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A B S T R A C T   

This study investigated the potential of complex coacervates produced using Spirulina protein concentrate (SPC) 
conjugated with maltodextrin (MD) and carrageenan (CG) for encapsulating and delivering sensitive oils. A wet- 
heating Maillard reaction was employed to conjugate SPC with MD, followed by coacervation with CG to form 
the conjugate-based coacervates. Additionally, a mixture of unconjugated SPC and MD was coacervated with CG 
to produce mixture-based coacervates. Both types of coacervates were utilised as wall materials for encapsulating 
canola oil. The in-vitro digestion of the resulting microcapsules was assessed in oral, gastric, and intestinal phases, 
focusing on physicochemical parameters such as droplet size, zeta-potential, microstructure, proteolysis, oil 
release and lipolysis. The findings revealed that microcapsules prepared using both (SPC-MD mixture)-CG and 
(SPC-MD conjugate)-CG coacervates were remarkably stable against gastric digestion, as evidenced by the 
minimal production of free amino acids (15 mM). Most of the encapsulated oil (62–67%) was released during the 
intestinal phase due to the breakdown of the coacervates. Notably, the microcapsules produced with (SPC-MD 
conjugate)-CG coacervates demonstrated a lower degree of lipolysis (41.77% free fatty acid content) compared to 
those prepared with (SPC-MD mixture)-CG coacervates (53.35% free fatty acid content). These results highlight 
the potential of complex coacervates produced using conjugated SPC as promising materials for the encapsu-
lation and delivery of sensitive oils.   

1. Introduction 

Nowadays, the foods we consume are expected not only to satisfy our 
basic hunger needs but also provide health benefits to our bodies. The 
later aspect is driving the development of functional foods, which are 
rich in bioactive compounds with proven health benefits. For example, 
oils that are rich in polyunsaturated fatty acids (PUFAs) are considered 
as functional ingredients. However, PUFAs are susceptible to adverse 
environmental and processing factors. Their oxidation and degradation 
often lead to the formation of toxic compounds and undesirable odour 
(Gogus & Smith, 2010). To overcome this problem, PUFAs are encap-
sulated, and the powder microcapsules are used as ingredients by the 
food industry. A typical microencapsulation process involves physically 

entrapping the oil in a single substance or combined multiple substances 
(known as wall material), thereby enhancing their physicochemical 
stability (Soleimanifar et al., 2020). Microencapsulation may also 
improve the stability of bioactive compounds during digestion to ach-
ieve controlled-release (Corrêa-Filho et al., 2019). However, the pattern 
of release, uptake, and bioavailability of the entrapped oil depends on 
the composition of the wall materials. 

It is important to investigate the digestion (release and breakdown) 
of the stabilised oils from the microcapsules that utilise newly developed 
wall materials in order to ensure the efficacy and effectiveness of de-
livery (Dias et al., 2015). The in-vitro digestion method, particularly the 
one established through international consensus (INFOGEST), is 
commonly used for this purpose. This method simulates the 
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gastrointestinal tract (GIT) environment using simulated digestive fluids 
and mimicking the physiological processes that occur during food 
digestion (Donhowe & Kong, 2014). During the in-vitro digestion, the 
microcapsule wall materials are expected to degrade to release the 
encapsulated oil, followed by its digestion by lipase (McClements et al., 
2008). 

Several factors have been reported to affect the digestibility of oils. 
This include (a) gastrointestinal tract conditions such as types of en-
zymes, pH levels, bile salts concentration, temperature, shear forces 
(Ann Augustin et al., 2014; Lin et al., 2018) and (b) physicochemical 
properties of digested matrix such as oil droplet size, composition, and 
structure of the wall material (Golding et al., 2011; Singh et al., 2009; 
Timilsena et al., 2017). For instance, Bannikova et al. (2018) used 
alginate as wall material to encapsulate fish oil. The results of in-vitro 
digestion showed the release rate of the encapsulated oil remained sta-
ble in the gastric phase but increased significantly in the intestinal 
phase, suggesting that the encapsulated oil was protected against gastric 
digestion and most of the oil was released in the small intestine. How-
ever, most of the encapsulation systems are developed at neutral pH, so 
keeping the microcapsule integrity in the acidic gastric environment is 
challenging. The released oil in gastric stage of human digestion can be 
oxidatively degraded before it is metabolised and absorbed (Kanner & 
Lapidot, 2001). Therefore, it is important to ensure the microcapsules 
containing unstable oils stay intact before they are introduced into the 
digestive system’s intestinal stage. 

The control release behaviour of encapsulated oil can be influenced 
by the interactions (e.g., electrostatic, and covalent) between wall ma-
terials (Huang et al., 2021). Complex coacervates, formed through the 
interaction of proteins and polysaccharides, find practical use as carriers 
to protect and deliver sensitive materials. For instance, Ardestani et al. 
(2022) optimised the coacervation between sodium caseinate and high 
methoxyl pectin, resulting in the formation of coacervates that exhibited 
significantly improved heat resistance and enhanced protection of 
bioactive compounds. Wang et al. (2017) showed that the complex 
coacervation of lactoferrin with sodium alginate improved the stability 
of the lactoferrin in gastric stage of digestion by as much as 30% when 
compared with the uncomplexed one. Moreover, in Qiu et al. (2022)’s 
study, the complex coacervates formed between mung bean protein 
isolate and apricot peel pectin was used to stabilise rose essential oil. 
This protein-polysaccharide wall material was stable in the gastric phase 
and released the oil in the intestinal phase. While various studies have 
highlighted the appropriateness of complex coacervates as encapsula-
tion materials (Hasanvand et al., 2018; Hasanvand & Rafe, 2018, 2019), 
the protein-polysaccharide conjugates formed through the Maillard re-
action can serve as better wall materials for oxidation-sensitive oils due 
to their superior protective effect. The encapsulating wall material 
produced using protein-polysaccharide conjugates are known to pro-
duce thicker and compact shell around oil droplets, resist acidic and 
enzymatic hydrolysis (Nooshkam & Varidi, 2020). These qualities make 
the conjugates excellent options for enhancing the stability of encap-
sulated oils during digestion (Nooshkam & Varidi, 2020). Yang et al. 
(2015) compared of the in-vitro digestion process of oil-in-water (O/W) 
emulsions stabilised by the physical mixture and conjugates of protein 
and soluble polysaccharide of soybean. The result showed that the 
conjugate-stabilised emulsion exhibited better stability than the one 
stabilised by the physical mixture in the simulated gastrointestinal 
conditions. However, to the best of our knowledge, there is still a lack of 
research on the digestibility of encapsulated oils stabilised by co-
acervates based on conjugates produced using Maillard reaction. The 
breakdown of such protein-polysaccharide conjugates and their complex 
coacervates in the digestion process is not adequately understood. 

