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a b s t r a c t 

Two stage complexation processes, i.e., covalent conjugation followed by complex coacervation processes were 

used to improve functional properties of Spirulina protein. Conjugates of Spirulina protein concentrate (SPC)- 

maltodextrin (MD) were produced via wet-route Maillard reaction and they were coacervated with carrageenan 

(CG). The complex coacervates of mixture of unconjugated SPC and MD with CG was used as benchmark. (SPC- 

MD conjugate)-CG coacervate and (SPC-MD mixture)-CG coacervate were used as shell material to encapsulate 

oxidation sensitive canola oil. The optimum conditions for the complex coacervation were found at pH 3.0 and 

ratio of conjugate- or mixture-to-CG ratio of 24:1 (w/w). Spray-dried microcapsules of canola oil produced using 

(SPC-MD conjugate)-CG coacervates exhibited lower surface oil content (1.52%), higher encapsulation efficiency 

(92.5%), and smaller particle size (D 50 = 7.66 μm) compared to those produced using mixture-based coacervates 

as shell materials. The microcapsules produced using conjugate-based coacervates as shell material showed im- 

proved oxidative stability. These findings suggests that the Maillard reaction induced conjugate of SPC and its 

complex coacervates can be promising encapsulating shell materials for oxidation sensitive oils. 
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. Introduction 

Edible oils are important part of human diet, and they are also widely

sed as food ingredients by food industry. In recent years, oils with high

olyunsaturated fatty acids (PUFAs) content such as tuna, flaxseed and

anola oils are increasingly becoming popular among consumers be-

ause of their health benefits including protection against inflammation

 Oppedisano et al., 2020 ), cardiovascular diseases ( Ganesan et al., 2018 )

nd cancers ( Eltweri et al., 2017 ). However, these bioactive oils can

eadily undergo oxidation during food processing and storage, which

ompromises the nutritional value and acceptability of the food prod-

ct ( Pham et al., 2020 ). To tackle this issue, microencapsulation tech-

ology has been used by food industry to stabilise PUFAs-rich oils in a

rotective shell to extend shelf-life. 

To date, oils can be encapsulated by a number of technologies in-

luding spray drying, freeze drying, coacervation, emulsification and

uidised bed coating etc. ( Đor đevi ć et al., 2015 ; Ray et al., 2016 ).

mong these technologies, complex coacervation followed by spray
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rying is one of the most effective methods to protect the PUFAs en-

iched oils against oxidation ( Lan et al., 2021 ). Complex coacerva-

ion is a liquid–liquid phase separation where a polymer-rich phase

eparates from the aqueous phase. The polymer-rich phase is formed

hrough electrostatic interaction between two oppositely charged poly-

ers. Proteins and polysaccharides are commonly used as oppositely

harged food molecules in this process ( Schmitt and Turgeon, 2011 ).

rotein-polysaccharide complex coacervates exhibit surface-active na-

ure of protein and gel structure-forming capacity of polysaccharides

nd also show enhanced steric hindrance effect against undesired in-

eractions. This ultimately improves the protection of the encapsulated

UFAs-rich oils. The complex coacervation process has the superiority

n producing microcapsules with compact structures, high oil loading

up to 60%, w/w), low surface oil content, as well as improved control-

eleased properties ( Wang et al., 2014 ). 

Although a number of studies were undertaken to develop protein-

olysaccharide complex coacervates as encapsulants to encapsulate

UFAs-rich oils ( Lan et al., 2021 ; Pham et al., 2020 ), the study of com-
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lex coacervation process using protein-polysaccharide conjugates (pro-

uced via Maillard reaction) and commonly available polysaccharides

as been rarely reported. The development of this novel delivery sys-

em and the characterization of the resulting microcapsule would be

nteresting from fundamental as well as application perspective. This is

ecause Maillard reaction products (MRPs) are known to be effective in

tabilising bioactive oils ( Ifeduba and Akoh, 2016 ). Previous work has

hown that the solubility and emulsifying properties of proteins can be

ignificantly improved by conjugating with carbohydrates and the appli-

ation of resulting conjugates produces substantially stable oil-in-water

mulsions ( Martinez-Alvarenga et al., 2014 ). Muhoza et al. (2022) pro-

uced gelatin-low methoxyl pectin conjugate using wet-heating route,

nd the complex coacervates were produced by these conjugates to en-

apsulate cinnamaldehyde. This work showed the enhanced encapsula-

ion efficiency and stability to ionic strength of microcapsules compared

o those produced using unconjugated protein-carbohydrate coacervates

 Muhoza et al., 2022 ). Stearidonic acid soybean oil was encapsulated us-

ng coacervates of Maillard reaction modified gelatin and gum Arabic

 Ifeduba and Akoh; 2016 ) and the results showed that the oxidative sta-

ility of the resulting microcapsules using this system was substantially

igher compared to when Maillard reaction-induced conjugation was

ot carried out before the complex coacervation. This improved oxida-

ive stability of the emulsions and microcapsules was attributed to the

ntioxidative property of protein-carbohydrate conjugates. Therefore,

t is of practical importance to further study the effectiveness of conju-

ated protein (through Maillard reaction) as an emulsifier and encapsu-

ant in the microencapsulation of oil through complex coacervation. 

Many biopolymeric materials such as whey protein, soy protein,

elatin, gum Arabic and alginate are commonly used in the microen-

apsulation process due to their desirable rheological, emulsifying and

ncapsulating properties ( Kaushik et al., 2015 ; Rudke et al., 2019 ). Al-

al proteins are emerging as important alternative proteins with promis-

ng application in food industry ( Onwezen et al., 2021 ; Rawiwan et al.,

022 ). However, there is still a paucity in research on their investigat-

ng as encapsulating materials of bioactive compounds. It was reported

hat Spirulina microalgae protein showed promising nutritional prop-

rty and its emulsifying and encapsulating properties was significantly

mproved via the Maillard reaction ( Zheng et al., 2020 ). In our earlier

ork, the Maillard reaction-based conjugation process of Spirulina pro-

ein and maltodextrin was studied and the resulting conjugates were

haracterised ( Zhang et al., 2023 ). 

In the above context, this work aimed to take the research on Spir-

lina protein and its conjugate further and study the complex coacer-

ation process of Spirulina protein-maltodextrin conjugates with com-

only available polysaccharide and quantify the efficacy of these

onjugate-based coacervates to protect PUFAs-rich oils. 

