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ABSTRACT  

Aside from single active microencapsulation, there is growing interest in designing structures for 

the co-encapsulation and co-delivery of multiple species. Although currently achievable within 

solid systems, significant challenges exist in realising such functionality in liquid formulations. 

The present study reports on a novel microstructural strategy that enables the co-encapsulation and 

co-release of two actives from oil-in-water emulsions. This is realised through the fabrication of 

sodium caseinate/chitosan (NaCAS/CS) complexes that in tandem function as encapsulants of one 

active (hydrophilic) but also as (‘Pickering-like’) stabilisers to emulsion droplets containing a 

secondary active (hydrophobic). Confocal microscopy confirmed that the two co-encapsulated 

actives occupied distinct emulsion microstructure regions; the hydrophilic active was associated 

with the NaCAS/CS complexes at the emulsion interface, while the hydrophobic active was 

present within the oil droplets. Aided by their segregated co-encapsulation, the two actives 

exhibited markedly different co-release behaviours. The hydrophilic active exhibited triggered-

release that was promoted by changes to pH, which weakened the protein-polysaccharide 

electrostatic interactions resulting in particle swelling. The hydrophobic secondary active 

exhibited sustained release that was impervious to pH and instead controlled by passage across the 

interfacial barrier. The employed microstructural approach can therefore lead to the segregated co-

encapsulation and independent co-release of two incompatible actives, thus offering promise for 

the development of liquid emulsion-based formulations containing multiple actives. 
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Introduction 

The development of technological approaches enabling the encapsulation and delivery of 

functional species (e.g. active ingredients) is an area of major academic and industrial research 

activity with relevance to a wide range of applications (e.g. food, pharmaceutical, 

agrochemical).(1)-(3) Aside from typical microencapsulation, which focuses on the encapsulation 

and controlled/triggered delivery of a single active, there is also growing interest in designing 

structures that enable the co-encapsulation and co-delivery of two or more functional molecules 

within/from a sole formulation.(4)-(6) The pharmaceutical industry has been at the forefront of 

research activity in this area in order to develop pharmaceutical combination therapies, and in 

particular fixed-dose combination medicines, where the co-delivery of multiple active 

pharmaceutical ingredients (APIs) from a single formulation is required.(6),(7) Although this has 

been indeed realised for solid dosage forms through the utilisation of various processing 

approaches including 3D-printing,(8) co-delivery from liquid formulations, which amongst others 

offer dosage flexibility and addresses dosage form needs of specific patient populations (e.g. 

paediatrics, geriatrics), is limited.(5),(9)  

Emulsions are attractive microstructures for the encapsulation and delivery of functional 

molecules within/from liquid formulations.(10),(11) This is due to their multiphase attributes, ease of 

formation, as well as their utilisation in a number of structured liquid/semi-liquid products.(12) 

Despite this, present encapsulation and delivery approaches within emulsions are usually only 

concerned with the encasing and release of a single active ingredient. More complex 

emulsion/colloidal architectures, such as microemulsions,(13) double emulsions(5),(14),(15), 

polysaccharide-based nanocomplexes(16), liposomes(17),(18) and niosomes(19), have been put forward 

as potential candidates designed for the co-encapsulation/co-release of incompatible actives 

within/from a liquid disperse phase system. However, these types of structures have been 

associated with major stability issues and in some cases their large-scale manufacturing would 

require a significant level of interference to current technical/processing industrial 

infrastructure.(14),(18),(20),(21) In addition, the co-delivery performance of these microstructures is 

limited to simultaneous or sequential rather than independent release profiles; i.e. the release of 

one active is directly linked to that of the other (active) species and as such cannot be separately 

triggered/controlled.(16),(17) 

In terms of applications, simple oil-in-water (o/w) or water-in-oil (w/o) emulsions designed to 

enable the co-encapsulation of multiple actives in a segregated manner could prove useful for the 

co-delivery of incompatible (including components of markedly different 

hydrophilic/hydrophobic characteristics) or chemically reactive species.(22),(23) Such a co-

encapsulation/co-delivery approach would also be useful when co-release (from within the same 

liquid formulation) is required over different timescales and/or in response to external and 

potentially disparate stimuli/triggers (e.g. pH, magnetic field, mechanical stress).(22),(24) 

Opportunities for co-encapsulation/co-delivery liquid formulations also exist within the next-

generation biomedical/pharmaceutical, agrochemical, functional food, paint, and adhesive 

arenas.(13),(25),(26) However, it should be recognised that such delivery systems are still in their 
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infancy and thus fundamental and translational research efforts are required to develop such 

concepts further.  

Pickering emulsions differ from conventional emulsions in that particulate species rather than 

surfactants or polymeric components are employed to stabilise the liquid-liquid interface against 

coalescence and/or other destabilisation phenomena.(27),(28) Chemistries historically investigated 

for use in Pickering particle fabrication primarily include inorganic materials such as clays and 

silicas.(29),(30) However, in recent years, focus has shifted towards natural materials (e.g. proteins, 

polysaccharides, lipids)(31),(32) in response to drivers from the food and pharmaceutical sectors, 

which would require such Pickering structures to be fabricated from a relatively limited number 

of approved building blocks.(33) The design of novel anisotropic particles (e.g. Janus particles),(34)-

(36) which are characterised by their well-defined, dual- or multi-hemisphere surface chemistry has 

fed into Pickering stabilisation as one possible area of application for surface active and 

amphiphilic particles. However, key challenges remain in developing scalable processes for the 

production of anisotropic particles,(21),(37) proposing valued-added applications and lastly, utilising 

renewable, bio-based ingredients for their manufacture. When carefully designed and fabricated, 

solid particles employed as Pickering stabilisers confer well-defined functional attributes upon the 

resulting emulsion;(38)-(40) these include ‘programmable’ instability and modulated/triggered 

encapsulation/delivery behaviours.(10),(11),(24),(41),(42) In turn, this can translate into a number of 

exciting and value-added opportunities in encapsulation and molecular delivery, including the 

development of liquid pharmaceutical dosage forms designed to target different parts of the 

digestive tract.(43) 

The functional particles utilised in the present study have been fabricated from common 

biopolymers; sodium caseinate (protein) and chitosan (polysaccharide). These biopolymers are 

frequently employed, and cited for use, in food and pharmaceutical applications.(44),(45) Formation 

of the biopolymer assembly in this instance capitalises on the concept of electrostatic 

complexation, which is promoted by a controlled pH environment that renders the two polymeric 

species to become oppositely charged.(46)-(50) The capacity of protein/polysaccharide complexes to 

stabilise emulsions (and foams) has been extensively reported(51),(52), with literature in the area 

predominantly focusing either on protein/polysaccharide conjugates(53) or protein/polysaccharide 

(complex) coacervates(54). Although stabilisation is provided by the adsorption of 

protein/polysaccharide complexes (in many cases) as intact entities at the emulsion interface, these 

systems have been historically differentiated from classical solid Pickering particles. Nonetheless, 

recent studies have drawn direct parallels between these two distinct classes of colloidal structures 

in terms of their capacity to stabilise emulsions, suggesting that even electrostatic 

protein/polysaccharide complexes can exhibit Pickering-like interfacial functionality.(55),(56) 

Previous work(48) has reported on the fabrication of the sodium caseinate/chitosan colloidal 

complexes utilised in the current study, on the formulation and processing elements that impact 

upon their size and stability, and finally on their encapsulation efficiency and capacity to provide 

pH-triggered delivery of model hydrophilic active compounds; fluorescein and rhodamine B. This 

earlier work(48) however did not assess the Pickering functionality of the sodium caseinate/chitosan 
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colloidal assemblies and only focused on their ability to act as vehicles for the encapsulation and 

triggered release of model hydrophilic actives. 

The present work aims to study the capacity of sodium caseinate/chitosan complexes to stabilise 

simple o/w emulsions in order to demonstrate whether these biopolymer architectures can be 

utilised as bi-functional Pickering particles; i.e. as structures that can in tandem act as 

encapsulation vehicles for the targeted delivery of an active as well as Pickering particles providing 

emulsion stabilisation in the absence of additional surfactant/emulsifier species. The current study 

then progresses further to investigate whether these bi-functional Pickering particles can facilitate 

the segregated co-encapsulation and independent co-delivery, within/from simple oil-in-water 

emulsions, of two incompatible model actives (one hydrophilic active associated with the 

biopolymer complexes and another hydrophobic active placed within the oil core of the emulsion 

droplets), thus enabling the development of novel emulsion-based liquid formulations containing 

multiple actives. 