We reported Maillard reaction-based conjugation between Spirulina 
protein concentrate (SPC) and maltodextrin (MD) followed by their 
complex coacervation with carrageenan (CG) and used both conjugates 
and coacervates to encapsulate PUFAs-rich oil in an earlier paper 
(Zhang, Wang, et al., 2023). The microcapsules produced using 

(SPC-MD conjugate)-CG coacervates exhibited significantly enhanced 
stability against oxidation, compared to the microcapsules produced 
using (SPC-MD mixture)-CG coacervates (Zhang, Wang, et al., 2023). It 
was due to the robust microcapsule walls formed by the conjugate-based 
coacervates. It was hypothesised that this structure would be able to 
keep the integrity of microcapsules in the gastric environment and 
release the encapsulated oil in the intestinal environment. Therefore, in 
this study, we aimed to advance the science further by investigating the 
in-vitro digestion canola oil microcapsules stabilised by (SPC-MD 
conjugate)-CG coacervates. The complex coacervates produced using 
unconjugated mixture of SPC and MD and CG were used to produce the 
microcapsules of canola oil and were used to compare their digestion 
performance. The degradation of wall matrix, release of oil and lipolysis 
of the released oil were quantified using an established (INFOGEST in-
ternational consensus) in-vitro digestion method. 

2. Materials and methods 

2.1. Materials 

Spirulina powder (Bioglan Pty Ltd., New South Wales, Australia) was 
purchased from a local Chemist Warehouse outlet (Melbourne, 
Australia). Maltodextrin (MD) with a dextrose equivalence (DE) of 39 
(GLUCIDEX® 39) and λ-carrageenan (CG) (GENUVISCO® CSW-2, 
Lambda) was kindly provided by Roquette Pty Ltd. (Lestrem, France). 
Canola oil was purchased from the local market. Transglutaminase (TG) 
Sprinkle Powder (Activa KS-LS) was purchased from Melbourne Food 
Depot (Melbourne, Australia). Alpha amylase (from human salivary 
300–1500 units per mg protein, A1031), pepsin from porcine gastric 
mucosa (>2500 units per mg protein, P7012), bile extract from porcine 
(B8631), pancreatin from porcine pancreas (8 × USP specifications, 
P7545) were purchased from Sigma-Aldrich Pty Ltd. (New South Wales, 
Australia). This pancreatin was composed of amylase, trypsin, lipase, 
ribonuclease and protease. All other chemicals used in this study, 
including hydrochloric acid, sodium hydroxide, n-hexane and methanol, 
were purchased from Sigma-Aldrich Pty Ltd. (New South Wales, 
Australia). All of the above-mentioned chemicals were of analytical 
grade and were used as received. 

2.2. Extraction of Spirulina protein and preparation of SPC-MD 
conjugates 

The process used for the extraction of Spirulina protein concentrate 
(SPC) and preparation of SPC-MD conjugates were reported in our 
previous study (Zhang, Holden, et al., 2023). In brief, Spirulina powder 
was dispersed in the Milli Q water at a powder-to-water ratio of 1:15 
(w/w). The pH of the dispersion was adjusted to 10.0 using 1 M NaOH. 
The dispersion was stirred at room temperature for 2 h and then 
centrifuged at 9000×g and 4 ◦C for 30 min. The supernatant was 
collected and adjusted to pH 3.5 using 1 M HCl and then centrifuged at 
9000×g and 4 ◦C for 30 min. The protein precipitate was re-dispersed 
with Milli Q water and neutralised using 0.1 M NaOH, followed by 
freeze drying at 10 Pa and − 80 ◦C (VaCo 10, ZIRBUS technology GmbH, 
Harz, Germany) for 48 h. The SPC powder was vacuum sealed and stored 
at 4 ◦C before use. The SPC extracted in this work had 78.9 ± 0.9% 
protein, 1.9 ± 0.6% lipid, 3.9 ± 0.1%, moisture and 4.1 ± 1.0% ash, 
measured by Kjeldahl method, AOAC Method No. 920.85, and AOAC 
Method No. 925.10, respectively. 

SPC-MD conjugates were prepared by following the process reported 
previously (Zhang, Holden, et al., 2023). Briefly, SPC and MD were 
mixed at a ratio of 1:1 (w/w) and dispersed in the Milli Q water at a 
polymer-to-water ratio of 1:9 (w/w). The pH of the mixture was adjusted 
to 10.0 using 1 M NaOH, followed by agitation at 300 rpm and 4 ◦C 
overnight to allow complete hydration. The mixture was agitated and 
incubated at 60 ◦C for 6 h using a preheated shaking bath to induce the 
SPC-MD conjugation via the wet-heating route. Samples were collected 
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after 6 h heating, followed by a rapid cooling in an ice-water bath to stop 
the reaction. The pH of the reacted mixture was adjusted to 7.0 using 1 
M HCl and then dialysed against water using a dialysis bag with a cut-off 
molecular weight of 3–5 kDa for 10 h to remove the unreacted MD. The 
SPC-MD conjugates was finally freeze-dried at 10 Pa and − 80 ◦C for 48 
h. This SPC-MD conjugate powder was vacuum sealed and stored at 4 ◦C 
before use. 