. Materials and methods 

.1. Materials 

Spirulina powder (Bioglan Pty Ltd., New South Wales, Australia) was

urchased from a local Chemist Warehouse outlet (Melbourne, Aus-

ralia). Maltodextrin (MD) (GLUCIDEX® 39) and 𝜆-carrageenan (CG)

GENUVISCO® CSW-2, Lambda) were kindly provided by Roquette Pty

td. (Lestrem, France). Canola oil was purchased from the local market.

ransglutaminase (TG) Sprinkle Powder (Activa KS-LS) was purchased

rom Melbourne Food Depot (Melbourne, Australia). Chemicals used in

his study including hydrochloric acid, sodium hydroxide, glacial acetic

cid, n-hexane, isopropanol, methanol, 1-butanol anhydrous, barium

hloride, ammonium thiocyanate, 2,2,4-Trimethylpentane (isooctane),

nhydrous ferric chloride, ferrous sulfate and p -Anisidine were of an-

lytical grade and were purchased from Sigma-Aldrich Pty Ltd. (New

outh Wales, Australia). 
2 
.2. Extraction of Spirulina protein 

A schematic diagram illustrating all experimental steps involved

n this study is presented in Fig. 1 . The Spirulina protein concentrate

SPC) was extracted according to the procedure reported previously

 Zhang et al., 2023 ). In brief, Spirulina powder was mixed with Milli

 water (powder-to-water ratio: 1:15, w/w), the mixture was then ad-

usted to pH 10.0 using 1 M NaOH. The suspension was agitated at

00 rpm and room temperature for 2 h and then centrifuged at 9000 × g

nd 4 °C for 30 min to obtain the supernatant. The supernatant was col-

ected and its pH was adjusted to 3.5 using 1 M HCl. The precipitated

rotein was recovered by centrifuging the mixture at 9000 × g and 4

C for 30 min. Milli Q water was added to the protein precipitate at a

recipitate-to-water ratio of 1:30 (w/w) and the mixture was adjusted

o pH 7.0. Finally, these extracted proteins were freeze dried at 10 Pa

nd − 80 °C for 48 h (VaCo 10, ZIRBUS technology GmbH, Harz, Ger-

any). The extracted SPC contained 78.9 ± 0.9% protein, 1.9 ± 0.6%

ipid and 3.9 ± 0.1% moisture, measured by using Kjeldahl method,

OAC Method No. 920.85, and AOAC Method No. 925.10, respectively.

he SPC powder was vacuum sealed and stored at 4 °C before use. 

.3. Preparation of SPC-MD conjugates 

SPC-MD conjugates were prepared according to the process reported

reviously ( Zhang et al., 2023 ). Briefly, SPC-MD mixture (1:1, w/w)

as dispersed in Milli Q water at a polymer-to-water ratio of 1:9 (w/w).

he dispersion was agitated at 300 rpm and 4 °C for 2 h and then its

H was adjusted to 10.0 using 1 M NaOH, followed by agitation at

 °C overnight. Subsequently, the solution was incubated at 60 °C for

 h using a preheated shaking bath to induce the SPC-MD conjugation

hrough wet-heating route. The samples were collected after 6 h heat-

ng, and immediately cooled in an ice bath to stop the reaction. The

esulting solution was neutralised using 1 M HCl and dialysed using a

ialysis bag (cut-off molecular weight of 3–5 kDa) (Thermo Fisher Sci-

ntific, New South Wales, Australia) for 10 h to remove the unreacted

D. The dialysed SPC-MD conjugates were finally freeze-dried at 10 Pa

nd − 80 °C for 48 h. This SPC-MD conjugate powder was vacuum sealed

nd stored at 4 °C before use. 

.4. Optimization Of Complex Coacervation Process 

.4.1. Preparation of SPC-MD mixture and conjugate and CG stock 

olutions 

SPC-MD mixture, SPC-MD conjugate and CG stock solutions were

repared separately at a total polymer concentration of 0.3% (w/w).

riefly, the SPC-MD mixture (with a SPC:MD ratio of 1:1, w/w), SPC-MD

onjugate and CG were dissolved in the Milli Q water and the mixtures

ere agitated at 300 rpm for 2 h. These stock solutions were adjusted

o pH 7.0 and stored at 4 °C before use. 

The effects of pH and polymer ratio (SPC-MD mixture- or conjugate-

o-CG ratio, w/w) on complex coacervation were studied and optimised.

riefly, the above stock solutions were mixed at different ratios and the

ixed solutions were adjusted to pH 2.0–7.0 using 0.5 M HCl solution

o induce the complex coacervation. The optical density and the zeta-

otential values of complex coacervates were measured after stabilizing

t room temperature for 2 h. 

.4.2. Measurement of optical density 

The optical density of the dispersions of complex coacervates was

easured as a function of pH and mixing ratio. The SPC-MD mixture

r conjugate solution was mixed with CG solution, at a mixture- or

onjugate-to-CG ratio of 6:1, 12:1, 24:1 and 36:1 (w/w), respectively.

he total polymer content of solution was controlled at 0.3% (w/w).

hese mixed solutions were adjusted to pH 2.0–3.5 using 0.5 M HCl

ith an increment of 0.25 and their light absorption at 400 nm was
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Fig. 1. Full schematic representation of experimental plan to optimize complex coacervation between SPC-MD mixture or conjugate and CG, and the encapsulation 

of canola oil using the (SPC-MD mixture)- or (SPC-MD conjugate)-CG coacervates as wall materials. SPC: Spirulina protein concentrate; MD: maltodextrin; CG: 

carrageenan. 
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etermined using a UV spectrophotometer (Lambda 35, PerkinElmer.,

SA). 

.4.3. Measurement of zeta-potential 

The solutions of MD, CG, SPC-MD mixture, SPC-MD conjugate, SPC-

D mixture-CG and SPC-MD conjugate-CG were prepared by dissolving

hese polymers in the Milli Q water at a total polymer content of 0.3%

w/w). The ratio of the SPC-MD mixture or conjugate and CG was con-

rolled at 24:1 (w/w) based on data obtained in Section 2.4.2 . These

olutions were then adjusted in the pH range of 2.0–7.0 using 0.5 M

Cl or NaOH and their zeta-potential values were measured using a

eta sizer (Nano-ZS, Malvern Instruments Ltd., Malvern, UK). 

