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This study aimed to develop and evaluate a liposomal nano-delivery system for bioactive peptide 
fractions (PFs) derived from Gracilaria corticata algae proteins. The peptides were obtained by 
enzymatic hydrolysis using alcalase, pancreatin, and trypsin. The resulting PF-loaded nanoliposomes 
were characterized in terms of degree of hydrolysis (DH), particle size, ζ-potential, encapsulation 
efficiency (EE), and antioxidant capacity (DPPH and ABTS assays). Among the tested enzymes, 
alcalase produced hydrolysates with the highest DH (33%) and EE (84%). The particle size of 
nanoliposomes ranged from 68.1 to 78.1 nm, with PDI values between 0.28 and 0.32, indicating 
good size uniformity. ζ-potential values became more negative upon PF encapsulation (from − 7.90 
to − 15.80 mV), enhancing colloidal stability. Antioxidant activity of the PF-loaded liposomes was 
preserved, with maximum DPPH and ABTS radical scavenging observed for alcalase and pancreatin 
hydrolysates, respectively. Hydrolysates obtained with alcalase were chosen for further studies. 
Further structural and thermal analyses (TEM, FTIR, and DSC) confirmed successful PF encapsulation 
and improved thermal stability. TEM and FTIR analyses confirmed the spherical morphology and 
successful peptide encapsulation within the liposomal bilayer. In vitro release studies in simulated 
gastric and intestinal fluids demonstrated sustained release, with minimal PF release (7.45%) in gastric 
conditions and controlled release up to 95.4% under intestinal conditions. These findings suggest that 
nano-liposomal encapsulation is an effective strategy to enhance the stability, bioactivity, and delivery 
of marine-derived peptides in functional food or nutraceutical applications.
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Nowadays, there is an escalating attention towards the development of functional foods, which are intentionally 
formulated to boost human health and overall well-being. Thus, researchers are exploring novel sources 
of bioactive compounds that can serve as health-promoting agents in practical food applications1–3. Marine 
organisms, which account for approximately half of the world’s biodiversity, are a rich source of diverse beneficial 
compounds. In the realm of marine organisms, seaweeds are classified as macroalgae, and are further subdivided 
into three main categories: Phaeophyta (brown algae), Rhodophyta (red algae), and Chlorophyta (green algae)4.

Gracilaria corticata, a red macroalga, is widely distributed in tropical and subtropical coastal regions. 
Seaweeds such as G. corticata can concentrate minerals from seawater, reaching mineral content 10–20 times 
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higher than terrestrial plants, making them valuable for human nutrition. Chlorophyll, an important pigment 
in algae, demonstrates positive effects on inflammation, oxidation, and wound healing by acting as a free 
radical scavenger and protecting lymphocytes against oxidative DNA damage. Moreover, various bioactive 
compounds including phenols, polyphenols, terpenes, steroids, halogenated ketones, alkanes, fucoxanthin, 
polyphloroglucinol, and bromophenols have been isolated from these organisms5,6. Specifically, G. corticata 
exhibits substantial protein content (up to 40% dry weight) with a balanced amino acid profile rich in aspartic 
acid, glutamic acid, alanine, and glycine, making it an ideal precursor for bioactive peptide production6. This 
species has been traditionally used in food and phycocolloid industries, and recent studies have highlighted its 
antioxidant, antimicrobial, and anti-inflammatory properties, largely attributed to its protein-derived peptides6. 
Therefore, extracting proteins from seaweeds, particularly Gracilaria species, is crucial for the food industry due 
to their significant value as biological compositions.

The use of proteins is limited due to their sensitivity, instability, solubility, digestive limitations, allergenic 
compounds, and loss of functionality when reacting with other compounds7. A key approach to addressing these 
challenges is to alter the protein structure and generate peptide fractions (PFs) through enzymatic hydrolysis. 
Some key benefits of PFs over antioxidants and synthetic compounds include low cost, easy absorption, safety, 
and high nutritional value. PFs also have high digestibility, low allergenicity, and stability in various conditions 
and formulas, while maintaining their activity and biological performance8. Various studies have been conducted 
on the enzymatic hydrolysis of a range of proteins, including mung bean9, Brazilian soy protein10, bighead 
carp11, colostrum whey12, and maize13, to obtain bioactive peptides with antioxidant or antimicrobial activities. 
While these investigations confirm the potential of enzymatic treatment to generate functional peptides, most 
have focused on terrestrial sources or well-studied marine organisms, with limited exploration of red algae 
such as G. corticata. Moreover, few of these studies evaluated the structural stability, encapsulation behavior, or 
gastrointestinal fate of the resulting peptides factors crucial for real-world application in food or nutraceutical 
products. However, despite their promising biological activities, PFs still face several challenges related to 
storage stability, biostability and practical application when incorporated into food products, pharmaceuticals 
and dietary supplement7.