 

2. Experimental Section 

2.1 Materials  

Sodium caseinate (NaCAS) from bovine milk (CAS number: 9005-46-3), low molecular weight 

(MW: 50-190 kDa) chitosan (CS) with a de-acetylation degree of 75-85% (CAS number: 9012-

76-4) rhodamine B (RhodB), fluorescein sodium salt (FSS), dimethylphthalate (DMP), perylene 

(PE), sodium azide (NaN3) and acetic acid (≥99.7% purity), were all obtained from Sigma-Aldrich 

(UK) and used without further purification. RhodB or FSS, used as model Active 1 (hydrophilic), 

were encapsulated within the sodium caseinate/chitosan (NaCAS/CS) complexes. DMP or PE 

were employed as model Active 2 (hydrophobic), the former for release experiments while the 

latter for confocal microstructure visualisation purposes only. The oil phase used in all cases for 

emulsion preparations was commercially available sunflower oil. Water used throughout this study 

was passed through a double-distillation column equipped with a de-ionisation unit. 

Concentrations of all material are given as percentages of the weight of the specific substance over 

the total weight of the system it is contained within (i.e. dispersion, emulsion, etc.) and are denoted 

as ‘wt.%’. 

 

2.2 Methods  

2.2.1 Particle preparation  

Aqueous suspensions of the NaCAS/CS complexes were prepared in a sodium acetate aqueous 

buffer (30 mM) at pH 5. Unless otherwise stated in the manuscript, biopolymer complexes were 

fabricated at a fixed total biopolymer concentration (TBC) of 1 wt.% and for chitosan-to-sodium 

caseinate mass ratios of 1/3, 1/1, and 3/1; as such complexes with CS mass fractions of 0.25, 0.5 

and 0.75, respectively, were produced. In those cases were encapsulation of Active 1 was studied, 

the biopolymer assemblies were formed in the presence of a fixed mass of RhodB or FSS. Stock 
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solutions of RhodB or FSS (in buffer at pH 5) were prepared at 0.007 mg g-1 (for RhodB) or 0.2 

mg g-1 (for FSS) of sodium acetate aqueous buffer (30 mM). 5.5 g of stock solution was then added 

to 50 g of the appropriate mixed biopolymer solution and production of the suspended NaCAS/CS 

complexes then followed. The final RhodB and FSS loading in the resulting systems, unless 

otherwise stated, was therefore approximately 0.7 µg g-1 and 20 µg g-1 of aqueous suspension, 

respectively. A small quantity of sodium azide (0.03 wt.%) was added to all systems in order to 

limit/arrest microbial degradation during storage. It should be noted that in both cases the final 

loadings for the two components were significantly lower than their aqueous solubilities; 10 mg 

g−1 for RhodB(57) and 500 mg g−1 for FSS (Sigma-Aldrich), respectively. In order to reduce the size 

of the initially formed complexes (typically of the order of several hundred micrometres)(48), all 

aqueous suspensions were subjected to ultrasonic processing (Viber Cell 750, Sonics, USA) using 

a 12 mm diameter probe for 2 min (20 kHz, 95% amplitude). A more detailed description on the 

fabrication of the NaCAS/CS complexes and the encapsulation of Active 1 within these is given 

in a previous study by the authors.(48) 

 

2.2.2 Particle size analysis 

Following sonication, the z-average particle diameters of the resulting colloidal NaCAS/CS 

complexes were measured by dynamic light scattering (DLS) using a Zetasizer (Nano ZS) Nano 

Series (Malvern, UK). Typically, two drops from the formed (at pH 5) aqueous suspension of 

NaCAS/CS complexes were added (diluted) into 25 g of sodium acetate aqueous buffer (also at 

pH 5) and then immediately transferred to a polystyrene cuvette for DLS measurement. In addition, 

NaCAS/CS complexes (formed at pH 5) were exposed to a range of pH conditions and their z-

average particle diameters (following pH adjustment) were measured similarly to above; however 

in this case dilution was carried out in buffer solutions of the same pH value as that in the pH-

adjusted colloidal suspension.   

 

2.2.3 Zeta potential  

Zeta-potential analyses were performed on a Zetasizer (Nano ZS) Nano Series equipped with an 

MPT-2 multipurpose titrator (Malvern, UK). For zeta-potential measurements of NaCAS/CS 

complexes fabricated at varying CS mass fractions, the aqueous suspensions were diluted as for 

particle size analyses and added to a specialised zeta cell (Malvern, UK).  

 

2.2.4 Surface Tension  

Surface tension measurements were carried out at 20°C using the Wilhelmy plate method on a 

K100 Tensiometer by Krüss GmbH (Germany). Evaporation was controlled using a plastic cover 

inserted over the sample. 

 

2.2.5 Emulsion preparation 

The produced suspensions of NaCAS/CS complexes (of different chitosan mass fractions) were 

used as the aqueous phase for the preparation of all emulsions. The oil phase used for emulsion 
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production comprised a blend of sunflower oil (SFO) and DMP or PE, both prepared by mild 

mixing on a magnetic stirrer. For emulsion droplets containing DMP, the oil phase comprised 

DMP and SFO at a fixed mass ratio of 6/56 (DMP/SFO), while for those including PE, the oil 

phase contained 20 mg of PE per litre of SFO. In either case, 10 g of the oil phase containing 

Active 2 (DMP or PE) was added to 40 g of the aqueous phase (aqueous suspensions of NaCAS/CS 

complexes) containing Active 1 (for emulsion preparations only RhodB was used as model Active 

1) at each chitosan mass fraction and emulsified for 5 minutes at 8000 rpm using a Silverson High 

Shear Mixer fitted with an Emulsor Screen of medium (standard) perforations. Sample temperature 

was not controlled during high shear mixing and this was found to increase to no more than 10C 

above room temperature (also the initial temperature of the system prior to emulsification). A small 

quantity of sodium azide (0.03 wt.%) was added to all emulsions in order to limit/arrest microbial 

degradation during storage. All prepared o/w emulsions were therefore at a fixed oil-to-water mass 

fraction of 20/80 (wt.%/wt.%). 

 

2.2.6 Emulsion droplet size analysis  

Droplet size distributions of the formed o/w emulsions were measured by laser diffraction using 

a Malvern Mastersizer 2000S (Malvern Instruments, UK) equipped with a Hydro S dispersion cell. 

Emulsions were quiescently stored at 40°C and were assessed in terms of their stability against 

coalescence over a two-month storage period, by monitoring changes to their average droplet 

diameters (expressed throughout this study as the surface weighted mean diameter, D3,2).  

 

2.2.7 Microscopy  

Selected aqueous suspensions of NaCAS/CS complexes and o/w emulsions were visualised 

using light microscopy; typically, a single drop from the suspension or emulsion was placed on a 

glass slide with a cover slip and then analysed/visualised. In addition, confocal microscopy was 

used to confirm the positioning of the co-encapsulated actives within the emulsion microstructure. 

An emulsion, with PE (Active 2) encapsulated within its droplets and stabilised by NaCAS/CS 

complexes (TBC of 1 wt.% and CS mass fraction of 0.25) also containing RhodB (Active 1), was 

analysed using a Leica TCS SPE (Leica, Germany) confocal microscope. The emulsion was 

diluted ten times in sodium acetate buffer (30 mM, pH 5). A drop from this emulsion was placed 

on a glass microscope slide and a cover slip was glued on top to fix it in place. Separate fluorescent 

emission spectra were obtained for RhodB and PE, enabling spatial identification of each active 

within the emulsion microstructure. 

 

2.2.8 Fractional Encapsulation Efficiency (FEE) 

Fractional Encapsulation Efficiency (FEE) of Active 1 (RhodB or FSS) within the formed 

complexes was determined by transferring 1.5 mL of the aqueous suspension of complexes (before 

and after sonication) to separate Eppendorf tubes and centrifuging (Sigma 3k30, SciQuip, UK) for 

60 minutes at 15,000 rpm. The centrifugation time used had been previously determined in a 

separate series of preliminary experiments as sufficient in order to separate the NaCAS/CS 
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complexes as an insoluble pellet at the bottom of the Eppendorf tube. The supernatant was analysed 

by ultraviolet-visible (UV-VIS) spectroscopy (Libra S12, Biochrom, UK) at the following 

wavelengths for each active: RhodB at 550 nm and FSS at 460 nm. Using Beer’s law the mass of 

active (Active 1) in the supernatant (M0
 sup

) was calculated over its linear range using a previously 

determined calibration curve. FEE was then calculated using:  

           Eq. 1 

where Mmax is the total mass of active that was initially introduced into the system.  