.4.4. Rheological measurements 

The (SPC-MD mixture)-CG and (SPC-MD conjugate)-CG solutions

ith a total polymer content of 3.0% (w/w) were prepared. Storage (G ′ )

nd loss (G ″ ) moduli of the complex coacervates at different mixture- or

onjugate-to-CG ratios and pH values were measured using a rheometer

Discovery HR-1, TA Instruments Ltd., USA). A stainless-steel parallel

late (40 mm) with a 1 mm gap between flat surfaces was used. Be-

ore each measurement, the coacervate samples were loaded and equi-

ibrated at 25 °C for 2 min. The apparent viscosities of the dispersions

ere measured in the shear rate range of 0.01–120 s -1 at 25 °C. The

scillation frequency sweep tests over 0.05–10 Hz were performed at

5 °C, with a strain amplitude of 1%. This amplitude was within the

inear viscoelastic region, determined by the preliminary strain sweeps

xperiments. 

.5. Microencapsulation of canola oil 

Briefly, 250 g SPC-MD mixture and conjugate solutions (6% w/w)

nd CG dispersions (0.25%, w/w) were prepared by dissolving SPC-MD

ixture (SPC:MD ratio: 1:1, w/w), conjugates and CG separately in the

illi Q water with the agitation at 600 rpm and 40 °C for 2 h. Canola

il (5.21 g) was added to SPC-MD mixture or conjugate solution and it

as homogenised using a Ultra-Turrax homogenizer at 12,000 rpm for

 min to obtain a coarse oil-in-water emulsion. This O/W emulsion was

ubsequently homogenised at 60 MPa using a microfluidiser (M-110 L,

icrofluidics, Newton, MA) for 3 passes to produce fine emulsion. Then,

he CG dispersion (0.25%, w/w) was slowly added into the emulsion and

he mixture was agitated at 800 rpm and 40 °C. In all the formulations,
3 
he total polymer content of the mixture was 25% (w/w), with a core-to-

all ratio of 1:3 (w/w). The pH of the mixed emulsion was then adjusted

o pH 3.0 using 1 M HCl to induce complex coacervation, and it was

ooled down to 5 °C to facilitate the formation of liquid microcapsules.

he temperature of the coacervates was controlled at 5 °C for 30 min

nd 50 mL 2% (w/w) transglutaminase solution was added. The liquid

icrocapsules were agitated at 800 rpm and at room temperature for 5 h

o complete crosslinking. These liquid microcapsules were then spray

ried to produce microcapsule powder. 

.6. Spray drying 

The liquid microcapsules formed in Section 2.5 were spray dried us-

ng a laboratory-scale Mini Spray Dryer (Büchi Corporation, New Cas-

le, DE, USA) equipped with a twin-fluid atomizing nozzle ( d = 0.5 mm

iameter). The inlet temperature and the flow rate of the feed were

ontrolled at 170 °C and 8 mL/min, respectively to maintain the outlet

emperature of 90 ± 2 °C. This spray-dried solid microcapsule powder

as stored at 4 °C until further use. 

.7. Physicochemical properties of microcapsules 

.7.1. Moisture content and water activity 

The moisture content and water activity (a w 

) of spray-dried micro-

apsules were determined using a moisture analyser balance (MB45

haus, Parsippanny, NJ, USA) and a water activity meter (Aqualab CX-

, Pullman, WA, USA), respectively. 

.7.2. Encapsulation efficiency 

The surface oil content of powder microcapsule samples was mea-

ured according to Wang et al. (2014) ’s method with a minor modifi-

ation. Briefly, 2.0 g of microcapsule powder was mixed with 30 mL of

exane and vortexed for 60 s. After centrifugation at 6000 × g and 20

C for 15 min, the supernatant was filtered into a pre-weighted tube us-

ng filter paper (Whatman No.1). Then, the filtrate was stored in a fume

ood for 12 h to allow the evaporation of the organic solvent. Finally,

he extracted oil was heated at 80 °C for 1 h, followed by cooling to

oom temperature. The weight of the extracted oil was measured. 

The total oil content of microcapsule was measured as

im et al. (2005) described in their report. Briefly, 2.0 g of microcapsule

owder was mixed with 8 mL Milli-Q water and vortexed for 2 min.
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he dispersion was then added with 45 mL of hexane/isopropanol (3:1,

/v) mixture and stirred at 300 rpm for 30 min. The dispersion was

entrifuged at 6000 × g and 20 °C for 15 min. The organic solvent

hase (upper layer) was separated, and the oil in the lower layer was

e-extracted using the same amount of solvent, followed by centrifu-

ation. Then all the separated organic solvent phase were combined,

ltered and stored in the fume hood for 12 h and heated at 80 °C for

 h. The weight of the oil was measured. The encapsulation efficiency

EE,%) was calculated using Eq. (1) . 

𝐸 ( % ) = 

𝑊 𝑡𝑜 − 𝑊 𝑠𝑜 

𝑊 𝑡𝑜 

× 100 (1)

Where, W to (g) and W so (g) are the total oil weight and surface oil

eight of microcapsule, respectively. 

.7.3. Particle size of microcapsules 

The particle size (D 50 ) of the microcapsules was measured using a

astersizer (Malvern Instruments Ltd., Malvern, UK). The microcap-

ules were dispersed in Milli Q water and agitated at 300 rpm for 10 min.

hen the dispersion was transferred to the particle size analyser for the

easurement. The refractive index the particle and dispersant were set

t 1.52 and 1.33, respectively. 

.7.4. Denaturation temperature 

The thermal characteristics of the microcapsule samples were anal-

sed using differential scanning calorimetry (DSC Q-2000, TA Instru-

ents, New Castle, DE, USA). Briefly, 5 mg of microcapsule powder

olution was weighed in an aluminum pan and sealed, and an empty

ealed pan was used as reference. Samples were heated from 20 to 150

C at a heating rate of 10 °C/min under nitrogen gas flush at 20 mL/min

urge rate. The denaturation temperature (T d ) and the enthalpy varia-

ion were analysed via Universal TM software (TA Instruments, New Cas-

le, DE, USA). 

.7.5. FTIR analysis of microcapsules 

The FTIR spectra of SPC, MD, CG, SPC-MD conjugate, microcapsules

roduced by (SPC-MD mixture)-CG and (SPC-MD conjugate)-CG coacer-

ates were analysed using a FTIR spectrometer (Perkin Elmer, CT, USA).

ll the spectra of the test samples were average of 64 scans from 4000

o 400 cm 

-1 at a resolution of 1 cm 

-1 . 

