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Abstract Casein is the collective name for a family of milk proteins. In bovine

milk, casein comprises four peptides: aS1, aS2, b, and j, differing in their amino

acid, phosphorus and carbohydrate content but similar in their amphiphilic char-

acter. Hydrophilic and hydrophobic regions of casein show block distribution in the

protein chain. Casein peptides carry negative charge on their surface as a result of

phosphorylation and tend to bind nanoclusters of amorphous calcium phosphate.

Due to these properties, in suitable conditions, casein molecules agglomerate into

spherical micelles. The high content of casein in milk (2.75 %) has made it one of

the most popular proteins. Novel research techniques have improved understanding

of its properties, opening up new applications. However, casein is not just a dietary

protein. Its properties promise new and unexpected applications in science and the

pharmaceutical and functional food industries. One example is an encapsulation of

health-related substances in casein matrices. This review discusses gelation, coac-

ervation, self-assembly and reassembly of casein peptides as means of encapsula-

tion. We highlight information on encapsulation of health-related substances such as

drugs and dietary supplements inside casein micro- and nanoparticles.

Keywords Casein � Milk proteins � Encapsulation � Release � Delivery � Carriers

& Tomasz Konrad Głąb
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1 Introduction

Casein (derived from the Latin caseus for ‘cheese’) [1] is the collective term for a

family of secreted calcium (phosphate) binding phosphoproteins found in

mammalian milk [2]. Caseins, in contrast to the second milk protein fraction, i.e.

whey proteins, are insoluble and account for 80 % of total bovine milk proteins

[3, 4], which translates to 2.75 % of total milk components (Fig. 1).

Eutherian milk contains products of at least three and at most five genes that

encode casein peptides. Bovine milk contains products of four genes: aS1-, aS2-, b-

and j-casein, in assumed weight ratio of 4:1:4:1 [2, 5]. However, milk from various

breeds of cow contains caseins in various proportions [6]. All casein peptides are

amphiphilic (Fig. 2), but they differ in their amino acid, phosphorus and

carbohydrate content (Table 1) [5, 7]. Only j-casein, containing two cysteines,

can form disulphide bonds [8, 9]. Secondary structures such as a-helices and b-
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Fig. 1 Standard protein content in bovine milk. Although whey proteins show greater diversity, caseins

are more abundant. (Adapted and modified from Artym and Zimecki [3])

71 Page 2 of 20 Top Curr Chem (Z) (2017) 375:71

123



sheets are not frequent, thus making caseins flexible, unfolded or random-coil

peptides capable of creating intermolecular, e.g. electrostatic, hydrogen and

hydrophobic, interactions [2, 10]. Therefore, in solution, caseins are present in a

number of conformations that are most energy favourable [9]. Such conformations
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Fig. 2 Schematic diagram of linear chain distribution of charged, hydrophilic and hydrophobic regions

for the most common genetic types of caseins at the pH of milk (6.6). (Adapted and modified from

Swaisgood and Kessler et al. [12, 13])

Table 1 Differences in selected molecular properties of caseins

Fraction Molecular

weight (kDa)

Length of

chain (aa)

Number of cysteine

residues in chain

Number of phosphoserine

residues in chain

aS1 24.5 214 1 9

aS2 26.0 222 3 10

b 25.1 224 1 4–5

j 21.3 190 2 2

Data taken from UniProtKB database [16–19]
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explain the low sensitivity of caseins to denaturation during, e.g. thermal treatment

of milk [11].

Caseins display activity similar to the small heat-shock proteins, in this case one

casein molecule acting as a molecular chaperone towards the other casein molecule

or other protein (e.g. whey protein), stabilising the target and preventing its

unfavourable aggregation [2]. Therefore, under suitable conditions, casein peptides

are present in the form of an amorphous, stable agglomerate known as a casein

micelle (from the Latin mica for ‘crumb’ or ’morsel’) [11] with radius of

50–500 nm and mass of 103–3 9 106 kDa [9]. However, this broad distribution

occurs in pooled milk, whereas the size of micelles is constant for a particular cow

during milking, lactation and over a period of years [14]. The internal structure of

the micelle is porous [15, 16]. Images obtained by cryo-transmission electron

microscopy (cryo-TEM) show irregular channels, more than 5 nm in diameter, and

inner cavities with diameter of 20–30 nm [15].