DMP was used as the model Active 2 in order to monitor release from within the formed 

emulsion oil droplets. DMP was selected as a model active as it is soluble in the oil phase while at 

the same time it has an appreciable water solubility (4 mg g-1)(58). As previously described, DMP 

is introduced as a blend with SFO and the mixture is then dispersed in an aqueous phase to form 

the o/w emulsions. DMP has a reported(58) octanol-water partition coefficient of 33, which means 

that for an o/w emulsion with a 20% oil mass fraction, the highest percentage of total DMP residing 

within the aqueous continuous phase is not expected to exceed a value of approximately 10%; this 

value is expected to slightly vary for SFO (compared to octanol). Even in the absence of SFO-

water partition coefficient data, it is still anticipated that DMP will primarily remain within the oil 

phase and as such for the purpose of this study it is assumed that upon emulsion preparation the 

Fractional Encapsulation Efficiency (FEE) of DMP within the formed oil droplets is equal to 1.  

 

2.2.9 Release measurements  

Release from NaCAS/CS complexes. Release of Active 1 (RhodB or FSS) from the formed 

NaCAS/CS complexes was monitored as a function of pH with a glass pH probe and SevenEasy 

meter (Mettler Toledo, Switzerland) at a fixed TBC of 1 wt.% and a CS mass fraction of 0.25. In 

a typical release experiment, 55.5 g of an aqueous NaCAS/CS suspension, formed at pH 5 and also 

containing FSS, were placed in a beaker and mildly stirred on a magnetic plate. Small aliquots (50-

1000 μL) of a 10% NaOH solution were added to increase the suspension’s pH in small intervals 

from pH 5 to approximately pH 11; in total, addition of approximately 2-3 mL of the NaOH 

solution were required for pH adjustment. When each pH interval had been reached, a 1.5 mL 

aliquot was withdrawn from the suspension and transferred to an Eppendorf tube. These withdrawn 

samples were centrifuged (Sigma 3k30, SciQuip, UK) at 15,000 for 60 min and the concentration 

of FSS in the supernatant was determined following the same procedure described earlier for FEE 

determination. FSS has an isosbestic point at 460 nm, which enabled its concentration to be 

obtained independent of the pH change. However, due to its acid-base chemistry it was not possible 

to quantify FSS concentration at low pH values (i.e <pH 5). Instead, RhodB was preferentially 

used to monitor entrapment/release at conditions below pH 5. For RhodB, the active-containing 

NaCAS/CS complex suspension was firstly titrated down to pH 2 by addition of small aliquots 

(50-1000 μL) of a 10% HCl solution. Subsequently, pH was increased to pH 11 (similarly to FSS-

containing systems) and 1.5 mL samples were taken at desired pH intervals as described above for 

FEE =
M

max
-M

0

sup

M
max
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FSS. RhodB did not exhibit a pH dependent absorbance at the wavelength employed for analysis 

in the UV-VIS spectrophotometer (550 nm). The concentrations for RhodB or FSS (both 

representing Active 1) in the release studies were significantly lower than their solubilities in the 

aqueous acceptor phase (see previous section) and therefore it is assumed that release of Active 1 

from the formed NaCAS/CS complexes is taking place under sink conditions.  

Co-Release from o/w emulsions. Measurements of the co-release of Active 1 (only RhodB was 

employed in the co-release studies) and Active 2 (DMP) were carried out for an emulsion system 

stabilised by biopolymer complexes with a fixed TBC of 1 wt.% and a CS mass fraction of 0.25. 

Within the produced emulsion microstructure, Active 1 (RhodB) and Active 2 (DMP) were co-

encapsulated within the biopolymer complexes and dispersed phase droplets, respectively. In a 

typical experiment, 20 g of the emulsion were placed within a semi-permeable cellulose dialysis 

membrane (ca. 20 mm x 150 mm), which had previously been soaked in water for 24 h. The 

molecular weight cut-off and surface area of the membrane were kept constant such that any effects 

from these parameters were normalised. This emulsion-containing membrane was then submersed 

in 1000 g of sodium acetate buffer (30 mM, pH 5) inside a conical flask, which was mildly stirred 

throughout the experimental time frame to facilitate exchange of material between the contents of 

the dialysis tubing and the acceptor phase. 3 mL aliquots of the external aqueous acceptor phase 

were periodically collected over a period of 48 hours. The ultraviolet-visible (UV-VIS) absorbance 

(Libra S12, Biochrom, UK) of these samples was measured at active-specific wavelengths (550 

nm for RhodB and 280 nm for DMP, respectively) in a quartz cuvette. Using predetermined linear 

calibration curves, the mass of Active 1 (RhodB) and Active 2 (DMP) present in the acceptor phase 

were determined. In order to investigate release kinetics as a result of changes to the system’s pH 

environment, the starting pH of the acceptor phase was altered outside of the buffer region 

(originally at pH 5) to pH 3 or pH 10 using solutions of hydrochloric acid or sodium hydroxide, 

respectively, as appropriate.  

Assuming that both actives eventually fully migrate across the dialysis membrane, their final 

concentrations in the aqueous acceptor phase will be approximately 0.01 µg g−1 for RhodB and 

0.39 mg g−1 for DMP, respectively. As these concentrations are both significantly lower than the 

individual solubilities for the two species, co-release of Active 1 (RhodB) and Active 2 (DMP) is 

expected to take place under sink conditions.  

Preliminary studies using the same experimental set-up have shown that migration of both 

actives across the dialysis membrane and into the acceptor phase only marginally influences their 

overall release profiles. More specifically, when both actives are simply introduced in the dialysis 

membrane in an aqueous phase (neither is encapsulated), RhodB release was shown to be 

marginally faster than that of the encapsulated species undergoing triggered release at pH 

conditions higher than pH 7 (discussed in full in the results section). In addition, release of non-

encapsulated DMP was approximately seven-times greater than that in the case where DMP is 

enclosed within the emulsion droplets. Therefore in both cases, the dominant physical phenomena 

and as such the rate-limiting steps driving overall co-release of the actives are the triggered 
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discharge of Active 1 (RhodB) from the NaCAS/CS complexes and the migration of Active 2 

(DMP) across the interfacial barrier around the emulsion droplets.  

 

2.2.10 Cumulative Fractional Release (CFR) profiles  

Cumulative fractional release (CFR) profiles for both releasing species are presented as a 

function of time t. CFR is calculated as the fraction of the cumulative absolute amount of active 

released at each time t interval (Mt) over the cumulative absolute amount of active released at 

infinite time (M∞); M∞ should be equal to the absolute amount of active encapsulated within the 

delivery system (particles or droplet) at time t = 0. CFR data is calculated using the following 

relationship: 

           Eq. 2 

where Mt
 sup

 is the total mass of active in the acceptor phase as measured at time t, and M0
 sup

 and 

Mmax retain their previous meanings as defined for Eq. 1. 

Release of an active from within hydrophilic polymeric devices has been proposed(59),(60) to be 

controlled by two physical phenomena; Fickian diffusional release and case-II relaxational release. 