.8. Morphology of microcapsules 

The morphology of the microcapsule powders was obtained using a

canning electron microscope (FEI Quanta 200 ESEM, Japan). The sam-

les were coated with palladium using a Sputter Coater (VG Microtech,

ngland). Images were captured under magnification of 5000 × and an

ccelerating voltage of 10 kV. 

.9. Surface composition of microcapsules 

Surface composition of the microcapsule powders was determined

sing X-ray photoelectron spectroscopic (XPS) technique according to

aiani et al. (2010) . Briefly, the microcapsule powders were placed in

 sample holder and degassed in high vacuum (1.8 × 10 –8 mBar) for

4 h before it was transferred to the analysis chamber. Then the sam-

le was scanned using a K-Alpha Thermo Scientific photoelectron spec-

rometer (K-alpha, Thermo Fischer Scientific, USA). The general spectra

ere obtained and the area of C 1s , N 1s and O 1s was determined using

he Casa XPS software (V2.3.5, Casa Software Ltd., UK). Shirley baseline

nd Gaussian/Lorentzian (50/50%) peaks were used for the background

ubtraction and spectral decomposition, respectively. The protein con-

ent on the microcapsule surface was calculated as N × 6.25. 
4 
.10. Oxidative stability of spray-dried microcapsules 

Microcapsule powders were sealed in a screw-capped vial (20 mL)

nd stored at 40 °C for 4 weeks to accelerate the oil oxidation. During

he storage, the microcapsule powder was sampled out weekly and the

otal oil was extracted using the protocol described in Section 2.7.2 . The

eroxide and p-Anisidine values of the oil after storage were evaluated to

etermine the oil oxidative stability. Canola oil was used as the control.

.10.1. Determination of peroxide value 

The peroxide value (PV) was determined according to International

airy Federation (IDF)’s standard method with minor modification

 Shantha and Decker, 1994 ). Briefly, 10 mg of extracted oil was mixed

ith 3 mL of the methanol-butanol mixture (2:1, v/v). Ammonium thio-

yanate solution (15 μL, 3.94 M) and ferrous chloride solution (15 μL,

.072 M) were then added to the samples and vortexed for 30 s. The

ample was placed in the dark for 20 min and the absorbance of each

olution at 510 nm was measured using a microplate reader. The PV of

he oil was calculated using Eq. (2) and expressed as milliequivalents of

 2 /kg oil. 

 𝑉 = 

(
𝐴 𝑠 − 𝐴 𝑏 

)
× 𝑚 

55 . 84 × 𝑚 𝑜 

(2)

Where, A s and A b are the absorbance of sample and blank, respec-

ively, m is the slope of Fe 3 + calibration curve with iron concentra-

ion varying from 1 to 40 μg (calibration curve: 𝑦 = 0 . 0136 𝑥 + 0 . 012 ,
 

2 = 0.996), 55.84 is the atomic weight of iron, and m o is mass of sample

g). 

.10.2. Determination of p -Anisidine value 

The p -Anisidine value of the extracted oil was determined using an

OCS method ( AOCS, 1996 ) with minor modifications. Briefly, 200 mg

f extracted oil was weighed in a test tube and dissolved in 10 mL isooc-

ane. The test tube was vortexed for 30 s and the absorbance of the sam-

le was measured at 350 nm, with isooctane as blank. Subsequently,

 mL of the experiment solution was mixed with 1 mL of p -Anisidine

eagent (0.5 g/200 mL in glacial acetic acid) was added. The mixture

as vortexed for 1 min. The sample was placed for 10 min and its ab-

orbance at 350 nm wavelength was measured by microplate reader.

he p -Anisidine value was calculated using Eq. (3) and expressed as

U 350 /g oil. 

 − 𝐴𝑛𝑖𝑠𝑖𝑑𝑖𝑛𝑒 𝑣𝑎𝑙𝑢𝑒 = 

10 ×
(
1 . 2 𝐴 𝑠 − 𝐴 𝑆0 

)

𝑚 

(3)

Where, A s is the absorbance of the sample after reaction with the

eagent, A S0 is the absorbance of the oil solution with isooctane as sol-

ent, 10 is the volume of isooctane used for sample dissolution, 1.2 is

he correction factor for dilution of experiment solution, and m is the

ass of oil (g). 

.10.3. Determination of total oxidation value 

The total oxidation value (Totox) was used to estimate the oxidation

f stabilised oil during storage. It was calculated based on PV and p -

nisidine values using Eq. (4) ( Pereira de Abreu et al., 2010 ). 

 𝑜𝑡𝑜𝑥 𝑣𝑎𝑙𝑢𝑒 = ( 2 × 𝑝𝑒𝑟𝑜𝑥𝑖𝑑𝑒 𝑣𝑎𝑙𝑢𝑒 ) + 𝑝 − 𝐴𝑛𝑖𝑠𝑖𝑑𝑖𝑛𝑒 𝑣𝑎𝑙𝑢𝑒 (4)

.11. Statistical analysis 

All measurements were performed in triplicate unless otherwise

pecified. The experimental data are reported as mean ± standard devi-

tion. The SPSS statistical software (SPSS 23.0, IBM, Armonk, NY, USA)

as used for data analysis. The statistical analysis was carried out using

ne-way analysis of variance (ANOVA) with Duncan’s multiple range

est, as a post-hoc test, at a 95% confidence level ( p < 0.05). 
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Fig. 2. Optimization of complex coacervation: (a) Zeta-potential of SPC-MD mixture, SPC-MD conjugate, MD, CG, (SPC-MD mixture)-CG coacervates and (SPC-MD 

conjugate)-CG coacervates at a mixture- or conjugate-to-CG ratio of 24:1 (w/w); Optical density of (SPC-MD mixture)-CG coacervates (b) and (SPC-MD conjugate)-CG 

coacervates (c) at a mixture- or conjugate-to-CG ratio of 6:1, 12:1, 24:1 and 36:1 (w/w). 
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. Results and discussion 

.1. Effect of pH and polymer mixing ratio on SPC-MD-CG complex 

oacervation 

The Zeta-potential values of SPC-MD mixture and conjugate, MD, CG

nd their complex coacervates are shown in Fig. 2 a. All the dispersions

howed a decrease of zeta-potential value with the increase of pH. The

PC-MD mixture and SPC-MD conjugate exhibited isoelectric point (pI)

round pH 3.6 and 3.5, respectively. The slightly decreased pI value

f SPC-MD conjugate was due to the attachment of negatively charged

D ( Fig. 2 a) on the protein molecular chain during conjugation. CG

s an anionic polysaccharide and its zeta-potential value varied from

 30.2 to − 49.1 mV in the pH range of 2.0–7.0. This result was in line

ith the surface charge data reported by Bakry et al. (2019) . These zeta-

otential data indicated that the complex coacervation between the SPC-

D mixture or conjugate and CG would occur when the pH value of the

ixture was below 3.5. 