2.3. Formation of SPC-MD-CG complex coacervates and encapsulation of 
oil 

Canola oil was microencapsulated using (SPC-MD conjugates)-CG 
coacervates as wall material (Zhang, Wang, et al., 2023). Briefly, 
canola oil (5.21 g) was individually homogenised with 250 g SPC-MD 
conjugate or SPC-MD mixture (SPC:MD ratio of 1:1, w/w) solution 
using a high-speed laboratory homogeniser (Ultra-Turrax T-50 
Homogeniser, IKA-Werke, Staufen, Germany) at 12,000 rpm for 4 min. 
The formed coarse oil-in-water (O/W) emulsions were further homo-
genised using a two-valve homogeniser (GEA Niro Soavi, PandaPLUS 
2000, Düsseldorf, Germany) at 60 MPa for 3 passes to obtain fine 
emulsions. Then, 250 g CG dispersion (0.25%, w/w) was slowly added 
into the O/W emulsion and the mixture was agitated at 800 rpm and 
40 ◦C. The pH of the mixed emulsion was adjusted to 3.0 using 1 M HCl 
to induce complex coacervation. The liquid microcapsules were cooled 
down to 5 ◦C under the agitation of 800 rpm and crosslinked by adding 
50 mL 2% (w/w) transglutaminase solution. These emulsions were 
heated to 25 ◦C to activate the enzyme and agitated for 5 h to allow 
complete crosslinking. Finally, the crosslinked liquid microcapsules 
were spray dried using a laboratory-scale Mini Spray Dryer (Büchi 
Corporation, New Castle, DE, USA) equipped with a twin-fluid atomising 
nozzle (d = 0.5 mm diameter). The inlet and outlet temperature of the 
drying air were set at 170 ◦C and 90 ± 2 ◦C, respectively. These 
microcapsule powders were packed and stored at 4 ◦C until further use. 

2.4. In-vitro digestion of microcapsules 

Simulated salivary fluid (SSF), simulated gastric fluid (SGF), and 
simulated intestinal fluid (SIF) were prepared following INFOGEST 
protocol (Brodkorb et al., 2019) with minor modifications (Table 1). 

2.4.1. Simulated oral digestion 
Briefly, 2.0 g microcapsules were mixed with 5.0 mL of Milli Q water 

and 3.5 mL SSF was added. Then, CaCl2 and α-amylase were added to the 
mixture to achieve 0.75 mM concentration and 75 U mL− 1 activity, 
respectively. The total volume of mixture was then adjusted to 10 mL 
using Milli Q water. Its pH was adjusted to 7.0 with 1.0 M NaOH. The 
final mixture was agitated at 100 rpm and 37 ◦C for 2 min to complete 
the oral digestion. 

2.4.2. Simulated gastric digestion 
Ten mL of oral digestion digesta was mixed with 7.5 mL of SGF at 

37 ◦C. CaCl2 and porcine pepsin were added to achieve 0.075 mM 

concentration and 2000 U mL− 1 activity, respectively in the final 
mixture. Milli Q water was added to make 20 mL volume of the total 
gastric mixture. The pH was adjusted to 3.0 with 1.0 M HCl and the final 
mixture was agitated at 100 rpm and 37 ◦C for 2 h to complete the 
gastric digestion. 

2.4.3. Simulated intestinal digestion 
Fifteen mL of SIF was added to 20 mL of gastric digesta at 37 ◦C, 

followed by adding pancreatin, bile salt and CaCl2 to achieve 100 U 
mL− 1 of trypsin activity, 10 mM of bile salt concentration and 0.3 mM of 
CaCl2 concentration in the final mixture, respectively. Milli Q water was 
added to achieve 40 mL volume of intestinal mixture. The pH was 
adjusted to 7.0 with 1.0 M NaOH and the final mixture was agitated at 
100 rpm and 37 ◦C for 2 h to complete the intestinal digestion. 

2.5. Particle size and zeta potential of digesta 

The particle size of the microcapsules was measured in the course of 
in-vitro digestion using a dynamic light scattering method (Mastersizer 
3000, Malvern Instruments Ltd., Malvern, UK). Samples were diluted in 
recirculating water by agitating at 200 rpm. The refractive indices of the 
particle and dispersant were set at 1.52 and 1.33, respectively. Zeta 
potential of the digesta was measured using a Zetasizer (Nano-ZS, 
Malvern Instruments Ltd., Malvern, UK). The digesta samples were 
diluted 500 times prior to each measurement using Milli Q water and the 
pH of the diluted sample was adjusted to match that of the undiluted 
digesta (3.0 or 7.0). 

2.6. Degree of hydrolysis of protein 

The degree of hydrolysis of spirulina protein, present as part of the 
microcapsule wall, during digestion was determined using the o- 
phthaldialdehyde (OPA) spectrophotometric assay, according to Nielsen 
et al.’s (2001). Briefly, 80 mg of OPA was dissolved in 2 mL of methanol 
and mixed with 50 mL of borax buffer (0.1 M, pH 9.7), 5 mL of 20% 
(w/w) sodium dodecyl sulfate (SDS) solution and 0.2 mL of β-mercap-
toethanol. The volume of the solution (OPA reagent) was adjusted to 
100 mL with Milli Q water. During the in-vitro digestion, 40 μL of 
samples were collected at 0, 15, 30, 60, 90 and 120 min and mixed with 
2.0 mL of OPA reagent. The mixture was incubated at 35 ◦C for 2 min. 
Then the absorbance at 340 nm of the mixture was measured using a 
UV–Vis spectrometer (Lambda 35, PerkinElmer Pty. Ltd., Waltham, MA, 
USA) to determine the free NH2 group content in the samples. A cali-
bration curve (y = 0.0467x+ 0.2337, R2 = 0.999) was established using 
0–10 mM standard solutions of L-leucine. 

