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1. Introduction 
 

Human history is inevitably connected to materials. Everything could be materials, and a 

material is a substance or mixture of substances that constitutes an object. Materials can be pure 

or impure, living or non-living matter. As human beings constantly shaped materials to serve 

their needs, it is significant for the improvement of civilization and to make a contribution to 

innovation. A beginning of a new era always is accompanied by the evolution of materials. 

Throughout history, human tried to gain more knowledge to develop their way to fictionalize 

materials. And the self-assembly process is a very important step. When compared with the 

previous time, materials themselves should be built from one to another part, at the moment all 

these isolated parts can be assigned in such a way that are assembled by themselves. Applying 

this approach makes it clear why the self-assembly process attracted scientists all over the 

world, as it represents the foundation of life. A tunable process is inevitable for the aim to 

approach the nanoscale level in material design. 

Products based on self-assembly mechanisms are indispensable in our everyday life; they all 

utilize small molecules, e.g. surface-active agents, like surfactants in soap and daily shampoo 

for shower. Surfactants are usually organic compounds that are amphiphilic, meaning they 

contain both hydrophobic groups (their tails) and hydrophilic groups.1 These amphiphilic 

molecules have been widely used, while the design of small molecules is limited due to the 

available size of the molecule and few applications in different liquid phases. On one hand, 

macromolecules can offer a shear infinite possibility of opportunities for tailored design. Here, 

the toolbox of polymer architecture can be applied containing modification in composition, 

topology and even the introduction of certain functionalities. As a result, the approach of self-

assembly via block copolymers spread out to diverse research fields, such as 

(nano)electronics,2-3 (nano)lithography,4-5 and catalysis,6-7 appeared to realize demands. One 
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prominent area that is gathering more and more attention is the biomedical field. On the other 

hand, a water-based polymer system, which is named as the aqueous two-phase system (ATPS), 

allows application in pure water systems.8 ATPS mixes two aqueous solutions of water-soluble 

polymers, which turn biphasic when exceeding a critical polymer concentration. It has shown 

significance recently to water-in-water (w/w) emulsions due to their potential applications.8-10 

W/w emulsions cannot be stabilized by ordinary surfactants, as they miss the scale of the phase 

boundary.11-17 On the contrary, solid particles adsorbed at the interfaces can be exceptionally 

efficient stabilizers forming so-called Pickering emulsions.18-19  Nanoparticles can bridge the 

correlation length of polymer solutions and are thereby the best option for w/w emulsions. The 

presence of the solid particles at the interface inhibits coalescence of droplets, leading to 

efficient stabilization. Here, chemists use various nanoparticles14, 16, 20 in order to achieve the 

desired function while economical questions gain less concern, in contrast to industrial related 

applications. As a consequence, the boundaries of knowledge in many areas of cosmetics or 

food, possibly as an alternative to deliver ingredients21-22 with preferred solubility in the 

dispersed phase could be pushed further.  

All the mentioned applications above benefit from the inherent property of aqueous systems. 

Moreover, there are other applications in permeability and thus the compartmentalized structure 

is desired. In addition the system was further developed towards colloidosome formation via 

crosslinking and supramolecular hydrogels. Usually, colloidal shell synthesis can be conducted 

via the self-assembly of appropriate nanoparticles between liquid interfaces and subsequent 

crosslinking.23-26 Moreover, formation of a supramolecular hydrogel network within ATPS 

emulsions should allow capturing their fine structure, resulting in micro-compartmentalized, 

fully aqueous hydrogel materials.27 However, functionality and processability of aqueous multi-

phase systems still need to be enhanced for the utilization of ideal encapsulation devices in the 

future. 
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In addition to the basis of human demands, also researchers are denoted to current healthcare. 

W/w emulsions, compartmentalized hydrogels and crosslinked hydrophilic polymer networks, 

are promising as synthetic materials for tissue engineering as high water content of hydrogels 

are similar to biological tissues. Therefore, new approaches are applied in order to fabricate 

aqueous-based structure with diverse mechanical features and advanced healthcare materials.  

In the present thesis, particle stabilized water-in-water emulsions as well as compartmentalized 

hydrogels are investigated that show promising properties for future application in the 

biomedical field. 
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2. Background and Motivation 

2.1. Aqueous Two-Phase System (ATPS) 

Aqueous two-phase systems (ATPSs), also known as all-aqueous systems, are formed by phase 

separation of an aqueous mixture containing two incompatible additives, such as two polymers 

or polymer and salts, above critical concentrations.28-29 In 1896, Martinus Beijerinck recognized 

this phenomenon for the first time when he found the formation of two immiscible phases after 

dissolving concentrated starch and gelatine in water.30 ATPSs were rediscovered by Per Ake 

Albertsson in the 1950s for utilizing them to concentrate and isolate different types of biological 

materials.31 Since then, these systems have gained tremendous attention in a variety of areas, 

such as food industry, chemical synthesis, and biomedical engineering.32-33 In particular, the 

simultaneous possession of different affinities, i.e., partitioning of (bio)molecules towards the 

two immiscible phases, has established ATPSs in various conventional applications,34-36 such 

as extraction,34, 37 separation,38-39 purification,40-41 and enrichment of cell organelles,42-45  

proteins,31, 46 carbon nanotubes,47-48 and metal ions.49 

Therefore, the unique ability of aqueous two-phase systems (ATPSs) to create aqueous–

aqueous interfaces through phase separation and the characteristics of these interfaces has 

created new opportunities in biomedical applications.  

2.1.1. The types of ATPS 

The most common biphasic systems are formed by two polymers (usually poly(ethylene glycol) 

(PEG) and dextran) or a polymer and a salt (e.g., phosphate, sulfate or citrate). Other types 

include ionic liquids and short-chain alcohols.32, 34, 37, 50-51 In addition to this, ionic and/or 

cationic surfactant mixtures are used for the formation of ATPSs, which are usually named as 

aqueous surfactant two-phase systems (ASTP systems).50, 52 Polymer-polymer/salt systems 

have been studied for more than five decades. Polymer-polymer systems are preferably used 
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for the separation, recovery and purification solutes sensitive to the ionic environment as these 

systems pose low ionic strength. High ionic strength is the main disadvantage of polymer-salts 

system.53 Alcohol-salt ATPS are inexpensive as compared to polymers and copolymers based 

ATPS. These systems are also characterized by low viscosity, easy constituent recovery, and 

reduced settling times, but a major drawback of using this type of ATPS is that many proteins 

are not compatible with alcohol rich phase.54-55  

The aqueous micellar two-phase system was first introduced by Bordier for the separation of 

integral membrane proteins.56 These systems are also useful for ionic environment sensitive 

solutes as nonionic surfactants can be used for the formation. Mixed micellar systems are 

becoming popular for showing selectivity features.57 Most recently, ionic liquids (ILs) based 

ATPSs were developed.58 Poly-phase systems (three or four polymer phases) also have been 

constructed for the separation of biomolecules.32 Single-polymer ATPSs have also been 

reported, which utilize only one polymer for the formation of ATPS in water.59 PEGs of 

different molar mass are widely used as polymers in ATPS due to their low toxicity, low price 

and low volatile nature.38 Table 2.1 shows different types of ATPS with representative 

examples. 
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Table 2.1. Types of ATPS with representative examples 

Types of ATPS Representative examples   

 Composition of ATPS Product Results 

Polymer-polymer PEG-dextran60 Chitinase Successful partitioning 

of chitinase towards 

bottom phase 

Polymer-salt PEG-K2HPO4
61 B-phycoerythi Recovery yield = 90 %  

Purification factor = 4 

Alcohol-salt Ethanol- K2HPO4
55 2,3-butanediol Recovery yield > 98 % 

Micellar/reverse 

micellar ATPS 

n-Decyltetra(ethylene 

oxide)62 

Bacteriophages Bacteriophages 

partitioning 

towards micelle poor 

phase 

Ionic liquids (ILs) -

based ATPS 

Imidazolium-K2HPO4
63 Curcuminoids Extraction yield= 96 % 

Purity= >51 % 

 

2.1.2. The dynamics mechanism of ATPS 

Just as oil and water that are immiscible with each other, two immiscible aqueous phases from 

the phase-separated ATPS also have an inherent interfacial tension, γ. However, in contrast to 

the o/w systems, the interfacial tension of the w/w system is typically very low, sometimes less 

than 1 µN m-1. The low interfacial tension associated with w/w interfaces favors the formation 

of all-aqueous jets, rather than droplets due to the slow growth of the Rayleigh-Plateau (RP) 

instability. Theoretically, the effective growth rate (ωr) of the RP instability on a liquid jet 

(radius: r0, viscosity: µ1) surrounded by an immiscible outer fluid (viscosity: µ0) can be 

predicted by linear stability analysis, in the form of64-65 

𝜔𝑟 =
𝛾

16𝜇𝑜𝑅

𝐹(𝑥,𝜆)

𝑥9(1−  𝜆−1)−𝑥5                                                                                                       (2.1) 

where γ, R, k, x, and λ indicate the interfacial tension of two phases, size of the channel, 

dimensionless wavenumber, dimensionless radius of the jet (defined as r0/R), and the viscosity 

ratio (defined as µ1/ µ0), respectively. The function F(x, λ) is expressed as 
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𝐹(𝑥, 𝜆) = 𝑥4(4 −  𝜆−1 + 4 ln 𝑥) + 𝑥6(−8 + 4 𝜆−1) + 𝑥8[4 − 3 𝜆−1 − (4 − 4 𝜆−1) ln 𝑥]  (2.2) 

To simplify, the growth rate can be roughly estimated as ωr ~ γ/(r0µ0).66 

Compared to o/w systems with high interfacial tensions, the growth rate of the linear instability 

in w/w jets is much smaller, resulting in a significantly slower breakup into droplets and thus 

providing a possibility to achieve a long and stable liquid jet. Stable w/w jets have been 

achieved by combining ATPSs with microfluidic techniques, as demonstrated in glass 

capillary-based and polydimethylsiloxane (PDMS)-based microfluidic channels, respectively 

(Figure 2.1a and 2.1b).67-68 For instance, when two immiscible phases with an interfacial tension 

of 0.3 mN m-1, extracted from aqueous mixtures of 7 wt% PEG (molecular weight Mw = 10 

kDa) and 10 wt% DEX (Mw = 500 kDa), are injected into the microfluidic channels, the 

generated jet can be as long as 160 mm (Figure 2.1b). On the contrary, in conventional o/w 

systems, even with addition of sufficient surfactants,69-70 such long jets are still very difficult to 

achieve. The ability to form long and stable all-aqueous jets in microchannels also provides a 

very promising approach to fabricate surfactant-free microfibers.71 In addition, the perturbation 

growth rate measured in experiments is found to be one order of magnitude smaller than that 

predicted from linear stability analysis, suggesting a different mechanism might account for the 

breakup of liquid jets with low interfacial tensions.68, 72 
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Figure 2.1. Stable w/w jets formed in microfluidic channels. (a) Schematic showing formation 

of w/w jets via a glass-capillary-based microfluidic device with a co-flow geometry (a1), and a 

typical image of the resulting stable jet (a2).67 (b) Schematic showing formation of w/w jets in 

a PDMS-based microfluidic device with a flow-focusing geometry (b1), and a typical image of 

the resulting stable jet (b2).68 

2.1.3. Factors influencing partitioning of biomolecules in ATPS 

Most of the ATPSs are optimized according to the physicochemical properties of solutes of 

biomolecules. Main factors influencing partition behavior in ATPS are collected in the 

following sections. 

2.1.3.1. Molar mass (MW) and concentration of polymer  

As most of the ATPSs are composed of polymer-polymer/salt. MW of polymers greatly 

influence the partition. Generally, 
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 ↑ MW of polymer→↓ concentration of polymer required for phase formation 

 ↑ Differences between the MW of polymers→↑ asymmetrical curve of the phase 

diagram 

 ↑ MW of PEG→↓ value of K  

In a polymer-salt system, partition towards polymer rich phase decreases upon increasing the 

concentration of polymer while in a polymer- polymer system partition decreases towards phase 

having high MW polymer. The main reason behind this phenomenon is the increase in the steric 

exclusion of biomolecule from the high MW polymer-containing phase or because of changes 

in the hydrophobicity of phases.34, 73 For example, as increase in the MW of polymer increases 

hydrophobicity by reducing the hydrophilic groups/hydrophobic area.73 

2.1.3.2. Hydrophobicity 

Hydrophobicity plays an important role in the partitioning of proteins. Two main effects, i.e., 

phase hydrophobicity effect and salting out effect, are involved in hydrophobic interactions.73-

74 In polymer – salt systems, hydrophobicity may be manipulated by varying the value tie line 

length (TLL), MW of polymer and by adding a salt (e.g., NaCl). The low NaCl concentrations 

(<1 M) do not affect ATPS, however, high salt concentrations (>1 M) changes the phase 

diagram.75 Thus, the addition of salt in ATPSs has a significant effect on the partition 

coefficient.76 These salts contain ions of different hydrophobicities and the hydrophobic ions 

force the partitioning of counter ions to phase with higher hydrophobicity and vice versa. The 

salting-out effect moves the biomolecule from salt-rich phase to polymer-rich phase.77 

2.1.3.3. pH 

The pH of ATPS may alter the charge and surface properties of the solute, which affects the 

partitioning of biomolecule. The net charge of the biomolecule turns negative in case of higher 

pH than the isoelectric point (pI) and positive if lesser than pI. If the pH is equal to pI, the net 
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charge will be zero.77 It has been reported that the partitioning of negatively charged 

biomolecule in a system at higher pH increases the partition coefficient and target biomolecule 

prefers DEX-rich phase. Higher pH values than pI of biomolecule induce an affinity towards 

PEG-rich phase because of the positive dipole moment.74, 78 

2.1.3.4. Temperature 

Temperature greatly affects the composition of two phases in an ATPS, and the phase diagram. 

The changes in temperature also affect partition through viscosity and density. Therefore, it is 

always recommended by the researchers to have a strict control of temperatures in ATPS related 

experiments. In general, phase separation is obtained at lower temperature in a polymer-

polymer ATPS with lower concentrations of polymer,79 however, an opposite effect is seen in 

polymer- salt system.80 

2.1.4. The applications of ATPS for separation and extraction 

2.1.4.1. Cells and organelles 

Purification of whole cells and their organelles using ATPS have been investigated by several 

authors. There are many reasons behind the purification of these cells and their organelles. For 

example, platelets contain various growth factors (e.g., platelet derived growth factor, 

transforming growth factor β and vascular endothelial growth factor). Thus, platelets are used 

as healing stimuli in different medical conditions. Sumida and co-workers reported the 

separation of platelets from whole blood using 16 types of polymers in a polymer-based ATPS. 

They concluded that poly (2- methylacryloxyethyl phophorylcholine-co-n-butyl methacrylate) 

based separations were suitable for therapeutic purposes.81 Separation of cells in ATPS depends 

on numerous intrinsic properties like, electrochemical charge, size, hydrophobic and 

hydrophilic surface properties or in other words, interaction between the cell/organelle and 

polymer used in ATPS draw the separation pattern.82 
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Nowadays microfluidic devices are used for the separation of blood cells. Toner and Irimia 

excellently reviewed the use of such devices for blood cell separations.83 For the first time a 

microfluidic separation method was applied to blood based on ATPS by SooHoo and coworkers. 

