represents the data for the unloaded system, taken from 
Fig. 7b. The blue filled squares indicate the η values for the PECs loaded with 
BAPs, the open triangles the unloaded (but re-suspended) PECs.
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described. The results (Fig. 13) showed that BAP release was less than 
8% at pH 3 and less than 18% at pH 6.8. The higher release at pH 6.8 is 
probably due to the charge states of the CS, ALG and BAPs. At pH 3 both 
the CS and the BAP carry significantly higher positive charge than at pH 
6.8 (see Fig. 4), leading to stronger attractive interactions with the ALG, 
which is expected to hold the oppositely charged polymers more closely 
together in the PECs, possibly with smaller pore size, reducing any 
diffusive loss of BAP. At the same time, the BAP itself will be more 
strongly bound to the ALG chains within the PEC structure.

Comparing with other previous studies, the release of short-chain 
BAPs during simulated gastrointestinal digestion is a common obser-
vation across a range of carrier systems, though the release kinetics tend 

to be mitigated when utilizing composite or hybrid wall materials, as 
observed in our case. For instance, the tripeptide ECG loaded into CS/ 
β-cyclodextrin (β-CD) nanoparticles exhibited 100% and 25% release 
after 200 min incubation at pH 1.2 and 6.8, respectively. A similar tri-
peptide loaded into CS/α-cyclodextrin (α-CD) showed 60% release after 
200 min and 100% release from CS/SBE-β-cyclodextrin after 100 min 
(Trapani et al., 2010) where SBE = sulfobutylether moieties attached to 
the β-cyclodextrin. When the dipeptide FW was loaded into whey 
microbeads, the release = 56% after 6 h incubation of 20 % volume 
fraction of microbeads in deionized water (O’Neill et al., 2015). Addi-
tionally, the pentapeptide VLPVP encapsulated within O-carboxymethyl 
CS/sodium ALG microspheres gave 9.59 % release at pH 1.2 after 2 h 
and 87.63 % release at pH 6.8 after 5h (Huang et al., 2017). Guar 
film-coated CS microparticles gave very good protection against release 
of the decapeptide YLGYLEQLLR in artificial saliva (pH 6.8), giving 
<2.5% release after 4 h (Batista et al., 2021). In another study, tripep-
tides IPP and LKP loaded into CS nanoparticles showed 90 % release in 
simulated intestinal fluid (SIF) after 240 min and 75 % after 120 min in 
simulated gastric fluid (SGF) (Danish et al., 2017). Similarly, the tri-
peptide YKT loaded into CS nanoparticles showed release values of 26, 
34, 43, and 97% after 8, 24, 48, and 264 h incubation in PBS buffer (pH 
7.4) at 37 ◦C. The release kinetics were slower in CS + ALG nano-
particles; for example, the tripeptide KPV encapsulated into CS + ALG 
nanoparticles showed 25% at pH 6.2 after 30 min and increased to only 
35% after 30 h (Laroui et al., 2010; Xiao et al., 2017). However, in none 
of these other studies do charge interactions of the peptides with the 
polymers themselves seem have been considered.

5. Conclusions

This study has shown the robust structural integrity of CS + ALG 
polymeric electrolyte complexes (PECs), particularly those formed at a 
molar charge ratio (n− /n+) < 1. Enhanced stability is observed in PECs 
with both excess CS and excess ALG in NaCl solution. The ionic 

Fig. 12. TEM micrographs of PECs loaded BAPs for CS + ALG21 at n− /n+ = 0.5.

Fig. 13. The % release of BAPs from CS + ALG21 PECs for n− /n+
= 0.5 (excess 

CS) and n− /n+ = 10 (excess ALG21) after 3 h at 37 ◦C at pH 3.0 (blue) and pH 
6.8 (cyan). (Bars with different letters are values that are statistically different 
from one another at p < 0.05).
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interaction between CS and ALG is more pronounced for higher Mw ALG 
molecules (21 kDa versus 8 kDa), resulting in more compact and stable 
PECs. The introduction of low Mw bioactive peptides (BAPs) into the CS 
+ ALG PECs leads to a reduction in their hydrodynamic radius (Rh), with 
minimal impact on their ζ− potential and polydispersity, indicative of 
successful incorporation of the bioactives as well as their integration 
into and additional stabilization of the PEC structure. Encapsulation 
efficiency was high and release low in gastric and intestinal pH condi-
tions, probably due to the stronger association between the oppositely 
charged BAP and ALG molecules. Thus, the simple one-step process of 
mixing CS, ALG and BAPs of appropriate charge represents a promising 
encapsulation technique for future industrial development, offering a 
sustainable approach for incorporating BAPs into gastrointestinal de-
livery vehicles.
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