Researchers aim to develop micro/nano encapsulation techniques to protect bioactive compounds from harsh 
environmental conditions and ensure precise release, despite the drawbacks mentioned14. Several methods can 
be used to encapsulate bioactive compounds, such as spray drying, nano-liposome and nano-phytosome carrier, 
electrospinning, co-precipitation, freeze drying, and emulsification15–18. Among them, nanoliposomes are self-
assembled structures resulting from the association of lipid molecules in aqueous solution19. Several studies 
have utilized nano-liposomes to encapsulate PFs derived from various sources, including Spirulina platensis20, 
walnut21, soy protein22, and fish23, demonstrating the effectiveness of liposomal systems for improving peptide 
stability and functionality.

Despite extensive reports on nano-liposomal encapsulation of protein and peptide hydrolysates from various 
marine and plant sources, a major gap remains regarding the delivery of highly labile marine-derived peptides that 
are particularly susceptible to thermal processing and gastrointestinal degradation. Red algae-derived peptides, 
including those from Gracilaria corticata, often exhibit promising bioactivities but suffer from limited stability, 
which restricts their translation into functional food and nutraceutical applications.

In this context, the novelty of the present study does not lie merely in the selection of G. corticata as a peptide 
source, but rather in addressing these intrinsic stability limitations through a systematically evaluated nano-
liposomal delivery system. By combining enzymatic hydrolysis with liposomal encapsulation, this work provides 
an integrated assessment of physicochemical properties, structural interactions, thermal behavior, antioxidant 
activity preservation, and pH-responsive gastrointestinal release. The results demonstrate that liposomal 
encapsulation can effectively protect sensitive marine peptides under gastric conditions while enabling controlled 
and near-complete release in intestinal environments, thereby offering a practical and application-oriented 
strategy for utilizing unstable yet bioactive marine peptides in functional food and nutraceutical formulations.

This study aims to address this gap by developing a liposomal nano-delivery system for G. corticata-derived 
peptides, systematically characterizing their physicochemical properties, antioxidant capacity, and in vitro 
release behavior in digestive environments. The findings offer novel insights into the potential of red algae-based 
peptides for applications in functional food and nutraceutical formulations.

Materials and methods
Chemicals and samples
Algae powder derived from G. corticata was purchased from Algae Bio-resources Development Company 
(Shiraz, Iran). For enzymolysis process, alcalase (Bacillus licheniformis, ≥ 2.4 AU/g), pancreatin (porcine 
pancreas, P1750, 4 × USP specifications) and trypsin (bovine pancreas, activity 2–4 U/mg) were obtained from 
Sigma-Aldrich (St. Louis, Missouri, USA) and then, stored in the refrigerator. Soy lecithin (lipoid, Germany), 
trichloroacetic acid (TCA), bovine serum albumin (BSA) and glycerol were purchased from Merck Company 
(Weiterstadt, Germany). To evaluate the antioxidant activity, DPPH (1,1-Diphenyl-2-picrylhydrazyl) and ABTS 
(2,20 -azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt), were purchased from Gibco 
Chemical Co., (Grand Island, NY, USA). The bicinchoninic acid (BCA) kits protein assay was acquired from 
Thermo Fisher Scientific (Waltham, MA). Pepsin and pancreatin used for preparation of simulated gastric 
and intestinal fluids were purchased from Sigma-Aldrich (St. Louis, MO, USA). Potassium chloride (KCl) and 
potassium dihydrogen phosphate (KH₂PO₄) were obtained from Merck (Darmstadt, Germany). Only high-
quality chemicals and reagents were used in the study without any additional purification.
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Proximate composition of Gracilaria corticata algae powder
The approximate composition of G. corticata algae powder (moisture, ash, fat and crude protein) was determined 
according to the AOAC method24. Moisture content was measured by drying 5 g of sample in a hot air oven 
(Memmert, Germany) at 105 °C until constant weight. Ash content was determined by incinerating 3 g of dried 
sample in a muffle furnace (Nabertherm, Germany) at 550 °C for 6 h. Crude protein content was estimated using 
the Kjeldahl method, with a nitrogen-to-protein conversion factor of 6.25. Crude fat content was extracted using 
Soxhlet extraction with petroleum ether. The total carbohydrate content of G. corticata was determined by the 
phenol–sulfuric acid method6.

Extraction of Gracilaria corticata algae protein
The protein concentrate from G. corticata algae powder was produced using a modified method suggested by 
Mohammadi et al.7 in five steps. The first stage involves removing fat from G. corticata algae powder using hexane 
solvent (1:4 w/v). The second and third stages include extracting and precipitating proteins in a saline solution 
with pH 9.25, and adjusting the pH to the isoelectric point of 4.2 using 0.5 M HCl, respectively. The fourth step 
is neutralizing the protein with 1 M NaOH and adjusting the pH to 7.2. The final step is freeze-drying (Telstar, 
Terrassa, Spain) the precipitates. Following the extraction steps, the protein yield was calculated as (Eq. 1):

	
Protein yield (% ) = Mass of extracted protein (g)

Mass of initial alga powder (g) × 100.� (1)

The mean protein yield was found to be 84 ± 1.2% (w/w, dry basis), demonstrating effective protein recovery 
suitable for downstream hydrolysis.