Whole blood was exposed to PEG-dextran ATPS and the results showed a different ratio 

between leukocytes and erythrocytes.84 

ATPS has also been used for several decades in plant related research. Numerous studies have 

been reported for the separation of whole-cell from cell lysates, e.g., isolation of plasma 

membrane vesicles from maize,42 purification of symbiosomes from pea and selection of high 

yielding cells from cultured strawberry cells.43 

Extracellular vesicles such as exosomes and microvesicles are used as biomarkers for blood 

based diagnostic purposes. But there is a lack of effective purification strategies. Recently, Shin 

et al., demonstrated an ATPS based method for the purification of such extracellular vesicles. 

A polymer-polymer (PEG-dextran) ATPS was used which resulted in almost 70 % recovery 

just in a time span of 15 min.85 

2.1.4.2. Low molecular weight compounds 

Low molecular weight biomolecules (e.g., phytochemicals and secondary metabolites) are 

considered as high value products due to their broad applications in food or pharmaceutical 

industry. In traditional extraction and separation techniques, organic solvents are widely used, 

which are toxic and inflammable. This problem can be solved by the help of ATPS. However, 

there are only few studies regarding the application of ATPS for the processing these kind of 

biomolecules.86 

Chethana et al., investigated the extraction and purification of betalains (derivatives of 

betalamic acids) from Beta vulgaris.41 As a natural food colorant, the demand of betalains is 

increasing, mainly because of its antimicrobial and antiviral activities. The differential 
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partitioning resulted in the 70-75 % of betalains in PEG-rich phase and sugars in salt-rich phase. 

Wu et al., showed the extraction of anthocyanins from mulberry (Morus atropurpurea Roxb.) 

Moreover, they stated that the ATPS did not alter the composition of these natural pigments 

and the antioxidant activity of the extract was relatively high as compared to conventional 

extraction techniques.87 Other reported studies include the recovery of crocins from Crocus 

sativas using an ethanol-potassium phosphate ATPS88 and the extraction of anthocyanins from 

Brassica oleracea L.89  

Recently, Zhang and co-workers used aqueous two-phase extraction (ATPE) for the enrichment 

of genistein and apigenin from pigeon pea roots (Cajanus cajan (L.) Millsp.). They employed 

an ATPS composed of 28 % ethanol and 22 % K2HPO4, and the recoveries were 93.8 % and 

94 % for genistein and apigenin, respectively.86 The extraction of natural products from plant 

matrix by ATPE is getting more importance due to increase in the demand in the nutraceutical 

industry. 

2.1.4.3. Drug residues in food and water 

ATPS is also a novel technology for the separation and enrichment of drug residues in the 

water,90 food from animal origin91 and herbs.92 ATPS has several advantages over traditional 

organic solvent extraction, or solid phase extraction (SPE) methods. It is regarded as an 

environmental friendly extraction procedure as both phases of ATPS contains water and no 

toxic volatile organic solvent is consumed in the process.90 Moreover, a demulsification step is 

necessary in common extraction methods (e.g., SPE, disperse SPE). However, in ATPS it is 

possible to directly extract analytes in one single step.93 

Detection of residues at lower concentration is also possible with these biphasic systems. Han 

et al., showed the determination of chloramphenicol residues at concentrations lower than 1.5 

μg kg−1, which was not possible in previously reported, dispersive liquid-liquid micro-

extraction and matrix solid-phase dispersion methods.91 Pesticides and herbicide residues may 
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also accumulate in the animal derived foods (e.g., milk). Recently, Yang and co-workers 

investigated five triazine herbicides in milk using ATPE. The simple ATPS was composed of 

acetonitrile and K2HPO4. The limits of detection (LOD) were 2.1, 2.6, 2.3, 2.8 and 2.5 μg L−1 

for atraton, desmetryn, atrazine, terbumeton and terbuthylazine, respectively. The lowest 

average recovery of analytes was as high as 86.3%.93 

Roxithromycin (ROX) is a semi-synthetic antibiotic used frequently in human and veterinary 

medicine. Li et al. reported the extraction of ROX residues in aqueous environment and proved 

that IL-based ATPS was more efficient than traditional solvent extraction for ROX and other 

hydrophobic antibiotics. 90 

2.1.4.4. Environmental remediation 

The applications of ATPS are not only limited to biotechnology, but also being extended to 

environmental remediation in various ways.32 

Textile industry is responsible for the discharge of 10-15 % of annually produced 1 million tons 

of biodegradation resistant dyes. These dyes and their metabolites are toxic and carcinogenic in 

nature, thus posing a high potential danger to aquatic biota and human health.94 Different 

physical and chemical methods have been studied for the removal of dyes from wastewaters. 

However, most of these methods are expensive, low efficient and laborious.95 But these 

drawbacks could be overcome by ATPS which is an economic and eco-friendly method for the 

removal of textile dyes.96 Recently, Ferreira and coworkers studied the IL-based ATPS for the 

extraction of a set of dyes in textile effluents94 and Ivetic et al. investigated a PEG-salt ATPS 

model for Acid blue 9.97 Results showed ATPS as an excellent alternative dye removal method 

with high yield. 

ATPS can be also applied for large scale removal of microorganisms from cutting fluids and 

demonstrated to be more effective than biocide treatment and irradiation. Other examples 
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include the removal of metal ions,98 food coloring dyes aromatics from industrial and 

environmental settings.99 

2.2. Water-in-water emulsions 

Water-in-water (w/w) emulsions are colloidal dispersions of an aqueous phase in another 

aqueous phase. Such dispersions can be formed in mixtures of at least two hydrophilic 

macromolecules, which are thermodynamically incompatible in solution, generating two 

immiscible aqueous phases.30 W/w emulsions are much less known than conventional oil-in-

water or water-in-oil emulsions, despite the fact that phase separation in aqueous mixtures is 

highly common. However, the kinetic stability of water-in-water emulsions is generally 

difficult to control, as amphiphilic molecules do not adsorb on water-water interfaces. The 

colloidal stability of droplets in such systems is poor because of the lack of significant inter 

droplet repulsion forces, and therefore emulsions in many aqueous biphasic systems are highly 

unstable. Consequently, surfactants are not good stabilizers for w/w emulsions, however, 

colloidal stability is enabled by the addition of particles, and the formation of water-in-water 

emulsions is feasible.  

Repulsive interactions between polymer molecules produce segregative phase separations (at 

high macromolecule concentrations) or cosolubilization (at low concentrations). This behavior 

is a general phenomenon commonly observed in mixtures of hydrophilic polymers.100 As an 

illustration, a comprehensive review listed around 100 different combinations of proteins and 

polysaccharides that resulted in segregative phase separation.101 Moreover, the same phase 

separation can also be found in many other combinations of macromolecules, and therefore, 

there is an almost unlimited number of systems that can be used to form w/w emulsions. 

Water-in-water emulsions have a wide range of applications, which greatly expanded over the 

years, taking advantage of their all-aqueous nature, in absence of both oil and surfactant. 



Chapter 2 
 

15 
 

Interestingly, w/w emulsions can be obtained in completely biocompatible systems, using 

mixtures of edible biopolymers, such as proteins and polysaccharides. Consequently, w/w 

emulsions might have many potential applications in food formulations. Moreover, they can be 

used to encapsulate hydrophilic active components for drug delivery. 

2.2.1. Emulsion formation and stabilization 

These emulsions can be prepared by applying mechanical agitation in ATPS. The phase with 

smaller volume fraction becomes the internal phase, and phase inversion occurs approximately 

at compositions in which the volume fraction of the two phases is approximately equal. 

Bicontinuous emulsions can be formed at compositions near to the inversion point at 1:1 volume 

ratio. This is illustrated in Figure 2.2, which shows examples of various w/w emulsions 

prepared in the water/gelatin/maltodextrin system.102 The two phase region appears at high 

concentrations, where gelatin-in-maltodextrin, maltodextrin-in-gelatin, and even bicontinuous 

emulsions can be formed, depending on compositions. 

At the boundary line, denoted as binodal line, the chemical potentials of the two polymers are 

the same in both phases. The pairs of phases in thermodynamic equilibrium are indicated by 

tie-lines. It is interesting to remark that phase inversion occurs at approximately 1/1 volume 

ratio, in the center of the tie-lines in Figure 2.2, because the phase with larger volume fraction 

tends to be the external continuous phase. The tie-lines converge at the critical point, in which 

the composition difference between phases disappears. Beyond the critical point, the two 

immiscible phases vanish, forming one single phase. The tie-lines can be accurately determined 

by a simple method, based on measurements of volume ratio and densities, as reported by Atefi 

et al. .103 
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Figure 2.2. Scheme of w/w emulsion formation in the gelatin/malto dextrin system.102 

It is well-known that interfacial tensions at water-water interfaces are very low, often below the 

below the 10−2 mN/m range.17, 20, 104-105 For example, in the system composed of 

H2O/dextran/PEG,17, 106-107 interfacial tension is only 0.07 mN/m at 8 wt% dextran and 6 wt% 

PEG,17 and it is even lower near the critical point. For comparison, one should consider that the 

typical values of tension in oil/water interfaces, in absence of surfactant, are in the range of 30 

mN/m.  

Ultralow values around 10-3 mN/m have been measured in gelatin/dextran and gelatin/arabic 

gum systems, using the spinning drop technique.20, 104 Antonov and coworkers have been able 

to measure interfacial tensions as low as 10-5 mN/m by a rheo-optical technique,105 near to the 

critical point of the sodium caseinate/sodium alginate aqueous system. These values of 
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interfacial tension are so low that spinning drop technique cannot be used any more. 

Furthermore, it has been demonstrated that interfacial tension depends on the difference in 

composition between the two aqueous phases, along the binodal line. Interfacial tension reaches 

extremely low values near the critical point,105 where tension becomes virtually zero. 

Moreover, it has been described that electrostatic charges at the w/w interface, originating from 

mixtures of polyelectrolytes and neutral polymers, even more reduce the already extremely low 

interfacial tension.108-109 The results suggested that an electrostatic potential difference 

spontaneously appears at the interface, producing a reduction in interfacial tension, which can 

be explained by the Poisson-Boltzmann theory. 

The main disadvantage of water-in-water emulsions is their usual lack of stability, especially in 

compositions near the critical point. Fast coalescence or flocculation tend to occur, leading to 

rapid and irreversible phase separation, despite the fact that w/w emulsions do not undergo 

Ostwald Ripenning. In w/w emulsions, the interfaces between the two phases are ill-defined, 

and are usually thicker in comparison to oil-water interfaces. Hence, water-water interfaces 

have length scales larger than the correlation length of the polymer solutions.110 Therefore, 

small hydrophilic molecules do not encounter an interface when they move from one polymer 

phase to the other. As a consequence, small molecules do not adsorb on water-water interfaces, 

and thus, poor stability is the main disadvantage for using w/w emulsions in practical 

applications. In conclusion, the stabilization of w/w emulsions is of utmost technological 

importance, and finding new methods for the effective stabilization of emulsions is an important 

challenge for chemists. Consequently, much scientific effort is currently devoted to deal with 

this issue. 

Poortinga reported the first results that describe w/w emulsions stabilized by adsorption of 

particles at the water-water interface.16 Later, Firoozmand, Murray and Dickinson reported that 

addition of particles was able to stop spinodal phase separation by adsorption of particles at the 
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interface.111 It was clearly demonstrated that Pickering emulsions can be prepared in 

water/water systems. As such, a new approach for achieving colloidal stability of w/w systems 

was achieved. 

W/w emulsions by mixing immiscible solutions of dextran and PEG were prepared in the 

presence of either latex particles or globular proteins. They observed that particles were able to 

adsorb on the interface, despite of the very low interfacial tension. Adsorption was weak in the 

case of latex particles, but better results were obtained when using a globular whey protein (β-

lactoglobulin), which adsorbed stronger on the interface. Good interface coverage was achieved, 

as shown in Figure 2.3a. The presence of protein particles on the droplet surface did not inhibit 

macroscopic phase separation, but nevertheless stability was certainly increased, with a much 

slower phase separation.11 

The protein solutions were treated by heat at 85 °C, inducing aggregation of protein molecules, 

and obtaining stable suspensions of soft hydrogels based on proteins. These hydrogel particles 

were able to adsorb on the interface much stronger than native untreated protein. As a result, 

remarkable stable w/w emulsions could be obtained, because of the Pickering mechanism.9 This 

experimental result can be easily understood, considering that the energy of adsorption of a 

particle strongly depends on particle size,112 as: 

ΔG = 𝜋𝑅2𝛾(1 − cos 𝜃)2                                                                                                     (2.3) 

Where ΔG is the energy of adsorption, R is the radius of particles, γ is the interfacial tension 

and θ is the contact angle of adsorbed particles on the interface. Considering that the interfacial 

tension is very low in w/w emulsions, the energy of adsorption remains low except for large 

particles. Native proteins were not able to stabilize the emulsions because they were too small, 

and partial aggregation resulted in larger particles able to successfully adsorb and stabilize. 
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Figure 2.3. Examples of w/w emulsions stabilized by particles. (a) Image observed by confocal 

laser scanning microcopy with fluorescent labeling of droplets that contain dextran, dispersed 

into a solution of PEG. Protein particles adsorbed on the interface appear as orange. (b) 

Amylopectin-in-xyloglucan emulsions, stabilized by β-lactoglobulin microgels surface-coated 

with xyloglucan.11, 113  

The adsorption contact angle of spherical latex particles was measured by Balakrishnan et al., 

observing fluorescently labeled particles at the interface of labeled dextran, in the PEG/dextran 

system.11, 114 In this system, the contact angle is 145°. Therefore, the energy of adsorption, 

calculated according Equation (2.3), is approximately 7kT.11 This is not a very large energy of 

adsorption, nevertheless, it is high enough to anchor the particles at the interface, against 

thermal motion. In any case, the energy of particle adsorption greatly depends on particle size, 

increasing with R2. Balakrishnan used latex particles with sizes around 1 μm, and it could be 

presumed that this is an appropriate size for achieving good stabilization.  

2.2.2. Control of droplet size and morphology 

As a consequence of the low values of interfacial tension in w/w emulsions, it is possible to 

control the droplet size of the emulsions by modulating the shear rate. For example, 
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maltodextrin-rich droplets, dispersed into a continuous phase enriched in gelatin, can be 

obtained with a droplet size of around 7 μm, achieved by applying a shear rate of 100 s-1 in a 

100 μm gap between two parallel plates.115 The droplet size is increased to around 30 μm by 

slowing shear rate down to 10 s-1 and increasing the gap to 500 μm. In any case, as mentioned 

before, these emulsions are quite unstable in absence of a stabilizing agent, unless shear is 

continuously applied, or gelification and/or crosslinking takes place either in the internal or the 

external phase. 