The optical density of both (SPC-MD mixture)-CG and (SPC-MD

onjugate)-CG solutions at different mixture- and conjugate-to-CG ra-

ios (6:1, 12:1, 24:1 and 36:1, w/w) in the pH range of 2.0–3.5 is shown

n Fig. 2 b and 2 c. The optical density of both systems increased with

he increased SPC-MD mixture- or SPC-MD conjugate-to-CG ratio and

he maximum optical density was observed at the ratio of 24:1 (w/w)

n both cases. The relatively low optical density values of the mixture
5 
t low polymer mixing ratios were mainly due to the steric repulsion

aused by excessive CG in the aqueous phase. The unbound polysaccha-

ides are known to inhibit complex coacervation ( Duhoranimana et al.,

017 ). On the other hand, the optical density values decreased when

he SPC-MD mixture- or SPC-MD conjugate-to-CG ratio was increased to

6:1 (w/w). This could be attributed to the excessive content of SPC in

he system resulting in the interaction between proteins instead of elec-

rostatic interaction with CG. The increase of protein-to-polysaccharide

atio can lead to the increase of protein concentration, which can result

n the increased amount of protein-protein aggregation and less interac-

ions between protein and polysaccharides ( Aryee and Nickerson, 2012 ).

The optimum pH for complex coacervation is indicated by the high-

st optical density value. The optimum pH value increased gradually

ith the increase of SPC-MD mixture- or SPC-MD conjugate-to-CG ratio.

he optimum pH for the complex coacervation between SPC-MD mix-

ure and CG increased from pH 2.25 to 3.25 with the increased mixture-

o-CG ratio from 6:1 to 36:1 (w/w) ( Fig. 2 b). In the complex coacer-

ates produced using high mixture- or conjugate-to-CG ratio, more pro-

ein molecules were bound to CG so the system reached its electrical

eutrality at a pH value which was closer to the pI of protein. In this

tudy, the highest optical density of (SPC-MD mixture)-CG and (SPC-

D conjugate)-CG systems was found at pH 3.0 with a mixture- or

onjugate-to-CG ratio of 24:1 (w/w). This result agreed well with the

eta-potential values of the complex coacervates ( Fig. 2 a). When the

PC-MD mixture- or SPC-MD conjugate-to-CG ratio was controlled at
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4:1 (w/w), the SPC-MD mixture-CG and SPC-MD conjugate-CG systems

ad pI at approximately pH 3.0 ( Fig. 2 a). This indicates all the electro-

tatic charges were neutralised by highest level of electrostatic interac-

ions and insoluble complexes were formed. Thus, the optimum condi-

ion for complex coacervation between (SPC-MD) mixture and (SPC-MD)

onjugate and CG was mixture- or conjugate-to-CG ratio of 24:1 (w/w)

nd pH 3.0. 

.2. Rheological properties of coacervates 

Rheological properties of the coacervates are important as they sug-

est the strength of the electrostatic interaction between the partici-

ating biopolymers in the system ( Schmitt and Turgeon, 2011 ). The

hear viscosity of (SPC-MD mixture)-CG and (SPC-MD conjugate)-CG

oacervates formed at different mixing ratios and pH values is shown in

ig. 3 a- 3 d. The viscosity of both complex coacervates showed a decreas-

ng trend with the increase of shear rate within the tested range (0.1–

20 s -1 ), indicating a typical shear-thinning behavior. A similar trend

as also reported in complex coacervates formed between whey pro-

ein and gum Arabic ( Weinbreck et al., 2004 ), whey protein and flaxseed

um ( Liu et al., 2017 ) and soy protein and chitosan ( Yuan et al., 2017 ).

his shear-thinning behavior of the formed complex coacervates can be

ttributed to the interruption of hydrogen bonds and other interract-

ng forces between the polymers and water due to application of shear

 Zhong et al., 2021 ). 

Both (SPC-MD mixture)-CG and (SPC-MD conjugate)-CG coacervates

howed their maximum viscosity at the mixing ratio of 24:1 (w/w)

nd pH of 3.0 ( Fig. 3 ), indicating the formation of coacervates with

he most compact structure corroborating the zeta-potential and opti-

al density ( Fig. 2 ) results. The variation of mixing ratios and pH val-

es of the coacervatoin process affected the intermolecular electrostatic

nteractions between protien and polysaccharides, thereby resulting in

 loosely packed structure that decreased the overall viscosity of the

oacervates compared to the coacervates formed at the optimum condi-

ions ( Liu et al., 2017 ). It can be observed that the (SPC-MD conjugate)-

G coacervate formed at the mixing ratio of 24:1 (w/w) and pH of 3.0

howed the slightly higher viscosity than (SPC-MD mixture)-CG coacer-

ate at a given shear rate. This could be attributed to the more compact

truture of SPC-MD conjugate than the SPC-MD mixture, due to the co-

alent conjugation and which ultimately led to its increased rheological

roperties ( Zhang et al., 2023 ). 

The frequency sweep curves of the coacervates formed at differ-

nt mixing ratios and pH values within their linear viscoelastic re-

ion are shown in Fig. 3 e–h. Both (SPC-MD mixture)-CG and (SPC-MD

onjugate)-CG coacervates exhibited the increment of storage modulus

 ′ and loss modulus G ″ as frequency increased and the G ′ was always

igher than G ″ over the tested frequency range, indicating that these

oacervates had a dominent elastic behavior ( Liu et al., 2017 ). The maxi-

um G ′ and G ″ values of both complex coacervates were observed at the

ixing ratio of 24:1 (w/w) and pH 3.0. It was due to the formation of a

ighly interconnected gel-like network via the electrostatic interactions

etween protein and polysaccharides. This result corrobrated the obser-

ation made in terms of zeta-potential, optical density and shear viscos-

ty of these systems. The conjugate-based coacervates showed slightly

igher G ′ and G ″ values than the mixture-based one within the tested

requency range ( Fig. 3 ), due to a more compact structure formed via

onjugation. This improved the gel strength and reduced the fluidity of

he system and ultimately increased the viscoelasticity. A similar trend

as reported in the complexes formed by glycated whey protein isolate

nd chitooligosaccharide ( Yu et al., 2021 ). 