Caseins have capacity for binding phosphorus and calcium and proline- and

glutamine-rich sequences, which are responsible for their intermolecular affinity

[2, 4]. A typical casein micelle contains thousands of casein molecules, forming

94 % of the micelle. Most of them form thermodynamically stable complexes with

amorphous calcium phosphate, which accounts for 6 % of the micelle [2, 5].

Amorphous calcium phosphate forms spherical nanoclusters with diameter of

3.5–5.0 nm, spaced *18 nm apart [21]. Phosphate is bound to the protein by

phosphoseryl residues [22]. An enzyme responsible for phosphorylation of caseins

is Golgi kinase, known as Fam20C and not to be confused with casein kinase 1 and

2, named after a model substrate used for their identification [23].

In the structure of a casein micelle, peptides aS1, aS2, and b build up mostly in the

inner part, while j-casein forms the outer ‘hairy’ layer that stabilises the micelle

sterically [5]. This stabilisation is possible because j-casein has a glycosylated

hydrophilic part that protrudes into the aqueous surrounding, known as glyco-

macropeptide [24, 25]. Interestingly, this ‘hairy’ layer is unevenly distributed and

only partially covers the micellar surface [26] (Fig. 3).

Fig. 3 Original graphical representation of casein micelle cross-section according to the model proposed

by Holt [27]. Artistic impression of casein micelle particle
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The actual internal structure of a casein micelle remains uncertain, and various

models have been constructed to describe it [14, 16]. Since casein is secreted by

mammary epithelial cells [28], the distinctive structure of the micelles is an effect of

evolution and plays an important biological role: calcium phosphate is sequestered

in the core to avoid precipitation, and casein molecules aggregate around it to

prevent formation of amyloid fibrils in mammary tissue [2], allowing mothers to

feed neonates without ill consequences.

Casein micelles exhibit pH-dependent behaviour, tightening as the pH drops and

swelling with increase of pH [29, 30]. The zeta potential measured for casein

micelles was found to be -8 mV at neutral pH and close to 0 mV on decreasing the

pH. Upon reaching the point where the micelles become unstable, it becomes hard

to estimate the potential, but it is expected to be 0 at around pH 4.8 and have

positive values at lower pH [31]. Thus, swelling of the micelles can be explained by

a pH-driven increase of negative charge that results in stronger electrostatic

repulsion between casein molecules, leading to loosening of the micellar structure

and increase in size [30], while tightening can be explained by a decrease of charge

with decreasing pH.

Lowering the pH below the isoelectric point of 4.6–4.8 causes aggregation and

precipitation of micelles combined with release of calcium [5, 32, 33], indicating the

great importance of cation availability for formation of casein micelles. In fact,

studies on sodium and calcium caseinates [34, 35] as well as casein [36] show that

different cations can influence the micelle structure in a complex manner.

Casein has many advantages including low price and simple production.

Industrial manufacture of casein involves a coagulation process that can be carried

out by two means: enzymatic or acid gelation/precipitation (Fig. 4) as in cheese-

making [10, 37]. Only acid casein can be easily resolubilised, which is achieved by

converting it to salt, caseinate, using alkalis [10, 34].

Due to its simple processing, in addition to its obvious utilisation in the food

industry, casein is also applied in other fields, including glues, plastics and textile

fibres [10]. Additionally, due to its dietary role, casein is generally recognised as

safe (GRAS), and offers biocompatibility, biodegradability and bioresorbability in

oral administration. Those characteristics make casein a promising candidate for

encapsulation matrix. The aim of this review is to present recent advances in

encapsulation utilising casein.