Norton and coworkers have dealt with the issue of controlling morphology by applying shear 

to gelifying systems.116-117 An interesting work showed that anisotropic elongated microgel 

particles with controlled shape ratio could be obtained by applying shear simultaneously to 

gelation.117 Viscosity of some biopolymer solutions in water such as gelatin, significantly 

depends on temperature, and careful tuning of this parameter during controlled shear, allows 

obtaining non-spherical particles in a kinetically trapped state.  

Structures in two-aqueous phase mixtures decrease their interfacial area by minimizing the free 

energy of the system, with the final morphology dependent on temperature, molecular ordering 

and the relative phase volume of the equilibrium phases.118-119 As a consequence, many 

different transient structures, which are inherently unstable, can be observed. For example, 

bicontinuous structures can be formed during fast decrease of temperature that induces spinodal 

decomposition.119 Interestingly, non-spherical structures can be kinetically arrested, and thus 

preserved, by crosslinking in the dispersed phase.118 It should be remarked that non-spherical 

shapes are not unfavorable, given that interfacial energy is very low, thus allowing a large 

interfacial area. In conclusion, a very wide variety of different shapes can be obtained (spheres, 

ellipsoids, rods, fibrils, etc.). There is an almost unlimited number of different morphologies, 

and authors are investigating different methods for controlling size and shape, which are usually 

based on shearing and arresting phase separation.117, 120-121 
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A high degree of control in the droplet size of w/w emulsions can be achieved by microfluidic 

techniques.67, 118, 122-124 Various authors have studied the application of microfluidic techniques 

for the formation of w/w emulsions with controlled morphologies in detail. 67 As an illustrative 

example, the formation of monodisperse droplets is displayed in Figure 2.4. The main 

differences with respect to previous microfluidic methods for production of monodisperse o/w 

or w/o emulsions, are that the interfacial tension is very low and the Rayleigh-Plateau (RP) 

instability grows slowly. For this reason, the droplets are generated by applying a quite small 

hydrostatic pressure that induces flowing at relatively low speeds. 

 

 

Figure 2.4. Example of a microfluidic device that produces rather monodisperse water-in-water 

droplets. A small hydrostatic pressure required, because of the ultralow interfacial tension in 

w/w aqueous two-phase systems.124 
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2.3. Basic knowledge of Pickering emulsions 

Pickering emulsions are emulsions of any type, either oil-in-water (o/w), water-in-oil (w/o), or 

even multiple emulsions, stabilized by solid particles instead of surfactants (Figure 2.5).112, 125-

127 Moreover, they are generally used for water-in-water emulsion preparation. Pickering 

emulsions are named after S.U. Pickering whose publication128 is considered as the first report 

of o/w emulsions stabilized by solid particles adsorbed at the surface of oil droplets. Pickering 

emulsions retain the basic properties of classical emulsions stabilized by surfactants 

(emulsifiers), so that a Pickering emulsion can be substituted for a classical emulsion in most 

applications. The high resistance to coalescence is a major benefit of the stabilization by solid 

particles. The ‘surfactant-free’ character makes them attractive to several fields, in particular 

cosmetic and pharmaceutical applications where surfactants often show adverse effects, e.g. 

irritant or hemolytic behavior.112 Solid stabilizing particles are necessarily smaller than 

emulsion droplets. Thus, solid particles of nanometric size (or sub-micron, ∼100 nm) allow the 

stabilization of droplets as small as few micrometers diameter; but stabilization of larger 

droplets is possible as well.112, 125 Micron-sized solid particles can stabilize larger droplets, the 

diameter of which possibly reaching few millimeters. The availability of stable millimeter-sized 

emulsions is a supplementary benefit of Pickering emulsions with respect to classical emulsions; 

this possibility comes from their high stability against coalescence.129 
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Figure 2.5. Sketch of a classical (surfactant-based) emulsion and a Pickering emulsion. The 

solid particles adsorbed at the oil-water interface stabilize the droplets in place of the surfactant 

molecules. 

As in the case of surfactants, stabilization of emulsion droplets takes place by means of 

adsorption of solid particles at the surface of emulsion droplets. The mechanism of adsorption 

is very different to surfactants, as the solid particles are not amphiphilic. Partial wetting of the 

surface of the solid particles by water and oil is the origin of the strong anchoring of solid 

particles at the oil-water interface. 

2.3.1. The stabilization mechanism of Pickering emulsions 

Successful preparation of stable emulsions requires fulfillment of two main criteria: The 

emulsions are stable for a long time against any destabilization phenomena (coagulation, 

coalescence, Ostwald ripening), and the emulsification process is possible. The long-term 

stability mainly depends on the formulation but the process also matters as the droplet size is 

often governed by the shear rate of the emulsification process, in the same was as for any 

emulsifier based emulsion. The fabrication of emulsions is not only a matter of the process, the 

stabilizing agents also contribute a lot. The physical chemistry of Pickering emulsions, 

encompasses the phenomena of adsorption of particles, droplet stabilization by adsorbed 

particles, kinetics of adsorption that influence the emulsification process, and rheological 

properties that control creaming and sedimentation. 
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Adsorption of solid particles at the oil–water interface requires the partial wetting of the solid 

by water and oil. This is a matter of interfacial energies of the three interfaces: solid–water, 

solid–oil, and oil–water, respectively γs-w, γs-o, and γo-w. Partial wetting of the solid by water 

inside an oil medium requires that the adhesion energy of water, EAdh(w/o), is positive and the 

spreading coefficient of water, S(w/o), is negative: 

𝐸𝐴𝑑ℎ(𝑤/𝑜) = 𝛾𝑠−𝑜 + 𝛾𝑜−𝑤 > 0                                                                                                                                            (2.4) 

𝑆(𝑤/𝑜) = 𝛾𝑠−𝑜 − 𝛾𝑜−𝑤−𝛾𝑠−𝑤 < 0                                                                                                                                     (2.5) 

An equivalent point is to consider the wetting of the solid by oil inside a water medium where 

the positive adhesion energy, EAdh(o/w), and the negative spreading coefficient, S(o/w), of oil 

read: 

𝐸𝐴𝑑ℎ(𝑜/𝑤) = −𝑆(𝑤/𝑜) = 𝛾𝑠−𝑤 + 𝛾𝑜−𝑤 − 𝛾𝑠−𝑜 > 0                                                                                         (2.6) 

𝑆(𝑜/𝑤) = −𝐸𝐴𝑑ℎ(𝑤/𝑜) = 𝛾𝑠−𝑤 − 𝛾𝑜−𝑤 − 𝛾𝑠−𝑜 < 0                                                                                         (2.7) 

A very hydrophilic surface of the solid particles would be totally wet by water, so that the solid 

particles do not adsorb because they remain dispersed in the aqueous phase of the emulsion. On 

the same footing, too hydrophobic particles are totally wet by the oil. Under partial wetting 

conditions, the contact angles in water, θw, and in oil, θo, are given by Young’s law (θo=π-θw): 

cos 𝜃𝑤 =
𝛾𝑠−𝑜−𝛾𝑠−𝑤

𝛾𝑤−𝑜
    cos 𝜃0 =

𝛾𝑠−𝑤−𝛾𝑠−𝑜

𝛾𝑤−𝑜
                                                                                (2.8) 

Adsorption of solid particles under partial wetting conditions is very strong. The free energy of 

adsorption (the free energy input required for desorption of one particle, either into the aqueous 

or the oil phase) is related to the interfacial tensions and the size of the solid particles. For 

spherical particles of radius R, it reads130-131 

∆𝑎𝑑𝑠𝐹 = −𝜋𝑅2𝛾𝑜−𝑤(1 − cos(𝜃𝑤)) for 𝜃𝑤 < 90°
                                                                                                  (2.9) 
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∆𝑎𝑑𝑠𝐹 = −𝜋𝑅2𝛾𝑜−𝑤(1 + cos(𝜃𝑤)) for 𝜃𝑤 > 90°
                                                                                               (2.10) 

Adsorption is the strongest when the contact angle is 90°, which indeed corresponds to a 

maximum stability of emulsions in most instances.132 Obviously, large particles having a larger 

contact area of oil and water show up a larger adsorption free energy. Nanoparticles strongly 

adsorb to oil–water interface as well; there is no lower limit of particle size according to the 

wetting-based theory (Equation (2.9) and (2.10)). Indeed, the adsorption free energy is mostly 

much larger than the thermal energy, even when the solid particles are very small. 

2.3.2. Control properties of Pickering emulsions 

2.3.2.1. Stabilization of emulsions by adsorbed particles 

Many types of particles, either inorganic or organic, fulfill the partial wetting condition for most 

common oils. Examples are calcium carbonate and barium sulfate,133 clays (montmorillonite133-

134 and laponite135), carbon black,136-138 latex,139-142 magnetic particles,143-144 carbon 

nanotubes145 or block copolymer micelles.146 Odd particles such as catanionic nanocrystals,147 

spores148 or bacteria149-150 proved to be efficient stabilizers of Pickering emulsions as well. 

Functional particles feature supplementary properties; for example, thermosensitive poly(N-

isopropylacrylamide) particles give temperature-sensitivity to the emulsions151-154 and pH-

sensitive emulsions have been prepared with the help of pH-responsive particles.155-156 Finally, 

stabilization of Pickering emulsions by proteins as solid particles have been claimed.157-158  

Destabilization of emulsions occurs in two successive steps: coagulation and coalescence. The 

surface coating by solid particles mainly acts against coalescence. The adsorbed layer of solid 

particles forms a rigid coating around the liquid droplets that has been compared to an egg 

shell.125 Reorganization of surface materials required for liquid droplets to merge is prevented 

by the mechanical barrier that prevents coalescence. The mechanical strength of the particles 

layer comes from aggregation of solid particles at the droplet surface. Solid particles are held 
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together at the oil–water interface by means of attractive interactions which are required for 

building up the rigid layer of solid particles. In particular capillary forces are specific to particles 

adsorbed at the liquid-liquid interface. All types of interactions between adsorbed particles 

influence the stability of Pickering emulsions: dispersion, electrostatic…Even for interactions 

that are not specifically interfacial, the presence of the oil-water interface influences their 

contribution to the overall interactions. For instance, electrostatic repulsions between charged 

particles operate at a dielectric discontinuity between oil and water, which introduces peculiar 

behavior that may not follow intuitive expectations relying on well-known behavior in a 

homogeneous dielectric medium.159-160 

2.3.2.2. Control of emulsion droplet size by formulation and process parameters 

In case where the solid particles adsorb as a dense monolayer, the total oil–water interfacial 

area is set by the amount of solid particles. Under such conditions, simple geometrical 

considerations give a relationship between the droplet diameter and the mass ratio of dispersed 

phase to the solid particles. For an o/w emulsion this reads.161-163 

𝑑 =
6

𝜌𝑜𝑖𝑙𝛼𝑠𝑜𝑙𝑖𝑑

𝑀(𝑜𝑖𝑙)

𝑀(𝑠𝑜𝑙𝑖𝑑)
                                                                                                      (2.11) 

where d is the droplet diameter, ρoil is the density of oil and αsolid is the interfacial area covered 

per mass of solid particles. Such a relationship has often been observed in experiments.164-165 

The underlying assumption may not be satisfied in every case however. Indeed, there are several 

reports showing microscopy pictures of stable Pickering emulsion droplets with incomplete 

coverage of the droplets by solid particles.165-167 Solid particles may also aggregate at the 

droplet surface; Frelichowska et al. gave a geometrical relationship relating αsolid to the fractal 

dimension of solid particles aggregates. Departure from the linear relationship (Equation (2.11)) 

has been observed in case of high ratio M(oil)/M(solid). 163, 168-169 
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Figure 2.6. Mean droplet diameter of o/w Pickering emulsions of 2-ethylhexyl stearate oil 

(Stéarinerie Dubois) stabilized by HDK® H30 hydrophobic silica (Wacker): three regimes are 

encountered according to the concentration of silica at constant oil content (20 wt%). In the 

third regime, excess silica particles are detected as a supplementary population of submicron 

particles by light scattering measurements, and as sediment in ultracentrifugation experiments. 

None of these features is observed in the second regime.163  

The emulsification of o/w Pickering emulsions takes place under three distinct regimes 

depending on the solid particle to oil mass ratio, M(particles)/M(oil) (Figure 2.6). 

Emulsification fails in the first regime at low solid content. In the second regime, the droplet 

size is controlled by M(particles)/M(oil) according to Equation (2.11); αsolid may not be constant 

however. Finally a third regime is reached at high M(particles)/M(oil) where the droplet size is 

controlled by the emulsification process. 
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2.3.2.3. Emulsion type and emulsion inversion 

The emulsion type is controlled by the wettability of the solid particles.112, 132 In the same way 

as a water-soluble hydrophilic emulsifier (high HLB) orients the emulsification process towards 

an o/w emulsion type (and a hydrophobic emulsifier gives a w/o emulsion), hydrophilic 

particles favor o/w Pickering emulsions. More specifically, o/w emulsions are favored when 

the contact angle in water, θw, is smaller than 90°. Conversely, θw > 90° favors w/o emulsions. 

This is strongly reminiscent of the Bancroft rule of emulsifiers. Kruglyakov assigned a HLB 

value to particles on this basis.170-171 A major difference between particles and emulsifiers 

stands in the range of emulsion stability with respect to surface hydrophilic character of the 

particles. Thus, optimum stability of surfactant-based emulsions is reached when the surfactant 

hydrophilic character (HLB value) is significantly shifted off the HLB of a balanced surfactant. 

In between the ranges for optimum stability of w/o emulsions (3 < HLB < 7) and o/w emulsions 

(9 < HLB < 15), there is a gap (around HLB = 8) where none of these emulsions is stable. 

Conversely, optimum stability of Pickering emulsions is ensured when the contact angle is close 

to 90°, that is, for solid particles that are balanced regarding their wetting properties. These 

solid particles are well-suited for the stabilization of either o/w or w/o emulsion type. As a 

consequence, phase inversion can be triggered by changes of the wetting behavior,132 but also 

by means of several parameters such as the relative water and oil contents132, 172-173 or the 

medium where the solid particles have been initially dispersed.172-174 There is a strong hysteresis 

in the phase inversion phenomena that cannot occur with surfactant based emulsions.174 
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3. Outline 

In order to investigate the general potential of ATPSs for biomaterials and compartmentalized 

systems, various solid particles were applied to stabilize all-aqueous emulsion droplets. The 

target ATPS to be investigated should fulfill the following criteria: The system should be 

prepared via mixing of two aqueous solutions of water-soluble polymers, which turn biphasic 

when exceeding a critical polymer concentration. For ATPS, the interface between the two 

phases is rather undefined and spans a region larger than the characteristic correlation length of 

the polymer solutions. Hydrophilic polymers with a wide range of molar mass such as 

dextran/poly(ethylene glycol) (PEG) can therefore be applied. Solid particles adsorbed at the 

interfaces can be exceptionally efficient stabilizers forming so-called Pickering emulsions,18-19 

and nanoparticles can bridge the correlation length of polymer solutions and are thereby the 

best option for w/w emulsions. 