2.7. Molecular weight of protein 

The level of hydrolysis of spirulina protein, present in the micro-
capsule wall, was determined by measuring the change of its molecular 
weight. Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) was used under reducing condition (Laemmli, 1970). For 

Table 1 
The composition of electrolyte stock solutions used to prepare simulated digestion fluids. The total volume of each simulated fluid was adjusted to 500 mL by diluting 
with Milli Q water. SSF = simulated salivary fluid, SGF = simulated gastric fluid and SIF = simulated intestinal fluid.  

Types of salt Stock concentration (M) SSF (pH 7.0) SGF (pH 3.0) SIF (pH 7.0) 

Final concentration (mM) Final concentration (mM) Final concentration (mM) 

KCl 0.5 15.1 6.9 6.8 
KH2PO4 0.5 3.7 0.9 0.8 
NaHCO3 1 13.6 25 85 
NaCl 2 – 47.2 38.4 
MgCl2(H2O)6 0.15 0.15 0.12 0.33 
(NH4)2CO3 0.5 0.06 0.5 – 
HCl 6 1.1 15.6 8.4  
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this propose, the digesta samples collected at oral phase and 15, 30, 60, 
90 and 120 min of the gastric and intestinal phase were used. Briefly, a 
4–12% precast polyacrylamide gel containing 4% stacking gel and 12% 
separation gel was applied in a Mini-PROTEAN Tetra Cell (Bio-Rad, 
Mini-Protein apparatus III). The collected and diluted sample solution 
(1%, w/v) was mixed with loading buffer (95% 2 × Laemmli buffer and 
5% β-mercaptoethanol, w/w) at a sample-to-buffer ratio of 3:1 (v/v). 
The mixture was heated at 100 ◦C for 10 min. Ten μL sample was loaded 
into the precast gel and the electrophoresis was performed in a 
Tris-glycine running buffer (pH 8.3). The SDS-PAGE test was run at 110 
V for 60–80 min until the dye front reached the reference line. Finally, 
the gel was stained with Coomassie Brilliant Blue R-250 dye for 60 min 
and destained with a decolorization solution composed of 10% (v/v) 
methanol and 10% (v/v) acetic acid by three times. The gel image was 
acquired and analysed using Image Lab (Bio-Rad, Hercules, CA, USA). 

2.8. Observation of microstructure of microcapsules and digesta 

2.8.1. Scanning electron microscopy 
The overall microstructure of the microcapsule was studied using a 

scanning electron microscope (SEM) (FEI Quanta 200 ESEM, Japan). 
Briefly, 1 mL of digesta was collected at the end of oral, gastric and 
intestinal phase and freeze-dried at − 80 ◦C under a vacuum pressure of 
10 Pa for 48 h. The resulting powder was coated with palladium using a 
Sputter Coater (VG Microtech, England). The images were captured 
under magnification of 5000× and an accelerating voltage of 10 kV. 

2.8.2. Optical microscopy 
During in-vitro digestion, one drop of the digesta at the end of each 

digestion stage was collected and transferred to microscope slides to 
monitor their morphology change. An optical microscope (Leica 108, 
Heidelberg, Germany) was used for this purpose at 40× magnification. 

2.8.3. Confocal scanning laser microscopy 
A confocal scanning laser microscope (CLSM) (Nikon Co. Ltd., 

Tokyo, Japan) was used to visualise the release of oil during digestion, 
according to Rafe et al. (2012) with a minor modification. Briefly, 1 mL 
of the digesta was collected at the end of each stage of digestion and 
mixed with 10 μL of 0.1% (v/v) Nile red solution and 10 μL of 0.1% (v/v) 
fluorescein isothiocyanate (FITC) to stain the oil and protein, respec-
tively. These mixtures were then left in the dark for 1 h before CLSM 
scan. Images were captured with a 40 × objective (oil immersion, 
numeric aperture 1.30). The laser excitation wavelengths were selected 
as 488 nm and 512 nm for Nile red and FITC, respectively. 

2.9. Oil release 

The oil was extracted at the end of each digestion phase using 
organic solvent, according to Eratte et al. (2017) with a minor modifi-
cation. Briefly, each digesta was mixed with 25 mL of hexane, followed 
by a 60 s vortex. After centrifugation at 6000×g and 20 ◦C for 15 min, 
the supernatant was filtered into a pre-weighted flask through a filter 
paper (Whatman No.1). The extraction process was repeated for three 
times. Then, the filtrate was combined, and the solvent was evaporated 
using a rotary evaporator. The extracted oil was heated at 80 ◦C for 1 h 
to remove the residual solvent then cooled down to room temperature. 
The amount of released oil in the digestion process was calculated using 
Equation (1). 

Released oil (%)=
Mass of oil released from microcapsules (g)

Total mass of oil in microcapsules (g)
× 100. (1)  

2.10. Lipolysis of released oil 

The lipolysis of the released oil during intestinal digestion was 
studied by measuring release of fatty acids (FFAs), as described by Li and 

McClements (2011). During the intestinal digestion, an automatic 
titration unit (stat 842 Titrando, Metrohm Ltd, Herisau, Switzerland) 
was used to maintain the pH of the digesta at 7.0 by using 0.1 M NaOH. 
The volume of consumed NaOH solution was recorded to calculate the 
released FFA. It was assumed that two molecules of FFAs were released 
from one totally digested triglyceride molecule, and 2 mol of NaOH were 
theoretically required to neutralise 1 mol of triglyceride (Li & McCle-
ments, 2010). The content of released FFA was calculated using Equa-
tion (2). 

FFA (%)= 100 ×

(
VNaOH × mNaOH × Mlipid

Wlipid × 2

)

. (2)  

where, VNaOH is the volume of 0.1 M NaOH required to neutralise 
released FFA (mL), mNaOH is the molarity of NaOH (0.1 M), Wlipid is the 
total mass of oil present in the digestion system (g) and Mlipid is the 
molecular weight of the canola oil (876.6 g/mol). 

The release profile of FFA as a function of time (FFAt) was repre-
sented with a first-order reaction kinetics model, shown in Equation (3) 
(Joyce et al., 2018). 