Enzymatic hydrolysis
The protein was mixed with water at a 3% concentration for the hydrolysis process. The enzymes trypsin (pH 
8, temperature 37 ◦C), pancreatin (pH 8, temperature 37 ◦C), and alcalase (pH 8, temperature 50 ◦C) were 
used in the hydrolysis process in 6% (W/W, enzyme to the substrate) for 240 min. At the end of hydrolysis, 
the enzyme activity was terminated by heating the mixture at 90 °C for 10 min. The resulting dispersion was 
cooled to ambient temperature and centrifuged at 5000 × *g* for 10 min (Hettich Zentrifugen, Germany). The 
supernatants containing the soluble peptide fractions (PFs) were collected and lyophilized using a freeze-dryer 
(Telstar, Terrassa, Spain Telstar, Terrassa, Spain), then stored at—20 °C until further use20.

Evaluation of degree of hydrolysis (DH)
To achieve this goal, equal volumes of PFs and TCA (0.44 M) were mixed and subsequently stored at refrigeration 
(4 °C) for 10 min. In the following, the aforementioned mixture was centrifuged (Sigma, 3–30 K; Germany; 
10,000 rpm for 10 min) and the obtained soluble protein was calculated using the Bradford25 method, as well as, 
the standard solution of BSA. Finally, the value of DH was calculated based on Eq. (2):

	
DH (% ) = Protein (TCA + supernatant)

Protein (PFs suspension) × 100.� (2)

Preparation of PFs-loaded nano-liposomes
Liposomes were prepared using the thin-film hydration method. A mixture of 120 mg soybean lecithin and 
30 mg cholesterol was dissolved in ethanol1. The organic solvent was then removed under vacuum with a rotary 
evaporator to form a lipid film, maintained at 40 °C for 15 min. The dried lipid film was hydrated with 0.01 M 
phosphate-buffered saline (PBS), pH 7.0, in a water bath at 37 °C for 60 min. To make peptide-loaded liposomes, 
the lipid film was rehydrated with 15  mL of PBS (0.01  M, pH 7.0) containing PFs. The resulting liposomal 
suspension was subjected to probe-type sonication at 360 W for 5 min. The ultrasonication process was carried 
out at a 20 kHz frequency in an ice bath with on/off pulse mode, maintaining temperatures between 25 and 40 °C 
to produce single-layer nanoliposomes. The process involved two phases: (1) a 30-s sonication phase in pulsed 
cycle mode set to two, and (2) a 1-min non-sonication (standing) phase. These phases were alternated, with the 
sonication phase repeated four times and the non-sonication phase repeated three times. The liposomes were 
stored at 4 °C before use.

Measurement of particle size, ζ-potential and encapsulation efficiency (EE) of nano-
liposomes
Particle size and ζ-potential of each sample were measured before and after PFs loading using a Zetasizer Nano 
ZS (Malvern Instruments Ltd., Malvern, UK) at 25 °C, with 3 replications26.

The EE of the PFs in nano-liposomes was determined using an Amicon Ultra-15 centrifugal filter unit 
equipped with a 10 kDa molecular weight cut-off (MWCO) membrane (PLGC Ultracel-PL, Cork, Ireland). This 
membrane size was selected to ensure complete retention of the peptide-loaded liposomes (size range 68–78 nm) 
while allowing unencapsulated (free) peptides to pass through. After filtration, centrifugation was performed at 
3000 × *g* for 10 min, and the amount of free peptides in the filtrate was quantified using the Bradford method25:

	
EE (% ) = Total PF content − Amount of free PF

T otal P F content
× 100.� (3)
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Antioxidant capacity
To determine the antioxidant capacity of the encapsulated peptides, the PFs-loaded nanoliposomes were first 
subjected to heat treatment at 100 °C for 5 min in a water bath to ensure complete release of the peptides from 
the lipid vesicles. Free peptide fractions (unencapsulated) were analyzed without heat treatment. After heating, 
the released peptide content was assessed using the DPPH radical scavenging assay27 and the ABTS radical 
scavenging assay7. All measurements were performed in triplicate”.

Structural, thermal and morphological properties of PFs-loaded nano-liposomes
FTIR spectroscopy
Fourier transform infrared spectroscopy (FT-IR) were recorded using a Thermo Nicolet Avatar 370 spectrometer 
(Thermo Fisher Scientific, USA) to identify the functional groups, interactions formed between the nano-carrier 
and the PFs, and the structural changes of the microstructures. The samples were formed into KBr pellets and 
scanned in the range from 4000 to 400 cm−1 with a minimum of 64 scans28.

Thermal analysis
The thermal profile of the new liposome was analyzed using a DSC Maia F3 200 instrument (Netzsch, Germany) 
under nitrogen flow of 150 mL/min with a heating rate of 10 °C/min from 20 to 300 °C (Heydari-Majd et al. 
2020).

Morphology of nano-liposomes
The morphological architecture of peptide fraction-loaded nanovesicles was examined with a transmission 
electron microscope (TEM, HRTEM, Philips, USA) under conditions of negative staining based on the procedure 
of Ramezanzade et al.23. In brief, nanoliposomal samples were diluted 1:30 with deionized water in an attempt 
to decrease the concentration of the nanovesicles. An equivalent volume of the diluted sample and a solution of 
2% ammonium molybdate were mixed for negative staining. After 3 min of incubation at room temperature, the 
mixture was placed on a carbon-coated copper grid for 5 min. The morphology of the encapsulated peptide was 
then visualized and imaged at 200 kV accelerating voltage by TEM.