The first approach towards the investigation of ATPS was conducted with all aqueous dextran-

PEG emulsions in the presence of PDP in Chapter 4. The water-in-water emulsions were formed 

via a PEG/dextran system via utilizing PDP as stabilizers. Studies of the formed emulsions were 

performed via LSCM, OM, cryo-SEM and tensiometry. Furthermore, crosslinker functionality 

in terms of the crosslinkable the solid PDP is incorporated in order to inhibit demulsification of 

the Pickering emulsion. TEM, SEM and FTIR were used to visualize the morphology of PDP 

before and after crosslinking. Further application of PDP stabilized water-in-water emulsions 

is to form supramolecular compartmentalized hydrogels as demonstrated in Chapter 5. Here, 

hydrogels are prepared in pre-formed water-in-water emulsions and gelation via α-CD. Studies 

of the formed complexes are performed via XRD and the mechanical properties of the hydrogels 

were measured with oscillatory shear rheology. The hydrogels and emulsions are assessed via 

OM, SEM and CLSM as well. The last chapter broadens the investigations from the previous 

two systems by utilizing various CN as different stabilizers in ATPS. The CN extends the 
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generality of aqueous two-phase Pickering emulsions as verified by SEM, TEM and DLS. 

Furthermore, emulsification and demulsification are probed. The various all aqueous phase 

systems will provide model for future fabrication of biocompatible materials, cell 

micropatterning as well as separation of compartmentalized systems. 
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4. Water-in-water Pickering emulsion stabilized by 

polydopamine particles and crosslinking 1 

4.1. Overview 

As introduction in the theoretical part, aqueous multi-phase systems have attracted significant 

attention recently, in particular water-in-water Pickering emulsions. In here, dextran and 

poly(ethylene glycol) (PEG)-based aqueous emulsions are stabilized by polydopamine 

nanoparticles (PDP). Remarkably, stable emulsions are obtained from the biocompatible 

material that can be broken either via dilution or surfactant addition. Further crosslinking of 

PDP via poly(acrylic acid) and carbodiimide strengthens the stability of emulsion droplets in a 

colloidosomes-like structure. After this crosslinking, demulsification via dilution or surfactant 

addition was largely hindered as shown in schematic overview (Figure4.1).  

 

                                                            
1 Terms of use: This chapter was adapted with permission from Jianrui Zhang, Jongkook Hwang, Markus 

Antonietti, Bernhard V. K. J. Schmidt, “Water-in-water Pickering emulsion stabilized by polydopamine 
particles and crosslinking”; Biomacromolecules, 2019, 20(1), 204-211. Copyright 2019 American Chemical 
Society. 
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Figure 4.1. Overview of the dextran/PEG water-in-water emulsion formation employing 

polydopamine particles (PDP) and crosslinking with poly(acrylic acid) (PAA) / 1-ethyl- 3-(3-

dimethylaminopropyl)carbodiimide (EDC). Insets: Structures of dextran (idealized), PEG, PD 

(idealized), PAA and EDC. 

 

 

4.2. Results and Discussion 

PDP stabilized water-in-water Pickering emulsions 

The PDP to stabilize aqueous two-phase system (ATPS) emulsions was easily obtained by air-

promoted oxidative condensation of dopamine at basic pH. In a typical synthesis, PDP with an 

average size of around 400 nm was obtained and characterized via SEM and TEM (Figure A1). 

As a common ATPS, dextran and poly(ethylene glycol) (PEG) were employed, and the two 

phase system was emulsified by addition of 0.2 g/L PDP (Figure 4.2). The optical microscopy 

images indicate droplet formation, which corresponds to a water-in-water emulsion system as 

known from literature.11, 175 The formed droplets show a broad dispersity of droplet sizes that 
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is in the range of 1 to 20 µm in a stable emulsion with a number average of around 15.21 µm 

(Figure 4.2d). Clearly, a bimodal distribution of droplet sizes can be observed in the optical 

microscopy image, which is only marginally reflected in the number average of the droplet 

sizes. The dispersity might be due to the emulsion formation method that was based on hand 

shaking at first. A more in-depth investigation of the formed droplets was performed via cryo-

SEM imaging that reveals droplet formation as well (Figure 4.2f and 4.2g) in contrast to 

reference samples without PDP addition (Figure A2). The observed droplets show partly 

additional roughness, which might be due to the freeze fracture process, hydration of the droplet 

surface as well as polymers in the surrounding. PDP based emulsions show a long-term stability 

for at least 16 weeks (Figure 4.2e).  

 

 

Figure 4.2. Images of the PEG35k (7 wt%)/dextran40k (3 wt%) water-in-water system formed 

via shaking by hand: Optical images of (a) an aqueous two-phase system (stained with red dye 

for visualization), (b) PDP (0.2 g/L) stabilized emulsion and (d) a long-term stable emulsion 

after 16 weeks; optical microscopy images of (c) emulsion droplets and (d) long-term stable 
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emulsion droplets; cryo-SEM images (f) emulsion droplets and (g) magnification of a single 

emulsion droplet. 

To further verify the formation of a w/w emulsion stabilized by PDP, FITC-labelled PEG was 

introduced into a dextran-in-PEG emulsion and imaged via CLSM (Figure 4.3b). The visible 

dark liquid droplets and clear bright continuous phase region shows the presence of 

fluorescently labelled PEG continuous phase outside the emulsion droplets, which indicates the 

near complete separation of PEG and dextran, as expected. CLSM images show larger droplets 

than observed in optical microscopy, which can be explained via addition of FITC-labelled PEG 

solution (0.5 mL) causing 12.5% dilution of the entire emulsion.  

Once stable emulsions were prepared, in addition to the emulsion phase on top, another phase 

on the bottom was observed as well. To verify the nature of the bottom phase, optical 

microscopy and CLSM were performed (Figure A4). No droplets could be observed, which 

clarifies that the lower phase is not the emulsion phase.  

 

 

Figure 4.3. Emulsion images of the system PEG35k (5 wt%)/dextran40k (5 wt%) formed via 

shaking by hand; dextran-in-PEG: Photograph of (a) two phase system and (b) CLSM image of 

emulsion droplets via utilization of FITC-labelled PEG. 



Chapter 4 
 

35 
 

Further studies of Pickering emulsion formation 

As mentioned before, emulsions with considerable dispersity were formed with hand shaking. 

In order to decrease dispersity of droplet sizes, the procedure was evaluated further. Vortex 

treatment for 30 s led to decreased dispersity of emulsion droplets and generally smaller droplet 

sizes (Table A1), also shown in an exemplary droplet size histogram (Figure A5). For further 

analysis of the ATPS Pickering emulsion formation via PDP, various ATPS were investigated 

regarding their droplet sizes employing different PEG and dextran molar masses and different 

ratios (Table A2). Total weight percentage of (PEG + dextran) was kept at 10 wt% in all cases. 

In most cases, stable emulsions are formed as expected from the literature.11, 22 For the 

combination of low molar mass PEG20k and dextran40k, with addition of 0.2 g/L PDP (final 

concentration) at a concentration of PEG from 4 wt% to 2 wt% and a concentration of dextran 

from 6 wt% to 8 wt%, stable emulsions could not be obtained. The molar mass of PEG20k is too 

low to obtain emulsions at low PEG concentrations, which is due to the well-known effect of 

molar masses on ATPS formation. At concentrations of PEG20k above 4 wt%, emulsions were 

obtained. Accordingly, once other conditions are employed (PEG20k/dextran100k and 

PEG35k/dextran40k) for water-in-water emulsions with 0.2 g/L PDP, stable emulsions could be 

formed in the range of 8 wt% to 2 wt% and 2 wt% to 8 wt% for PEG and dextran respectively 

(Table A2). Moreover, these water-in-water emulsions were stable for more than 16 weeks. 

Overall, a variation of droplet sizes was observed for the emulsions with different composition, 

parts of them even have differences in the number average diameter of up to 14 µm (Table 4.1 

and A2).  

Indeed, PDP plays an effective role in stabilizing ATPSs in all cases as well. Even when 

changing the concentrations of PDP from 0.2 g/L to 0.4 g/L and 0.6 g/L, a PDP-stabilized 

Pickering emulsion could be obtained (Table 4.1 and Table A3). As expected, the droplet sizes 

decrease when the concentration of PDP suspension is increased. Nevertheless, droplet sizes 

depend significantly on PEG and dextran concentrations as well. While increasing the 
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concentration of PDP from 0.2 g/L to 0.6 g/L, the average size of droplets reduces by 10 µm in 

the case of PEG35k (3 wt%)/dextran40k (7 wt%). For PEG35k (5 wt%)/dextran40k (5 wt%) the 

droplet sizes decreased around 5 µm, when the PDP concentration was increased from 0.2 g/L 

to 0.6 g/L. Contrary, in the case of emulsions based on PEG35k (7 wt%)/dextran40k (3 wt%) no 

significant changes in droplet size were observed, when the PDP concentration was changed. 

Previous studies show that the average droplet size of solid-stabilized emulsions decreases with 

increasing particle concentration as more particles are available to stabilize the higher interface 

of smaller droplets.137, 176-177 It seems reasonable to assume that, for given homogenization 

conditions, the phase being broken down into droplets is fragmented initially to the same extent, 

irrespective of the particle concentration. Depending on the amount of particles adsorbed on 

the droplet surfaces, the droplets will coalesce, reducing the total droplet surface area, until the 

particle coverage is sufficient to stabilize the droplets against further coalescence.169 The 

coverage with particles can be estimated via the total volume of the emulsion, average droplet 

sizes and concentration of particles assuming complete accumulation of PDP on droplet 

surfaces. The amount of PDP that actually takes part in emulsion stabilization differs from the 

initially added amount as some PDP is left at the bottom after emulsification. Thus, the 

concentration of PDP has to be corrected according to the amount of precipitate. By the volume 

of emulsion and the average droplet size, the interface can be obtained. Finally, via the corrected 

amount of particles that take part in stabilization, the surface coverage is calculated (refer to the 

Supporting Information for details on the calculation, eq A1-A4). For emulsion PEG35k (7 

wt%)/dextran40k (3 wt%) with 0.2 g/L PDP, the surface coverage of the interface layer is 

1.168×10-6 g/cm2. 
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Table 4.1. Dependence of PEG35k/dextran40k water-in-water emulsion droplet size on PDP 

suspension concentration with standard deviation. Emulsions obtained via vortex for 30 s.  

  

PDP concentration (g/L) 

CPEG = 3 wt% 

CDex= 7 wt% 

CPEG = 5 wt% 

CDex= 5 wt% 

CPEG = 7 wt% 

CDex= 3 wt% 

0.2  16.01±0.88 µm 10.72±0.91 µm 4.62±1.03 µm 

0.4  12.3±1.06 µm 10.01±1.01 µm 4.96±0.83 µm 

0.6  5.81±0.93 µm 6.02±0.94 µm 5.01±0.86 µm 

 

PDP was synthesized under alkaline conditions and contains basic amine groups. Hence, it is 

important to analyze the applicability of PDP at different pH values for emulsifying Pickering 

emulsions. A regular tendency of droplet sizes with respect to pH change is observed for three 

various ratios of PEG and dextran (Figure 4.4). As the pH value is increased, especially 

approaching alkaline condition, the size of emulsified droplets decreases by 20%. To elucidate 

the effect of pH on emulsion droplet size, zeta potential and hydrodynamic diameter of pristine 

PDP were investigated at first. Under alkaline condition, PDP has negative zeta potential, but 

with decreasing pH, the zeta potential value first turns less negative, then a positive zeta 

potential is reached below pH 6 (Figure A6). In addition, we found that pH dependent dynamic 

aggregation behavior of PDP can greatly affect the emulsification capability of PDP. Acidic 

conditions lead to insignificant aggregation of PDP in water, which is confirmed by the 

decreased hydrodynamic diameter of PDP. The observed particle sizes increase gradually with 

increasing pH from 2 to 11 (Figure A6). Particle sizes between 500 nm and 1.0 µm for different 

pH indicate that PDP tends to form aggregates in suspension, considering the size of as-made 

PDP ~ 400 nm observed from SEM.  

In order to obtain further information about the observed multiphase system, interfacial tensions 

of the individual aqueous phases were measured via the pendant drop method (Figure A8). 
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Influence of pH on the interfacial tension were measured between PEG35k (3 wt%) and 

dextran40k (7 wt%) solution in the presence of PDP. A minor decrease in interfacial tension 

from 70 mN/m to 60 mN/m moving from pH 2 to pH 11 was observed (Figure A7). A more 

significant change can be observed in the case of contact angles of PDP between PEG35k and 

dextran40k solution (Figure A8). The contact angle is approaching 90° with increasing pH value, 

which is in line with the interfacial tension of PDP suspension (0.2 g/L) that gradually decreases 

at increased pH. Compared to aqueous solution with the absence of PDP, the presence of PDP 

in aqueous solution reduces interfacial tension only marginally at the same pH value, for 

example, at the pH value of 7, the interfacial tension between PEG35k and dextran40k solution is 

70.41 mN/m and 66.60 mN/m without and with PDP respectively. Also the reduction of 

interfacial tension is increasing when raising the pH value (Figure A7). The approximately 90° 

of contact angle and decreasing interfacial tension both contribute to the observed stable 

emulsions with droplets of smaller size.  

 

0 1 2 3 4 5 6 7 8 9 10 11 12
0

2

4

6

8

10

12

14

16

18

20  C
PEG

=3 wt%;C
Dex

=7 wt%

 C
PEG

=5 wt%;C
Dex

=5 wt%

 C
PEG

=7 wt%;C
Dex

=3 wt%

D
ro

p
le

t 
s
iz

e
 (


m
)

pH



Chapter 4 
 

39 
 

Figure 4.4. pH dependence on emulsion droplet size for different ratios of PEG35k and 

dextran40k via vortex for 30 s (3 wt% of PEG35k; 7 wt% of dextran40k, 5 wt% of PEG35k; 5 wt% 

of dextran40k, 7 wt% of PEG35k; 3 wt% of dextran40k). 

 

Demulsification studies 

The effective emulsification process occurs without addition of other external compounds. 

However, the long-term stability of dextran-PEG emulsions, as for all colloidal systems, is 

limited. Several studies have reported the demulsification of stable two-phase systems, and the 

disassembly of particles at the phase interface. Nevertheless, triggered demulsification is of 

particular interest as well. Therefore, a number of methods to demulsify PDP-stabilized 

emulsions were studied in here.178-179 First, a dextran40k-in-PEG35k emulsion (3 wt%, 7 wt%, 

respectively) was prepared with 0.2 g/L PDP as the stabilizer. These emulsions were very stable 

and no obvious phase separation was observed over 16 weeks as mentioned before (Figure 

4.2e). One option to demulsify the emulsion is dilution (Figure 4.5a, b, c and d) as the phase 

diagram of dextran/PEG ATPS features only a two-phase region at high polymer 

concentrations. When the as-formed emulsion phase on top was diluted by 50%, the emulsion 

breaks which the absent of droplets can be observed via optical microscopy anymore. 