FFAt =FFAmax
(
1 − e− kt). (3)  

where, FFAmax is the maximum value of total FFA level (%), k is the 
constant of first-order reaction kinetics (min− 1) and t is the digestion 
time (min). 

2.11. Statistical analysis 

All the experiments were carried out in triplicate unless mentioned 
otherwise. The results are expressed as mean ± standard deviation. The 
data analysis was performed using SPSS statistical software (SPSS 23.0, 
IBM, Armonk, NY, USA). Significant differences between any two mean 
values were analysed using one-way analysis of variance (ANOVA) with 
Duncan test at a 95% confidence level (p < 0.05). 

3. Results and discussion 

3.1. Particle size of digesta 

The distribution of particle of the undigested microcapsules and 
digesta of oral, gastric, and intestinal stages are presented in Fig. 1 and 
their mean values (D4,3) are presented in Table 2. The canola oil mi-
crocapsules stabilised using (SPC-MD mixture)-CG coacervates had 
larger particle size than the one stabilised using (SPC-MD conjugate)-CG 
coacervates. The smaller size was due to the improved emulsifying and 
encapsulating properties of conjugate, compared with the original pro-
tein. In our previous work, SPC-MD conjugates showed higher solubility 
and more flexible structure than SPC (Zhang, Holden, et al., 2023). The 
conjugates also migrated and adsorbed at the O/W interface faster to 
form a robust and thick viscoelastic layer around emulsion droplets (Lv 
et al., 2023; Razavi et al., 2021; Zhang, Liao, et al., 2021; Zhang, Yue, 
et al., 2021). Thus, the microcapsules with conjugate-based coacervates 
as wall material had a more compact structure than the one stabilised by 
mixture-based coacervates (Zhang, Wang, et al., 2023). 

At the end of oral digestion, no significant change was observed in 
the particle size and distribution of the digesta compared to that of 
undigested microcapsules (Table 2, Fig. 1). Since the oral phase was 
short (2 min), this time frame was not sufficient to erode the micro-
capsule wall and induce the flocculation and coalescence of droplet and 
thus increase the particle size of the digesta (Timilsena et al., 2017). 

At the end of gastric digestion for 2 h, the mean particle size of both 
microcapsules stabilised by (SPC-MD mixture)-CG coacervates and 
(SPC-MD conjugate)-CG coacervates increased (Table 2). Additionally, 
there was a shift in the particle size distribution towards larger size 
(≥10 μm) (Fig. 1a and b). It was primarily due to breakdown of protein 
by pepsin in the gastric environment (Rahmani-Manglano et al., 2022). 
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The wall materials underwent partial hydrolysis, which led to the 
release of the oil and coalescence of oil droplets (discussed further in 
section 3.6), thereby increasing their size. However, the microcapsules 
formed using conjugate-based coacervates as wall materials still exhibit 

smaller particle sizes. This could be attributed to the conjugates’ ability 
as wall material, which exerted stronger steric repulsions and enhanced 
the stability of oil droplets against flocculation and coalescence during 
gastric digestion (Nooshkam & Varidi, 2020). At the end of the intestinal 
digestion of 2 h, the mean particle size of digesta of both microcapsules 
increased significantly (Table 2). The main peak of the particle size 
distribution (of the intestinal digesta) shifted towards the large size re-
gion (≥100 μm). This could be attributed to the aggregation and coa-
lescence of oil droplets caused by further hydrolysis of the protein by 
trypsin in the pancreatin (Zhang, Liao, et al., 2021; Zhang, Yue, et al., 
2021). Notably, the particle size of digesta of microcapsules stabilised 
using (SPC-MD conjugate)-CG coacervates as wall materials were 
significantly smaller than that of microcapsules stabilised by (SPC-MD 
mixture)-CG coacervates during digestion. The conjugate-based co-
acervates are known to create a relatively thick and compact layer 
around oil droplets compared with the mixture-based one (Xu et al., 
2014). The resulting compact wall of microcapsules was expected to 
slow down the ingress of digestive fluids and enzymes and thus slow 
down the rupture of the wall. 

3.2. Zeta-potential of digesta 

The zeta-potential of the digesta at the end of oral, gastric and in-
testinal phase digestion are shown in Fig. 2. The digesta of both mi-
crocapsules were negatively charged at the end of oral digestion. The 
negative values of zeta potential of both digesta were expected as the pH 
7.0 of SSF was higher than the isoelectric point of both SPC-MD mixture 
and conjugate (pI = 3.5–3.6). This was because the amino acids of 
protein component become negatively charged at neutral pH (Ardestani 
et al., 2022; Hasanvand et al., 2018). In addition, CG also contributed to 
the negative charge at pH 7 (Zhang, Wang, et al., 2023). As the figure 
shows, the magnitude of the zeta potential of the digesta of 
conjugate-based microcapsules was higher than that of mixture-based 
ones. It could be due to the attachment of negatively charged MD mol-
ecules to SPC and the consumption of positively charged amino acids 
during conjugation (Zhang, Holden, et al., 2023). 

The absolute zeta-potential values of digesta of both microcapsules 
decreased at the end of gastric phase (Fig. 2) due to acidic environment 

Fig. 1. Particle size distributions of microcapsules before and during in-vitro 
digestion: (SPC-MD mixture)-CG coacervates microcapsule (a) and (SPC-MD 
conjugate)-CG coacervates microcapsule (b). 

Table 2 
Mean droplet size (D4,3) of microcapsules (undigested) and digesta of obtained 
at the end of oral, gastric and intestinal digestion. (SPC-MD mixture)-CG-CO =
Canola oil microcapsules produced using (SPC-MD mixture)-CG coacervates; 
(SPC-MD conjugate)-CG-CO = Canola oil microcapsules produced using (SPC- 
MD conjugate)-CG coacervates.  