2 Casein Delivery Particles

As the pH is highly acidic in the human stomach but neutral in the duodenum [38],

the pH-dependent behaviour of casein micelles can be beneficial for controlled

release of substances administered orally. Additionally, caseins can penetrate the

plasma membrane in an energy-independent fashion [39], which can enhance

cellular uptake on oral administration. Furthermore, the unfolded structure of

caseins makes them easily accessible for proteolysis [9], ensuring good release by

proteolytic enzymes in the gastrointestinal tract. The amphiphilic nature of caseins

allow micelles to exhibit natural affinity for hydrophobic substances [40] as well as
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hydrophilic macromolecules such as whey proteins and polysaccharides [41]. All of

these features make casein a promising candidate for encapsulation matrix.

Casein delivery particles can be categorised based on their type and size.

According to the International Union of Pure and Applied Chemistry (IUPAC)

definition, particles can be divided into capsules with a solid shell and core space

available to entrap substances, and spherical particles without a membrane or outer

layer. In terms of size, particles with dimensions of 0.1–100 lm are granted the

prefix ‘micro’, whereas particles in the range of 1–100 nm are prefixed ‘nano’.

However, the size limit between ‘micro’ and ‘nano’ remains controversial [42].

Casein has been used as an encapsulation material for all the above-mentioned

types of particles. Different substances have been encapsulated, possessing

pharmaceutical, health-related and nutritional value. Even though approaches for

encapsulation of nutraceuticals and nutrients may differ from methods used to

encapsulate pharmaceuticals, the former are still interesting and may find

Fig. 4 Methods commonly used for casein gelation. a Enzymatic method utilising chymosin, an enzyme

found in rennet, for cleavage of hydrophilic j-casein, leading to destabilisation of micelles and

coagulation. b Lowering the pH to pI (4.6) using mineral (HCl) or organic (i.e. bacterial lactic) acid leads

to neutralisation of surface charge and subsequent gelation
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pharmaceutical applications as well. In fact, many preparations initially tested for

encapsulation of nutraceuticals were eventually tested for drugs.

2.1 Microparticles

The first papers on use of casein for microencapsulation were published in the late

1980s [43, 44], and since then much work has been carried out. This review

highlights the most recent research.

Casein exhibits outstanding gelation properties, which have been utilised

together with emulsification for encapsulation of probiotic bacteria such as

Bifidobacterium lactis, Lactobacillus casei, Lactobacillus paracasei and Lacto-

bacillus rhamnosus [45–48].

One of the methods used to achieve this is cross-linking the protein with

transglutaminase (Fig. 5). Such cross-linking results in gelation of the casein and

thus entrapment of bacterial cells [46, 47]. However, after freeze-drying and

3 months of storage in optimised conditions (4 �C and relative humidity of 11 %),

significant loss of living cells was observed. This phenomenon is thought to be

unavoidable, hence authors have proposed addition of protective substances [47].

Casein and whey proteins are other materials used for encapsulation of probiotic

bacteria [45]. Micellar casein and/or whey proteins were mixed with probiotic cells,

and rennet was added to induce gelation. Subsequently, the product was subjected to

gastric digestion in simulated gastric fluid and monitored in situ using a particle size

and shape analyser. A formulation consisting of denatured whey proteins and

micellar casein gave the best results in terms of distribution breadth, elastic

Fig. 5 Schematic reactions for different agents used for cross-linking of casein. a Reaction of

glutaraldehyde with e-amine groups of protein yields a non-conjugated Schiff base as a result of

nucleophilic attack on the aldehyde groups. Additionally, in alkaline solution, polymeric glutaraldehyde

can form and react with proteins [49]. b Enzymatic acyl-transfer reaction between c-carboxamide group

of glutamine residue and e-amino group of lysine residue facilitated by transglutaminase results in e-(c-

glutamyl)lysine isopeptide bonds [50]. c Genipin cross-linking results from nucleophilic attack on genipin

ring by primary amine group followed by nucleophilic substitution of ester group [51]
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modulus, encapsulation rate, half-time of gastric digestion, particle size and survival

rate.