Moreover, phase separation occurs yielding two phases again as initially observed without 

stabilizer addition. Further dilution by 200% leads to the formation of a one-phase system, 

which matches the expectations from the phase diagram. As dilution below the binodal line 

leads to a remixing of the polymer phases, i.e. the water-in-water interface resolves pulling the 

PDP particles to it. Demulsification can be also obtained by applying charged surfactants 

(Figure 4.5/A9). Therefore, 4 mM of sodium dodecyl sulfate (SDS) was introduced into the 

PDP-stabilized dextran-in-PEG emulsions. Then, the mixture was vortexed for 30 s. Optical 

microscopy images of separated two phases confirm the successful demulsification of water-

in-water emulsions. The introduction of negatively charged SDS has a profound effect on PDP. 
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The hydrophobic part of surfactant interacts with the PDP surface, which leads to electrostatic 

repulsion between individual PDPs and thus droplet coalescence is initiated as the solid-

stabilizer is expelled from the droplet surface. A similar result was obtained with the cationic 

surfactant (cetyltrimethylammonium bromide) CTAB (Figure A9). Thus, it is indicated that 

demulsification via surfactant addition is possible regardless of the sign of surfactant charge.  

 

  

Figure 4.5. Demulsification of a PEG35k (7 wt%)/dextran40k (3 wt%) emulsion via vortex for 

30 s: Optical images of (a) and (e) dextran-in-PEG emulsions, (b),(c) and (f) phase separation 

after dilution by 50%, 200% and SDS addition respectively; optical microscope images of (d) 

and (g) of demulsified suspensions. 

 

Crosslinking of PDP stabilized emulsions 

To prevent demulsification of the Pickering emulsion, stabilization of the interface layer 

towards colloidosomes can be considered. Therefore, interparticle crosslinking of the PDP at 
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the boundary layer was attempted by using PAA and water-soluble carbodiimide EDC to 

strengthen the surface structure of emulsion droplets. As a test reaction crosslinking of PDP 

only was performed, which resulted in the formation of crosslinked structures via amide 

formation (Figure A10). Moreover, amide formation was observed in FT-IR spectroscopy via 

the appearance of the carbonyl stretching band around 1640 cm-1 (Figure A11).  

Subsequently, emulsion droplets were crosslinked with PAA450k to form a colloidosome-like 

structure. Therefore, to a dextran-in-PEG emulsion, PAA450k (100 mM) and EDC (PAA: EDC, 

1:1.2) were added. Afterwards, the crosslinked emulsion droplets are stable enough to be 

depicted via cryo-SEM (Figure 4.6a/A12). The rough surface of the colloidosome and a 

protuberant thorn-like structure reaching from the surface indicate the crosslinked structure of 

PDP. The structures look crystal-like. Therefore, XRD measurements of crosslinked PDP were 

performed after water removal (Figure A13). In XRD no signals indicating incorporation of 

crystalline structures were found. Furthermore, cryo SEM investigations of crosslinked PDP 

without polymer addition did not show any crystalline structures (Figure A10). It can be 

assumed that the sharp structures in the cryo SEM image of crosslinked emulsion droplets 

originate from crystals formed in the cryo process or are related to the added polymers – most 

likely to semi-crystalline PEG. Furthermore, for different molar mass of PAA1250k and 

dextran/PEG ratios (Figure A14), crosslinked emulsion droplets could be obtained as well. 

Again, FITC labelled PEG was applied to locate the PEG phase in CLSM (Figure 4.6b). The 

bright continuous phase region shows the presence of fluorescently labelled PEG outside of 

crosslinked emulsion droplets.  
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Figure 4.6. Emulsion images after crosslinking with PAA450k/EDC of the system PEG35k (7 

wt%)/dextran40k (3 wt%) with 0.2 g/L PDP as stabilizer formed via shaking by hand: Optical 

microscopy images of (a) dextran-in-PEG emulsion droplets (insert cryo-SEM images of 

crosslinked emulsion droplets); optical images of (b) dextran-in-PEG emulsion (7 wt% of 

PEG35k; 3 wt% of dextran40k) and CLSM images of (c) emulsion droplets dextran-in-PEG 

emulsion droplets with FITC-labelled PEG.  

 

After crosslinking, the same demulsification methods as before were applied to study the 

stability. For dilution, in contrast to the previous non-crosslinked Pickering emulsion, the 

droplets remained intact upon dilution with water but exhibited increased size, which is another 

indication for successful crosslinking. Nevertheless, partial coalescence was observed as well 

(Figure 4.7c), leading to swelling of droplets to sizes around 20 µm. Besides, after addition of 

SDS or CTAB no change in emulsion stability was observed (Figure 4.7f/A15) indicating the 

formation of crosslinked emulsion droplets. 
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Figure 4.7. Demulsification trials of PEG35k (7 wt%)/dextran40k (3 wt%) system via vortex for 

30 s after crosslinking with PAA/EDC: Optical images of (a) and (d) emulsions before 

attempted demulsification, (b) and (e) the mixture after attempted demulsification emulsions; 

optical microscopy images of (c) and (f) after attempted demulsification. 

4.3. Conclusion 

Overall, stable all-aqueous dextran−PEG Pickering emulsions were obtained via the utilization 

of PDP as well as colloidosomes-like structures after crosslinking of the particles. Pickering 

emulsions were formed with various polymer contents, at different pH and various PDP 

contents that were used to tailor droplet sizes. As expected, dilution of this emulsion with water 

below the level required for formation of the ATPS resulted in disassembly of the emulsion 

droplets. To prevent demulsification of the Pickering emulsion, crosslinking of the solid PDP 

by PAA and water-soluble carbodiimide EDC was performed strengthening the outer surface 

structure of emulsion droplets. After crosslinking, in contrast to the previous Pickering 
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emulsion, the capsules remained intact after surfactant addition and upon dilution with water 

although minor swelling of the droplets was observed. These results demonstrate the enhanced 

stability of emulsion. After crosslinking, such types of aqueous emulsions could potentially 

provide new opportunities for a wide variety of emerging applications, e.g., in cosmetics or 

food products, possibly as an alternative to deliver ingredients with preferred solubility in the 

dispersed phase. The PDP-mediated formation of all aqueous emulsions is expected to be 

generalized to different types of water-in-water emulsions with other polymers and offer new 

opportunities in surface modification and microencapsulation. 
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5. Supramolecular Compartmentalized Hydrogels via 

Polydopamine Particle Stabilized Water-in-Water 

Emulsions 2 

5.1. Overview 

 

PDP show a significant role in stabilization of water-in-water emulsions in chapter 4 and has 

promising perspectives for ATPS. Moreover, compartmentalized hydrogels constitute a 

significant research area for example for catalytic and biomedical applications. As presented 

here, a generic method is used for compartmentalization of supramolecular hydrogels by using 

water-in-water emulsions based on aqueous two-phase systems. By forming the supramolecular 

hydrogel throughout the continuous phase of all-aqueous emulsions, distinct, micro-

compartmentalized materials were created. The basis for the presented compartmentalized 

water-in-water hydrogels are polydopamine particle-stabilized water-in-water emulsions from 

dextran and poly(ethylene glycol) (PEG). Addition of α-cyclodextrin (α-CD) led to 

supramolecular complexation with PEG and subsequent hydrogel formation. Due to the 

supramolecular nature of the compartmentalized hydrogels, selective network cleavage could 

be induced via competing guest addition, while the emulsion sub-structure was kept intact as 

shown in Figure 5.1.  

 

                                                            
2 Terms of use: This chapter was adapted with permission from Jianrui Zhang, Baris Kumru, Bernhard V. K. J. 

Schmidt, “Supramolecular Compartmentalized Hydrogels via Polydopamine Particle Stabilized Water-in-Water 
Emulsions”; Langmuir 2019, 35(34), 11141-11149. Copyright 2019 American Chemical Society. 
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Figure 5.1. Schematic overview of compartmentalized hydrogel formationvia water-in-water 

emulsions. 

 

 

5.2. Results and Discussion 

Compartmentalized Hydrogels via PDP Stabilized Water-In-Water Emulsions 

The PDP was prepared in a facile method under alkaline condition, in order to produce 

compartmentalized hydrogels. In a typical experiment, PDP was fabricated to achieve uniform 

particles with a size of 400 nm as previously reported in chapter 4. Compartmentalized 

hydrogels were prepared vie gelation of w/w emulsions stabilized by PDP (0.2 g/L) containing 

various weight ratios of PEG and dextran as well as different molar masses of PEG and different 

concentrations of α-CD. At first, a PDP suspension was prepared in an α-CD solution. Solutions 

of dextran and PEG were prepared by dissolving the solid in Milli-Q water at neutral pH with 

stirring. Finally, the polymer solution was added to the PDP/α-CD mixture (final concentration, 

0.2 g/L of PDP) for emulsification via ultrasonication to obtain a hydrogel (Figure 5.2d). In this 

way, a compartmentalized hydrogel with well-dispersed compartments could be achieved. A 

color difference between emulsions and hydrogels was observed, which was due to slight 

differences in imaging conditions of optical microscopy as the compartmentalized hydrogel 

(Figure 5.2a) is less transparent compared to the emulsion (Figure 5.2d). 
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Figure 5.2. Images of the PDP (0.2 g/L) stabilized PEG35k (7 wt%)/dextran40k (3 wt%) water-

in-water system (140 mg/mL of α-CD): Optical images of (a)  PDP stabilized emulsion and (d) 

compartmentalized hydrogel after heating to 65 °C and cooling to the ambient temperature, 

respectively; optical microscopy images of (b) emulsion droplets at ambient temperature and 

(e) emulsion droplets within a compartmentalized hydrogel; cryo-SEM image (c) emulsion 

droplets; SEM image (f) emulsion droplets within a compartmentalized hydrogel. 

 

Previously, it has been indicated that PDP based emulsions show a long-term stability for at 

least 16 weeks referring to chapter 4. After ultrasonication, the emulsions were heated to 65 °C 

and then cooled down to the ambient temperature to obtain compartmentalized hydrogels. 

Investigation via optical microscopy indicates droplet formation inside of the hydrogel, which 

corresponds to a w/w emulsion system as known from previous studies in chapter 4. However, 

before cooling down to ambient temperature, the mixture was observed under optical 

microscope (OM) and also frozen for cryo-SEM (Figure 5.2b and 5.2c) to prove the stability of 

the emulsion inside the hydrogels as the droplets exist during hydrogel formation. Hence, 
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compartmentalized hydrogels were formed as observed via OM showing w/w droplets in the 

hydrogels (Figure 5.2e), which shows that the w/w emulsion was stable through the hydrogel 

formation process, i.e. at higher temperature. The droplet size inside the hydrogel shows 

dispersity from 1 to 25 µm and the average droplet size is 25±1.2 μm (Figure 5.2e), which 

matches the observed droplet sizes in corresponding emulsions (the average droplet size 

~22±0.9 µm in Figure 5.2b), showing there is no obvious change during the hydrogel formation 

even if the temperature varies. To gain further insight on the formed droplets inside the 

hydrogels and their stability, SEM imaging after freeze drying of the hydrogel was applied 

(Figure 5.2f). Spherical compartments with sizes in the range of 1 to 25 µm were observed, 

which shows the stability of the compartmentalized architecture even in the dry state.  

To further verify the existence of a w/w emulsion stabilized by PDP inside of the 

compartmentalized hydrogels, FITC labelled PEG (2K) was introduced into a dextran-in-PEG 

emulsion-based hydrogel and imaged via CLSM (Figure 5.3). The visible dark liquid droplets 

and clear bright continuous phase region shows the presence of fluorescently labelled PEG 

continuous phase outside the emulsion droplets, which indicates the separation of PEG and 

dextran in the hydrogel state, as expected. Confocal microscopy offered a dependable trend for 

the phase separation contained within the emulsion droplets of different polymer phase. 

However, without PDP addition, the droplet structure cannot be observed in the 

compartmentalized hydrogels (Figure A16), which also confirms the role of PDP as a stabilizer 

in the w/w emulsion. Different characterization methods were applied to show the structure of 

emulsion droplets and compartmentalized hydrogel, in this way, we can investigate the stability 

of the compartmentalized hydrogel and give a broader insight into the structure of the fabricated 

materials. 



Chapter 5 
 

49 
 

 

Figure 5.3. Emulsion droplet images within a compartmentalized hydrogel of the system 

PEG35k (7 wt%)/dextran40k (3 wt%); dextran-in-PEG: Bright field images of (a) emulsion 

droplets within a compartmentalized hydrogel and (b) CLSM image of emulsion droplets within 

a compartmentalized hydrogel via utilization of FITC-labelled PEG (2k). 

 

To gain additional insights into the crosslinking mechanism, XRD measurements of 

compartmentalized hydrogels were performed after water removal (Figure 5.4a).180 To 

characterize the crystalline structure of aggregations in the hydrogels, we measured the XRD 

patterns of a compartmentalized hydrogel in the freeze-dried state and compared them with 

those from well-dried emulsions without addition of -CD. In contrast, no signals indicating 

incorporation of crystalline structures were found for the normal emulsions after freeze drying 

(Figure 5.4a), however, the diffraction pattern of the hydrogel exhibits a number of sharp 

reflections including strong ones at 2θ = 20.0° (d = 4.44 Å) and 22.7° (d = 3.96 Å). These are 

assigned to the 210 and 300 reflections from the hexagonal lattice with a = 13.6 Å. The strong 

reflection is a typical peak observed for PICs with α-CD,181-182 according to the electron density 

distribution of the core of the -CD molecules with a radius of ~5 Å. It is a well-known fact 

that PEG/ α -CD PICs have a channel type crystalline structure due to the long-chain nature of 
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the guest molecules. These characteristic reflections which appeared in the profiles from the 

freeze-dried hydrogels indicate that the compartmentalized hydrogels are formed via 

supramolecular crosslinking. Thus, such crystalline aggregations induced by inclusion 

complexation formation can be considered to play the major role in the gelation.  

 

Figure 5.4. Characterization of compartmentalized hydrogels via PDP (0.2 g/L) stabilized 

PEG35k (7 wt%)/dextran40k (3 wt%) water-in-water system (140 mg/mL of α-CD): (a) X-ray 

diffraction (XRD) patterns of compartmentalized hydrogels and emulsions; (b) strain 

dependency after heating to 65 °C and cooling to the ambient temperature; and (c) G’ and G’’ 

values of hydrogel against frequency with constant strain (0.1%). 

 

Moreover, oscillatory shear rheology was used to investigate the network formation between 

α-CD and PEG. In the case of PDP w/w emulsion-based hydrogel G’ exceeds G’’ in the range 

of 0.1 to 100% of strain, which is a strong indication of hydrogel formation. Albeit the absolute 

values of G’ (59.5 Pa at 0.1% strain) show that rather soft hydrogels are obtained (Figure 5.4b). 