Peppas and Sahlin(60) proposed a simple mathematical model that considers these two phenomena 

as additive and can be used to describe release (under sink conditions and up to a CFR value of 

0.6) of an active contained within polymeric devices of any shape. CFR data for Active 1 were 

fitted to the Peppas-Sahlin model(60) shown below: 

           Eq. 3 

where the first term (k1tm) corresponds to Fickian effects while the second term (k2t2m) relates to 

relaxational contributions to the overall release. k1 and k2 are kinetic constants relating to release 

driven by either diffusion or relaxation; when k1>>k2 then release is controlled by diffusion, while 

in those cases where k1 << k2 relaxation is primarily responsible for the transport of the active 

through the encapsulation device. Finally, m is the purely Fickian diffusion exponent; the value of 

the exponent relating to transport due to relaxation phenomena (2m) is always twice that of the 

Fickian diffusion exponent (m). Peppas and Sahlin(60) further proposed that the impact of each of 

the two mechanisms to the overall release profile can be assessed by calculating the fractional 

relaxational (R) and Fickian (F) contributions from: 

           Eq. 4,                   Eq. 5 

Similarly, release of an active entrapped within the droplets of an emulsion has been described 

using two limiting models.(61),(62) The first relates to situations in which the release rate is primarily 

CFR =
M

t

M
¥

=
M

t

sup -M
0

sup

M
max

-M
0

sup

M
t

M
¥

= k
1
tm + k

2
t2m

R =

k
2

k
1

tm

1+
k

2

k
1

tm
F =

1

1+
k

2

k
1

tm
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driven (limited) by the diffusion of the active through the droplet’s oil core and towards the 

emulsion interface; active concentration along the droplet radius is in this case complex and time-

dependent. The second model however relates to those cases where release behaviour is controlled 

by the passage of the active through the interfacial barrier that exists at the droplet surface; under 

these circumstances the concentration of the active within the droplet is now uniform at any given 

time. DMP release from the emulsions studied in this work is expected to be dominated by 

transferal of the active across the emulsion interface and as such it should fall under the 

considerations in the second of these two models (this is confirmed in the results section). A 

mathematical model describing the release of an active when transport across the droplet interface 

is the rate-limiting step has been proposed elsewhere(62) and its long-time approximation is given 

below: 

           Eq. 6

 
where kI is the interfacial rate constant and r the emulsion droplet radius; all other symbols retain 

their previous meanings. Eq. 6 can be rearranged to give: 

           Eq. 7

 
and plotting ln(1-(Mt/M∞)) against time t should yield a straight line, the slope of which can be 

used to directly calculate kI. In the present study, DMP release was modelled using Eq. 6 and CFR 

data were fitted to Eq. 7 in order to calculate kI constants at different pH conditions.  
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Results and Discussion 

The physicochemical parameters affecting protein/polysaccharide complex formation 

phenomena have been well documented in literature, with the most significant contributions 

arising as a result of the pH environment (but also temperature and pressure conditions), the 

magnitude of the individual opposite charges exhibited by the two biopolymers (charge density), 

the total biopolymer concentration (TBC), the protein to polysaccharide ratio, ionic strength and 

the molecular weight and flexibility of both biopolymer species.(63),(64) In the present study, 

NaCAS/CS complexes were formed at pH 5 by drop wise addition of CS to NaCAS under mild 

stirring. At pH 5, NaCAS is negatively charged and therefore electrostatic complexation with CS, 

which at this acidic environment exhibits a positive -potential(65), is encouraged (Figure 1). The 

isoelectric points for both sodium caseinate (~4.0) and chitosan (~7.5-8.0) are in agreement with 

values reported in literature.(66),(67) Under these pH conditions complexation takes place as a result 

of associative phase separation, caused by charge neutralisation interactions between the two 

biopolymers. The -potential behaviour of the formed complexes closely resembles that of 

chitosan until pH values near the polysaccharide’s isoelectric point are reached (Figure 1). This 

clearly indicates that at this CS mass fraction (0.5), the chitosan content in the system is in excess 

of the polysaccharide concentration required for complete charge coverage of the protein, and thus 

a proportion (of the chitosan) remains ‘free’ within the aqueous continuous phase and does not 

take part in electrostatic events leading to the formation of complexes. This is in agreement with a 

previous study(48) by the present authors, where NaCAS/CS complexes were shown to exhibit near-

zero -potential values only when these were formed at a CS mass fraction of approximately 0.1. 

 

 

Figure 1. ζ-potential as a function of pH for aqueous solutions of 0.5 wt.% chitosan (CS; ) and 0.5 wt.% sodium 

caseinate (NaCAS; ), and an aqueous dispersion of sodium caseinate/chitosan (NaCAS/CS; ) complexes of 1 wt.% 

TBC and 0.5 CS mass fraction. All data points are mean values (n=3) and error bars represent two standard deviations 

of the mean; when not visible, error bars are smaller than the size of the symbols. ζ-potential data is each fitted to a 

sigmoid curve and shown to guide the reader's eye. 
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The air/water interfacial behaviour of NaCAS/CS complexes formed at different pH values 

provides further evidence that electrostatic interactions are more pronounced at pH 5 (Figure 2). 

Dynamic surface tension data for NaCAS/CS complexes of 1 wt.% TBC (data not provided here) 

did not show clear differences with changes to the CS mass fraction or pH and the profiles obtained 

were very similar to a 1 wt.% NaCAS-only system. This is because the amount of unassociated 

protein in these systems (although potentially varied) is high enough to ‘overpower’ the obtained 

signal corresponding to the air/water interfacial behaviour. However when the TBC was 

significantly lowered it was possible for differences in the dynamic surface tension profiles 

between NaCAS/CS complexes and their protein-only and polysaccharide-only constituents to 

become more evident (Figure 2). While chitosan does not exhibit any surface activity(68) and does 

not appear to be sensitive to the induced pH changes, sodium caseinate does cause a decrease in 

surface tension (reduced after 120 s to ~50 mN m-1 at pH 7 and ~53 mN m-1 at pH 5) with a faster 

rate of reduction at pH 7 than at pH 5. A previous study(69) on the adsorption of pure milk proteins 

(β-casein and β-lactoglobulin) at the air/water interface revealed that as the pH is lowered from pH 

7 towards the isoelectric points of the two species, both protein films become thicker and thus the 

rate of protein diffusion to the interface (as observed in this study) would be reduced. Analysis of 

the data for the NaCAS/CS complexes shows that surface tension is increased as the CS mass 

fraction of the complexes is also increased; the more clear change observed between complexes 

with 0.5 (0.025 wt.% NaCAS/0.025 wt.% CS) and 0.8 (0.025 wt.% NaCAS/0.1 wt.% CS) CS mass 

fractions. As the NaCAS overall content remains the same the observed increase is primarily a 

result of electrostatic interactions between the protein and polysaccharide being further promoted 

due to the increasing chitosan content. As the CS mass fraction is reduced, the air/water interfacial 

behaviour of NaCAS/CS complexes appears to progressively approach the profile acquired for the 

NaCAS-only system. Finally there is also evidence of enhanced complexation at pH 5 as opposed 

to pH 7, with surface tension data under the latter pH conditions reaching lower equilibrium values 

(also at a faster rate of surface tension reduction) owing to their higher (non-complexed) protein 

content (Figure 2).  As previously discussed, this is obviously further exacerbated by the ease by 

which protein diffusion to the interface takes place at pH 7 (compared to that at pH 5).(69) 

It is clear that the NaCAS/CS complexation phenomena reported here are predominantly 

electrostatic in nature, with lesser contributions perhaps also arising due to hydrogen bonding and 

hydrophobic interactions. Such electrostatic complexes are typically termed coacervates and are 

distinctively different to complexation through covalent bonding (chemical association) between 

protein and polysaccharide molecules, which tends to give essentially permanent complexes, 

which in turn are usually characterised as conjugates.(51),(63),(64) Visualisation using light 

microscopy of the NaCAS/CS complexes in this study revealed structures of irregular shape, 

relatively large dimensions (equivalent particle diameters >100 µm) and highly polydisperse; this 

particle morphology was typical of NaCAS/CS complexes formed at pH 5 across the studied range 

of CS mass fractions (0.1-0.75) and TBCs (0.1-2 wt.%). As such, these NaCAS/CS complexes 

(formed under low shear mixing) are more akin to solid-like phases (i.e. co-precipitates)(64) rather 

than the typical liquid-like phase separated biopolymer-rich phases reported in literature as 
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coacervates(51),(70). Subjecting these coarse precipitated dispersions to sonication afforded a 

significant reduction in particle size that was almost independent of TBC but was strongly 

influenced by the CS mass fraction (Figure 3). Although complexes with a CS mass fraction of 0.1 

were initially reduced in size (down to ~1-3 µm) as a result of sonication, these structures 

ultimately re-aggregate and revert back to their original dimensions. Conversely, sonicating 

NaCAS/CS complexes with CS mass fractions equal or greater to 0.25 resulted in sub-micrometre 

particulate structures with a monomodal size distribution and reduced polydispersity (Figure 3A). 