Investigating PFs release in simulated stomach and intestine media
The release rate of PFs were studied in two media that mimic the simulated gastric fluid (SGF) and simulated 
intestinal fluid (SIF) to evaluate the stability and protective effects of the nanoliposomes coating29. To prepare 
the SGF, 100 mg of pepsin was dissolved in 5 mL of distilled water containing 0.35 mL of concentrated HCl. 
Then 100 mg of NaCl was added to the solution. The solution was diluted with distilled water to a final volume 
of 50 mL. The final pH of the solution was adjusted to 1.2 using concentrated HCl. To make the SIF, 340 mg of 
potassium phosphate monobasic was dissolved in 10 mL of distilled water. Then 4 mL of 0.2 M NaOH solution 
and 500 mg of pancreatin were added to the prepared solution. The final volume of the solution was 50 mL 
and the final pH was 6.8. Samples (1 mL) were incubated in SGF/SIF at 37 °C using a thermomixer (Model RO 
300.16, Gerhardt, Germany) at 100 rpm for 2 h (SGF) and 4 h (SIF), respectively. Peptide levels were measured 
in both media at the desired time intervals based on the peptide measurement method with the BCA kit.

Statistical analysis
All data were statistically analysed by SPSS v21.0 (IBM SPSS, New York, USA) and one-way analysis of 
variance (ANOVA) followed by Duncan’s multiple-range tests. The data’s normality was evaluated using the 
Shapiro–Wilk test, and homogeneity of variances was verified through Bartlett’s test. If both assumptions were 
satisfied, parametric tests like one-way ANOVA were conducted. Differences between averages were considered 
statistically significant when p ≤ 0.05.

Results and discussion
Relative composition of alga powder
The biochemical constituents of alga powder, specifically moisture, protein, ash, and fat content, were assessed 
based on a dry weight basis. The alga powder exhibited average concentrations of 8.33 g, 8.55, 8.72 g, 39.22 g, 
45.2 gr and 6.90 g per 100 g of dry weight seaweed for ash, carbohydrate, moisture, protein, polysaccharide and 
fat, respectively. In a similar study, Rosemary et al.6 reported that ash, moisture, protein, and fat contents of G. 
corticata algae powder were 8.10, 8.40, 22.84, and 7.07 (g/100 g dry weight seaweed), respectively. Our study 
found that algae powder is high in protein and low in fat. Lipids function as an essential storage component for 
living organisms, supplying sufficient energy during the oxidation process. In general, marine algae are not seen 
as a prominent source of crude lipids. Protein is important for supplementing the human diet. Red seaweeds 
such as G. Corticata may be a valuable source of food protein and amino acids. Adding high-protein corticata 
seaweed to functional foods may be a beneficial use of this resource.

Physicochemical results of PFs-loaded nano-liposomes
Degree of hydrolysis, mean particle size and polydispersity index (PDI)
The hydrolysis degree (DH) is a key functional trait of PFs. Several factors impact the DH, such as the size and 
amino acid composition of PFs, biological activity, and the taste of the PFs7. Increasing the degree of hydrolysis 
results in the creation of bitter-tasting peptides in the sample, as well as a shorter chain length and reduced 
molecular weight distribution. This is caused by more chain breakage, an increase in amino acids, and smaller 
peptides. The value of DH ranged from 19 to 33% depending on the enzyme type, as shown in Table 1. Enzymatic 
hydrolysis using alcalase yielded the highest DH (33%) and encapsulation efficiency (84%), while trypsin resulted 
in the lowest value (19%). This finding is in agreement with the results of Mao et al.30 who investigated the effect 
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of different proteases (trypsin, pepsin, alcalase and papain) on the degree of casein hydrolysis in cow’s milk. In 
another study, Daud et al.31, stated that, alcalase has a high ability in hydrolysis Red Tilapia meat PFs compared 
to other enzymes. The researchers noted that alcalase operates with a more random and extensive cutting site 
specificity, unlike other enzymes that tend to have more defined and specific sites.

Particle size in a colloidal nano-carrier system affects indicators like stability, solubility, release of bioactive 
agents, bioavailability, and gravitational separation. The PDI measures how evenly vesicles are distributed, with 
values ranging from 0 to 1 in different systems. A high value of this index shows a wide range of particle sizes, 
suggesting the presence of coarse and uneven particles in the system32. The average particle sizes ranged from 
68.1 to 78.1 nm, with acceptable PDI values (0.28–0.32), indicating good uniformity. This was higher than the 
control capsule, which had a particle size of 57 ± 2.55 nm and a PDI of 0.18. This shows that the liposomes had a 
suitable particle size and even distribution. The size and PDI of nano-carriers increased after being encapsulated 
with trypsin hydrolysates, from 57.2 to 68.1 nm and from 0.18 to 0.28, respectively (Table 1). The liposomes grew 
larger due to the creation of multiple layers of phospholipids made possible by inserting PF. A low PDI suggests 
a uniform particle size distribution. In simple terms, a low index value means the particles in the distribution 
system are similar in size and evenly distributed. Similar result has reported an increase in the nano-liposomal 
size after loading PFs from whitemouth croaker (da Rosa33). The particle size of nano-liposomes in the present 
study is suitable for food and pharmaceutical industries.