Sample Undigested sample 
D4,3 (μm) 

Digested sample D4,3 (μm) 

Oral 
phase 

Gastric 
phase 

Intestinal 
phase 

(SPC-MD 
mixture)-CG- 
CO 

9.14 ± 0.05a 9.48 ±
0.13a 

11.12 ±
0.31a 

195.9 ±
8.01a 

(SPC-MD 
conjugate)-CG- 
CO 

8.39 ± 0.04b 8.86 ±
0.07b 

10.37 ±
0.28b 

179.7 ±
6.04b 

Note: The different letters in superscript within a column indicate statistically 
significant differences (p < 0.05) by Duncan’s multiple range test. Fig. 2. Zeta-potential of (SPC-MD mixture)-CG and (SPC-MD conjugate)-CG 

coacervates microcapsule at the end of oral, gastric and intestinal digestion. 
(SPC-MD mixture)-CG-CO = Canola oil microcapsules produced using (SPC-MD 
mixture)-CG coacervates; (SPC-MD conjugate)-CG-CO = Canola oil microcap-
sules produced using (SPC-MD conjugate)-CG coacervates. 
Note: Different letters above each value indicated significant differences (p <
0.05) by the Duncan’s multiple test. 
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(pH 3.0). This reduction of magnitude of zeta potential (decrease of 
charge density of negative charge) due to the pH of environment being 
lower than the pI of SPC as its conjugates (with MD) and coacervates 
(with CG). This could also be due to the presence of other charged 
compounds such as polysaccharides and pepsin (pI = 1) (Rahmani--
Manglano et al., 2022). At the end of the intestinal digestion for 2 h, the 
digesta of both microcapsules became more negatively charged. These 
absolute zeta-potential values of intestinal digesta were even higher 
than those obtained at the oral phase. This was because both SPC-MD 
mixture and conjugate exhibited a negative charge in this neutral pH 
environment. Moreover, the free fatty acid produced during the lipolysis 
were also known to be negatively charged (Section 3.7), contributing to 
the increased negative charge (Ni et al., 2021; Rahmani-Manglano et al., 
2022). 

In the entire in-vitro digestion process, the digesta of microcapsules 
stabilised by conjugate-based coacervates always showed higher abso-
lute zeta-potential values than the ones stabilised mixture-based co-
acervates. This indicated that the conjugates based complex coacervates 
exerted higher electrostatic repulsion on the digeata droplets and 
reduced droplet aggregation. This result further explained the reaction 
behind small particle size of digesta of microcapsules stabilised by 
conjugate-based complex coacervates (Section 3.1). 

3.3. Proteolysis of microcapsules and digesta 

The proteolysis of microcapsules was measured in terms of free 
amino acid content (Fig. 3). As can be observed, proteolysis did not 
occur in the oral phase. At the end of gastric phase, NH2 concentration in 
both microcapsules increased close to 11 mM within the first 15 min. 
Then it increased gradually until the end of gastric digestion. The 
amount of free amino acid groups produced during the entire gastric 
digestion phase was found to be lower compared to the amount gener-
ated during the intestinal phase. This was because pepsin played an 
important role in breaking down the peptide bonds between large pro-
tein components, converting them into polypeptides (Gong et al., 2022). 
There was no significant difference between NH2 values of digesta ob-
tained from both types of microcapsules during gastric digestion (p >
0.05). This finding implied that the utilisation of both conjugate- and 

mixture-based coacervates as wall materials conferred comparable 
protection to microcapsules against gastric digestion. 

In the intestinal phase, the concentration of NH2 increased to about 
55 and 61 mM in the microcapsule stabilised by the mixture- and 
conjugate-based coacervates (Fig. 3). This was due to the presence of 
both bile salts and pancreatin. The bile salts adsorbed at the surface 
layer and promoted the hydrolysis of proteins by pancreatin. The 
pancreatin which contained peptidases hydrolysed the protein into 
small peptides and amino acids (Li et al., 2023). The microcapsules 
produced using conjugate-based coacervates as wall materials had 
significantly lower content of free amino acid groups compared to those 
produced using mixture-based coacervates. This result was consistent 
with the variation of particle size and zeta-potential of digesta of both 
microcapsules during gastrointestinal digestion (section 3.1 and 3.2). 
The conjugate-based coacervates formed a thicker wall that retained the 
integrity of microcapsules during intestinal digestion for a longer period 
of time. 

3.4. Reduction of molecular weight of wall materials during in-vitro 
digestion 

The breakdown of wall microcapsules during digestion was analysed 
using reducing SDS-PAGE (Fig. 4). The undigested microcapsules, pro-
duced using SPC-MD mixture-based complex coacervates, showed mo-
lecular weight bands at approximately 10 kDa.This was consistent with 
our previous study where the extracted SPC exhibited a molecular 
weight range between 5.0 and 10.5 kDa, by MALDI-TOF-MS analysis 
(Zhang, Holden, et al., 2023). The undigested (SPC-MD mixture)-CG and 
(SPC-MD conjugate)-CG microcapsules showed significantly different 
SDS-PAGE bands, due to the molecular difference between conjugate 
and original protein. In our previous research, we reported a significant 
increase in the molecular weight of SPC after 6 h of Maillard conjuga-
tion. This was supported by the new peaks with increased molecular 
weights at approximately 11–16 KDa (Zhang, Holden, et al., 2023). The 
digesta obtained at the end of oral digestion of both microcapsules 
showed only one new band at about 60 kDa indicating the presence of 
α-amalyse (Fig. 4) (Bano et al., 2011). This observations suggested that 
the wall materials of both microcapsules remained intact during the oral 
phase. 

Most of the initial molecular weight related bands of SPC dis-
appeared within the first 15 min of the gastric digestion. New protein 
fractions with molecular weight below 15 kDa were formed due to 
proteolysis by pepsin (Gong et al., 2022). The molecular weight distri-
bution of digesta of these two types of microcapsules remained virtually 
unchanged throughout the entire gastric stage, indicating their ability to 
resist further proteolysis. The molecular weight of protein fractions 
present in the digesta of conjugate-based microcapsules was higher 
(25–35 kDa) compared to those present in the digesta of mixture-based 
conjugates. These observations suggested that the wall of microcapsules 
created using conjugate-based complex coacervates of SPC exhibited 
enhanced proteolytic resistance. 