The formed hydrogels show significant shear-thinning behavior which is another feature of the 

supramolecular soft hydrogels. Frequency dependent rheology measurements in the presence 

of hydrogel network did not show significant change in the region between 0–20 rad/s for both 

G’ and G’’, however, in the range from 40 rad/s for G’’, the loss modulus increases remarkably 

(Figure 5.4c). Thus, at this point the supramolecular network breaks and a sol-like behavior is 
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observed. Besides, viscosity only changed at shear rates between 0 and 10/s, and then no 

obvious variation was observed for higher shear rates because the gel phase turned into a sol 

(Figure A17a). However, in the case of emulsions without addition of α-CD, there was no 

hydrogel formation, which was confirmed by G’’ exceeding G’ in the range of 0.1 to 100% of 

strain (Figure A17b). Compared with the compartmentalized hydrogels, solely PEG-based 

hydrogels (Figure A17c) without dextran addition are stable as well. In fact, PEG-based 

hydrogels were stronger than compartmentalized hydrogel with dextran. Apparently, dextran 

addition weakened the strength of the hydrogel network, but not to an extent to break the 

network. 

Further Studies of Compartmentalized Hydrogel Formation 

In order to investigate the formation of compartmentalized hydrogels further, the parameters of 

polymer molar masses were investigated as well as -CD concentration. For the case of PEG 

with molar mass less or equal than 3000 g/mol, no stable hydrogels with α-CD were observed 

(Figure A18a),183 which was confirmed by rheology results (Figure A18a) as G’’ exceeds G’ in 

the range of strain from 0% to 10%. Nevertheless, precipitate formation at the bottom of glass 

vessels was observed. The low molar mass of PEG is probably not sufficient to support enough 

α-CD for hydrogel formation. Therefore, formation of hydrogels via inclusion complexes with 

highly ordered secondary structures should be related to the structural length of PEG in the 

present system. 

In previous works, it was shown that in order to form a α-CD and PEG network a minimal 

concentration of α-CD about 50 mg/mL is required to obtain a hydrogel with sufficient stiffness 

to form a self-standing gel.183 At lower concentrations (Figure A18b), the emulsion-based α-

CD network formed with PEG (40K, 7wt %) is not strong enough and does not reach a 

sufficiently high density to resist gravity. The creaming mixture flow at the α-CD concentration 

of 50 mg/mL, which indicates that no strong hydrogel network is formed at a concentration 
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below cα-CD ≤ 50 mg/mL. In the case of the emulsions, the stability of the w/w emulsion droplets 

is enhanced with PDP as stabilizers that attaches to the droplets for emulsification. Therefore, 

creaming was observed instead of sedimentation. On the other hand, when the concentration of 

α-CD is increased, increased amounts of α-CD/PEG aggregates are formed. The increased 

aggregate accumulation results from an increase in the amount of inclusion complex formation 

between the PEG chains and α-CD molecules. Therefore, the density of the network at steady 

state increases with increasing α-CD concentration. If in addition this complexation between α-

CD and PEG is sufficiently strong to resist the buoyancy, creaming no longer takes place. 

Moreover, it appears from the present observations that the network with the embedded 

emulsion droplets was not sufficiently strong to resist the buoyancy of the droplets for cα-CD ≥ 

200 mg/mL. The collapsed precipitate forms a layer at the bottom of the glass vessels (Figure 

A18b). Also, no hydrogel formation could be observed in rheology (Figure A20) for cα-CD ≥ 

200 mg/mL. Thus, multicompartment hydrogel formation is observed in the range of 50 mg/mL 

≥ cα-CD ≥ 200 mg/mL, with no network formation at low concentration and demixing at high 

concentrations. 

Furthermore, PEG-dextran aqueous system containing α-CD (140 mg/mL) and PDP (0.2 g/L) 

were prepared with different ratios of PEG and dextran and hydrogels formed with -CD 

(Figure A18c). At these compositions, the systems were fully phase-separated with two water 

phases.184 Nevertheless, the polymers are not fully separated but enriched in one or the other 

phase.185 Figure A18c shows how the compartmentalized hydrogels in α-CD-PDP aqueous 

system evolved visually with changing PEG/dextran weight ratios. At all weight ratios with 

dextran in the dispersed phase and PEG in the continuous phase compartmentalized hydrogels 

are formed, which is consistent with rheology results (Figure A21). Unexpectedly, hydrogels 

are also formed in the case of dextran in the continuous phase. Apparently, the amount of PEG 

in the dextran phase is sufficient to form a crosslinked hydrogel although dextran forms the 

major part of the continuous phase. After standing overnight, the hydrogels reached a steady 
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state that does not change anymore, indicating that all PEG/dextran ratios in α-CD-PDP 

aqueous system had produced compartmentalized hydrogels. In addition, there is no obvious 

effect of the mixture composition on droplet size (Figure A18d, e, f). As such no significant 

changes in volume fraction and concentration of the two phases were observed (28±1.2 µm for 

PEG35k (3 wt%)/dextran40k (7 wt%), 23±1.1 µm for PEG35k (5 wt%)/dextran40k (5 wt%) and 

25±1.2 µm for PEG35k (7 wt%)/dextran40k (3 wt%)). 

 

Stability of Compartmentalized Hydrogels and Targeted Disassembly 

Due to the supramolecular nature of the hydrogel, the application of external stimuli can be 

utilized to modify the structure. Therefore, a number of methods have been applied here. The 

hydrogel formation was performed at temperatures around 65 °C. The aqueous dispersion of 

the polymers, α-CD and PDP became cloudy instantaneously after  2 hours of ultrasonication 

for emulsification, and the hydrogel formed after heating to 65 °C and then cooling down to 

ambient temperature. Moreover, these compartmentalized hydrogels featured a phase transition 

from hydrogel to a clear solution after heating to 65 °C, which is a reversible process as 

hydrogels formed again at ambient temperature. Another option is to increase the temperature 

during hydrogel formation, i.e. after ultrasonication the samples were heated to 90 °C and then 

cooled down to ambient temperature. Compartmentalized hydrogels could be formed as well in 

this way, which can be seen from rheology that G’ exceeds G’’ and strong hydrogels are 

obtained regarding to high absolute values of G’ (27000 Pa) (Figure 5.5). However, the 

transition to a solution does not occur again: The compartmentalized hydrogels formed after 

heat treatment at 90 °C were heated again, but instead of a transparent solution a turbid sol was 

observed, which is a suspension containing small presumably crystallite particles. Regarding 

repeated cooling, rheology was measured after repeated heating to 65 °C and G’ reached the 

same level after cooling. In addition, there was no change for repeated heating and cooling 
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when the hydrogel was prepared after heating to 90 °C. Nevertheless, cooling to ambient 

temperature resulted in hydrogel formation, which demonstrates that high temperature 

improves inclusion complex formation as the aggregates do not break completely after heating 

as observed in the turbid sol character. The increased stability also manifests in the frequency 

dependency that does not show a crossing of G’ and G’’ at increased frequencies as it was 

evident for the hydrogel prepared after heating to 65 °C. However, the compartmentalized 

hydrogels could not be formed at the heating temperature below 65 °C (Figure A22a). In 

addition, no significant impact of heating time on the hydrogel formation was found. Emulsions 

kept at an elevated temperature (65 °C) for different time, 1 min, 5 min, 10 min and 30 min 

(Figure A22b) turned all into hydrogels. 

 

 

Figure 5.5. Characterizations of the compartmentalized hydrogel via PDP (0.2 g/L) stabilized 

PEG35k (7 wt%)/dextran40k (3 wt%) w/w system (140 mg/mL of α-CD) after heating to 90 °C 

and cooling to the ambient temperature: Optical images of (a) compartmentalized hydrogel; 

optical microscopy images of (b) emulsion droplets within a compartmentalized hydrogel; (c) 

strain dependency after heating to 90 °C and cooling to the ambient temperature; and (d) G’ 

and G’’ values of hydrogel against frequency with constant strain (0.1%). 

A disassembly of the compartmentalized hydrogels can be also obtained by addition of 

competitive guests (Figure 5.6a). Therefore, 10 mM of anthranilic acid was introduced into the 
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supramolecular compartmentalized hydrogels and the mixture was vortexed for 30 s. The 

obtained flowing turbid liquid confirms the successful destruction of the hydrogel network 

structure. The introduction of competitive guest, i.e. anthranilic acid, has a profound 

competitive effect on the -CD/PEG PICs. As the addition of additional guests interacts with 

the present α-CD capacities the equilibrium is shifted, which leads to inclusion complexations 

between α-CD and anthranilic acid. Thus, the disassembly of the hydrogel is initiated as the 

PEG is expelled from the α-CD cavities. Hence, it is indicated that disassembly of the hydrogel 

structure via competitive guest addition is possible. Most importantly, the aqueous two-phase 

emulsions are still stable after hydrogel disassembly (Figure 5.6b). In order to quantify the 

required amount of anthranilic acid to break the hydrogels, the concentrations of anthranilic 

acid were screened between 4 mM and 12 mM (Figure A23). It could be shown that a minimum 

of 10 mM anthranilic acid is needed to disassemble the hydrogels. However, after addition of 

competitive guest and dilution by 100%, the emulsion breaks as no droplets can be observed 

via optical microscopy anymore (Figure 5.6c and d), which is expected due to the shift out of 

the two phase region in the phase diagram.186 Moreover, the oscillatory shear rheology indicates 

hydrogel cleavage as G’’ exceeds G’ (Figure A24). The confocal images showed disassembly 

and demulsification after guest addition and dilution as well (Figure A25). No complete droplets 

could be observed via confocal microscope anymore. However, ill-defined aggregates were 

visible, which might be corresponding to various α-CD complexes. Therefore, the state of the 

system can be tailored from compartmentalized hydrogel to emulsion to solution. 



Chapter 5 
 

56 
 

 

Figure 5.6. Characterizations of the compartmentalized hydrogel via PDP (0.2 g/L) stabilized 

PEG35k (7 wt%)/dextran40k (3 wt%) water-in-water system (140 mg/mL of α-CD) after heating 

to 90 °C and cooling to the ambient temperature : Optical images of (a) compartmentalized 

hydrogel after adding the competitive guest and (c) the following dilution by 50%;  optical 

microscopy images of (b) droplets within an emulsion after adding the competitive guest and 

(d) the following dilution by 100%.     
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5.3. Conclusions 

In conclusion, a facile, generic approach is presented for fabrication of compartmentalized 

completely hydrophilic materials by forming a supramolecular hydrogel within mixtures of 

aqueous phase-separating polymers, in presence of Pickering-type PDP stabilizers, dextran, 

PEG and α-CD. PEG is found to form inclusion complexes with α-CD molecules, resulting 

hydrogel formation and in physical compartments from emulsion droplets. The 

compartmentalized hydrogels were assessed via SEM, OM and CLSM for morphology. The 

origin of hydrogel formation was confirmed via XRD and the gelation followed by oscillatory 

shear rheology. By varying the different constituent parts of the hydrogels, e.g. the molar mass 

of the utilized polymers, the polymer concentration and α-CD concentration as well as the 

temperature, the properties of the structure could be varied. After addition of a competitive 

guest, the original network can be disassembled.  Notably, after disassembly of the hydrogel 

via competitive guests, the emulsion stays intact and the emulsion finally breaks after 

significant dilution. As such, the system can be tuned in a multi-level way from hydrogel to 

emulsion to solution via external manipulations. Overall, this method can be applied to several 

all-aqueous emulsions. Such types of compartmentalized hydrogels could potentially provide 

new opportunities for a wide variety of aqueous multi-phase systems, in the design of novel 

biomimetic hydrogel catalysts, as the templates of porous soft materials or in fabrication of 

supramolecular hydrogel scaffolds for tissue engineering. 
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6. Water-in-Water Pickering Emulsion stabilized by 

Carbon Nitride 

6.1. Overview 

 

As stated in the previous chapters, ATPSs have recently raised big interest recently, like 

application in Pickering water-in-water emulsions in Chapter 4 and compartmentalized 

supramolecular hydrogels in Chapter 5. To investigate more about ATPS utilizing in water-in-

water emulsion systems stabilized by various kinds of solid particles, carbon nitride stabilized 

water-in-water Pickering emulsions are formed. PEG/dextran two-phase systems were 

stabilized into emulsions with five different types of carbon nitride as the Pickering stabilizer. 

Stable emulsions are obtained from the different carbon nitride that could be broken via dilution 

or surfactant addition and pH adjustment as shown in Figure 6.1.  

 

 

 

Figure 6.1. Overview of the PEG-dextran water-in-water emulsion formation employing 

carbon nitride (CN) and utilization in demulsification. 
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6.2. Results and Discussion 

CN stabilized water-in-water Pickering emulsions 

Emulsions were successfully produced with the aqueous two-phase systems with a variety of 

CN variants. Several CN were used with different functionalities, including CN from cyanuric 

acid-melamine complex (CM),187 allylamine-grafted CM (CM-AA),189 AHPA grafted CM 

(CM-AHPA),189 decene-grafted CM (CM-Decene),189 and 4-methyl-5-vinyl thiazole-grafted 

CMP (CMP-TA).190 All these CN variants used for emulsion preparation were effective 

stabilizers, which can be verified via optical microscope showing emulsion droplets (Figure 

6.2). CN as Pickering emulsion stabilizers largely benefits from their nanosheet shape (Figure 

A27), which was reported in organic two-dimensional material structure of CN behaved well 

in Pickering emulsification.191-192 Benefiting from its unique structure, CN is able to act as a 

stabilizer in water-in-water emulsions. Besides, CN also showed generality to be used as an 

emulsifier, which was applied in five different types and the corresponding Pickering emulsions 

are shown in Figure 6.2. All the emulsions were formed by different types of CN at a quite low 

CN concentration (0.02 g/L), with the droplets having variable sizes. The stability of the 

emulsions was examined by monitoring the droplet variation against aging time in an ambient 

environment. The ability of emulsification for CM-AHPA to emulsify PEG/dextran aqueous 

two-phase system was higher than other CN, which was assessed according to due to the long-

term stability of emulsions (16 weeks compared with 8 weeks of other variants) and high 

dispersibility in water. Furthermore, DLS of CM-AHPA indicated (Table A5) an average 

hydrodynamic diameter of 232 nm, allowing for the CM-AHPA as the aspect of size parameter 

to be a successful Pickering emulsion stabilizer. 

These ATPS were generally stable and well defined with PEG and dextran at various weight 

percentages and PEG: dextran ratios (Table A4). Homogenization provided the most evenly 

reproducible and long-term stable emulsions and was thus used for further emulsion 
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preparation. Passive mixing was shown to be incredibly important in the formation of CN 

stabilized PEG: dextran water-in-water emulsions, as proper settling of both phase in the CN 

dispersion allows for the proper formation of emulsion droplets. After emulsification it can be 

observed that two phases form as well as a solid phase, the solid phase is due to an excess of 

CN that settles from the emulsion. When allowed to mix and homogenize, the resulting 

emulsion is an even, continuous phase of emulsion which is stable for (at least) 16 weeks.  

 

 

 

 

Figure 6.2. Carbon nitride stabilized Pickering emulsions from 3 wt% PEG35K: 7 wt% 

dextran40K prepared with homogenization, optical microscopy images of 0.1 g/L CMP-TA (a), 

CM (b), CM-AHPA (c), CN-Decene (d), CM-AA (e) and photographs (f). 