Even one week following formation and sonication, these systems largely maintained their size 

and remained well suspended within their aqueous environment with minimal if any indication of 

precipitation (Figure 3B). This contrast in behaviour is directly related to the presence of a chitosan 

excess (in complexes with CS mass fractions ≥ 0.25) which appears to provide sufficient 

electrostatic repulsion between the newly formed sub-micrometre particulates thus hindering their 

aggregation and ensuring that their dimensions following sonication are maintained; complexes 

with CS mass fractions ≥ 0.25 have -potential values of ~38 mV (Figure 1) while those with a CS 

mass fraction of 0.1 exhibit a near-zero -potential value(48). A similar behaviour has been 

previously reported(65) for chitosan-gellan electrostatic nano-complexes, where neutrally charged 

polyelectrolyte assemblies were found (soon after formation) to aggregate into species of larger 

sizes. 

 

 

Figure 2. Dynamic surface tension profiles for chitosan (CS), sodium caseinate (NaCAS) and sodium 

caseinate/chitosan (NaCAS/CS) complexes as a function of pH environment; A. pH 5 and B. pH 7. Data shown are 

for 0.1 wt.% CS-only () and 0.025 wt.% NaCAS (), and NaCAS/CS complexes of 0.025 wt.% NaCAS/0.1 wt.% 

CS (0.8 CS mass fraction; ), 0.025 wt.% NaCAS/0.05 wt.% CS (0.66 CS mass fraction; ) and 0.025 wt.% 

NaCAS/0.025 wt.% CS (0.5 CS mass fraction; ). All data points are mean values (n=3) and error bars represent two 

standard deviations of the mean; when not visible, error bars are smaller than the size of the symbols. Solid lines/curves 

are shown to guide the reader's eye. 
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Figure 3. Z-average mean diameters (bars) and polydispersity indices (circles) for sodium caseinate/chitosan 

(NaCAS/CS) complexes of varying TBC and CS mass fractions (A) following sonication and (B) after 1 week of 

storage. Also shown, the particle size distribution obtained by DLS for NaCAS/CS complexes of 1 wt.% TBC and 0.5 

CS mass fraction upon formation and subsequent sonication (inset A), and the visual appearance of aqueous 

suspensions of NaCAS/CS complexes of 1 wt.% TBC at CS mass fractions (from left to right) of 0.1, 0.25 and 0.5 

one week following formation and subsequent sonication (inset B). All data points are mean values (n=3) and error 

bars represent two standard deviations of the mean; when not visible, error bars are smaller than the size of the 

symbols. Trendlines are shown to guide the reader's eye. 

 

In this part, the encapsulation of a hydrophilic fluorescent dye, fluorescein sodium salt (FSS), 

within the NaCAS/CS complexes formed at pH 5 was studied. FSS has been previously used as a 

model active(48) and is commonly employed as a charged drug mimetic.(71),(72) In the present study, 

it was envisaged that FSS would be electrostatically attracted to the cationic amine groups on the 

chitosan backbone, as well as to the cationic amino acid residues on sodium caseinate.(73) 

Nonetheless, the size and -potential of (sonicated) NaCAS/CS complexes does not seem to be 

affected by the presence of FSS, with both these properties only marginally influenced (for a fixed 

TBC) by the CS mass fraction (Figure 4).  

The effect of the TBC and CS mass fraction of the formed NaCAS/CS complexes (which were 

subsequently sonicated) were also investigated with respect to the fractional encapsulation 

efficiency (FEE) of FSS. FEE values were determined by following a protocol, where the 

dispersions of FSS-containing NaCAS/CS complexes were centrifuged over different timescales 

and the absorbance of the supernatant was measured using UV-VIS spectroscopy. These 

measurements were performed to ensure interferences from soluble complexes and unseparated 

particles did not compromise accurate FSS quantification; for example, a dispersion of FSS-

containing NaCAS/CS complexes of 2 wt.% TBC had to be centrifugation for 150 minutes at 

20,000 rpm for a stable absorbance reading to be achieved. The FEE of the NaCAS/CS complexes 

does not seem to be effected by sonication and the originally achieved encapsulation efficiencies 

remain unchanged (Figure 4) despite the significant reduction in size. This has been previously(48) 

suggested to further confirm that the FSS is anchored onto the colloidal structure of the NaCAS/CS 
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complexes predominantly through electrostatic forces. The dependency of the FEE on the CS mass 

fraction in the NaCAS/CS complexes however is very clear, with encapsulation efficiency being 

reduced as the chitosan fraction is increased (Figure 4). Earlier work(48) has reported that FSS can 

also be encapsulated (at pH 5) during the formation of NaCAS- and BSA-only protein aggregates 

(CS mass fraction of 0); nonetheless the same investigation noted that the presence of chitosan was 

necessary in order to form stable colloidal suspensions upon sonication. It thus appears that the 

reduction in FEE is mainly driven by the decrease in the NaCAS content (as the CS fraction is 

increased) and that the extent of the NaCAS-FSS and NaCAS-CS competitive electrostatic 

interactions could heavily influence the encapsulation capacity of the formed complexes. Although 

beyond the scope of the present study, further work to fully understand the physical phenomena 

involved in the encapsulation of FSS in NaCAS/CS complexes is required. 

 

 

Figure 4. Z-average mean diameter (bars) and ζ-potential (circles) for sodium caseinate/chitosan (NaCAS/CS) 

complexes of 1 wt.% TBC as a function of CS mass fraction. Data presented in the main graph is for sonicated 

complexes without (empty bars or circles) or with (grey bars or circles) encapsulated fluorescein sodium salt (FSS). 

Inset graph shows the fractional encapsulation efficiency (FEE) of FSS within complexes either immediately formed 

(blue bars) or then also sonicated (grey bars). All data points are mean values (n=3) and error bars represent two 

standard deviations of the mean. Trendlines are shown to guide the reader's eye. 

 

For sonicated NaCAS/CS complexes, encapsulation efficiency was strongly dependent on the 

TBC (with CS mass fraction and FSS loading both constant) and FEE was found to increase from 

approximately 0.7 to 0.9 as TBC was taken from 0.5 to 2 wt.% (Figure 5). As the size of the 

NaCAS/CS complexes (CS mass fractions ≥ 0.25) does not change with TBC (Figure 3A), the 

elevated biopolymer content will result in an increase in the number of these co-precipitates, which 

in turn can enhance the FEE of the system as further ‘compartments’ for FSS encapsulation will 

now be available. In addition, FEE was also found to vary with the FSS loading that was initially 

introduced in the system (Figure 5), with FSS encapsulation efficiency slightly reducing as the 

amount of active is increased from 20 to 80 µg g-1. For a fixed TBC, increasing the amount of 
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active in the system would add further strain in terms of encapsulation capacity upon the same (in 

terms of number) population of NaCAS/CS complexes, which in response exhibit a reduced 

encapsulation efficiency. This is in agreement with a previous study(48)  on the encapsulation 

capacity of chitosan/carrageenan hydrogel beads; the encapsulation efficiency of these (non-cross-

linked) polyelectrolyte complex beads was found to decrease with increasing active (sodium 

diclofenac) loading. 

 

 

Figure 5. Fractional encapsulation efficiency (FEE) of fluorescein sodium salt (FSS) within sodium caseinate/chitosan 

(NaCAS/CS) complexes as a function of total biopolymer concentration, TBC (NaCAS/CS complexes of 0.25 CS 

mass fraction and 20 µg g-1 FSS loading). Inset graph shows FEE as a function of FSS loading (NaCAS/CS complexes 

of 0.25 CS mass fraction and 2 wt.% TBC). All data points are mean values (n=3) and error bars represent two standard 

deviations of the mean. Linear trendlines are shown to guide the reader's eye. 

 

The response of NaCAS/CS complexes formed at pH 5, in terms of their encapsulation capacity, 

dimensions (mean particle diameter) and charge (ζ-potential), to changes in the pH environment 

was also studied (Figure 6). FSS- or RhodB-containing NaCAS/CS complexes of 1 wt.% TBC and 

0.25 CS mass fraction, initially formed at pH 5 with a FEE value of 0.85, where analysed under 

pH conditions ranging from approximately pH 2 to pH 11. Due to its acid-base chemistry it was 

not possible to measure FSS content at pH values below pH 5 and as such RhodB was used to 

monitor active entrapment/release at these acidic conditions; in general, FEE values for RhodB 

were comparable to those for FSS for all NaCAS/CS complexes studied here and those previously 

reported(48). The mean diameter and ζ-potential data shown in Figure 6 further confirm the strong 

relationship between electrostatic interactions and the structure of the NaCAS/CS co-precipitated 

complexes. At ~pH 6 and below, the size of the NaCAS/CS complexes as initially formed at pH 5 

(and then sonicated) is maintained (at approximately 600 nm), supported by the prevalence of 

attractive electrostatic interactions between the protein and polysaccharide constituents; note that 

the ζ-potential profile shown here for NaCAS/CS complexes of 1 wt.% TBC and 0.25 CS mass 

fraction (Figure 6) closely follows the one for complexes at the same TBC but a CS mass fraction 
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of 0.5 (Figure 1). As the pH environment shifts to ~pH 7 and above, electrostatic interactions 

become weaker and NaCAS/CS complexes appear to swell and increase to approximately 2 µm in 

mean diameter (Figure 6); this corresponds to a volume change for the NaCAS/CS complexes of 

approximately 3600%. Optical microscopy was used to confirm that the measured increase in the 

size of the complexes was not due to flocculation. However, as demonstrated by the larger error 

bars in the average mean diameter data collected above pH 7, the extent of swelling exhibited by 

the NaCAS/CS complexes appears to be relatively random. It has been proposed(74) that the 

electrical characteristics of the different molecular constituents of mixed biopolymer assemblies 

can significantly alter the structure of these complexes, leading to swelling or shrinking depending 

on changes to environmental cues such as pH or ionic strength. 

 

 

Figure 6. Z-average mean diameter (), ζ-potential () and fractional release (FSS:, RhodB:) for sodium 

caseinate/chitosan (NaCAS/CS) complexes of 1 wt.% TBC and 0.25 CS mass fraction (initially formed at pH 5 with 

0.85 FEE) as a function of changes to pH environment. Fractional release data only show the amount of liberated 

material that was initially encapsulated. All data points are mean values (n=3) and error bars represent two standard 

deviations of the mean; when not visible, error bars are smaller than the size of the symbols. Z-average mean diameter, 

ζ-potential and fractional release data are each fitted to a sigmoid curve, shown to guide the reader's eye. 

 

Having already shown (Figure 2) to exhibit a level of interfacial activity (primarily driven by 

their protein content), the capacity of the NaCAS/CS co-precipitated complexes to provide 

Pickering emulsion stability was also investigated. A series of o/w (20/80 wt.%) emulsions 

exclusively stabilised by colloidal NaCAS/CS complexes fabricated with a fixed TBC of 1 wt.% 

and varied CS mass fractions, were prepared (at pH 5, corresponding to the acidic environment 

used to induce protein-polysaccharide complexation) and monitored, in terms of their droplet size, 

over a 2-month period (Figure 7). In addition to these, o/w emulsions stabilised by either the 

NaCAS or CS species alone, both at a concentration of 1 wt.% (corresponding to the TBC of the 

complexes), were also studied. All emulsion systems were formulated in the presence of both 
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active-containing (FSS or RhodB) and non active-containing NaCAS/CS co-precipitates in order 

to identify the impact of encapsulated species upon the capacity of their carriers to impart Pickering 

stabilisation.  

Despite exhibiting clear evidence of droplet flocculation and some level of protein aggregation, 

emulsions stabilised by NaCAS alone show very good stability against droplet coalescence (Figure 

7). Under pH conditions close to the protein’s isoelectric point (pH 5), the repulsive forces between 

emulsion droplets, as induced by protein adsorption at the interface, are significantly weakened, 

resulting in droplet aggregation or, in certain cases, the formation of a three-dimensional gel 

network.(75) Although it has been shown in the past that encapsulation can be achieved in NaCAS-

only solutions at pH 5, mainly due to the formation of protein aggregates, this is beyond the scope 

of the present study and as such was not investigated further.(48) It is worth noting that the same 

study(48) concludes that although encapsulation is indeed possible in the absence of CS, the active-

containing protein precipitates formed are quite large (> 100 µm) and do not exhibit colloidal 

stability once their size is reduced by sonication. On the other hand, emulsions stabilised by CS 

alone are extremely unstable with complete phase separation for all systems taking place soon after 

their formation (Figure 7). This is not surprising as chitosan, previously shown here to lack 

interfacial activity (Figure 2), is rarely recognised in literature as a polysaccharide of acceptable 

emulsification properties.(76) Although there have been some reports on the capacity of chitosan to 

produce stable o/w emulsions on its own, this has been attributed to the increase in the viscosity 

of the aqueous matrix phase induced by the dissolution of chitosan rather than to the 

polysaccharide’s interfacial activity.(77) 

In the case of emulsions stabilised by NaCAS/CS co-precipitated complexes the key factor 

affecting the size of the produced oil droplets and moreover their long-term stability, appears to 

be the CS mass fraction employed in the fabrication of these biopolymer constructs (Figure 7). 

Complexes with chitosan mass fractions up to (and including) 0.5 were able to facilitate the 

formation of emulsion droplets with average diameters of approximately 11 µm (CS mass fractions 

of 0.25) and 8 µm (CS mass fractions of 0.5). Emulsion droplet size was marginally dependent on 

CS mass fraction (0.25 or 0.5) or the presence of encapsulated FSS, however emulsions stabilised 

by RhodB-containing complexes were found to have smaller droplet sizes. Upon formation, 

emulsions exhibited evidence of flocculation (Figure 7), which following storage is suggested to 

result in the apparent increase in the droplet sizes for all systems. Emulsions stabilised by 

protein/polysaccharide complexes have been previously shown to be susceptible to flocculation. 

In recent studies it was specifically shown that emulsions stabilised through interfacial 

complexation between proteins and polysaccharides are particularly prone to flocculation events, 

while this type of instability is greatly reduced (although still present) when the biopolymers have 

undergone complexation prior to emulsion formation.(54),(78) With reference to the present work, 

emulsions stabilised by complexes at these intermediate to low chitosan mass fractions (0.5) also 

exhibited creaming, which is expected to promote flocculation phenomena between droplets 

present in the cream layer as these are subjected to prolonged periods of droplet-to-droplet 

contacts. The observed level of droplet aggregation (especially in the case of emulsions stabilised 
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by complexes with a CS mass fraction of 0.5) appears to be almost unaffected by the presence of 

the encapsulated load within the biopolymer particulates. It is important to note that these emulsion 

systems (chitosan mass fractions  0.5), although prone to flocculation events, were still found to 

maintain an emulsion microstructure that largely resists coalescence and does not display any 

evidence of phase separation. Despite their reduced protein content, complexes of a higher CS 

mass fraction (0.75) were able to provide emulsions with slightly smaller droplets; ~5 µm in 

diameter (Figure 7). Both FSS- and RhodB-containing complexes provided emulsions of similar 

droplet sizes to systems stabilised by the non active-containing co-precipitates. In all cases, 

emulsions exhibited excellent stability with no coarsening observed over the 2-month storage 

period (Figure 7). The obtained micrographs for these systems (Figure 7) suggest that, although 

perhaps not absent, flocculation events have lessened significantly in comparison to the obvious 

floc formation seen at lower CS mass fractions. Any flocs formed in emulsions stabilised by 

complexes with a high CS mass fraction (0.75) are now expected to be weaker and therefore easily 

dissociated during droplet size analysis in the dispersion cell of the laser diffraction equipment. 

The greatly reduced flocculation phenomena as well as the reduction in the rate of creaming in 

these systems, are both expected to be driven by the high(er) level of non-adsorbed chitosan present 

at this CS mass fraction.  

It is worth considering the nature of the species providing interfacial stabilisation to the o/w 

emulsions studied here. Previous work(48) on NaCAS/CS complexes has demonstrated that these 

colloidal entities exhibit near-zero z-potential values when formed at a CS mass fraction of 

approximately 0.1. As such it is valid to anticipate that aqueous dispersions of NaCAS/CS co-

precipitates formed at higher CS mass fractions (such as those utilised in the present study; CS 

mass fractions equal or greater than 0.25) would include minimal non-complexed amounts of (free) 

protein. This hypothesis is further substantiated by the dynamic surface tension data presented in 

Figure 2. Although the presence of free NaCAS cannot be completely dismissed, it is clear that as 

the CS mass fraction increases dynamic surface tension is reduced at a lower rate and to higher 

equilibrium value. It is therefore clear that when the aqueous dispersions of these complexes are 

used to form emulsions, interfacial stabilisation would predominantly occur due to the adsorption 

of the NaCAS/CS co-precipitates. Although any contribution arising from the presence of free 

NaCAS cannot be entirely ignored, there is strong evidence to suggest that the stability of the 

oil/water interfaces is principally due to the NaCAS/CS complexes. What is more, the interfacial 

dominance of the complexes is also expected to be enhanced as their CS mass fraction is increased. 

In classical Pickering theory, adsorbed molecular species are predicted to modify particle 

wettability(40), which is a key parameter influencing both emulsion formation and subsequent long-

term stability. Yet, the overarching conclusion for the NaCAS/CS co-precipitates studied here, is 

that the observed Pickering functionality can be tailored/promoted by only considering the 

structure and composition of the particles themselves rather than whether these also act as carriers 

of an active component. The precise manner by which these two formulation parameters can 

influence the wettability of the NaCAS/CS particles was not investigated as part of the present 

study. 
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Figure 7. Average droplet diameters (D3,2) of simple o/w (20/80 wt.%) emulsions (upon formation and following 2 

months of storage) stabilised by non active- () and active-containing (FSS: or RhodB:) sodium 

caseinate/chitosan (NaCAS/CS) complexes of 1 wt.% TBC as a function of CS mass fraction. CS mass fractions of 0 

denote emulsions stabilised solely by NaCAS, while CS mass fractions of 1 denote CS-only stabilised emulsions. 

Inset light microscopy images show emulsion microstructures as initially formed in the presence of non active-

containing NaCAS/CS complexes with CS mass fractions of: (1): 0, (2): 0.25, (3): 0.5, (4): 0.75, and (5): 1; the width 

of all micrographs corresponds to approximately 150 μm. All data points are mean values (n=3) and error bars 

represent two standard deviations of the mean; when not visible, error bars are smaller than the size of the symbols. 

 

The demonstrated dual capacity of the NaCAS/CS complexes to facilitate the encapsulation of 

an active species while at the same time providing emulsion stability was utilised to investigate 

the co-encapsulation of two active components within a simple o/w emulsion microstructure. More 

specifically, these bi-functional protein/polysaccharide complexes were used to encapsulate 

RhodB (Active 1), while PE (Active 2) was loaded into the oil droplets of the emulsion that these 

biopolymer assemblies stabilise. It was therefore envisaged that although the two incompatible 

model actives (RhodB and PE representing a hydrophilic and a hydrophobic model active load, 

respectively) would co-exist within the same overall system, they would be actually encouraged 

to occupy discrete parts of the formed emulsion microstructure; RhodB would be expected to 

follow the NaCAS/CS complexes and reside at the interface while, due to its hydrophobic nature, 

PE would largely remain contained within the oil droplets of the emulsion. Using this approach, 

an o/w emulsion, stabilised by sodium NaCAS/CS complexes (formed at pH 5) of 1 wt.% TBC 

and a CS mass fraction of 0.25, was loaded with RhodB and PE and the anticipated segregated co-

encapsulation of these two model actives at pH 5 was confirmed using confocal microscopy 

(Figure 8). RhodB and PE have minimal overlapping excitation and emission spectra, thus 
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facilitating independent visualisation via separate monitoring of their fluorescence emissions; in 

the obtained micrographs, RhodB (Active 1) and PE (Active 2) appear green and blue, 

respectively.  

 

   

   

Figure 8. A. Optical microscopy image of an o/w emulsion (at pH 5) stabilised by sodium caseinate/chitosan 

(NaCAS/CS) complexes of 1 wt.% TBC and 0.25 CS mass fraction (initially formed at pH 5). B. Fluorescent emission 

(green) from RhodB (Active 1) encapsulated within the NaCAS/CS complexes. C. Fluorescence emission (blue) from 

PE (Active 2) encapsulated within the emulsion droplets. D. Combined fluorescence emissions from the two Actives 

demonstrating the emulsion’s co-encapsulation capacity. Droplet (I) is situated on the micrograph’s focal plane, while 

droplet (II) is situated below the focal place. The width of all micrographs corresponds to approximately 250 μm.  

 

The confocal micrographs of the o/w microstructure presented in Figure 8 show the fluorescent 

emission from RhodB alone (Figure 8B), PE alone (Figure 8C), and finally the RhodB and PE 

combined emissions (Figure 8D). Both RhodB (particle-contained) and PE (emulsion droplet-

contained) are mainly associated with the interface and dispersed phase of the emulsion and neither 

of the two actives appears to be present in any large extent within the continuous phase of the 

system. In view of the high fractional encapsulation efficiency exhibited by the NaCAS/CS co-

precipitates (at 1 wt.% TBC and a CS mass fraction of 0.25; Figure 4 and Figure 5) and their 
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capacity to retain RhodB at pH 5 with minimal release (Figure 6), it is not surprising that confocal 

microscopy indicates that only a minimal amount of the model hydrophilic active is present in the 

continuous phase of the formed emulsions. Similarly, the absence of PE from the aqueous phase 

is expected as the solubility of the model hydrophobic active in water is negligible.(79) In those 

cases where the focal plane in the combined fluorescent emissions micrograph (Figure 8D) 

corresponds to a cross-sectional area of a dispersed phase entity (for example droplet (I)), a ‘halo’ 

of RhodB fluorescent emission can be observed to surround a ‘reservoir’ of PE emission, 

originating from the disperse phase of the emulsion. Although co-encapsulation can be confirmed 

for all visible droplets from the micrographs of the separate emission spectra for the two actives 

(Figure 8B and C), the optical ‘halo’ effect shown for droplet (I) is not apparent for emulsion 

droplets situated below the focal plane of the obtained confocal micrograph (for example droplet 

(II)). Overall, confocal microscopy successfully confirmed that segregated co-encapsulation of 

two actives within a simple o/w emulsion can be achieved, with the actives, as anticipated, being 

partitioned within well-defined domains of the fabricated simple emulsion microstructure. 

The co-release of RhodB (Active 1, hydrophilic) and DMP (Active 2, hydrophobic), co-

encapsulated within o/w emulsions stabilised by NaCAS/CS complexes (at 1 wt.% TBC and a CS 

mass fraction of 0.25), was subsequently investigated. The produced emulsions were placed inside 

semi-permeable cellulose dialysis membranes that were submersed into an external aqueous phase 

at pH 3, 5, or 10 and the co-release of both RhodB and DMP was monitored through absorbance 

measurements of samples collected from the acceptor phase at appropriate timescales over a period 

of 48 hours; the obtained results are presented in Figure 9. The findings presented here clearly 

demonstrate that co-release of both model actives is achievable and what is more the two 

encapsulated species are liberated over markedly different timescales and through quite 

independent release mechanisms. Release of RhodB (Active 1; encapsulated within the bi-

functional NaCAS/CS co-precipitates stabilising the oil-water interface) is closely associated with 

changes to the magnitude of electrostatic interactions within the biopolymer carriers as induced by 

the pH environment. At pH values akin to those used to induce protein/polysaccharide 

complexation (pH 5), and thus NaCAS/CS particle fabrication and Active 1 encapsulation, or 

lower (pH 3), RhodB release is negligible (Figure 9A and B). However at pH 10, release of RhodB 

is no longer constrained and the triggered discharge of the hydrophilic species now takes place 

(Figure 9C). The co-release of RhodB from the o/w emulsions stabilised by NaCAS/CS complexes 

practically matches the release of RhodB alone from aqueous dispersions of the 

protein/polysaccharide co-precipitates, reported earlier in this study. The sodium 

caseinate/chitosan complexes (as aqueous suspensions and not within an emulsion microstructure) 

were shown to retain their structure and furthermore prevent the release of an encapsulated 

hydrophilic active (RhodB or FSS), up to pH 6 (Figure 6). These biopolymer complexes were then 

shown to swell as the magnitude of the electrostatic forces (present at pH 6 and below) is 

diminished at pH values above the pKa of chitosan (pH = 6.5-7.0), (Figure 6), thus expanding their 

original electrostatically-maintained structure and to a large extent losing their ability to 

encapsulate the active, which is then almost immediately released (Figure 9C).  
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Figure 9. Co-Release (Cumulative Fractional Release, CFR) profiles for Active 1 (RhodB: ) and Active 2 (DMP: 

) from simple oil-in-water emulsions stabilised by sodium caseinate/chitosan (NaCAS/CS) complexes of 1 wt.% 

TBC and 0.25 CS mass fraction (initially formed at pH 5 with 0.85 FEE) as a function of pH conditions; A. pH 3, B. 

pH 5, and C. pH 10. The best fits of CFR profiles for RhodB (), encapsulated within the NaCAS/CS complexes, to 

Eq [3] and for DMP (), contained within the emulsion droplets, to Eq [5] are also presented. Inset graphs show CFR 

profiles for both actives across the different pH environments on a log-log scale.  