During the intestinal digestion, the digesta of microcapsules pro-
duced using mixture- and conjugate-based complex coacervates had 
similar molecular weight bands, ranging from 20 to 55 kDa. The bands 
observed at higher positions than those of gastric digesta were attributed 
to pancreatin (Fig. 4) (Gao et al., 2021). Notably, most protein fractions 
with a molecular weight below 15 kDa disappeared due to further hy-
drolysis of the protein fractions by pancreatic proteases into small 
peptides and amino acids (Li et al., 2023). This observation was 
consistent with the results presented in Section 3.3, that the rapid hy-
drolysis of protein and rapid increase of NH2 concentration occurred 
within the initial 15 min of intestinal digestion. In Hu et al. (2022)’s 
study, the authors observed that the characteristic bands of β-lacto-
globulin rapidly disappeared during the intestinal digestion due to the 
proteolysis by pancreatic trypsin. 

Fig. 3. The free amino acid groups (NH2) concentration in the microcapsules 
during simulated digestion (0–120 min for gastric digestion and 120 to 240 for 
intestinal digestion, respectively). (SPC-MD mixture)-CG-CO = Canola oil mi-
crocapsules produced using (SPC-MD mixture)-CG coacervates; (SPC-MD 
conjugate)-CG-CO = Canola oil microcapsules produced using (SPC-MD 
conjugate)-CG coacervates. 
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3.5. Microstructure of digesta 

The images of digesta obtained from SEM and optical microscopes at 
the end of each digestion stage are presented in Figs. 5 and 6, respec-
tively. The undigested canola oil microcapsules stabilised by (SPC-MD 
mixture)-CG and (SPC-MD conjugate)-CG coacervates showed similar 
spherical shapes without any cracks (Fig. 5a and e). 

The microstructure of digesta of both microcapsules at the end of oral 
phase was similar and was unaltered as shown by SEM images which 
corroborated the results of SDS-PAGE (Fig. 4). The digesta of both mi-
crocapsules retained their original spherical shape in the gastric envi-
ronment (Fig. 5c and g). The distinctly different morphology of 

undigested microcapsules (Fig. 6a and e) compared to orally digested 
ones (Fig. 6b and f) cased by swelling due to SSF and also due to the 
change of pH environment from acidic (3.5 of coacervates) to neutral 
(7.0 of SSF) which was expected to weaken the coacervates. The optical 
microscopic images of gastric digesta revealed some degree of aggre-
gation of the microcapsules into clumps (Fig. 6c and g) most probably 
due to partial hydrolysis of SPC by pepsin, as explained in section 3.1. 

The original morphology of microcapsules disappeared completely 
in the intestinal digesta (Fig. 5d and h), indicating strong proteolytic 
degradation of SPC by pancreatic enzymes and consequent degradation 
of microcapsule structure. An uneven and rough surface was observed in 
the SEM images, due to the presence of polysaccharides (Gao et al., 

Fig. 4. SDS-PAGE of microcapsules (a: (SPC-MD mixture)-CG and b: (SPC-MD conjugate)-CG as wall material) before and during in-vitro digestion.  

Fig. 5. SEM images of microcapsules (a–d: (SPC-MD mixture)-CG coacervates and e–h: (SPC-MD conjugate)-CG coacervates as wall material).  
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2021). In addition, droplets with an increased mean particle size were 
found in the digesta. The optical microscopic images further confirmed 
the hydrolysis of microcapsules during intestinal digestion (Fig. 6d and 
h). The level of aggregation observed in the microcapsules found in the 
intestinal digesta was lower in comparison to the microcapsules found in 
the gastric digesta (Fig. 6c, g and 6d, 6h). This could be attributed to the 
higher level of protein hydrolysis, weakening of wall structure and 
loosening of aggregates (Li et al., 2022). 

3.6. Release of oil 

The CLSM images of undigested microcapsules and digesta obtained 
at the end of each digestion stage and release oil content are presented in 
Figs. 7 and 8a, respectively. The canola oil microcapsules stabilised by 
(SPC-MD mixture)-CG and (SPC-MD conjugate)-CG coacervates showed 
uniform droplet distributions at the end of oral digestion (Fig. 7a and d) 
and they also preserved their structural integrity. In this digestion phase, 

Fig. 6. Optical microscope images of microcapsules before and after simulated digestion. (a–d): (SPC-MD mixture)-CG coacervates and (e–h): (SPC-MD conjugate)- 
CG coacervates as wall material. 

Fig. 7. CLSM images of digested microcapsules at the end of oral, gastric and intestinal digestions. (a–c): (SPC-MD mixture)-CG coacervates and (d–f): (SPC-MD 
conjugate)-CG coacervates as wall material. 
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21.5 and 17.7% of encapsulated oil was released from the mixture-based 
and conjugate-based coacervates microcapsules, respectively (Fig. 8a). 
The oil released in the oral stage was unentrapped surface oil (Zhang, 
Wang, et al., 2023). 

At the end of gastric stage, the released oil content slightly increased 
in both microcapsules (Fig. 8a). The CLSM images also showed increased 
droplet aggregation and the intensity of red colour (indicator of oil) was 
also increased in both microcapsules, even though their microstructure 
was not disrupted (Fig. 7b and e). This could be due to the partial hy-
drolysis of SPC component of the wall by pepsin, which released small 
amount of oil (Ni et al., 2021). Notably, the conjugate-based coacervate 
microcapsules released less oil than mixture-based coacervate micro-
capsules. It further confirmed that the microcapsule wall material syn-
thesised using covalently bonding the SPC with MD was more resistant 
to gastric digestion. The lesser amount of oil release from the micro-
capsules produced using conjugate-based coacervates as wall material 
might be attributed to protein-polysaccharide conjugation, which 
caused protein unfolding and amino acid consumption through cova-
lently bonding with carbonyl groups of reducing carbohydrates (Zhang, 

Holden, et al., 2023). This reduced the number of digestion sites, spe-
cifically lysine residues, thereby reducing the ability of pepsin in 
hydrolysing the protein (Lin et al., 2013; Niu et al., 2016). This ulti-
mately increased the resistance of conjugate to pepsin digestion. 