Even though casein microparticles can resist low pH, they are readily digested by

pepsin in vitro and offer insufficient protection to probiotic bacteria in vivo. To

prevent this phenomenon, a fat coating was introduced, granting these particles

resistance to pepsin digestion in vitro. However, when tested on mice, the particles

were still easily digested, presumably through the action of gastric lipases [48].

Nonetheless, it is possible that other coating materials could be suitable for this task.

Recently, spray-drying instead of emulsification was also used for microencap-

sulation of probiotic bacteria [52]. Micellar casein was mixed with denatured whey

proteins and chymosin. After enzymatic cleavage of j-casein, L. rhamnosus

lyophilisate was added and the mixture was spray-dried. The survival rate of

bacterial cells after spray-drying was satisfactory, but the preparation was not tested

in model gastric conditions. Nonetheless, the obtained microparticles exhibited

interesting behaviour during reconstitution in water: at 8 �C, probiotic cells were

released, while at 40 �C, gel formation caused entrapment. This finding offers

perspectives for storage of probiotic cells.

Caseins were found to interact with polysaccharides, forming coacervate-type

complexes [53–56]. Coacervation is triggered by adjusting the pH below the

isoelectric point of casein. Such low pH is necessary as both casein and

polysaccharides have negative charge in neutral pH, repelling each other. Shifting

the pH to low values results in positive charge on the proteins, allowing them to

interact with the negatively charged polysaccharide chains [55].

The coacervation method was reported to be suitable for encapsulation of volatile

compounds [55, 56]. After mixing sodium caseinate or whey protein isolate with

carboxymethyl cellulose, b-pinene was added and oil-in-water emulsions were

prepared. Coacervation was conducted at pH 2.8. Higher protein-to-polysaccharide

ratio was more beneficial through the formation of a network in which b-pinene

could be entrapped, being more evident in the case of whey proteins, supposedly

due to partial unfolding at low pH [55]. Addition of reticulating agents, cross-

linking via hydrogen bonds, during coacervation gave contradictory results: tannic

acid did not induce any significant change, whilst glycerol gave a 1.5- to 2-fold

increase in encapsulation efficiency in the case of caseinate and above 2.2-fold in

the case of whey protein isolate. The authors attributed these differences to the size

of the compounds utilised, as the small glycerol molecules were able to fill the pores

in the microcapsules sealing them, while tannic acid could cause disruption of the

matrix during coacervation [56].

Jain et al. used gum tragacanth for coacervation with casein to encapsulate b-

carotene [53] and lycopene [54]. Briefly, the bioactive compounds were dissolved in

rice bran oil and emulsified with casein. Gum tragacanth was added to obtained oil-

in-water emulsions, and the pH was adjusted from 10.5 to 2.0 to trigger

coacervation. Complexes were then treated with genipin to cross-link the coating

material. Despite the initial burst release attributed to adsorbed or externally

encapsulated b-carotene, microcapsules generally exhibited a good release curve

during in vitro release studies. Additionally, microcapsules retained good stability

during 2 months of storage, especially at 4 �C [53]. The stability and residual action
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of lycopene-loaded capsules were shown to be significantly enhanced in comparison

with lycopene in oil. Furthermore, twofold better bioavailability was observed in

rats for microencapsulated lycopene [54].

In other work, casein was coacervated with pectin. Indomethacin was mixed with

casein/pectin solution, and coacervation was triggered by slowly reducing the pH to

3.5 [57]. The same procedure was followed for acetaminophen (paracetamol). Some

formulations used in this study were additionally cross-linked with glutaraldehyde.

The obtained microparticles were able to prolong indomethacin release, and the

interaction between casein and pectin did not prevent the enzymatic breakdown of

pectin. However, cross-linking inhibited enzymatic digestion of pectin without

prolonging release. The formulation was shown to be unsuitable for water-soluble

drugs such as acetaminophen, which exhibited rapid release.

Casein was shown to act as an antioxidant in emulsions and microspheres [58].

Microspheres were prepared from sodium caseinate and pectin, emulsified with fish

oil, followed by cross-linking with transglutaminase. The stability of microencap-

sulated fish oil was then compared with that of emulsions prepared with fish oil and

casein or Tween 20. Specimens stabilised with caseinate oxidised slower than those

stabilised with Tween 20, and interestingly no significant differences were shown

between caseinate emulsions and caseinate microspheres.