ζ-potential and EE
Ζ-potential is the best indicator to determine the surface electrical state of colloidal systems34,35. This parameter 
indicates the buildup of charge on the immobile layer, the adsorption of opposite ions to the particle surface, and 
ultimately the level of electrostatic stability26. Lowering the ζ-potential difference below a certain point causes 
the charged double layer around the particles to collapse, leading to particle aggregation. High ζ-potentials 
(positive or negative) indicate strong electrostatic repulsion between particles, reducing the frequency of 
collisions and increasing the physical stability of the liposome suspension7. The initial measurement of the 
ζ-potential for each pure PF indicated values ranging from − 25.11 to − 27.90 mV (Table 1). The pure PF likely 
has a negative ζ-potential due to its high concentration of glutamic and aspartic amino acids6. ζ-potential 
became more negative after PF loading (− 7.9 to − 15.8 mV), enhancing colloidal stability. This trend may have 
been caused by the placement of negatively charged PFs on the surfaces of vesicles. The negative charge on the 
surfaces of the empty nanoliposomes comes from the neutral lipid used in the study and the phosphate groups 
on phosphatidylcholine. Other study found that hydrolyzed collagen extracted from Asian sea bass skin affected 
the ζ-potential of nanoliposomes36. The research findings revealed that liposomes containing PF had a high 
ζ-potential, suggesting that electrostatic repulsion helps maintain the stability of nanoliposomes and prevents 
aggregation. Generally, poly-electric charge can adsorb to the surface of liposomes with an opposite charge and 
modify the ζ-potential.

EE is an important factor in determining nanocarrier stability, showing how well they can keep the inner core 
from being released17,26,37,38. The EE ranged from 80.90% to 84.10% depending on the type of enzyme used in the 
study (Table 1). According to Table 1, PFs made with alcalase had the highest EE value at 84% and those made 
with trypsin had the lowest at 80%. EE was influenced by variations in hydrolysis level and the size of the PFs. 
In simpler terms, smaller nanoparticles formed by different hydrolysis enzymes are released more quickly from 
vesicles when the membrane is formed, leading to a decrease in particle size. In a study by Mazloomi et al.39, 
liposomes and chitosome nano-carriers were created using orange seed PFs and alcalase and pepsin enzymes. 
They found that PFs made with alcalase had higher EE than those made with pepsin. In this study, all liposomes 
had EE levels higher than 80%, suggesting they had strong potential for encapsulating PFs.

Antioxidant activity
PFs exhibit antioxidant activity by inhibiting lipid peroxidation, free radicals, and chelating metal ions32. 
Studying PFs with multiple techniques helps us better understand their antioxidant activity. DPPH and ABTS 
are stable free radicals with maximum absorption at 517 nm and 734 nm, respectively40–42. When the DPPH 
and ABTS radicals come into contact with compounds that donate protons, the free radical is blocked and 
absorption decreases7,37. Figure 1 shows the results of DPPH and ABTS radical scavenging activity evaluation 
using free peptides and encapsulated peptides. The results showed that both free and encapsulated PF had good 
antioxidant activity against DPPH and ABTS radicals, ranging from 41 to 81% and 33% to 75%, respectively 
(Table 2). The study found that there was no significant difference (p < 0.05) in the ability to inhibit DPPH and 
ABTS free radicals between free peptides and encapsulated peptide. The results show that the lipid materials 

Enzyme type Degree of hydrolysis (%) Z-average (nm) PDI

ζ (mV)

EE (%)Free peptide Encapsulated peptide

Control – 57 ± 2.55d 0.18 ± 0.02b –  − 7.90 ± 0.09d –

Alcalase 33 ± 1.00a 73 ± 1.50b 0.30 ± 0.02a  − 25.75 ± 0.01b  − 9.53 ± 0.08c 84.10 ± 2.55a

Pancreatin 27 ± 0.93b 78 ± 1.20a 0.32 ± 0.01a  − 27.90 ± 0.02a  − 12.90 ± 0.11b 83.25 ± 2.11a

Trypsin 19 ± 1.25c 68 ± 1.10c 0.28 ± 0.09a  − 25.11 ± 0.01b  − 15.80 ± 0.09a 80.90 ± 2.90a

Table 1.  Effect of various hydrolysate enzymes on the physical properties of nano-encapsulated PFs. Different 
letters in each column (a, b, c) represents a significant difference between treatments (p < 0.05). Data are 
presented as mean ± SD (n = 3).
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completely encase the PFs, while still maintaining their biological activity. The study by Hosseini et al.32 found 
that both free and encapsulated PFs from fish gelatin hydrolysate showed similar antioxidant properties. 
In contrast, Mosquera et al.43 found out that encapsulating PF from sea bream scales in a partially purified 
phosphatidylcholine nanocarrier resulted in a two-fold increase in antioxidant activity. It is important to note 
that encapsulating PFs in liposomes did not affect their antioxidant properties and led to a sustained release 