 

For all samples made in this system, regardless of the CN concentration, if two phases appear 

in the sample, the upper phase contains an emulsion with fewer CN aggregates than the lower 

phase, which will have almost no droplets and a large amount of CN aggregates and settled CN 

(Figure 6.3a and b). The concentration of CN inside the overall system has few effects on the 
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emulsion formation itself. Emulsions can be successfully and stably made for a wide range of 

CN concentrations (0.1 to 0.02 g/L). Furthermore, CN concentration can be correlated to the 

distribution of each phase of the ATPS. For samples with a CN concentration decreasing from 

0.1g/L to 0.02 g/L, an emulsion can be formed with a decreased volume of non-emulsified 

phase, where the entire system is a separated emulsion with only emulsified upper part (Figure 

6.3b). The well-dispersed diluted CN solution changed the phase system, which makes a water-

in-water emulsion approach a one-phase emulsion with decreasing concentration of CN (Figure 

6.3c).   

 

Figure 6.3. CN Concentration effects on CN w/w emulsions. a. lower phase of a CN w/w 

emulsion (0.02 g/L CM-AHPA in 3 wt% PEG35K : 7 wt% dextran40K emulsion, 30s homogenizer 

22,000 RPM). b. the upper (emulsified phase) of the same sample in (a). c. The change in phases 

as the concentration of CN decreases, (1) 0.1 g/L, (2) 0.05 g/L, (3) 0.025 g/L, (4) 0.02 g/L. d. 

the size distribution of emulsion droplets for different CN concentrations. 
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In addition, the emulsion droplet size with the amount of CN in the dispersion varied as well. 

For the droplet size of emulsions for different concentrations, there is a correlation between the 

overall droplet sizes over concentration, where increasing CN concentration decreases the 

droplet size ranging from 63.6 µm to 32.1 µm (Figure 6.3d, A28). The distribution of droplet 

sizes is quite large in these types of emulsions, making accurate sampling of the emulsion 

unreliable (Figure A28). Nevertheless, the general trend of the emulsion droplet size is 

sustained. The negative correlation between droplet size and CN concentration is mainly due to 

the aggregation of CN dispersion in water. The higher the concentration of CN dispersion, the 

more easily CN aggregates are formed in water. The aggregation of CN in increasing 

concentration of dispersion contributed to increasing emulsion droplet size. 

An important question when considering emulsion preparation is the composition of each 

phase. For emulsion systems, the control of the droplet and continuous phase is necessary. 

Therefore, CLSM experiments were performed in order to elucidate the polymer partition in 

the emulsion. Two-phase systems were prepared with a total of 3 wt% PEG35K : 7 wt% 

dextran40K emulsion as well as 7 wt% PEG35K : 3 wt% dextran40K emulsion, and addition of 

FITC labelled PEG (20k) and rhodamine labelled dextran (2k). CLSM micrographs offered a 

dependable trend for the polymer contained within the emulsion droplets and the continuous 

phase, respectively. For 3 wt% PEG35K : 7 wt% dextran40K, PEG is contained within the 

emulsion droplets (Figure 6.4, A29). Furthermore, when the emulsion was reversed (7 wt% 

PEG35K : 3 wt% dextran40K), dextran was located within the emulsion droplet (Figure A30). 

Given the changing continuous and emulsion phase based on the weight ratio of PEG35K : 

dextran40K within the ATPS, the emulsion type varied in either dextran-in-PEG emulsion or 

PEG-in-dextran emulsion. CM-AHPA does not show any preference to either the dextran or 

the PEG phase, allowing for the phases of the emulsion to switch.  As such, the polymer phase 

inside the droplet can be controlled and changed on purpose (Figure A29, A30).      
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Figure 6.4. Confocal image of CM-AHPA stabilized 3 wt% PEG35K : 7 wt% dextran40K 

emulsion droplet. a. bright-field image of the emulsion droplet. b. Confocal image displaying 

rhodamine labelled dextran outside the droplet with CN aggregate at droplet surface. c. confocal 

image of FITC labelled PEG (20k) within the droplet.  

      

As the particle size for the utilized carbon nitride nanosheets is very small. CN can only be 

observed at the interface as large aggregates in CLSM. In the case of more concentrated (0.1 

g/L) dispersions of CN utilized for emulsions produced via hand mixing, which showed a larger 

emulsion droplet for better confocal imaging, CN aggregates could be viewed at the edge of the 

emulsion droplets alluding to the presence of adsorbed CN (Figure 6.4). By contrast, CN 

stabilized emulsions in a low concentration at 0.02 g/L (Figure A29 and A30) was not observed, 

which results from low amount of CN aggregates and small emulsion droplet size. Moreover, 

the CN itself has weak emission. The visible clear bright liquid droplets show the presence of 

fluorescently labelled PEG dispersed phase inside the emulsion droplets (Figure 6.4c), which 

indicates the near complete separation of PEG and dextran, as expected. By giving the direct 

observation fluorescent images, it is known that CN is acting as the Pickering stabilizer for 

PEG-dextran emulsion system. 
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Emulsion Stability 

CN water-in-water emulsions were monitored over the course of the project, for both high-

concentrated CN solutions of 0.1g/L (Figure A31) and lower concentrated solutions 0.02 g/L 

(Figure A32). Droplet size varies over the entirety of the sample, however, the largest amount 

of droplets are very small. Samples showed no significant change in emulsion droplet size and 

were stable over the course of 16 weeks. The stability of the emulsion droplets was not affected 

by CN concentration, i.e. CM-AHPA-based emulsions were stable for at least 16 weeks at 

various concentrations.  

Demulsification studies were conducted in order to test the stability of Pickering water-in-water 

emulsions with different CN under several conditions, including dilution of the system, the 

addition of a surfactant (SDS) and pH dependence. For all cases, the emulsions could be broken 

on purpose (Figure A33). Demulsification via dilution was tested by addition of water equal to 

half the system size (50%), equal to the system size (100%), and twice the system size (200%). 

It could be verified that dilution is effective at breaking these ATPS emulsions. In choosing to 

work near the critical point for phase formation, we were able to use a minimal amount of 

polymer to achieve two phase systems, and allow more room for viscosity changes. Emulsions 

with higher water dilution (200%) broke quicker than those with a lower dilution (50%) as 

expected. Optical microscopy images of separated two phases confirmed the successful 

demulsification of water-in-water emulsions (Figure 6.5). The emulsion may withstand a 

certain amount of dilution but as the two phases become miscible the emulsion will eventually 

break into a continuous solution. 
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Figure 6.5. Demulsification of CM-AHPA stabilized 3 wt% PEG35K : 7 wt% dextran40K water-

in-water Pickering emulsions (0.1 g/L CN). a. 50% dilution. b. 100% diluted emulsion. c. 200% 

diluted emulsion.  

 

Emulsion stability towards surfactants was tested with the addition of 4 mM SDS. All emulsions 

were verified with optical microscopy (Figure A33). The introduction of negatively charged 

SDS has a profound effect on CN. The hydrophobic part of surfactant interacts with the CN 

surface, which leads to electrostatic repulsion between individual CNs and thus droplet 

coalescence is initiated as the solid-stabilizer is expelled from the droplet surface. These 

procedures show the normal causes for breaking of ATPS emulsions, where certain triggered 

demulsification events can be performed. 

  

pH dependence was tested by adding a small amount of strong acid (HCl) and base (NaOH) to 

emulsions. For CM-AA stabilized emulsions, ~0.02 mL of HCl (10 mol/L) and ~0.02 mL of 

NaOH (6 mol/L) were added to 3 mL pre-prepared emulsions, which cannot cause any 

demulsification by this pretty low dilution, but by pH adjustment(Figure A34). Moreover, the 

demulsification happened in different pH only for CM-AA (allylamine modified carbon 

nitride). The amino group is a reactive group that is protonated by HCl and deprotonated in the 

alkaline condition, which changes the polarity of the stabilizer. For both conditions, the pH 

sensitive CM-AA played a crucial rule in destabilizing emulsions. 
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6.3. Conclusions 

In conclusion, carbon nitride proved itself as a capable Pickering stabilizer, forming emulsions 

with lifetimes of at least 16 weeks. Carbon nitride stabilized water-in-water emulsions can be 

tuned for droplet size via the polymer composition, have the continuous and emulsion phase 

adjustment, although be demulsified via various methods. Among these, dilution broke 

emulsions below the level required for phase separation of the ATPS.  Besides, surfactant 

addition and pH adjustment (strong acid and base) also demulsify pre-formed emulsions. 

Carbon nitrides unique properties as a metal-free photocatalyst allow it promising uses for 

photocatalysis, water splitting and contaminant degradation. With the combination of aqueous 

two-phase systems, carbon nitride water-in-water Pickering emulsions allow for a unique set of 

tools for future utilization applications in cosmetics, food, or as waste water treatment with 

diffusion separation of aqueous phase systems. 
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7. Conclusion and Outlook 

The goal of this thesis focuses on the investigation of aqueous two-phase systems utilizing 

various solid particles in these dispersed systems and triggering biocompatible polymers in 

compartmentalized systems. 

The first part of this thesis investigated biocompatible PDP and their application in aqueous 

dextran-PEG systems and enhancement in water-water emulsion preparation. Herein, all 

aqueous dextran−PEG emulsions were prepared in the presence of PDP (suspension, 0.2 g/L, 3 

mL). PDP was synthesized via dopamine hydrochloride under alkaline condition. The stability 

of the formed emulsions is studied with respect to pH, dilution and addition of surfactants. To 

inhibit demulsification of the Pickering emulsion, cross-linking of the solid PDP by using 

poly(acrylic acid) (PAA450k) and water-soluble 1-ethyl- 3-(3-

dimethylaminopropyl)carbodiimide (EDC) is performed to lock-in the surface structure of 

emulsion droplets. And the stability of the emulsion was probed again. In contrast to the 

previous Pickering emulsion, the capsules remained intact after surfactant addition and upon 

dilution with water although minor swelling of the droplets was observed. 

Regarding the well-dispersied solid PDP in aqueous two-phase systems and good performance 

as stabilizers in water-water emulsions, for the second part of the thesis, a generic method for 

compartmentalizing aqueous media using aqueous phase separation of incompatible polymers 

and formation of a supramolecular hydrogel to obtain fixed compartments was presented. 

Therefore, PEG-dextran w/w emulsions are formed in the presence of PDP and gelation via α-

CD was investigated. By forming the supramolecular hydrogel throughout the continuous phase 

of all-aqueous emulsions stabilized by PDP, distinctly, compartmentalized complexation 

between PEG and α-CD are formed. The hydrogel formation was performed at temperatures 

around 65 °C, which led to reversible gelatin as hydrogels formed again at ambient temperature. 
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However, there was no change for repeated heating and cooling when the hydrogel was 

prepared after heating to 90 °C. Moreover, the triggered disassembly of the hydrogels via 

competitive guest addition was presented, while the emulsion stayed intact keeping a mobile 

compartmentalization of the solution. The introduction of competitive guest, i.e. anthranilic 

acid, had a profound competitive effect on the α-CD/PEG PICs. The emulsion was demulsified 

in a further step leading to a complete loss of structuring. The hydrogels and emulsions were 

assessed via optical microscopy and confocal laser scanning microscopy showing a 

supramolecular compartmentalized hydrogel that can be selectively disassembled on various 

levels of structuring. 

The last part of the thesis provides other possible solid particles dispersed in aqueous two-phase 

systems and utilization as stabilizers in water-in-water emulsions. Here, five types of CN were 

used, namely, CM, CM-AHPA, CN-Decene, g-CN-AA, and CMP-TA. The majority of the 

study employed the particular sulfonic acid modified variant CM-AHPA. Carbon nitride will 

be studied for its viability as Pickering stabilizer, along with its characterization and other 

properties. To enhance the dispersity of CN, solutions were sonicated and were either allowed 

to settle or centrifugation to remove excess CN. Emulsions were successfully prepared by using 

these five types of CN as stabilizers, which kept stable for at least 16 weeks. The variation of 

droplet sizes is quite large in these types of emulsions, which is related to the different amount 

of CN and types of CN. The targeted disassembly can be realized by pH adjustment, dilution 

of the systems and addition of surfactants. 

In conclusion, the investigation of solid particles, PDP, various variants of CNs in water-in-

water contributed to a high extend to increase understanding of aqueous two-phase systems 

(ATPS). At the beginning, starting with biocompatible poly (dopamine) particles dispersed in 

PEG-dextran emulsions as effective stabilizers, the water-in-water emulsions could keep stable 

and also enhance intact stability by crosslinking in the first chapter. Going on to address 
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polydopamine particles in aqueous two-phase systems, the second chapter formed 

compartmentalized supramolecular hydrogels via addition of α-CD. Finally, the third chapter 

widens generality of solid particles in aqueous two-phase systems utilizing five types of CN.  

A significant number of new aqueous two-phase systems can be easily formed by applying the 

reported preparation process. Furthermore, novel drug delivery approaches can be developed 

with the concept of the displayed compartmentalized supramolecular hydrogels addressing to 

the delivery or providing confinements. Recent advances in ATPSs have addressed controllable 

generation and stabilization of all-aqueous compartmentalized systems and droplets, and 

demonstrated diverse applications ranging from manipulating particles, designing artificial 

cells, preparing biocompatible microparticles, engineering cell micropatterning and 3D 

bioprinting, to separating cells and biomolecules in microfluidic channels in all-water 

environments. 