.3. Physical properties of microcapsules 

The characteristics of the spray-dried microcapsules including mois-

ure content, water activity, surface oil content, microencapsulation effi-

iency and particle size are presented in Table 1 . The microcapsules pre-
6 
ared using (SPC-MD mixture)-CG and (SPC-MD conjugate)-CG coacer-

ates as shell material showed moisture contents of 2.7 and 2.8% (w/w),

espectively. These values are within safe storage moisture content in

ommonly produced spray dried food powders and thus conducive for

he stability of the core material during storage ( Goyal et al., 2015 ). The

ater activity of these two microcapsule powders was also around 0.2

hich is considered microbiologically stable as spoilage microorganisms

re unlikely to grow in this water activity range ( Lan et al., 2021 ). 

The encapsulation efficiency of spray-dried microcapsules is shown

n Table 1 . The surface oil content of microcapsules produced using

SPC-MD conjugate)-CG coacervate as wall material was 1.52% (w/w)

hich is significantly ( p < 0.05) lower than the microcapsules by (SPC-

D mixture)-CG coacervate (2.95%, w/w). Hence, the microcapsules

roduced using (SPC-MD conjugate)-CG coacervate had higher encap-

ulation efficiency (92.5%). This low surface oil content and high en-

apsulation efficiency of microcapsules produced using conjugate-based

oacervates indicate their ability to protect core material against ox-

dation more effectively ( Yuan et al., 2017 ). This lower surface oil

nd higher encapsulaton efficicency of microcapsules produced us-

ng (SPC-MD conjugate)-CG coacervate could be attributed to the im-

roved solubility and emulsifying properties of SPC after conjugation

ith MD ( Zhang et al., 2023 ). The improved technofunctional prop-

rties of the protein after Maillard reaction made it easier to form a

hicker interfacial layers which prevented droplets coalescence during

mulsification. The formation of more compact coacervate layers ulti-

ately led to higher encapsulation efficiency ( Ifeduba and Akoh, 2016 ).

uhoza et al. (2022) also reported that the encapsulation efficiency

f the core material (cinnamaldehyde) significantly improved when

elatin-low methoxyl pectin conjugate-based coacervates were used at

he wall material compared to the one stablised by the mixture-based

oacervates. 

.4. Particle size and morphology of microcapsules 

The particle size (D 50 ) of the solid microcapsules is shown in Table 1 .

he microcapsules produced using SPC-MD mixture-based coacervates

ere slightly larger than the ones produced using SPC-MD conjugate-

ased coacervates (8.95 versus 7.66 μm, p < 0.05). We reported earlier

hat the oil-in-water emulsion stabilised using Maillard reaction conju-

ates as emulsifiers showed smaller particle size and higher stability,

ompared to the one stabilised by protein itself ( Zhang et al., 2023 ).

gglomeration of particles commonly occurs in the complex coacer-

ation process due to electrostatic complexation between protein and

olysaccharides ( Muhoza et al., 2022 ). The improved emulsion stability

revented particle agglomeration due to the enhanced steric repulsion

etween particles, thereby reducing the particle size of microcapsules

 Ifeduba and Akoh, 2015 ). A similar result was reported in fish oil micro-

apsulated when soy protein isolate hydrolysate-maltodextrin Maillard

eaction products were used as shell material ( Zhang et al., 2015 ). 

Fig. 4 e and f presents the morphology of the spray-dried microcap-

ules stabilised by mixture- and conjugate-based coacervates. Both mi-

rocapsules exhibited spherical geometry and irregular shape with a

rinkled and uneven surface. This was caused by the uneven shrinkage

f particles due to the rapid evaporation of water during spray drying

 Chang et al., 2016 ). Moreover, no noticeable cracks were observed on

he surface of the microcapsules and this indicates both coacervates can

rovide effective protection to the core material against oxygen transfer

 Lan et al., 2021 ). The slightly smaller size of the (SPC-MD conjugate)-

G coated canola oil microcapsules was in agreement with the particle

ize (D 50 ) results. 

.5. FTIR analysis of spray-dried microcapsules 

The FTIR spectra of the wall materials (SPC, SPC-MD conjugate,

D and CG), core material and spray-dried microcapsules are shown

n Fig. 4 d. In general, SPC showed a typical band at around 1644 cm 

-1 



Z. Zhang, B. Wang, G. Holden et al. Future Foods 7 (2023) 100239 

Fig. 3. The viscosities (the former) and viscoelastic mod- 

ulus (G ′ and G ″ ) (the latter) of two types of complex coac- 

ervates: (a) & (e) (SPC-MD mixture)-CG coacervates as a 

function of mixing ratio; (b) & (f) (SPC-MD conjugate)-CG 

coacervates as a function of mixing ratio; (c) & (g) (SPC- 

MD mixture)-CG coacervates as a function of pH; (d) & (h) 

(SPC-MD conjugate)-CG coacervates as a function of pH, 

respectively. 

Table 1 

Physical properties of the spray dried microcapsules produced using (SPC-MD mixture)-CG and (SPC-MD conjugate)-CG coacervates as wall materials. 

Sample Moisture content (%) Water activity (a w ) Surface oil content (%) Encapsulation efficiency (%) Particle size D 50 (μm) 

(SPC-MD mixture)-CG canola oil microcapsules 2.68 ± 0.2 a 0.18 ± 0.01 a 2.95 ± 0.14 a 84.5 ± 1.43 a 8.95 ± 0.05 a 

(SPC-MD conjugate)-CG canola oil microcapsules 2.83 ± 0.4 a 0.21 ± 0.01 b 1.52 ± 0.2 b 92.5 ± 2.18 b 7.66 ± 0.01 b 

Note: The different letters in superscript within a column indicate statistically significant differences ( p < 0.05) by Duncan’s multiple range test. 

7 
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Fig. 4. Oxidative stability of canola oil and microcapsules prepared with different wall materials: (a) peroxide value; (b) p -anisidine value and (c) TOTOX values; 

(d) FTIR spectra of core and wall materials and microcapsules; (e) SEM images of microcapsules stabilised by (SPC-MD mixture)-CG and (f) (SPC-MD conjugate)-CG 

coacervates. 