Flaxseed oil and quillaja saponin were emulsified and mixed with sodium

alginate and sodium caseinate. Then, using an encapsulation unit, droplets were

injected into calcium chloride solution to facilitate gelation. Sodium caseinate was

shown to effectively inhibit lipid oxidation during 50 days of storage at 55 �C [59].

Flaxseed oil was also microencapsulated in caseinate and whey protein

concentrate-based microcapsules prepared by emulsification followed by spray-

drying. After 6 months of storage at 35 �C, the microcapsules showed high

oxidative stability. When tested in simulated gastric fluid and simulated intestinal

fluid conditions, the caseinate microcapsules showed nearly twofold higher release

than whey protein concentrate capsules [60].

2.2 Nanoparticles

Many biofluids, including milk, contain phosphate and calcium in concentrations

exceeding the limits of solubility that are stabilised by proteins [21]. Caseins fulfill

this role through their natural ability to self-assemble into micelles in presence of

calcium phosphate [61]. In some way, this phenomenon can be perceived as

encapsulation invented by Nature itself. The concentration of casein monomers at

which micelles appear, i.e. the critical micelle concentration (CMC), is considered

to be 1.0 mg/ml [29], but various factors affect casein micellisation in different

ways. Furthermore, hydrophobic regions of caseins can interact with other

hydrophobic substances. These characteristics can be harnessed to create delivery

nanoparticles.

The first report treating casein micelles as nanocapsules was published by Semo

et al. Those authors were able to incorporate fat-soluble vitamin D2 in hydrophobic

regions of reconstituted casein micelles [40]. Moreover, two different papers

concerning binding of lipophilic compounds to hydrophobic regions of caseins were
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published at roughly the same time, but the authors did not consider the obtained

products to be capsules [62, 63]. This led to a series of other studies concerning

encapsulation of hydrophobic compounds in reassembled casein micelles using

different approaches (Table 2). The process of creating loaded reassembled casein

micelles consists of three phases. The first step is disruption of the micellar

structure, which is achieved by, inter alia, high-pressure treatment, ultrasound

treatment or simply using caseinate already deprived of its micellar structure

[40, 64, 65]. Then, lipophilic substances dissolved in organic solvents such as

ethanol are added. Ethanol has a dissociative effect on casein, presumably due to

increased solubility of caseins by reduction of phosphoseryl cross-linking and

increased protein hydrophobicity [66]. In the next step, removal of disrupting agent

and organic solvent allows hydrophobic substances to bind to lipophilic regions of

Table 2 Techniques utilised for preparing loaded reassembled casein micelles

Category Substance Technique References

Pharmaceuticals Triclosan High pressure homogenisation [63]

Flutamide Spray-drying [65]

[66]

Curcumin Spray-drying [67]

pH-shifting [68]

High pressure treatment [69]

Nutraceuticals Vitamin D2 Restoration of mineral composition and ultra-

high pressure homogenisation

[59]

High pressure treatment [70]

[71]

Vitamin D3 Restoration of mineral composition and ultra-

high pressure homogenisation

[72]

[73]

[74]

b-carotene Solvent displacement [60]

Emulsification-evaporation [61]

Restoration of mineral composition and ultra-

high pressure homogenisation

[75]

Restoration of mineral composition and spray-

drying

[76]

High pressure homogenisation [77]

Restoration of mineral composition [78]

Vitamin B9 Coacervation and spray-drying [79]

x-3 polyunsaturated

fatty acids

Restoration of mineral composition and ultra-

high pressure homogenisation

[80]

Fucoxanthin Restoration of mineral composition and spray-

drying

[81]

Nutrients Soybean oil pH changes and ultrasound treatment [62]

Rapeseed oil

Fish oil
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caseins and the micelles to reassemble (Fig. 6). In the case of caseinate, an extra

step is necessary to recreate the micellar structure: restoration of the mineral

composition achieved by addition of certain salts [40].