Enzyme type DPPH activity (%) ABTS activity (%)

Cure protein – 41 ± 1.70d 33 ± 1.60e

Alcalase
Peptide 81 ± 1.50a 72 ± 1.00ab

Encapsulated peptide 79 ± 2.00a 70 ± 0.80b

Pancreatin
Peptide 68 ± 1.90b 75 ± 1.80a

Encapsulated peptide 65 ± 2.50b 73 ± 2.00a

Trypsin
Peptide 53 ± 1.60c 54 ± 1.10c

Encapsulated peptide 51 ± 1.90c 47 ± 1.00d

Table 2.  The effect of enzyme types on DPPH and ABTS activity of free and nano-encapsulated PFs. Different 
letters in each column (a, b, c) represents a significant difference between treatments (p < 0.05). Data are 
presented as mean ± SD (n = 3).

 

Fig. 1.  TEM image of nanoliposome containing peptide.
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of PFs. Also, these parameters were influenced by the type of hydrolysate enzymes used. Nanoliposomes with 
alcalase-derived PFs exhibited the strongest DPPH activity (81%), while ABTS activity was highest (75%) in 
those treated with pancreatin (Table 2). These differences are likely due to enzyme-specific peptide profiles and 
their hydrophobicity/hydrophilicity, affecting interaction with radicals. The type of amino acid composition is 
effective in inhibiting DPPH radicals (soluble in fat) and ABTS radicals (soluble in water) due to their different 
solubility properties.

Based on the results of research on the characteristics and performance of enzymes, since the reaction of PFs 
and hydrophobic amino acids produced under the influence of alcalase activity with the lipophilic DPPH radical 
is carried out at a faster rate, therefore these compounds have a higher ability to inhibit this radical compared 
to they have hydrophilic types (which are released in larger amounts due to the activity of pancreatin enzyme). 
Research shows that enzymes like alcalase produce PFs and hydrophobic amino acids which react faster with the 
DPPH radical compared to hydrophilic types released by pancreatin enzyme. This means that these compounds 
have a higher ability to inhibit the DPPH radical. Daud et al.31 and Foh et al.44 found similar results when 
studying how different enzymes affect the rate of inhibition of DPPH and ABTS radical scavenging activity in 
PFs. Overall, the encapsulation process maintained the antioxidant activity of peptides while improving stability, 
suggesting their potential use in functional food applications.

Algae hydrolysates made with alcalase were chosen for microencapsulation based on their physicochemical 
and antioxidant qualities. In the following, the study examined the structure, heat resistance, and morphology 
of hydrolysates encapsulated by alcalase.

Structural analysis of encapsulated PFs
Morphology of nano-liposomes
Transmission electron microscopy (TEM) images showed that the PF-loaded liposomal vesicles were 
predominantly spherical to near-spherical with smooth surfaces and clearly defined bilayer boundaries (Fig. 1). 
Negative-staining TEM commonly used for imaging liposomes provides contrast between the lipid bilayer and 
the surrounding medium, though drying and staining processes can slightly affect vesicle edge definition45,46. 
The vesicle population in the micrographs appeared morphologically uniform without evident aggregation or 
collapse, consistent with homogeneous liposomal systems reported previously47.

It is well established that diameters measured by TEM are often smaller than those obtained by dynamic 
light scattering (DLS), since TEM measures dehydrated or core particle sizes, whereas DLS measures the 
hydrodynamic diameter in solution45,48. Taken together, the TEM observations support that the PF formulation 
produced nanoscale lipid vesicles with consistent morphology and intact bilayer structure, corroborating the 
DLS results and confirming suitability for further physicochemical characterization.

FTIR spectroscopy
FTIR analysis is a powerful method used to determine the structure, accommodation, and phase behavior of 
components16,49. FTIR analysis confirmed the successful liposomal entrapment of the hydrolysates fraction 
(Fig.  2). FTIR spectra of free alcalase-hydrolyzed peptides, empty liposomes, and peptide-loaded liposomes 
(alcalase source) were showen in Fig. 2. The spectrum of free peptide has absorption bands at 3764 cm−1 (O–H 
stretching), 3406 cm−1 (N–H stretching), two bands at 2961 and 2930 cm− 1 (asymmetric C–H stretching of 
aliphatic chains), 1458  cm− 1 (bending vibration of CH2 bonds), 1115  cm−1 (C–O stretching vibration), and 
621 cm−1 (N–H bending) (Fig. 2a). Also, three characteristic bands were observed at 1663 cm−1; 1549 cm−1; and 
1268 cm−1, originated from short PF chains. These bands correspond to PFs amide I (C=O stretch vibrations and 
random coils), PFs amide II (C–N stretching and N–H deformation) and PFs amide III (stretching vibration of 
C–O), respectively (Fig. 2a)7,32.

Empty nanoliposomes show peaks at 3425 cm−1 for O–H stretch vibration and, in the range of 2851–2961 cm⁻1 
corresponds to symmetric and asymmetric CH₂ stretching vibrations of lipid acyl chains. These peaks indicate 
properties of the lipid membrane, such as order–disorder state and acyl chain flexibility (Fig. 2b). Hosseini, et 
al.32 found different signals in the the first part of spectrum due to intense vibrations of OH and NH groups.