Note: The different lowercase or uppercase letters above each value indicate significant differences ( p < 0.05) by Duncan’s multiple range test. 
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wall material. 
f amide Ⅰ corresponding to C = O stretching, 1534 cm 

-1 of amide Ⅱ group

rom N 

–H bending and 1404 cm 

-1 of amide III from C 

–N stretching

 Zhang et al., 2023 ). In the spectrum of MD, the peaks at around 1150

nd 1042 cm 

-1 were due to the C 

–C and C 

–O stretching and the C 

–H

ending, respectively. The spectrum of CG showed a typical band at

round 1247 cm 

-1 due to the asymmetric stretching of S = O . Compared

ith the spectrum of SPC, the SPC-MD conjugate showed decreased in-

ensities of the amide Ⅰ , Ⅱ and III bands, which could be attributed to

he consumption of amino acids during the glycation ( Wen et al., 2020 ),

ndicating the change of secondary structure of SPC after conjugation

 Zhang et al., 2023 ). 

The FTIR spectrum of pure canola oil exhibited the typical C–H

tretching vibrations of methyl and methylene groups at around 2919

nd 2850 cm 

-1 , C = O stretching of ester carbonyl functional groups of

he triglycerides at 1744 cm 

-1 and bending of CH 2 groups at 1150 cm 

-1 

 Ozulku et al., 2017 ). Both microcapsules exhibited similar band peaks

f SPC (amide Ⅰ , Ⅱ and III groups), MD and CG (wavenumber at 1247,

150 and 1042 cm 

-1 ) and canola oil (wavenumber 1744 cm 

-1 ). The peak

t 2919 and 2850 cm 

-1 of pure canola oil shifted to 2973 and 2919 cm 

-1 

n both microcapsules, respectively, due to interaction between canola

il and the wall materials after the complex coacervation and microen-

apsulation process ( Lan et al., 2021 ). The observed peaks in the spectra

f these microcapsules confirmed the canola oil was successfully encap-

ulated with (SPC-MD mixture/conjugate)-CG coacervates as wall ma-

erials. 

.6. Thermal property of the microcapsules 

The thermal characteristics of SPC, SPC-MD conjugates and the oil

icrocapsules in terms of denaturation temperatures (T d ) and denatu-
8 
ation enthalpy ( ΔH) are presented in Table 2 . SPC exhibited a T d value

f 66.1 °C, indicating the SPC would denature especially in aqueous

edium and when heated for longer time. This result was consistent

ith Chronakis (2001) , who showed that of spirulina protein isolate

resented an endothermic peak at 67 °C, and the denaturation of the

rotein started from 60 °C. Compared to the T d of SPC, the SPC-MD

onjugate showed higher T d value at 87.8 °C. Moreover, although the

nthalpy ( ΔH) of SPC-MD conjugate was significantly ( p < 0.05) lower

han SPC (0.18 versus 0.29 W/g), the protein content in conjugate was

alf that of the native protein. This means that the SPC-MD conjugate

an absorb more heat per gram than SPC, indicating the conjugate was

ore thermally stable than native protein. The increased denaturation

emperature and thermal stability of protein in conjugated state were

ainly due to the covalent bonding between SPC and MD during Mail-

ard reaction ( Liu et al., 2014 ). On the other hand, the protein in canola

il microcapsule with (SPC-MD mixture)-CG coacervates showed the T d 

nd ΔH value of 134.7 °C and 16.9 ± 0.02 W/g, respectively. The fact to

e aware of is SPC in (SPC-MD mixture)-CG coacervates and (SPC-MD

onjugate)-CG coacervates was crosslinked by transglutaminase. Com-

ared to SPC and SPC-MD conjugates, both microcapsules produced by

PC-based coacervates showed increased T d and ΔH values, which could

e due to the crosslinking of SPC molecules by transglutaminase and dis-

uading unfolding and thus resisting denaturation (F. Liu et al., 2016 ).

oreover, microcapsules with (SPC-MD conjugate)-CG coacervates as

he wall material exhibited higher T d and ΔH values than the one with

SPC-MD mixture)-CG coacervates. This is likely due to the more com-

act structure of the (SPC-MD conjugate)-CG canola oil coated micro-

apsules discussed in Section 3.4 . It also indicated the improved thermal

tability of (SPC-MD conjugate)-CG complex coacervate when used as
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Table 2 

Denaturation temperatures (Td) and degradation enthalpy ( ΔH) of SPC, SPC-MD conjugates 

and the canola oil microcapsules with (SPC-MD mixture)-CG and (SPC-MD conjugate)-CG 

coacervates as wall material. 

Sample T d (°C) ΔH (W/g) (endothermic) 

SPC 66.1 ± 0.15 d 0.29 ± 0.02 c 

SPC-MD conjugate 87.8 ± 0.2 c 0.18 ± 0.04 d 

(SPC-MD mixture)-CG canola oil microcapsules 134.7 ± 0.17 b 16.9 ± 0.02 b 

(SPC-MD conjugate)-CG canola oil microcapsules 139.8 ± 0.1 a 21.1 ± 0.01 a 

Note: The different letters in superscript within a column indicate statistically significant 

differences ( p < 0.05) by Duncan’s multiple range test. 

Table 3 

Surface elemental compositions of canola oil microcapsules produced using (SPC-MD mixture)-CG and (SPC-MD conjugate)-CG 

coacervates as wall materials, SPC, SPC-MD conjugate, MD and CG. 