Recently, reassembled casein nanocapsules loaded with vitamin D3 were shown

to provide bioavailability of vitamin D comparable to that in Tween 80 [74, 75] and

successfully underwent clinical trials, showing bioavailability similar to that in fat

[76]. Furthermore, different casein nanoparticles were shown to protect the content

against cold storage, heat, high hydrostatic pressure processing, oxidation and

ultraviolet (UV) radiation [40, 74, 77, 80, 82]. Nonetheless, reassembled casein

nanoparticles are readily digested by gastrointestinal proteases [79–81]. This could

be beneficial for stomach delivery, but when the intestine is targeted, additional

factors should be introduced to reduce gastric digestion.

Interaction of caseins with other polymers was another process used for

preparation of nanoparticles. Casein–pectin polyelectrolyte complexes were fabri-

cated by slow acidification with glucono-d-lactone and heating. Rutin was chosen as

a model encapsulated compound. The obtained nanoparticles showed delayed

proteolysis in simulated gastric conditions and sustained release in simulated

intestinal conditions [84]. A casein–zein complex was used to co-encapsulate

eugenol and thymol before spray-drying. After rehydration, the capsules were

stable and allowed the content to exhibit bacteriostatic effects against Escherichia

coli and Listeria monocytogenes [85]. Kessler et al. mixed casein rich in aS-casein

with triblock copolymer PEO13–PPO30–PEO13 [13]. Micelles containing both

polymers were formed and could solubilise pyrene.

Self-assembled nanoparticles were also prepared with chemically modified

protein. Casein grafted with dextran was prepared by means of Maillard reaction

[86]. b-Carotene was incorporated into spherical nanocapsules composed of a b-

carotene core surrounded by casein molecules with dextran chains facing outside.

The obtained nanocapsules were water soluble, stable, and upon digestion with

proteases could release their content. Aqueous dispersion of nanoparticles was

stable against oxidation, pH change and ionic strength change [86]. In other work,

the Amadori rearrangement of the Maillard reaction was used to prepare casein-

graft-dextran copolymer [87]. The product exhibited pH-dependent behaviour with

micellisation occurring at pH equal to the pI of casein and successfully encapsulated

pyrene as a model substance, used as a fluorescence marker. The Maillard reaction

was also used to conjugate casein and maltodextrin [88]. Nanocapsules were able to

Fig. 6 Graphical representation of general principle behind reassembled casein nanospheres. Briefly, the

micellar structure is disrupted, lipophilic compounds dissolved in organic solvents bind to hydrophobic

regions of casein peptides, then caseins are reassembled, creating new, substance-loaded nanoparticles
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protect vitamin D2 in gastric-like conditions (2 h, pH 2.5), but during simulated

gastric digestion, Nile red (used as a hydrophobic substance model) was not

released. The authors suggested potential for enteric delivery, even though such an

approach was not tested.

Preparation of casein nanoparticles aided by application of cross-linking agents

has been studied. Kumar and Singh prepared nanoparticles from casein and silk

fibroin blend cross-linked with glutaraldehyde [89]. Particles were optimised using

an in silico approach before preparation. Carvedilol in dimethylformamide was

added to pre-fabricated nanoparticles, and after stirring and sonication the

suspension was dialysed against water. The optimised formulation exhibited

spherical shape and a twofold increase in maximum observed plasma concentration

as well as 6.87 times increase in bioavailability compared with aqueous solution

during in vivo experiments in rats. In another study, glutaraldehyde cross-linked

casein was used to encapsulate magnetic particles [90]. Methanolic solution of

doxorubicin was mixed with magnetic iron oxide nanoparticles coated with

polymaleate and octadecene copolymer and incubated to allow the drug to be

incorporated into the hydrophobic layer of the polymer. Particles were then coated

with casein by deposition of casein molecules onto the particles followed by

glutaraldehyde cross-linking. The casein-coated nanoparticles showed enhanced

permeability compared with uncoated particles in ex vivo experiments. This

phenomenon is thought to be attributable to energy-independent penetration of the

plasma membrane by casein molecules [39, 90]. Additionally, the casein outer layer

was shown to be resistant to pepsin at low pH and was digested by trypsin at neutral

pH [90]. Clearly, glutaraldehyde cross-linking is responsible for the inhibition of

gastric digestion of the otherwise readily digestible casein. This knowledge can be

used to control digestion of nanocapsules targeted for the intestine. Even though

glutaraldehyde is toxic [91], there are long established methods for determination of

the smallest amounts of glutaraldehyde [92, 93], allowing monitoring of the reaction

with proteins [92].