 

The CFR data for the co-release of RhodB and DMP were fitted to the semi-empirical Peppas-

Sahlin model(60) (Eq. 3) and to a model proposed by Guy and co-workers(61) (Eq. 6), respectively; 

the best fits of the CFR profiles for both actives to these models are shown in (Figure 9). In the 

case of RhodB (Active 1), CFR data only at pH 10 were fitted to the Peppas-Sahlin model since at 

pH 3 and pH 5 no release is effectively taking place. The fit resulted in a value for the exponent m 

of 0.589 (with release from a spherical polymeric device as a result of pure Fickian diffusion in 

theory corresponding to an exponent of 0.43)(60) and kinetic constants with k1 << k2. Therefore the 

model clearly suggests that relaxation is by far the primary mechanism responsible for the release 
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of RhodB from the NaCAS/CS co-precipitated complexes. The fractional relaxational (R) and 

Fickian (F) contributions to the overall release of RhodB were also calculated (Eqs. 4 and 5) and 

are presented as a function of time in Figure 10. Within the timescales of the co-release 

experiments (denoted by the shaded area in Figure 10) the model shows that fractional contribution 

due to relaxation (case II transport) approaches unity, while the Fickian contribution is practically 

zero. It is interesting to note that diffusion is shown to be a contributing mechanism for release 

only if the model is extended towards significantly smaller timescales. However according to the 

model this will take place for times in the order of microseconds (the relaxational and Fickian 

mechanisms are shown to have an equal contribution towards release at approximately 20 µs), 

which are obviously extremely far-removed from the experimental capabilities in the present 

study. Although it is unreasonable to trust the validity of such quantitative information, it is 

potentially safe to assume that the dominance of relaxational release (for the system at pH 10) is 

established relatively quickly. Case-II (relaxational) release in hydrophilic polymer devices is a 

transport mechanism that relates to stresses and state-transition events that occur when these 

structures are placed within an aqueous environment where they tend to swell.(59),(60) A recent 

study(80) on the swelling and deswelling of a pH-responsive electrostatically stabilized poly[2-

(diethylamino)ethyl methacrylate] microgel (adsorbed to silica surfaces) has shown that such 

events (driven by changes to the pH environment) take place rather rapidly; swelling was found to 

be completed in less than 3 s, while deswelling took just over 100 s. It therefore appears that co-

release of RhodB at pH 10 is driven by relaxation of the NaCAS/CS co-precipitated complexes as 

they swell (see Figure 6) in response to the pH change. 

In general, release of an active entrapped within the droplets of an emulsion has been described 

using two limiting models.(61),(62) The first model is applicable to release rates that are primarily 

driven (limited) by the diffusion of the active through the oil phase within the emulsion droplets 

and towards the interface. The second one however relates to those cases where diffusion through 

the oil is not limiting and release behaviour is primarily controlled by the passage of the active 

through the interfacial barrier that exists at the droplet surface. Fitting the CFR data for the co-

release of DMP to the diffusion-limited model(61) resulted in diffusion coefficients (under all three 

pH conditions) with an approximate value of 4.5 10-15 m2s-1. However, using the Stoke-Einstein 

equation, the diffusion coefficient of DMP within sunflower oil (a relatively small molecule 

diffusing through a liquid phase of moderate viscosity) can be estimated to have a significantly 

lower value of 8.5 10-12 m2s-1. As such, the diffusion-limited model is not applicable to the release 

behaviour observed in this study and instead the CFR data for the co-release of DMP were fitted 

to a model assuming that overall transport of the active is controlled by the nature of the interfacial 

layer (Eq. 6); the best fits of the CFR profiles to the interface-limiting model initially proposed by 

Guy and co-workers(61) are shown in (Figure 9). By rearranging the model to Eq. 7, the interfacial 

transport rate constants (kI) for DMP co-release under each of the considered pH conditions were 

calculated. As the CFR profiles under all pH environments were very similar, the interfacial 

transport rate constants were also close and in the order of 11 nm2s-1 (Figure 10). A study(62) on 

the release of model hydrophobic solutes from submicron triglyceride emulsions reported 
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interfacial transport rate constants within the range of 4.5 - 45 nm2s-1 (for the release of capric 

acid) and concluded that kI values are mainly affected by the interfacial layer structure (e.g. 

interfacial thickness) rather than the molecular weight of the used emulsifier. Trotta(81) studied the 

release of indomethacin initially contained within lecithin-based microemulsions which, following 

dilution into an aqueous release medium, underwent composition-specific transformations into 

(macro)emulsions, liquid crystals, or remained as microemulsions. The calculated transfer rate 

constants had a wide range of values (0.08-1020 nm2 s-1), which depended on the available 

interfacial area (micro- versus macroemulsions) and the type of colloidal system following dilution 

(emulsion versus liquid crystals).(81) The kI values calculated here are comparable to those reported 

in literature and appear to be almost two orders of magnitude lower than those for emulsions 

stabilised by low molecular weight surfactants (e.g. lecithin(62)). Therefore the NaCAS/CS 

complexes offer a substantial interfacial barrier for the migration of DMP into the continuous 

phase that persists even under pH conditions (pH 10) where these co-precipitates are expected to 

swell. In an ongoing study, the authors are showing that the barrier provided by the NaCAS/CS 

complexes is also greater than the interfacial hindrance arising from the adsorption of NaCAS 

alone; the kI value for DMP release is approximately 30% higher for a NaCAS-stabilised interface 

as compared to one stabilised by NaCAS/CS complexes (data not shown here). 

 

      

Figure 10. A. Relaxational (R) and diffusional (F) contributions (Eqs. 4 and 5, respectively) to the Cumulative 

Fractional Release (CFR) profile (shown in Figure 8) for Active 1 (RhodB), encapsulated within the sodium 

caseinate/chitosan (NaCAS/CS) complexes, at pH 10 as a function of time; shaded area represents the timescales over 

which experimental CFR data were collected. B. Interfacial transport rate constants (kI) for Active 2 (DMP), contained 

within the emulsion droplets, as a function of pH environment. Interfacial transport rate constants obtained by best 

fits of Eq. 7 to the DMP CFR profiles (shown in Figure 9); pH 3 (), pH 5 () and pH 10 ().  
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Conclusions  

The present study demonstrates that NaCAS/CS co-precipitated complexes, previously 

employed for the encapsulation of hydrophilic model actives and their subsequent pH-triggered 

release, can additionally adsorb at the oil-water interface and therefore be used to stabilise simple 

o/w emulsions via a ‘Pickering-like’ mechanism. It is shown that whether the NaCAS/CS 

assemblies contain an active (FSS or RhodB) or not, does not impact on their capacity to provide 

stable emulsions, a functionality that is primarily driven by the protein-to-polysaccharide 

composition used for their assembly (exemplified here as their CS mass fraction). The current 

work progresses to further demonstrate that these bi-functional co-precipitates can be utilised to 

enable the co-encapsulation and co-release of one hydrophilic and one hydrophobic model active 

from within a sole o/w emulsion microstructure. Co-release of the hydrophilic active entrapped 

within the biopolymer complexes is triggered by changes to the pH environment of the emulsion 

in a similar manner to the behaviour seen when release is taking place in aqueous dispersions of 

the NaCAS/CS co-precipitates alone. Discharge of the active is shown to be via relaxation and 

occurs as a result of swelling of the complexes, which is promoted by the pH-driven weakening of 

the electrostatic (attractive) forces between their protein and polysaccharide components. On the 

other hand, co-release of the hydrophobic active contained within the oil droplets of the emulsion 

is not affected by changes to pH conditions and instead is primarily controlled by the passage of 

the active through the interfacial barrier that exists at the droplet surface. Therefore, the present 

proof-of-principle study offers evidence that the employed microstructural approach can be 

utilised for the segregated co-encapsulation and independent co-release of two incompatible 

actives, thus proposing an alternative route for the development of novel emulsion-based liquid 

formulations containing multiple actives, with direct applications in the agrochemical, 

pharmaceutical, personal care and foods sectors. 
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