Also, some characteristic peaks (Fig. 2b) appeared at 1739 cm−1 (C=O stretching vibration of the polar head 
aliphatic ester groups of phospholipids), 1652 cm−1 (C=O stretching vibrations of ester group in phospholipids), 
1542 cm−1 (N–H bending, amide-II). Additional peaks were observed in the range between 1416 cm−1 (CH2 
bending) and 1462  cm−1 (C–H bending), peaks at 1245 and 1096  cm−1 (asymmetric and symmetric PO₂⁻ 
stretching vibrations) and 918 cm−1 (asymmetrical stretch vibrations of N+/CH3).

After loading the hydrolysates fraction into the liposomal carrier, a great similarity between the IR spectra 
of hydrolysates fraction and blank phospholipid with the hydrolysates fraction-loaded liposomes was observed 
(Fig. 2c). The researchers said that the appearance of spectra of both compounds in the structure of liposomal, 
indicating successful entrapment of the hydrolysate. Although, loading of the hydrolysate into the liposomal 
carrier changed the FTIR spectra of nanoliposomes, these changes in each of these frequencies indicate the 
effect of the position of the PF inside the coated nanoliposomes. The FTIR spectra shows the peaks at 1739 
and 1652 cm−1 (related to blank liposomal) slightly shifted to 1743 and 1654 cm−1 respectively, after peptide 
loading. The slight blue shift from 1739 to 1743 cm⁻1 suggests weakened hydrogen bonding or partial shielding 
of carbonyl groups due to peptide–lipid interaction. This interaction indicates that the peptides are not merely 
surface-adsorbed but are likely incorporated within the lipid matrix, which can enhance encapsulation stability 
and enable sustained release during digestion. Also, the peaks at 3425 cm−1 (corresponding to O–H stretching 
vibrations, in blank nanoliposomes) shifted to a lower frequency (3345 cm−1), accompanied by an increase in 
peak intensity. These peaks indicate the presence of hydrogen bonds between O–H and N–H groups, which 
contribute to improved structural integrity and water retention in the hydration shell surrounding the liposomes 
rather than within the lipid matrix itself32. A minor shift from 2851 to 2854 cm⁻1, possibly due to the effect of 
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hydrolysates fraction and their placement in the inner region of the nanoliposome monolayer membrane. In the 
research conducted by Ramezanzade et al.50, peaks related to CH2 stretching vibrations at frequencies of 2921 
and 2952 were shifted to higher frequencies in the presence of PFs.

These results align with other researchers’ findings regarding the IR spectra of liposome synthesis. Hosseini et 
al.32 studied the encapsulation of active PF from the fish skin gelatin in the structure of liposomal carrier. These 
results show that hydrolysate has been successfully encapsulated in the liposomal nanocarrier and is well trapped 
in the phospholipid bilayer.

DSC analysis
DSC is a thermo-analytical technique that analyze the phase transition in developed liposomal formulations. DSC 
thermograms were obtained for alcalase-hydrolyzed peptides, blank liposomes, and liposomes encapsulating the 
same peptides (Fig. 3a–c). The pure PFs exhibited two distinct endothermic transitions at approximately 141 °C 
and 242 °C, corresponding to the thermal denaturation and subsequent decomposition of the peptide structure. 
The blank liposomes displayed endothermic events near 110 °C and 203 °C, which are typically associated with 
the gel-to-liquid crystalline phase transition of the phospholipid bilayer and the rearrangement of lipid chains.

In the case of PF-loaded liposomes, two broader endothermic transitions appeared around 182 °C and 326 °C, 
markedly different from those observed for both the free peptide and the unloaded lipid vesicles. The presence 
of these shifted peaks indicates that the peptide was successfully incorporated into the lipid matrix, leading to 
the formation of strong peptide–lipid interactions (Ramezanzadeh et al. 2021). These interactions likely involve 
hydrogen bonding and hydrophobic forces between the peptide residues and the polar head groups of lecithin.

The upward shift in transition temperature from 110  °C (blank liposome) to approximately 182  °C (PF-
loaded system) reflects a more ordered and rigid bilayer structure, implying that the encapsulated peptides 
restrict the mobility of the lipid chains. Meanwhile, the broadening and partial merging of the peptide-related 
peaks (from 141 °C and 242 °C to a wider signal at 182 °C) suggest partial amorphization and dispersion of the 
peptide within the lipid phase rather than a completely separate crystalline transition.

Overall, the DSC data confirm that PF molecules interact intimately with the lipid bilayer, altering its thermal 
behavior and enhancing its thermodynamic stability. These findings are consistent with previous observations 
reported by Caddeo et al.51 and Ramezanzadeh et al. (2021), who also demonstrated that the incorporation of 
bioactive peptides into phospholipid matrices modifies bilayer packing and improves the thermal stability of 
nanoliposomal systems.