Glutaraldehyde can be substituted with non-toxic, or less toxic, cross-linking

agents. Zhen et al. used transglutaminase to cross-link casein for preparation of

nanoparticles loaded with cisplatin [94]. Nanoparticles enabled deep penetration

into tumour tissue, and in mice with hepatic tumour growth, inhibition was better

than with free cisplatin.

Cross-linked casein nanoparticles were recently used for preparation of swellable

floating tablets [95]. Alfuzosin hydrochloride was dissolved directly in casein

solution, and genipin in ethanol was added to achieve cross-linking. Nanoparticles

were obtained by spray-drying [95, 96]. Powdered nanoparticles were then tableted

using a single-punch tablet press. Tablets obtained by this method were compared

with marketed alfuzosin formulation. Casein-based tablets floated much faster than

marketed ones. Both formulations prolonged alfuzosin release for 24 h [95],

whereas drug release could be modulated by altering the cross-linking degree in the

case of the casein tablets [95, 96].

One of the most interesting papers describes nanoencapsulation in a freeze-

concentrated (cryocentrated) phase [97]. This phase can be defined as a microspace

with high concentration of ice crystals forming during freezing in aqueous solution.
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Casein and b-carotene were mixed and steadily frozen at -40 �C, then freeze-dried

under vacuum at -20 �C. b-Carotene molecules were enclosed between the surface

and interior of the nanoparticles. When aging under frozen conditions was

introduced, the amount of b-carotene on the surface increased, along with the

surface hydrophobicity. However, after rehydration, the surface hydrophobicity

reverted.

2.3 b-Casein nanoparticles

The ability to self-assemble is also observed for individual casein peptides such as

b-casein, which forms globular micelles composed of 15–60 molecules with

hydrodynamic radius of 7–14 nm [98, 99]. Extraction of b-casein involves three

consecutive steps: separation of whole casein from milk, and isolation of b-casein;

micelle disruption by acidification, chelation or cooling, and purification; washing,

precipitation and separation [100].

b-Casein is found in micelles at pH above pI (5.33) and 15–30 �C, but is

monomeric at 0–8 �C [7, 101], making these conformational changes temperature-

driven characteristics. At 24 �C and pH 2.6, below pI, b-casein is present as round

disk-like assemblies with width of 3–4 nm and diameter of 20–25 nm [102]. The

CMC of b-casein is 0.3–0.7 mg/ml and depends on pH, temperature and ionic

strength [99]. b-Casein molecules have charged hydrophilic N-terminal regions,

whose electrostatic repulsion combined with the attraction of hydrophobic domains

forms the basis of its micellisation (Fig. 2) [99]. The majority of the hydrophilic

residues form the shell, while most of the hydrophobic residues form the core of b-

casein micelles [103]. In fact, its behaviour resembles diblock copolymers [104].

In recent years, b-casein has been used for encapsulation of hydrophobic

therapeuticals including celecoxib [105–107], ibuprofen [108], mitoxantrone

[109, 110], naringenin [111], paclitaxel [112, 113], tariquidar [112] as well as

Vinca alkaloids (vinblastine), taxanes (paclitaxel and docetaxel) and camptothecins

(irinotecan) [101].

The b-casein used in the above works was of bovine origin, but casein produced

by other species can also be used successfully. Interestingly, Esmaili et al.

encapsulated curcumin in nanoparticles based on camel b-casein [114], although

broader application may be limited as this encapsulation material is quite

uncommon.

Similarly to whole casein, b-casein also offers protective abilities, in this case

against lyophilisation [105].