The release of the encapsulated oil in the intestinal phase from the 
mixture- and conjugate-based coacervate microcapsule was 62 and 67%, 
respectively (Fig. 8b). The intensity of red colour increased further in 
CLSM images of intestinal digesta (Fig. 7c and f). This observation was in 
line with the proteolysis of microcapsule wall materials during intestinal 
digestion (Figs. 3 and 4). Wang et al. (2018) studied the release 
behaviour of peony seed oil stabilised in a whey protein isolate-corn 
syrup-soy lecithin matrix. The authors observed that the oil content 
released at the end of intestinal phase was similar to that found in this 
study. At the end of intestinal digestion, the released oil contents of the 
canola oil microcapsules stabilised by (SPC-MD mixture)-CG and 
(SPC-MD conjugate)-CG coacervates were not significantly different 
(Fig. 8a). Overall, conjugate-based coacervates, as wall material, were 
effective in protecting the encapsulated oil in gastric phase and releasing 
it in the subsequent intestinal phase. 

3.7. Lipolysis of oil 

The lipolysis of oil released in the intestinal phase was measured 
using free fatty acids (FFAs) content of the released oil (Fig. 8b). The 
release kinetics of FFAs fitted using a first-order reaction (Eq. (3)) (solid 
lines, Fig. 8b). The kinetic parameters, including FFAmax, k values and 
t1/2 were calculated (Table 3). In both microcapsules produced with 
(SPC-MD mixture)-CG and (SPC-MD conjugate)-CG coacervate, a 
significantly increased FFA content was observed in the first 20 min of 
intestinal digestion. The presence of lipase in pancreatin was the pri-
mary factor contributing to the fast adsorption of lipase at the oil/water 
interface, which facilitated the hydrolysis of oils into FFAs (Hur et al., 
2009). The rate of lipolysis rate decreased gradually with the progress of 
digestion. This could be due to lipolytic products such as FFAs and 
monoglycerides hindered the access and adsorption of lipase at 
oil-in-water interface (Mat et al., 2020). 

FFAmax and k values of lipolysis of conjugate-based microcapsules 
digesta were significantly lower than those of mixture-based micro-
capsules, indicating slower digestion of lipid encapsulated in conjugate- 
based coacervates of SPC. The t1/2 value represents the time it takes to 
digest half of the released oil (Ni et al., 2021). The conjugate-based 
coacervate microcapsules exhibited longer t1/2 value than the 
mixture-based ones (11 versus 9.4 min) confirming the slower lipolysis 
of encapsulated canola oil during intestinal digestion. 

A decreased lipid digestion rate of nano-emulsions was reported by 
Fan et al. (2017) when whey protein isolate-dextrin conjugate was used 
as wall material, compared to when the whey protein was used by itself. 
The conjugate-based wall material formed a thick protective layer sur-
rounding the encapsulated lipids. Thus, it slowed down the adsorption 
and action of the lipase (Fan et al., 2017; Nooshkam & Varidi, 2020). 
Overall, the (SPC-MD conjugate)-CG coacervates showed promising 

Fig. 8. Release of oil from digested microcapsules at the end of oral, gastric and 
intestinal digestion (a) and the released free fatty acids (FFAs) from digested 
microcapsules as a function of time during the intestinal digestion (solid lines 
indicate the fitted curves) (b). 
Note: Different lowercase letters with the same subscripts above each value 
indicated significant differences (p < 0.05) by the Duncan’s multiple test. 

Table 3 
Kinetic parameters for the lipolysis of released oil during intestinal digestion. 
(SPC-MD mixture)-CG-CO = Canola oil microcapsules produced using (SPC-MD 
mixture)-CG coacervates; (SPC-MD conjugate)-CG-CO = Canola oil microcap-
sules produced using (SPC-MD conjugate)-CG coacervates.  

Sample FFAmax (%) k (min− 1) t1/2 

(min) 
R2 

(SPC-MD mixture)-CG-CO 53.35 ±
0.17a 

0.074 ±
0.001a 

9.4 0.993 

(SPC-MD conjugate)-CG- 
CO 

41.77 ±
0.09b 

0.063 ±
0.005b 

11 0.997 

Note: t1/2 is the time required to achieve half lipolysis of the lipid. 
The different letters in superscript within a column indicate statistically signif-
icant differences (p < 0.05) by Duncan’s multiple range test. 

Z. Zhang et al.                                                                                                                                                                                                                                   



Food Bioscience 56 (2023) 103198

10

properties as novel wall materials for the targeted delivery of unstable 
(canola) oil. Notably, the encapsulated oil was protected well before 
reaching the intestine where it was released and digested slowly. 

4. Conclusion 

This study investigated the effectiveness of complex coacervates 
formed by unconjugated and (maltodextrin)-conjugated Spirulina pro-
tein (SPC-MD conjugate) in protecting encapsulated canola oil during 
the gastric phase and facilitating its release in the intestinal phase. 
Carrageenan (CG) was used to generate the coacervates. Both micro-
capsules produced using unconjugated (SPC-MD mixture)-CG coacer-
vate and conjugated (SPC-MD conjugate)-CG coacervate exhibited 
considerable stability during oral digestion. Only minor proteolysis of 
SPC occurred and the structure of microcapsule was preserved during 
gastric digestion, resulting in the release of surface oil only. However, in 
the intestinal phase, the structure of both microcapsules significantly 
degraded, leading to the release of 62–67% of the encapsulated oil, of 
which 40–55% underwent lipolysis. Notably, the conjugated SPC-based 
coacervates demonstrated a more robust wall structure compared to the 
unconjugated SPC-based coacervates, exhibiting slower breakdown of 
the structure, oil release, and lipolysis. These findings highlight the 
potential of complex coacervates formed by SPC, particularly when 
conjugated, as promising encapsulating wall materials for unstable oils, 
facilitating their delivery to the intestinal phase. 
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