In the future, more work still needs to be done to overcome the current challenges and to expand 

ATPS-based applications towards a much wider range of practical applications. The rapidly 

emerging understanding of ATPSs brings enormous potential for mimicking liquid–liquid 

phase separation (LLPS) processes that have important implications in the development of cells, 

age-related diseases, and neurodegenerative disorders, as well as opportunities for new 

technologies such as 3D printing of all-aqueous-based highly biocompatible organs with 

promise for translation into clinical applications. 
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8. Appendix 

8.1. Materials 

All materials were used as purchased unless noted otherwise. Cetyltrimethyl ammonium 

bromide (CTAB; analytical grade, Fluka), dimethylsulfoxide (DMSO; Acros, extra dry, 99%), 

dextran (40k, analytical grade; 100k, analytical grade, all from Sigma Aldrich), dopamine 

hydrochloride (98%, Sigma Aldrich), ethylenediamine resin (polymer-bound, 4.0-5.7 

mmol/g, Sigma Aldrich), 1-ethyl-3-(3-dimethylaminopropyl carbodiimide hydrochloride 

(EDC; >98%, Sigma Aldrich), fluorescein isothiocyanate (FITC; 90%, Sigma Aldrich), 

hydrochloric acid (HCl; fuming, Carl Roth), poly(acrylic acid) (PAA; 450k, analytical grade; 

1250k, analytical grade, all from Sigma Aldrich), poly(ethylene glycol) (PEG; 20k, analytical 

grade; 35k, analytical grade, all from Sigma Aldrich), poly(ethylene glycol) diamine (NH2-

PEG-NH2; 20k, analytical grade, Sigma Aldrich), sodium hydroxide (NaOH; 98%, Sigma-

Aldrich) and sodium dodecyl sulfate (SDS; analytical grade , Fluka) were used without further 

purification, anthranilic acid (reagent grade, ≥98%, Sigma Aldrich), α-cyclodextrin (-CD; 

≥98%, Roth), dimethylsulfoxide (DMSO, extra dry, Acros Organics), N,N 

dimethylformamide (DMF, anhydrous 99.8%, Sigma Aldrich), ethylenediamine resin 

(polymer-bound, 4.0-5.7 mmol/g, Sigma Aldrich), fluorescein isothiocyanate (FITC; 90%, 

Sigma Aldrich), poly(ethylene glycol) (PEG; 20k, analytical grade; 35k, analytical grade; 40k, 

analytical grade, all from Sigma Aldrich). Rhodamine B (high purity, Sigma), Methylene Blue 

(high purity, biological, Alfa Aesar), reactive blue 160 (Sigma-Aldrich) were used for the 

photocatalysis of dyes. Rhodamine B Isothiocyanate-Dextran (70k, Sigma) and FITC 

labelled PEG (2K) were used for confocal experiments. Polydopamine particles (PDP)193 and 

FITC-labeled PEG were obtained according to the literature. Several CN were used with 

different functionalities, including CN from cyanuric acid-melamine complex (CM),187 phenyl-
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modified CM (CMP),188 allylamine-grafted CM (CM-AA),189 AHPA grafted CM (CM-

AHPA),189 decene-grafted CM (CM-Decene),189 and 4-methyl-5-vinyl thiazole-grafted CMP 

(CMP-TA).190 Milli-Q water was obtained from an Integra UV plus pure water system by SG 

Water (Germany). 
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8.2. Synthesis Procedures 

8.2.1. Synthesis of materials described in Chapter 4 

Preparation of polydopamine particles (PDP)194: In a typical synthesis of PDP, aqueous 

ammonia solution (NH4OH, 0.75 mL, 28-30%) was mixed with ethanol (40 mL) and deionized 

water (90 mL) under mild stirring at room temperature for 30 min. Dopamine hydrochloride 

(0.5 g) was dissolved in deionized water (10 mL) and then injected into the mixture. The color 

of this solution immediately turned to pale brown and gradually changed to dark brown. The 

reaction was allowed to proceed for 30 h under air. The PDP was obtained by centrifugation 

and washed with water for three times. The fabricated PDP was dried in the oven at 80 °C for 

24 h (yield: 0.38 g PDP). For the use as Pickering stabilizer a stock of PDP suspension was 

prepared applying ultrasound (Elmasonic S30H). 

FITC-labeled PEG: In a dry, argon purged 25 mL round bottom Schlenk flask, NH2-PEG-

NH2 (20k, 0.5 g, 0.025 mmol, 1 eq.) was dissolved in dry DMSO (6 mL). At first, FITC (9.735 

mg, 0.05 mol, 2 eq.) was dissolved in dry DMSO (1.0 mL) in the dark and then added to the 

reaction mixture. The reaction mixture was stirred at ambient temperature for 24 hours. 

Ethylenediamine resin (polymer-bound, 100 mg) was added and the reaction mixture was 

stirred for an additional 24 h. The reaction mixture was filtered off and the solution was dialyzed 

against deionized water for three days followed by lyophilization to afford FITC labeled PEG 

(0.189 g, 10.2 µmol, 38% recovery, Mn = 18 400 g mol−1, PEG standard in THF, Đ = 1.3) as an 

orange powder. 

 

Exemplary Preparation of Water-in-water Emulsions: Solutions of dextran and PEG were 

prepared by dissolving the powder in Milli-Q water at neutral pH with stirring. Concentrations 

of PEG (CPEG) and dextran (CDex) are indicated as weight percentages. An example emulsion 
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was formed by mixing PEG35k (CPEG=7 wt%, 0.90 g) and dextran40k (CDex=3 wt%, 0.40 g) in 

PDP suspension (0.2 g/L, 3 mL). After mixing, the mixtures were shaken by hand. In this way, 

a stable dextran-in-PEG emulsion with broad distribution of droplet sizes could be achieved. In 

order to decrease dispersity of droplet sizes, the procedure was evaluated further. Vortex 

treatment for 30 s led to emulsion with improved dispersity in droplet size. Other emulsions 

were formed according to Table A1.  

 

Preparation of Crosslinked Water-in-water Emulsions: A stock solution of PAA450k (100 

mM) and freshly-prepared EDC (120 mM) was prepared in Milli-Q water. To obtain 

crosslinked PDP in water phases, PAA and EDC solution were added into as-formed emulsions 

stabilized by PDP. First, PEG35k (CPEG=7 wt%, 0.90 g) / dextran40k (CDex=3 wt%, 0.40 g) 

emulsions were prepared and then PAA450k solution (0.5 mL) and several droplets of fresh EDC 

solution (0.4 mL) were added into stable PEG/dextran emulsions, crosslinked PDP surrounding 

emulsion droplets were fabricated via vortex for 15s.  

 

Demulsification of Various Types of Emulsions: Here, PEG (CPEG=7 wt%, 0.90 g) / dextran 

(CDex=3 wt%, 0.40 g) water-in-water solutions were stabilized by PDP as mentioned above. A 

droplet of the emulsion (~0.2 mL) was placed on a microscopy slide and Milli-Q water 

(~0.2 mL) was added to dilute the emulsion. In the case of surfactants, SDS or CTAB (4 mM, 

0.3 mL) were used for 3 mL of non-crosslinked emulsions as well by directly mixing with 

original emulsions. 

 

8.2.2. Synthesis of materials described in Chapter 5 

Preparation of Compartmentalized Hydrogel: An example compartmentalized hydrogel was 

formed by mixing PEG35k (cPEG=7 wt%, 0.90 g) and dextran40k (cDex=3 wt%, 0.40 g) with PDP-
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α-CD suspension (0.2 mg/mL of PDP, 140 mg/mL of α-CD, 3 mL). After mixing, the mixture 

was ultrasonicated for 2 hours for dissolving and emulsification (Elmasonic S30H). Then, the 

sample was heated to 65 °C and cooled down to ambient temperature for hydrogel formation. 

To study the temperature sensitivity, the procedure was evaluated further. After ultrasonication 

for 2 hours, the mixture was directly heated to 90 °C and then cooled down to ambient 

temperature.  

Stability of Emulsions and Compartmentalized Hydrogel: 

Dilution Study 

Here, PEG (cPEG=7 wt%, 0.90 g) / dextran (cDex=3 wt%, 0.40 g) w/w α-CD solutions were 

stabilized by PDP as mentioned above. After ultrasonication, before heating and hydrogel 

formation a droplet of the emulsion (~0.2 mL) was placed on a microscopy slide and Milli-Q 

water (~0.2 mL) was added to dilute the emulsion, which breaks the emulsion. However, the 

dilution by 50% could not demulsify the emulsion. 

Competitive Guest Addition 

After hydrogel formation a competitive guest was added. Anthranilic acid (10 mM, 0.5 mL) 

was mixed with compartmentalized hydrogels (3 mL) with vortex for 30 s, which led to a sol. 

Here, there was no demulsification observed under optical microscope. Finally, the following 

targeted complete disassembly was performed by diluting ~0.2 mL of the mixture solution by 

100% with Milli-Q water (~0.2 mL). When the mixture solution was diluted, a droplet of the 

solution was directly placed on a microscopy slide and complete demulsification was observed 

(Figure 5d).  

8.2.3. Synthesis of materials described in Chapter 6 

Preparation of Carbon Nitride Stabilized Emulsions: Carbon nitride dispersion solutions 

were prepared first with the addition of CN to deionized water (0.1 g/L). To disperse CN, 
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solutions were sonicated via ultrasound (Elmasonic S30H). For more dilute dispersions of CN, 

the stock solutions were either allowed to settle (7 days) or centrifugation (10K RPM, 10 

minutes) to remove excess CN before weighing to find the final concentration of CN in the 

dispersion. CN begins to settle out of any stock solution within hours of dispersion, and should 

be fresh dispersed before use or testing to ensure even dispersion concentration. Furthermore, 

for samples made with similar concentrations, where one was produced by diluting a 

concentrated CN solution (0.1 g/L to 0.025 g/L) in comparison to a stock solution prepared by 

allowing the CN to settle naturally (0.02 g/L). Several CN were used with different 

functionalities, including CM, g-CN-AA, CM-AHPA, CN-Decene, and CMP-TA. 

Emulsions were prepared by adding 3 mL of CN dispersion (0.02 to 0.1 g/L) to 3 wt% PEG and 

7 wt% DEX, or other weight percentage ratios of PEG/DEX (Table A4). Samples were allowed 

to mix passively, before emulsification. When two phases can be observed, the samples are then 

emulsified for observation. Emulsification was performed via hand mixing (10-30s), vortex 

(10-30s), sonication (5-30 min), or homogenization (30s) (IKA Dispersers T25 digital ULTRA-

TURRAX®). 

Demulsification of Various Types of Emulsions: Here, 3 wt% PEG35K (CPEG=7 wt%, 0.90 g): 

7 wt% DEX40K (CDex=3 wt%, 0.40 g) water-in-water solutions were stabilized by CN as 

mentioned above. A droplet of the emulsion (~0.2 mL) was placed on a microscopy slide and 

Milli-Q water (~0.1 mL) was added to dilute the emulsion to 50%, Milli-Q water (~0.2 mL) to 

100% and Milli-Q water (~0.4 mL). In the case of surfactants, SDS (4 mM, final concentration) 

were used for 3 mL of CN stabilized emulsions as well by directly mixing with original 

emulsions. For pH adjustment, a small amount of strong acid (HCl, 10 mol/L, ~0.02 mL) and 

alkaline (NaOH, 6 mol/L, ~0.02 mL) were added to 3 mL of CN stabilized emulsions. 
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8.3. Characterization 

The interfacial tensions between polymer solutions and water were determined by the pendant 

drop method through droplet shape profile analysis (OCA instrument, Dataphysics ES, 

Germany). In chapter 4, firstly, the water solution with lower density, dextran solution or PEG 

solution was poured into a cuvette and a volume of ca. 20 µL aqueous solution containing PDP, 

and a distinct concentration of the other solution was injected into it by a syringe. Then, the 

droplet shape profile was analyzed to acquire the value of interfacial tension. At least three 

independent measurements were performed.  

The three-phase contact angle was recorded using the same OCA instrument. 178To measure 

the three-phase contact angle of particles (according to different samples) at the air−water 

interface, a silicon wafer was immersed into particles suspension and left to equilibrate for 24 h. 

After equilibration, the wafer was washed by distilled water to remove excess particles and 

dried prior to use. The wafer was placed at the bottom of the stage and ca. 2 µL water droplet 

was placed gently on the wafer. The contact angle was obtained by measuring three different 

spots on a wafer.  

Fourier transform infrared (FT-IR) spectra were taken on Nicolet iS 5 FT-IR spectrometer. 

FT-IR is non-destructive and facile method to distinguish functional groups in samples. 

Solid state ultraviolet-visible (UV-Vis) spectroscopy was recorded via a Cary 500 Scan 

spectrophotometer equipped with an integrating sphere. It is predominantly used for 

determination of photo and electrical properties of materials due to light absorption.  

Size exclusion chromatography (SEC) was conducted in N-methyl pyrrolidone (NMP, Sigma 

Aldrich, GC grade) with 0.05 mol·L-1 LiBr and BSME as internal standard using a column 

system by PSS GRAM 100/1000 column (8 × 300 mm, 7 μm particle size) with a PSS GRAM 

precolumn (8 × 50 mm) and a Shodex RI-71 detector and a calibration with PS standards from 
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PSS. The method is utilized to determine molar mass and molecular dispersity of polymer 

samples. 

Nuclear magnetic resonance spectroscopy (NMR) was recorded at ambient temperature at 

400 MHz using Bruker Ascend400 for 1H-NMR. Thus, sample is dissolved in deuterated 

solvent and immersed in a magnetic field. Depending on the environment of the respective 

atom, chemical shifts can be measured. In the thesis, resulting spectra were investigated for 

determination of purity and confirmation of polymer structure. 

Freeze drying of cross-linked particles and hydrogel samples are applied for solid state 

analysis. The samples were transferred into a flask or a metal plate and dried by pump thaw 

cycles until the moisture droplets were not visible anymore. In this frozen form, they were 

immediately put into Alpha LSCbasic (Christ, Germany) freeze dryer overnight.  

Ultrasonication was performed via an ultrasonicator at 50% amplitude (Branson D450) which 

facilitates dispersion preparation. 

Dynamic light scattering (DLS) measurements were performed on g-CN colloidal 

suspensions via Malvern Zetasizer Nano ZS90 with λ=633 nm at θ=90°. DLS provides 

information about hydrodynamic diameters of particles in solution. As all particles have 

Brownian motion in solution, random particle motion can be related to particle size using 

Stokes-Einstein equation. It assumes the particles as spheres and provides hydrodynamic 

diameter. Number average results were employed for different particle dispersions. 

Zeta potential measurements of different colloidal suspensions in chapter 4 and chapter 6 

were performed with a Zetasizer Nano ZS90 from Malvern. Zeta potential is an important 

phenomenon to determine colloidal stability as it is related to electrostatic repulsive forces. The 

measured value is based on the potential difference of dispersing media and stationary fluid 

attached to colloidal particle which arises from electric double layer theory. Zeta potential 

magnitudes more than 30 mV stands for good colloidal stability whereas magnitudes lower than 

30 mV generally stand for instability.  
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Rheology measurements were performed on Anton Paar MCR 301 rheometer, equipped with a 

cone plate 12 (CP-12). Measurements were performed at constant angular frequency (10 rad s-

1) with strain range from 0.1-100% with 31 measuring points and 0.02 mm gap. Frequency 

dependent measurements were performed at constant strain (0.1%) with changing frequency in 

the range of 1-100 rad s-1. Viscosity measurements were performed at ambient temperature with 

changing shear rate between 1-20 s-1. Rheology stands for the deformation and flow behavior 

of materials. It can be applied from solids to liquids and provides information about many 

properties, such as viscosity and viscoelastic behavior. Viscosity explains the resistance of 

liquids to flow, or a friction between fluid molecules, and one can imagine comparison of 

materials such as water and honey. Rheology is really helpful to determine viscosity and type 

of viscosity (shear thinning, shear thickening etc.). Basically, a material is replaced between 

two plates, where bottom plate is stationary and top plate applies shear. Shear stress (τ) is 

defined as τ = F/A, which F represents shear force (in Newton) and A represents area (m2). 

Shear rate (γ̇) is represented as v/h, which v is velocity (m/s) and h is shear gap (m). Finally, 

dynamic viscosity (η) can be calculated via η=τ/γ ̇with resulting Pa*s unit. Viscoelastic behavior 

of materials represents viscous and elastic behavior upon shearing. Rheology is helpful when it 

comes to investigate such properties of materials. