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1. INTRODUCTION 

 

Pickering emulsions have gained increasing interest 

in pharmaceutical product development because of their 

high stability and environmental friendliness. Various 

organic and inorganic solid particles are used as stabilizers 

in Pickering emulsions. However, some disadvantages 

exist, such as complicated synthetic steps, high cost, low 

biocompatibility, and unwanted toxicity. Therefore, the 

practical uses of synthetic organic particles and inorganic 

particles in Pickering emulsions are highly limited, espe-

cially in pharmaceutical products. The biopolymer solid 

particles which are generally regarded as safe are gained 

more interest to be used as stabilizers in Pickering 

emulsions. These solid particles do not decrease surface 

tension as low-molecular-weight surfactant used in the 

classical emulsion; therefore, most articles classified 

Pickering emulsions as surfactant-free emulsions. As the 

unwanted toxicity from low molecular weight surfactants 

used in classical emulsions are reported, the Pickering 

emulsions seem to be promising dosage forms to overcome 

the unwanted toxicity of low molecular weight surfactants 

in the classical emulsions. Generally, the solid particles 

are used to stabilized o/w emulsions. The active ingredients 

or drugs which are dissolved in the oil phase of emulsion 

could be encapsulated in drug delivery system; for exam-

ple, fenofibrate, co enzyme Q-10, curcumin. 

Biopolymers have received much attention as carriers 

and excipients in pharmaceutical dosage forms and drug 

delivery systems. Many scientists have recently focused 

on the fabrication of polysaccharides-based micro/nano-

particles, especially cellulose, chitin, chitosan, and starch-

based micro/nanoparticles, as well as investigating their 

applications in stabilizing Pickering emulsions, due to 

their various advantages, such as high biocompatibility, 

biodegradability, and non-toxicity. Polyelectrolytes are 

macromolecules or polymers that consist of many func-

tional charged groups such as chitosan, alginate, and pectin. 

The polyelectrolytes can become charged under suitable 

aqueous conditions (i.e., pH and ionic strength)1. 

Moreover, the ionized polyelectrolytes in the solu-

tion can interact with the oppositely charged polyelectro-

lytes to form polyelectrolyte complexes (PECs) or inter-

polyelectrolyte complexes. The PECs possess the proper 

characteristics, such as biocompatibility and biodegrade-

ability, thus gaining much attraction in pharmaceutical 

and related products. In addition, the PECs can be prepared 

by a simple, uncomplicated,  and solvent-free method2-3, 
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ABSTRACT 
 

Pickering emulsions, also known as emulsions stabilized by solid particles, have been increasingly applied in 

pharmaceutical products due to their high stability and non-toxicity. Due to unwanted toxicity from low molecular 

weight surfactants used as emulsifiers in classical emulsions, solid particles of biopolymers have been used as 

stabilizers in Pickering emulsions. This review summarizes the recent research on using octenyl succinic anhydride 

(OSA) starch and its polyelectrolyte complexes as stabilizers in Pickering emulsions. OSA starch-based Pickering 

emulsion has been reported to prepare various dosage forms such as emulsion, nanoemulsion, microcapsules, 

nanocapsules, and redispersible dry emulsion. The information obtained indicates the increasing trend in the 

application and practical uses of Pickering emulsions in the pharmaceutical industry. 
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which is possible for industrial applications. Moreover, 

PECs could form nanoparticles that are used as stabilizers 

in Pickering emulsions. 

Starch is commonly used as excipients in solid 

dosage forms such as powders, granules, capsules, and 

tablets. Physical and chemical treatments could modify 

and improve the functional properties of starch, thus 

enabling its use for different purposes4. In classical solid 

dosage forms, starch and modified starch are used as the 

diluent, binder, and disintegrant. In advanced drug deli-

very systems, modified starch is used as a carrier and 

encapsulating agent for preparing nanoparticles. Starch-

based Pickering emulsion has been used in the delivery 

and encapsulation of bioactive ingredients5. However, 

the information related to the pharmaceutical application 

of starch and modified starch in Pickering emulsions is 

not summarized systematically. Starch granules are 

modified with octenyl succinic anhydride (OSA) for 

emulsion formulations6. Since the OSA group is hydro-

phobic, starch becomes amphiphilic and thus making it 

suitable for Pickering emulsion applications7. Further-

more, OSA starch could form PECs with chitosan and 

be used as solid emulsifiers in Pickering emulsions. This 

review summarizes the application of OSA starch and 

its PECs as stabilizers in Pickering emulsions. 

 

2. PICKERING EMULSIONS 

 

Pickering emulsions are emulsions stabilized by 

solid particles, namely particle-stabilized emulsions8. 

Figure 1 depicts the emulsion droplets of Pickering 

emulsions compared with classical emulsions. Pickering 

emulsion is stabilized by solid particles in place of low 

molecular weight or polymeric surfactants. Some solid 

particles are generally recognized as safe (GRAS), thus 

it has gained much attention to use in food, cosmetics, 

and pharmaceutical fields. Unlike the classical emulsions, 

the advantages of Pickering emulsions are strong stabili-

zation against coalescence, nontoxicity, and high repro-

ducibility9. 

The adsorption mechanism at the oil/water interface 

differs from any surfactant because the solid particles do 

not need to be amphiphilic. The interfacial tension is not 

dramatically changed after the adsorption of solid parti- 

cles at the oil/water interface10. The important characte-

ristic of solid particles for stabilizing emulsion is partial 

wettability, characterized by contact angle (θ). In con-

trast, highly hydrophilic or hydrophobic solid particles 

do not adsorb at oil/water interfaces because they are not 

wetted enough by both phases. The particles with high 

water-wettability (θ<90°) are suitable for forming o/w 

emulsions, whereas the low water-wettability particles 

(θ>90°) can be used to form w/o emulsions11-12. As shown 

in equation 1, the energy required to remove a particle 

from the interface (desorption energy or ∆E) depends on 

the particle size, the interfacial tension between oil and 

water, and the contact angle of the particle. 

 

                 (Equation 1) 
 

Where r is the particle’s radius, γ is the interfacial 

tension between oil and water, and θ is the contact angle 

of the particle at the interface. In addition to the high 

desorption energy, the particles at the interface prevent 

the droplets from coalescence and act as a mechanical 

barrier. The emulsifier particles above 10 nm are irre-

versibly adsorbed at the oil/water interface. On the other 

hand, the very small particle (<1 nm) will detach very 

easily and cannot be a good emulsifier13. The emulsifier 

particle size should be substantially smaller than the 

emulsion droplet size9. 

 

3. OCTENYL SUCCINIC ANHYDRIDE (OSA) 

STARCH 

 

3.1. Chemistry and properties of OSA starch 

 

Octenyl succinic anhydride starch (OSA starch) is 

one type of starches modified by an esterification reaction 

between hydroxyl groups of native starch and OSA starch 

under alkaline conditions (Figure 2)32. OSA starch can be 

synthesized from various starches such as waxy maize 

starch, maize starch, and tapioca starch7. The average 

number of OSA derivative per glucose unit is called the  
 

 

Figure 1. Microstructure of o/w classical emulsion (A), and o/w Pickering emulsion (B). 

∆E=πr2γ(1-|cosθ|)
2
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Figure 2. Synthesis of OSA starch. 

 

“degree of substitution (DS).” According to the United 

States Food and Drug Administration (US FDA) 

regulation for the food-use purpose of starch, the maxi-

mum level of OSA substitution with native starch is 

limited to 3% based on dry weight (DS ≈ 0.02)33. Due to 

the OSA substitution, OSA starch becomes surface-

active molecules (amphiphilic) that contain a starch 

region (hydrophilic part) and OSA region (hydrophobic 

part)34, but it cannot reduce surface tension as well as 

small molecule surfactants35. Moreover, OSA starch is a 

polyelectrolyte containing charged carboxyl groups (-

COO-), which are present in the OSA chain36. Hence OSA 

starch can be a negative charge in suitable pH solutions37 

and interact with oppositely charged molecules38-40. 

Negative charge densities of OSA starch also depend on 

the degree of substitution41. However, due to the low 

degree of substitution, it is a weakly charged polyelec-

trolyte39. Thus, the main stabilizing mechanism of OSA 

starch is a steric hindrance due to its high molecular 

weight and branched structure36-37. Moreover, the esterifi-

cation of starch results in an increased hydrophobicity, 

a reduced swelling ability, and enhanced resistance to 

enzymatic hydrolysis41-42. Therefore, OSA starch has 

beneficial characteristics for developing drug delivery 

systems. OSA starch is used to prepare dispersion34,43, 

emulsions44-45, micellar encapsulation46, microencapsu-

lation47-48, microparticles38 and nanoencapsulation49. 

 

3.2 Application of OSA starch as stabilizers in Pickering 

emulsions 

 

Tesch et al.44 investigated the emulsion stabiliza-

tion by OSA starch. Interfacial tension measurements 

could verify that OSA starch was a surface-active material. 

Moreover, the main emulsion stabilizing mechanism of 

OSA starch was a steric hindrance because the emulsi-

fication results are independent of pH value and ion 

valence. Qian et al.50 compared the emulsifier perfor-

mance in forming and stabilizing OSA starch with other 

biopolymers (β-lactoglobulin, gum arabic). The droplet 

size of the emulsion progressively decreases with 

increasing emulsifier concentration. For β-lactoglobulin, 

gum arabic, and OSA starch: the minimum droplet size 

achievable were 171, 497, and 254 nm, and emulsifier-

to-oil ratios were 1:10, 1:1, and 1:5, respectively. More-

over, the droplet size of the emulsion stabilized by OSA 

starch did not change with the pH, indicating good pH 

stability. Liang et al.51 developed nanoemulsion stabilized 

by OSA starch to improve the stability and bioaccessi-

bility of β-carotene. During 30 days of storage under 

different conditions, the emulsion droplet size was 

increased by 30-85%. The retention of β-carotene in 

nanoemulsions was significantly higher but bioaccessi-

bility was lower when compared with bulk oil. 

Yu et al.46 prepared OSA starch micelle to encap-

sulate curcumin for improving the in vitro anticancer 

activity. They demonstrated that OSA starch was able to 

form micelles, and the solubility of curcumin was 

enhanced by about 1670-folds. The curcumin was 

encapsulated in OSA starch micelles and did not alter 

the micelle structure. In addition, the curcumin-loaded 

micelles revealed enhanced in vitro anticancer activity 

compared to free curcumin. Furthermore, Pongsamart et 

al.52 reported the use of OSA starch as an emulsifier and 

solid carrier in fenofibrate dry emulsion. The spray-dried 

emulsions with a small droplet size of 1-2 µm and 

enhanced dissolution rate were successfully prepared. In 

addition, the dissolution of drug from the dry emulsion 

was unchanged after storage at 40C for 2 months. 

 

4. OCTENYL SUCCINIC ANHYDRIDE (OSA) 

STARCH-CHITOSAN POLYELECTROLYTE COM-

PLEXES (PECs) 

 

4.1. Formation of OSA starch-chitosan PECs 

 

Polyelectrolyte complex (PEC) is simultaneously 

formed by electrostatic interaction between two polymers 

with opposite charges (Figure 3) (i.e., positively charged 

and negatively charged polymers) in suitable aqueous 

solutions without any chemical cross-linking agent53. 

The intermolecular interactions, including electrostatic 

interaction, hydrophobic bonds, van der Waals forces, 

and hydrogen bonding forces, involve the PEC forma- 

tion54-55. The entropy gain associated with the release of 

counter-ions is one of the major driving forces for PEC 
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Figure 3. Polyelectrolyte complex formation between polycation and polyanion. 

 

formation56-57. The first step of PEC formation is the 

formation of primary PEC through the electrostatic 

interaction, with the simultaneous release of the coun-

terions. The second step is a rearrangement of these 

primary complexes and involves the formation of new 

bonds58. In particular, the formation and physicoche-

mical properties of PEC depend on various parameters 

such as molecular structures, preparation processes, and 

media59. The parameters related to the molecular struc-

ture include molecular weight, charge density, pKa, 

percentage of the ionic group, and chain flexibility. The 

preparation process parameters are molar-charge ratio, 

mass ratio, PEC concentration, order of addition, reaction 

time, and mixing machine. Finally, ionic strength and pH  

of media are also important parameters. 

The most important factor affecting PEC formation 

is the molar-charge ratio60. It is the ratio of charge den-

sities between positive and negative charges of polymers 

at a given pH61-62. The charge density (mol-charge/g) of 

each polyelectrolyte is defined as the number of ionic 

groups (per weight) that can be ionized at specific pH, 

and the pH also determines the degree of ionization of 

these ionic groups61,63. Therefore, the mixing of two 

oppositely charged polyelectrolytes cause two types of 

PECs that are mainly controlled by the molar-charge 

ratio: (i) soluble PEC (non-stoichiometric charge ratio) 

and (ii) insoluble PEC (stoichiometric charge ratio)54,61. 

The drawings of non-stoichiometric charge ratio and 

stoichiometric charge ratio PECs are presented in Figure 

4.  

 

Figure 4. Formation of non-stoichiometric charge ratio and stoichiometric charge ratio PECs. 

 

The soluble PEC is obtained with an excess of 

either positively charged polymer or negatively charged 

polymer (charge ratio ≠ 1). The soluble PEC is preferred 

to prepare the micro/nanoparticles stabilized by surface 

charge because they have good colloidal stability and 

are favorable for cellular uptake55. In contrast, the inso-

luble PEC is obtained when the charge densities of two 

polymers are equal (charge ratio=1) and the total charge 

of PEC is zero leading to macroscopic phase separation 

upon formation56,61. The insoluble PEC is used for 

controlled drug releases64 and complex coacervation for 

microencapsulation65-66. The comparison between stoi-

chiometric charge ratio and non-stoichiometric charge 

ratio PECs are summarized and shown in Table 2. 

Chitosan, a natural polysaccharide polymer, is 

obtained from the partial deacetylation of chitin under 

alkaline conditions67. As shown in Figure 5, the natural 

sources of chitin are the main component of the exoske-

leton of crustaceans such as shrimp, lobsters, prawns, 

crabs, or in the cell walls of fungi and yeast68. Chitosan 

is a copolymer of β-(14)-linked 2-acetamido-2-deoxy-

D-glucopyranose (acetylated unit) and 2-amino-2-deoxy- 
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D-glucopyranose (deacetylated unit). The mole fraction 

of deacetylated unit in the chitosan polymer chain is 

called the “degree of deacetylation,” which is higher than 

50%67. Chitosan has the pKa of 6.2-7.069. Moreover, the 

degree of deacetylation affects positive charge density 

because only deacetylated units carry amino groups40,70-

71. Chitosan is insoluble in water, alkali, and organic 

solvent but soluble and forms salts in solution of inor-

ganic acids, and organic acids72-73 such as hydrochloric 

acid, and acetic acid (74), respectively. Chitosan is soluble 

in acidic media (pH<pKa) by protonation of the amine 

groups of deacetylated repeating units68,74. Afterward, 

chitosan becomes the positive polyelectrolyte in an acidic 

solution and can interact with oppositely charged sub-

stances such as anionic polysaccharides, synthetic poly-

mers, proteins, and nucleic acids75-76. 

 

4.2 Application of OSA starch-chitosan PECs as 

stabilizers in Pickering emulsions 

 

It was reported that OSA starch could form a PEC 

with chitosan through electrostatic interaction between 

carboxylate moieties (COO-) of OSA substituted groups 

of OSA starch and protonated amines (NH3+) of 

deacetylated units of chitosan31. Recently, OSA starch 

combined with chitosan was used for microencapsula-
tion of food and pharmaceutical ingredients31,40,86,87.

 

 

Figure 5. Sources, deacetylation process, and chemical structure of chitosan. 

 
Table 2. Characteristics of stoichiometric and non-stoichiometric charge ratio PECs. 

 

Characteristics Stoichiometric charge ratio PECs Non-stoichiometric charge ratio PECs 

Molar-charge ratio Charge ratio ≈ 1  

(Equal charge density) 

Either positively or negatively charged 

polyelectrolyte is excess. 

Zeta potential Nearly zero (neutral) Positive or negative zeta potential 

Colloidal stability Low Stable at zeta potential  

> ǀ ± 30 mV ǀ 

Water-soluble Insoluble Soluble 

Phase Separate phase or homogenous turbid  Homogenous solution 

Particle structure Aggregate structure  

(Secondary structure) 

Non-aggregate structure 

Particle size Larger Smaller 

Turbidity Turbid Clear 

Viscosity Low High 

Phase behavior Interphase Bulk solution 

Applications Controlled drug release,  

complex coacervation 

Drug delivery systems, micro/nanoparticles 
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There are two methods for using OSA starch-

chitosan PECs as stabilizers in Pickering emulsions. The 

first method is called the PEC method. In this method, 

the OSA starch-chitosan PECs were firstly formed, then 

mixed with the oil phase for preparing the emulsions31. 

The second method is called layer-by-layer (LBL) method. 

The primary emulsions were prepared using one emul-

sifier (either OSA starch or chitosan), and then oppositely 

charged polyelectrolytes were added to the primary 

emulsions40,86,88. 

The OSA starch-chitosan PECs are applied for 

preparing emulsions, and nano/microcapsules. Shen et 

al.31 had developed microcapsule powders of fish oil by 

using OSA starch-chitosan PECs as wall materials. OSA 

starch was mixed with chitosan in solution at pH 4.9 and 

6.0 before adding the oil phase. After that, the dispersions 

were high-pressure homogenized and then spray-dried 

to obtain the powder. They suggested that the pH 

affected the electrostatic interaction between OSA 

starch and chitosan, which influenced the stability of the 

microcapsule powder. Preetz et al.40 prepared a three-

layer polyelectrolyte nanocapsules, in which the emul-

sion stabilized with OSA starch was prepared by high-

pressure homogenization, followed by the stepwise 

addition of the additional layer components of chitosan 

and carrageenan. The obtained nanocapsules showed 

improved stability and protecting capability of labile 

substances. Carvalho et al.86 prepared LBL microcap-

sules to improve the stability of green coffee oil. Emul-

sions of green coffee oil were prepared and stabilized by 

lecithin and chitosan. Incorporating OSA starch in the 

wall materials could improve the stability and encapsu-

lation efficiency of green coffee oil spray-dried powder. 

Abbas et al.17 prepared the multilayer shell nanocapsules 

by sequential adsorption of chitosan and sodium carbo-

xymethyl cellulose on the curcumin-loaded nanoemul-

sions stabilized by OSA starch. The obtained nanocap-

sules exhibited improved physical stability of lipophilic 

bioactive compounds. 

Recently, OSA starch-chitosan PECs were used as 

stabilizers for preparing the redispersible dry nanoemul-

sions by spray drying89. The formulation consisted of 

fenofibrate nanoemulsions stabilized with chitosan-

OSA starch PECs as stabilizers and lactose as a solid 

carrier. The droplet size of nanoemulsions remarkably 

decreased as the OSA starch to oil ratio increased. The 

spray-dried nanoemulsions with improved redispersi-

bility and smaller droplet sizes were obtained at higher 

lactose levels. 

 

5. CONCLUSION REMARKS AND FUTURE TREND 

 

Both OSA starch and chitosan are biopolymers that 

possess proper properties such as biocompatibility, 

biodegradability, and non-toxicity. The PECs between 

chitosan and OSA starch show unique characteristics 

and could be prepared using a simple solvent-free 

method. Both OSA starch and OSA starch-chitosan PECs 

can be used as solid emulsifiers or stabilizers in Pickering 

emulsion. The application of OSA starch and OSA 

starch-chitosan PECs in preparing various dosage forms 

such as nanoemulsion, nano/microcapsules, and dry 

emulsion have been reported. These studies demonstrate 

the potential uses of OSA starch and OSA starch-chitosan 

PECs as stabilizers in Pickering emulsions for the 

pharmaceutical industry, and more applications in the 

pharmaceutical field are expected in the future.  

 

Conflict of interest 

There is no conflict of interest. 

 

Funding 

All authors declare no supporting funding from any 

agency in this review 

 

Ethics approval 
None to declare. 

 

Article info: 

Received June 1, 2022 

Received in revised form June 20, 2022 

Accepted July 26, 2022 

 

REFERENCES 
1. Luo Y, Wang Q. Recent development of chitosan-based poly-

electrolyte complexes with natural polysaccharides for drug deli-

very. Int J Biol Macromol. 2014;64:353-67. 

2. Cheow WS, Hadinoto K. Green amorphous nanoplex as a new 

supersaturating drug delivery system. Langmuir. 2012;28(15): 

6265-75. 

3. Grenha A. Chitosan nanoparticles: a survey of preparation methods. 

J Drug Target. 2012;20(4):291-300. 

4. Charoenthai N, Sanga-ngam T, Puttipipatkhachorn S. Use of 

modified tapioca starches as pharmaceutical excipients. Pharm 

Sci Asia. 2018;45(4):195-204. 

5. Zhu F. Starch based Pickering emulsions: Fabrication, properties, 

and applications. Trends Food Sci Technol. 2019;85:129-37. 

6. Rayner M, Sjöö M, Timgren A, Dejmek P. Quinoa starch granules 

as stabilizing particles for production of Pickering emulsions. 

Faraday Discuss. 2012;158:139-55. 

7. Sweedman MC, Tizzotti MJ, Schäfer C, Gilbert RG. Structure and 

physicochemical properties of octenyl succinic anhydride modi-

fied starches: a review. Carbohydr Polym. 2013;92(1):905-20. 

8. Bon SAF. The phenomenon of pickering stabilization: a basic 

introduction. In: Ngai T, Bon SAF, editors. Particle-stabilized 

emulsions and colloids: formation and applications. UK: The royal 

society of chemistry; 2015. p. 1-7. 

9. Chevalier Y, Bolzinger MA. Emulsions stabilized with solid 

nanoparticles: Pickering emulsions. Colloids Surf, A. 2013;439: 

23-34. 

10. Vignati E, Piazza R, Lockhart TP. Pickering emulsions: Inter-

facial tension, colloidal layer morphology, and trapped-particle 

motion. Langmuir. 2003;19(17):6650-6. 

11. Berton-Carabin CC, Schroen K. Pickering emulsions for food 

applications: background, trends, and challenges. Annu Rev Food 

Sci Technol. 2015;6:263-97. 

12. Binks BP. Particles as surfactants-similarities and differences. 

Current Opinion in Colloid & Interface Science. 2002;7(1):21-41. 



N. Charoenthai et al.  Pharm Sci Asia 2022; 49(5), 399-407 

 
406 

13. Marto J, Ascenso A, Simoes S, Almeida AJ, Ribeiro HM. Picke-

ring emulsions: challenges and opportunities in topical delivery. 

Expert Opin Drug Deliv. 2016;13(8):1093-107. 

14. Hu YQ, Yin SW, Zhu JH, Qi JR, Guo J, Wu LY, et al. Fabrication 

and characterization of novel Pickering emulsions and Pickering 

high internal emulsions stabilized by gliadin colloidal particles. 

Food Hydrocoll. 2016;61:300-10. 

15. Bago Rodriguez AM, Binks BP, Sekine T. Novel stabilisation of 

emulsions by soft particles: polyelectrolyte complexes. Faraday 

Discuss. 2016;191:255-85. 

16. Nan F, Wu J, Qi F, Liu Y, Ngai T, Ma G. Uniform chitosan-coated 

alginate particles as emulsifiers for preparation of stable Picke-

ring emulsions with stimulus dependence. Colloids and Surfaces 

A: Physicochemical and Engineering Aspects. 2014;456(1):246-52. 

17. Marku D, Wahlgren M, Rayner M, Sjöö M, Timgren A. Charac-

terization of starch Pickering emulsions for potential applications 

in topical formulations. Int J Pharm. 2012;428(1-2):1-7. 

18. Wang LJ, Yin SW, Wu LY, Qi JR, Guo J, Yang XQ. Fabrication 

and characterization of Pickering emulsions and oil gels stabilized 

by highly charged zein/chitosan complex particles (ZCCPs). Food 

Chem. 2016;213:462-9. 

19. Mathapa BG, Paunov VN. Cyclodextrin stabilised emulsions and 

cyclodextrinosomes. Phys Chem Chem Phys. 2013;15(41):17903-14. 

20. Saari H, Fuentes C, Sjöö M, Rayner M, Wahlgren M. Production 

of starch nanoparticles by dissolution and non-solvent precipita-

tion for use in food-grade Pickering emulsions. Carbohydr Polym. 

2017;157:558-66. 

21. Björkegren S, Nordstierna L, Törncrona A, Palmqvist A. Hydro-

philic and hydrophobic modifications of colloidal silica particles 

for Pickering emulsions. J Colloid Interface Sci. 2017;487:250-7. 

22. Wang XY, Heuzey MC. Chitosan-based conventional and Picke-

ring emulsions with long-term stability. Langmuir. 2016;32(4): 

929-36. 

23. Wang XY, Heuzey MC. Pickering emulsion gels based on inso-

luble chitosan/gelatin electrostatic complexes. RSC Adv. 2016;6 

(92):89776-84. 

24. Li C, Li Y, Sun P, Yang C. Pickering emulsions stabilized by 

native starch granules. Colloids Surf, A. 2013;431:142-9. 

25. Espinosa-Solís V, García-Tejeda YV, Portilla-Rivera OM, Barrera-

Figueroa V. Tailoring Olive Oil Microcapsules via Microfluidiza-

tion of Pickering o/w Emulsions. Food and Bioprocess Techno-

logy. 2021;14(10):1835-43. 

26. Haase MF, Grigoriev D, Moehwald H, Tiersch B, Shchukin DG. 

Nanoparticle modification by weak polyelectrolytes for pH-

sensitive pickering emulsions. Langmuir. 2011;27(1):74-82. 

27. Mwangi WW, Ho KW, Tey BT, Chan ES. Effects of environmen- 

tal factors on the physical stability of pickering-emulsions stabi-

lized by chitosan particles. Food Hydrocoll. 2016;60:543-50. 

28. Yi T, Liu C, Zhang J, Wang F, Wang J, Zhang J. A new drug 

nanocrystal self-stabilized Pickering emulsion for oral delivery 

of silybin. Eur J Pharm Sci.2017;96:420-7. 

29. Laredj-Bourezg F, Bolzinger MA, Pelletier J, Chevalier Y. Picke-

ring emulsions stabilized by biodegradable block copolymer 

micelles for controlled topical drug delivery. Int J Pharm. 2017; 

531(1):134-42. 

30. Frelichowska J, Bolzinger MA, Valour JP, Mouaziz H, Pelletier J, 

Chevalier Y. Pickering w/o emulsions: drug release and topical 

delivery. Int J Pharm. 2009;368(1-2):7-15. 

31. Shen Z, Augustin MA, Sanguansri L, Cheng LJ. Oxidative stabi-

lity of microencapsulated fish oil powders stabilized by blends 

of chitosan, modified starch, and glucose. J Agric Food Chem. 

2010;58(7):4487-93. 

32. Caldwell CG, Wurzburg OB. inventorsPolysaccharide derivatives 

of substituted dicarboxylic acids. US Patent 2,661,349.1953. 

33. Simsek S, Ovando-Martinez M, Marefati A, Sj M, Rayner M. 

Chemical composition, digestibility and emulsification properties 

of octenyl succinic esters of various starches. Food Res Int. 

2015;75:41-9. 

34. Kuentz M, Egloff P, Röthlisberger D. A technical feasibility study 

of surfactant-free drug suspensions using octenyl succinate-

modified starches. Eur J Pharm Biopharm. 2006;63(1):37-43. 

35. Yusoff A, Murray BS. Modified starch granules as particle-

stabilizers of oil-in-water emulsions. Food Hydrocoll. 2011;25 

(1):42-55. 

36. Dokić P, Dokić L, Dapčević T, Krstonošić V. Colloid characte-

ristics and emulsifying properties of OSA starches. In: Hórvölgyi 

Z, Kiss É, editors. Colloids for nano- and biotechnology. Progress 

in colloid and polymer science. 135. 1st ed: Springer Berlin Hei-

delberg; 2008. p. 48-56. 

37. Joye IJ, Nelis VA, McClements DJ. Gliadin-based nanoparticles: 

Stabilization by post-production polysaccharide coating. Food 

Hydrocoll. 2015;43:236-42. 

38. Li BZ, Wang LJ, Li D, Bhandari B, Li SJ, Lan Y, et al. Fabrication 

of starch-based microparticles by an emulsification-crosslinking 

method. J Food Eng. 2009;92(3):250-4. 

39. Nilsson L, Bergenståhl B. Adsorption of hydrophobically modi-

fied anionic starch at oppositely charged oil/water interfaces. J 

Colloid Interface Sci. 2007;308(2):508-13. 

40. Preetz C, Rübe A, Reiche I, Hause G, Mäder K. Preparation and 

characterization of biocompatible oil-loaded polyelectrolyte 

nanocapsules. Nanomedicine: Nanotechnology, Biology and 

Medicine. 2008;4(2):106-14. 

41. Fathi M, Martín T, McClements DJ. Nanoencapsulation of food 

ingredients using carbohydrate based delivery systems. Trends 

Food Sci Technol. 2014;39(1):18-39. 

42. Li X, Zhang P, Chen L, Xie F, Li L, Li B. Structure and colon-

targeted releasing property of resistant octenyl succinate starch. 

Food Res Int. 2012;47(2):246-52. 

43. Makmoon T, Foungfuchat A, Jiratumnukul N. Modified tapioca 

starch as a rheology modifier in acrylic dispersion system. Prog 

Org Coat. 2013;76(6):959-62. 

44. Tesch S, Gerhards C, Schubert H. Stabilization of emulsions by 

OSA starches. J Food Eng. 2002;54(2):167-74. 

45. Domian E, Brynda-Kopytowska A, Oleksza K. Rheological pro-

perties and physical stability of o/w emulsions stabilized by OSA 

starch with trehalose. Food Hydrocoll. 2014;44:49-58. 

46. Yu H, Huang Q. Enhanced in vitro anti-cancer activity of curcu-

min encapsulated in hydrophobically modified starch. Food 

Chem. 2010;119(2):669-74. 

47. Deng X-X, Chen Z, Huang Q, Fu X, Tang C-H. Spray-drying 

microencapsulation of β-carotene by soy protein isolate and/or 

OSA-modified starch. J Appl Polym Sci. 2014;131(12):40399. 

48. Silva VM, Vieira GS, Hubinger MD. Influence of different com-

binations of wall materials and homogenisation pressure on the 

microencapsulation of green coffee oil by spray drying. Food Res 

Int. 2014;61:132-43. 

49. Cheuk SY, Shih FF, Champagne ET, Daigle KW, Patindol JA, 

Mattison CP, et al. Nano-encapsulation of coenzyme Q10 using 

octenyl succinic anhydride modified starch. Food Chem. 2015; 

174:585-90. 

50. Qian C, Decker EA, Xiao H, McClements DJ. Comparison of 

biopolymer emulsifier performance in formation and stabiliza-

tion of orange oil-in-water emulsions. JAOCS J Am Oil Chem 

Soc. 2011;88(1):47-55. 

51. Liang R, Shoemaker CF, Yang X, Zhong F, Huang Q. Stability 

and bioaccessibility of β-carotene in nanoemulsions stabilized 

by modified starches. J Agric Food Chem. 2013;61(6):1249-57. 

52. Pongsamart K, Kleinebudde P, Puttipipatkhachorn S. Preparation 

of fenofibrate dry emulsion and dry suspension using octenyl 

succinic anhydride starch as emulsifying agent and solid carrier. 

Int J Pharm. 2016;498(1-2):347-54. 

53. Berger J, Reist M, Mayer JM, Felt O, Gurny R. Structure and 

interactions in chitosan hydrogels formed by complexation or 

aggregation for biomedical applications. Eur J Pharm Biopharm. 

2004;57(1):35-52. 

54. Hamman JH. Chitosan based polyelectrolyte complexes as po- 



Pharmaceutical Sciences Asia 

 
407 

tential carrier materials in drug delivery systems. Marine Drugs. 

2010;8(4):1305-22. 

55. Hartig SM, Greene RR, Dikov MM, Prokop A, Davidson JM. 

Multifunctional nanoparticulate polyelectrolyte complexes. 

Pharm Res. 2007;24(12):2353-69. 

56. Sæther HV, Holme HK, Maurstad G, Smidsrød O, Stokke BT. 

Polyelectrolyte complex formation using alginate and chitosan. 

Carbohydr Polym. 2008;74(4):813-21. 

57. Thünemann AF, Müller M, Dautzenberg H, Joanny JF, Löwen H. 

Polyelectrolyte complexes. Adv Polym Sci. 2004;166:113-71. 

58. Lindhoud S, Stuart MAC. Relaxation phenomena during poly-

electrolyte complex formation. In: Müller M, editor. Polyelec-

trolyte complexes in the dispersed and solid state I: principles 

and theory. Berlin, Heidelberg: Springer Berlin Heidelberg; 2014. 

p. 139-72. 

59. Müller M. Sizing, shaping and pharmaceutical applications of 

polyelectrolyte complex nanoparticles. Adv Polym Sci. 2014;256: 

197-260. 

60. Pergushov DV, Muller AHE, Schacher FH. Micellar interpoly-

electrolyte complexes. Chem Soc Rev. 2012;41(21):6888-901. 

61. Le Cerf D, Pepin AS, Niang PM, Cristea M, Karakasyan-Dia C, 

Picton L. Formation of polyelectrolyte complexes with diethyla-

minoethyl dextran: charge ratio and molar mass effect. Carbohydr 

Polym. 2014;113:217-24. 

62. Wu Bc, McClements DJ. Microgels formed by electrostatic 

complexation of gelatin and OSA starch: Potential fat or starch 

mimetics. Food Hydrocoll. 2015;47(0):87-93. 

63. Carneiro-Da-Cunha MG, Cerqueira MA, Souza BWS, Teixeira 

JA, Vicente AA. Influence of concentration, ionic strength and 

pH on zeta potential and mean hydrodynamic diameter of edible 

polysaccharide solutions envisaged for multinanolayered films 

production. Carbohydr Polym. 2011;85(3):522-8. 

64. Chen WB, Wang LF, Chen JS, Fan SY. Characterization of poly-

electrolyte complexes between chondroitin sulfate and chitosan 

in the solid state. J Biomed Mater Res A. 2005;75(1):128-37. 

65. Espinosa-Andrews H, Báez-González JG, Cruz-Sosa F, Vernon-

Carter EJ. Gum arabic-chitosan complex coacervation. Bioma-

cromolecules. 2007;8(4):1313-8. 

66. Kizilay E, Kayitmazer AB, Dubin PL. Complexation and coa-

cervation of polyelectrolytes with oppositely charged colloids. 

Adv Colloid Interface Sci. 2011;167(1-2):24-37. 

67. Rinaudo M. Chitin and chitosan: properties and applications. Prog 

Polym Sci. 2006;31(7):603-32. 

68. Muzzarelli RAA, Muzzarelli C. Chitosan chemistry: relevance 

to the biomedical sciences. Adv Polym Sci. 2005;186:151-209. 

69. Khunawattanakul W, Puttipipatkhachorn S, Rades T, Pongjan- 

yakul T. Chitosan–magnesium aluminum silicate nanocomposite 

films: physicochemical characterization and drug permeability. 

Int J Pharm. 2010;393(1-2):220-30. 

70. Bonferoni MC, Sandri G, Rossi S, Ferrari F, Caramella C. Chito-

san and its salts for mucosal and transmucosal delivery. Expert 

Opin Drug Deliv. 2009;6(9):923-39. 

71. Sorlier P, Denuzière A, Viton C, Domard A. Relation between the 

degree of acetylation and the electrostatic properties of chitin and 

chitosan. Biomacromolecules. 2001;2(3):765-72. 

72. Illum L. Chitosan and its use as a pharmaceutical excipient. Pharm 

Res. 1998;15(9):1326-31. 

 

 

 

 

 

 

 

 

 

 

73. Cervera MF, Heinämäki J, de la Paz N, López O, Maunu SL, 

Virtanen T, et al. Effects of spray drying on physicochemical 

properties of chitosan acid salts. AAPS PharmSciTech. 2011:1-13. 

74. Rinaudo M, Pavlov G, Desbrières J. Influence of acetic acid con-

centration on the solubilization of chitosan. Polymer. 1999;40(25): 

7029-32. 

75. Mateescu MA, Ispas-Szabo P, Assaad E. Chitosan-based poly-

electrolyte complexes as pharmaceutical excipients. In: Mateescu 

MA, Ispas-Szabo P, Assaad E, editors. The role of self-assembling 

multi-task excipients. 1st ed: Woodhead Publishing; 2015. p. 127-61. 

76. Rege PR, Shukla DJ, Block LH. Chitinosan-drug complexes: 

effect of electrolyte on naproxen release in vitro. Int J Pharm. 

2003;250(1):259-72. 

77. Kumar A, Vimal A, Kumar A. Why chitosan? from properties to 

perspective of mucosal drug delivery. Int J Biol Macromol. 2016; 

91:615-22. 

78. Pereira MAV, Fonseca GD, Silva-Júnior AA, Fernandes-Pedrosa 

MF, De F. V. De Moura M, Barbosa EG, et al. Compatibility study 

between chitosan and pharmaceutical excipients used in solid 

dosage forms. J Therm Anal Calorim. 2014;116(2):1091-100. 

79. Coppi G, Iannuccelli V. Alginate/chitosan microparticles for 

tamoxifen delivery to the lymphatic system. Int J Pharm. 2009; 

367(1-2):127-32. 

80. Charoenthai N, Kleinebudde P, Puttipipatkhachorn S. Use of 

chitosan-alginate as alternative pelletization aid to macrocrystal-

line cellulose in extrusion/spheronization. J Pharm Sci. 2007;96 

(9):2469-84. 

81. Bhise KS, Dhumal RS, Chauhan B, Paradkar A, Kadam SS. Effect 

of oppositely charged polymer and dissolution medium on 

swelling, erosion, and drug release from chitosan matrices. AAPS 

PharmSciTech. 2007;8(2):E1-E9. 

82. Li L, Wang L, Li J, Jiang S, Wang Y, Zhang X, et al. Insights into 

the mechanisms of chitosan-anionic polymers-based matrix 

tablets for extended drug release. Int J Pharm. 2014;476(1):253-65. 

83. Assaad E, Wang YJ, Zhu XX, Mateescu MA. Polyelectrolyte 

complex of carboxymethyl starch and chitosan as drug carrier 

for oral administration. Carbohydr Polym. 2011;84(4):1399-407. 

84. Bigucci F, Luppi B, Cerchiara T, Sorrenti M, Bettinetti G, Rodri-

guez L, et al. Chitosan/pectin polyelectrolyte complexes: selection 

of suitable preparative conditions for colon-specific delivery of 

vancomycin. Eur J Pharm Sci. 2008;35(5):435-41. 

85. Shao Y, Li L, Gu X, Wang L, Mao S. Evaluation of chitosan-

anionic polymers based tablets for extended-release of highly 

water-soluble drugs. Asian J Pharm Sci. 2015;10(1):24-30. 

86. Carvalho AGS, Silva VM, Hubinger MD. Microencapsulation 

by spray drying of emulsified green coffee oil with two-layered 

membranes. Food Res Int. 2014;61:236-45. 

87. Abbas S, Bashari M, Akhtar W, Li WW, Zhang X. Process opti-

mization of ultrasound-assisted curcumin nanoemulsions stabilized 

by OSA-modified starch. Ultrason Sonochem. 2014;21(4):1265-74. 

88. Abbas S, Karangwa E, Bashari M, Hayat K, Hong X, Sharif HR, 

et al. Fabrication of polymeric nanocapsules from curcumin-loaded 

nanoemulsion templates by self-assembly. Ultrason Sonochem. 

2015;23:81-92. 

89. Sodalee K, Limwikrant W, Pongjanyakul T, Ueda K, Higashi K, 

Moribe K, et al. Preparation of redispersible dry nanoemulsion 

using chitosan-octenyl succinic anhydride starch polyelectrolyte 

complex as stabilizer. J Drug Deliv Sci Technol. 2022:103433. 