C (wt%) N (wt%) O (wt%) Surface coverage of protein (%) ∗ 

(SPC-MD mixture)-CG canola oil microcapsules 79.24 ± 0.2 a 5.06 ± 0.12 d 15.70 ± 0.24 f 31.63 ± 0.78 d 

(SPC-MD conjugate)-CG canola oil microcapsules 72.02 ± 0.13 b 8.41 ± 0.16 b 20.57 ± 0.1 e 52.56 ± 0.94 b 

SPC 60.33 ± 0.3 c 12.11 ± 0.21 a 27.56 ± 0.13 d 75.69 ± 0.98 a 

SPC-MD conjugate 60.28 ± 0.13 c 7.27 ± 0.14 c 32.45 ± 0.21 c 45.44 ± 0.64 c 

Maltodextrin 58.52 ± 0.12 d 0 41.48 ± 0.1 b 0 

Carrageenan 56.09 ± 0.1 e 0 43.90 ± 0.1 a 0 

∗ Surface coverage of protein was calculated by using a conversion factor of 6.25.Note: The different letters in superscript within 

a column indicate statistically significant differences ( p < 0.05) by Duncan’s multiple range test. 
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.7. Surface composition of the microcapsules 

The surface elemental composition of SPC, MD, CG, SPC-MD conju-

ates, and produced microcapsules are presented in Table 3 . SPC had

itrogen and protein contents of 12.1 and 75.7% (w/w), respectively.

his result agrees well with the SPC protein content measured by Kjel-

ahl method. The N and surface protein content of SPC-MD conjugate

ecreased compared to pure SPC. This was due to the presence of MD,

hich does not contain N. 

As shown in the table, the microcapsule produced using (SPC-MD

onjugate)-CG coacervates as the wall material had significantly higher

 and protein contents than the one stabilised with the mixture-based

oacervates. An increase of surface hydrophobicity and surface-active

ature of SPC-MD conjugate was observed after Maillard reaction in

ur previous study ( Zhang et al., 2023 ). It has been reported that the

rotein with higher surface-activity tends to accumulate at the air-water

nterface of the droplets during the spray drying process, which leads to

n increase of protein content on the surface of dry powder ( Fäldt and

ergenståhl, 1996 ). Moreover, during the spray drying process, the wa-

er present in the droplets diffuses from the interior to the surface.

oncurrently, counter diffusion of solutes happens due to concentra-

ion gradient of solutes near the air-water interface and the interior of

he droplet ( Fu et al., 2011 ). Solutes with smaller molecular weight and

ower surface hydrophobicity tend to diffuse more easily towards the

nterior of the droplet. Since the molecular mass of and size of formed

PC-MD conjugate were higher than the native protein, making it diffi-

ult to move to the inner layers, thus resulted in the increase of surface

rotein content ( Fu et al., 2011 ). The increased surface protein content

n the microcapsule also contributed to the decreased surface oil con-

ent, discussed in Section 3.3 . 

A high C content was observed on the microcapsule surface (72–

9%) than in wall materials (56–60.3%). This could be due to the pres-

nce of free surface oil in the microcapsules ( Porras-Saavedra et al.,

018 ). The microcapsule produced with (SPC-MD conjugate)-CG coac-

rvates had a lower C content than the one encapsulated with (SPC-MD

ixture)-CG coacervates and this result agreed well with the surface oil

ontent data ( Section 3.3 ). When the (SPC-MD mixture)-CG coacervates

ere used to encapsulate the oil, the resulting microcapsules had signif-

cantly lower surface O content than the one stabilised with (SPC-MD

onjugate)-CG coacervates (15.70 and 20.57%, respectively). As shown
 f  

9 
n the table, MD and CG had O content of 41.48 and 43.90%, respec-

ively. Canola oil is rich in oleic acid (C18:1, C 18 H 34 O 2 ), linoleic acid

C18:2, C 18 H 32 O 2 ) and alpha-linoleic acid (C18:3, C 18 H 30 O 2 ); thus, its

heoretical O content is approximately 11% (w/w) ( Aldhaidhawi et al.,

017 ). The low O content on the surface of the microcapsule with (SPC-

D mixture)-CG coacervates as shell material was contributed by its

igh surface oil content. 

.8. Oxidative stability of the microcapsules 

The oxidative stability of microencapsulated canola oil stored at 40

C for 4 weeks in terms of PV, p -AV and TOTOX values is shown in

ig. 4 a- 4 c. These values of the unencapsulated and encapsulated oil mi-

rocapsules increased gradually during storage, however, the most rapid

xidation was observed in the unencapsulated canola oil. This indicates

he sound protective effect of both (SPC-MD mixture)-CG coacervate

nd (SPC-MD conjugate)-CG coacervate. The canola oil microcapsules

roduced using (SPC-MD conjugate)-CG coacervate always exhibited

ower PV, p -AV and TOTOX values than the one encapsulated in (SPC-

D mixture)-CG coacervates. This could be attributed to the low sur-

ace oil content of the microcapsules produced using conjugate-based

oacervates ( Section 3.3 ) and also the improved antioxidant capacity

f SPC after Maillard reaction. Moreover, the conjugate-based coacer-

ates formed more compact capsule wall which offered more effective

hysical barrier to encapsulated canola oil against oxygen ( Ifeduba and

koh, 2016 ). A similar result was observed in the stearidonic acid soy-

ean oil encapsulated by gelatin-gum Arabic conjugate ( Ifeduba and

koh, 2016 ). The p -AV and TOTOX values of canola oil microcapsules

ncapsulated in (SPC-MD conjugate)-CG coacervate remained almost

nchanged during the last 2 weeks of stroage. This indicated that the

econdary oxidation was effectively inhibited; thus, the Maillard reac-

ion induced (SPC-MD conjugate)-CG coacervates can be considered as

 promising wall material for encapsulating oxygen-sensitive oils. 

. Conclusion 

Spirulina protein concentrate (SPC)- maltodextrin (MD) conjugates

ormed by Maillard reaction via the wet-heating route and complex

oacervates of these conjugates with carrageenan (CG) were success-

ully developed. Microcapsules of oxidation sensitive canola oil were
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roduced using these (SPC-MD conjugate)-CG coacervates. The com-

lex coacervation process was optimised at SPC-MD conjugate to CG

atio of 24:1 (w/w) at pH 3.0. The microcapsules produced using (SPC-

D conjugate)-CG coacervates had lower surface oil content, higher

ncapsulation efficiency compared to those produced using (SPC-MD

ixture)-CG coacervates. The denaturation temperature of SPC in (SPC-

D conjugate)-CG canola oil microcapsules was much higher compared

o unconjugated SPC. Higher protein and lower surface oil contents were

bserved on the microcapsule surface when produced using conjugate-

ased coacervates as wall material and provided improved stability

gainst oxidation. This study shows that complex coacervates of pri-

ri conjugated protein-polysaccharide systems are better encapsulat-

ng shell materials than simple protein-polysaccharide complex coac-

rvated. This study also shows that, the novel spirulina protein can be

onfidently used as encapsulating shell material after conjugating with

olysaccharide followed by complex coacervation. The outcome will be

f practical importance to the food industry. 
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