3 Conclusions

This review presents the perspectives for utilisation of caseins as encapsulation

material. Caseins, being dietary proteins, are considered to be GRAS and are

expected to be biocompatible, biodegradable and bioresorbable on oral adminis-

tration. Their easy access and relatively high concentration in the raw material from

which they are obtained, i.e. milk, make caseins inexpensive. Production of caseins
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is well known, long established and considered simple. Their flexible and unfolded

conformation provides them with resistance to denaturation, which is beneficial

during processing and manufacture.

The behaviour of casein micelles is driven by changes of pH, causing them to

shrink in an acidic environment. This phenomenon is anticipated to confer

protection of substances encapsulated in casein during passage through the harsh

environment of the stomach. The open structure of caseins makes them vulnerable

to proteolytic digestion, which in some cases can be beneficial, such as for complete

release of encapsulated substances, but disadvantageous in others, e.g. unchecked

burst release, but can be controlled by utilising cross-linking agents. This is

probably due to rigidisation of protein structure and blocking of residues recognised

by proteolytic enzymes. Caseins have also been shown to penetrate the plasma

membrane in an energy-independent fashion, ensuring enhanced cellular uptake of

encapsulated substances.

Casein has been used for both microencapsulation and nanoencapsulation of

biologically active agents, including pharmaceuticals, probiotic cells, nutraceuticals

and nutrients. Encapsulation approaches for pharmaceuticals differ from methods

used for other substances, but this does not limit their potential for future work.

Indeed, many approaches tested for nutraceuticals were eventually used for

pharmaceuticals.

The remarkable gelation properties of casein have been used to prepare

microcapsules that can encapsulate cells of probiotic bacteria. This process was

facilitated by the enzymatic action of rennet or transglutaminase. However,

additional work is necessary to improve the survival rate and stability of cells during

storage. Much progress has also been made on coacervation of casein with

polysaccharides to encapsulate hydrophobic substances. This process can be

achieved by adjusting the pH to low values, as caseins gain positive charge in acidic

pH, and can thus interact with the negative charge on polysaccharides. However,

such methods are probably limited to acid-insensitive substances, as others may be

damaged.

Caseins are naturally designed to bind and encapsulate high concentrations of

calcium phosphate, via self-assembly into micelles. This, combined with the block

distribution of hydrophobic regions of caseins, enables them to interact with

lipophilic substances, providing a basis for nanoencapsulation of hydrophobic

substances. In brief, particular factors are utilised to disrupt the micellar structure,

hydrophobic substances are added and bind to caseins, followed by removal of

disrupting factors and subsequent reassembly of caseins into micelles with the

substances of interest entrapped inside. Such nanoparticles can provide solubilisa-

tion of lipophilic compounds in water-based solutions, in addition to improved

bioavailability and protection against certain conditions. Recently, self-assembly

was also studied for isolated b-casein. This biopolymer has a diblock structure in

terms of charge and hydrophobicity distribution along the chain, providing the

foundation for its spontaneous micellisation. From 0 to 30 �C, b-casein changes

from monomeric to micellised. This temperature-driven process in such a mild

thermal range suggests great potential for nanoencapsulation of sensitive

compounds.
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Different casein nanoparticles have been shown to protect their contents against

cold (storage and lyophilisation), heat, oxidation, UV radiation, high hydrostatic

pressure processing and changes of pH and ionic strength.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0

International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, dis-

tribution, and reproduction in any medium, provided you give appropriate credit to the original

author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were

made.

References

1. Beezer GR (1940) Latin and Greek roots in chemical terminology. J Chem Educ 17:63–66. doi:10.

1021/ed017p63

2. Holt C, Carver JA, Ecroyd H, Thorn DC (2013) Invited review: caseins and the casein micelle: their

biological functions, structures, and behavior in foods. J Dairy Sci 96:6127–6146. doi:10.3168/jds.

2013-6831

3. Artym J, Zimecki M (2013) Milk-derived proteins and peptides in clinical trials. Postȩpy Hig Med
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