Fig. 2.  FT-IR spectra of (a) free peptide, (b), free liposome and (c) encapsulated peptide.
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In-vitro release test
The key factors in a delivery system are the stability of the active compounds and their timely release from 
protective structures38. A regular meal takes about 2 h to empty from the stomach29 and 2 to 4 h to pass through 
the small intestine1. Therefore, a study was designed to examine the release of PFs in a SGF medium for 2 h and 
in a SIF medium for 4 h. Figure 4 displays the peptide release in two different media over time intervals. The 
result shows that the release of the PFs was well controlled and suitable for the conditions in the gastrointestinal 
tract. During the initial 2 h in SGF medium, approximately 7.45% of the encapsulated peptide was released, 

Fig. 4.  In-vitro release profiles of the encapsulated peptide in simulated gastric and intestinal media.

 

Fig. 3.  DSC thermograms of (a) free peptide, (b), blank liposomes and (c) encapsulated peptide.
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while after 4 h in SIF medium, the release increased to 95.41%. The rapid release in the first hour in the SIF 
medium is probably due to the surface disposal of PFs adsorbed on the nanoliposome surface. PFs were released 
slowly after 4 h of digestion due to diffusion through layers of coating, the hydrocarbon part of the membrane, 
and pores within the membrane. The lowest and the highest percentage of release were seen in the SGF (pH 
1.2) and SIF (pH 6.8) media, respectively. In the current study, encapsulated peptide showed limited release 
in simulated gastric fluid (7.45% over 2  h), indicating strong acid resistance and protection of encapsulated 
peptides. In contrast, a significant release (95.4%) occurred over 4 h in simulated intestinal fluid, suggesting 
effective delivery at the target site for absorption1. At a pH below 6.5, acidic conditions can cause the hydrolysis 
of saturated phospholipids and lead to instability of liposomes. Also, the instability of encapsulated peptide in 
SIF medium is caused by the presence of pancreatin, a proteolytic mixture containing lipase, phospholipase, 
and cholesterol esterase enzymes1. Therefore, the liposomes destroyed during hydrolysis, allowing the PFs to 
leak out through pores in the SIF medium. These results are comparable to previous findings. For instance, 
Ramezanzadeh et al. (2021) reported ~ 90% peptide release from chitosan-coated liposomes after 4 h in intestinal 
fluid, while Mohammadi et al.18 observed only 65–70% release depending on liposome composition. Compared 
to these studies, the higher release efficiency observed in our formulation indicates enhanced permeability and 
responsiveness of the liposomal matrix to intestinal enzymes, likely due to optimized particle size and surface 
charge. Also, the in vitro release pattern observed in our study is consistent with that of Mazloomi et al.39, who 
reported 12–14% release of orange seed PFs in SGF and up to 91% in SIF using chitosan-coated nanoliposomes. 
Compared to their system, our formulation demonstrated lower gastric release (7.45%) and higher intestinal 
release (95.4%), which may be attributed to the smaller vesicle size (68–78 nm) and improved peptide–lipid 
interactions in our liposomal matrix. These differences suggest enhanced protection under acidic conditions and 
improved release potential in intestinal environments. The observed release behavior characterized by minimal 
peptide loss in gastric conditions and nearly complete release in the intestinal phase is considered highly 
desirable for both functional food and nutraceutical applications. According to previously reported criteria (e.g., 
(Ramezanzadeh et al. 2021)39, an effective delivery system should ensure < 15% release in gastric conditions 
and > 80% release in the intestinal tract to achieve optimal bioavailability and protection. Our system not only 
meets but exceeds these benchmarks, indicating its potential applicability in real-world formulations where 
targeted intestinal release is critical.

Conclusion
In this study, bioactive peptide fractions derived from G. corticata algae were successfully encapsulated into 
nanoliposomes using enzymatic hydrolysis and thin-film hydration techniques. Among the enzymes tested, 
alcalase produced hydrolysates with the highest DH and EE. The resulting peptide-loaded liposomes exhibited 
favourable physicochemical properties, maintained antioxidant activity, and demonstrated strong resistance 
to gastric conditions with sustained release in intestinal fluid. Structural and thermal analyses confirmed the 
successful integration of peptides into the lipid bilayer, enhancing their stability. These findings highlight the 
potential of nano-liposomal systems as effective carriers for marine-derived peptides in functional foods and 
nutraceutical products. The delivery profile supports their applicability for targeted intestinal release, which is 
critical for maximizing release. Future studies should focus on in vivo evaluation, sensory impact in food matrices, 
and large-scale formulation strategies to validate their industrial feasibility. Despite the promising functional 
performance of the peptide-loaded nanoliposomal system, this study has certain limitations. Molecular-level 
characterization of individual peptide sequences was not performed, as the evaluation was primarily focused 
on functional performance indicators, including degree of hydrolysis, antioxidant activity, physicochemical 
stability, and gastrointestinal release behavior, which are widely accepted parameters for assessing peptide-based 
delivery systems. In addition, the encapsulation efficiency determined in this study reflects peptides retained 
within or strongly associated with the liposomal vesicles, without explicit discrimination between peptides 
embedded within the lipid bilayer and those weakly adsorbed on the vesicle surface. Future studies may benefit 
from incorporating advanced analytical techniques, such as mass spectrometry-based peptide profiling and 
refined separation strategies, to further elucidate peptide composition, structure–activity relationships, and the 
precise localization of peptides within liposomal carriers.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author 
on reasonable request.
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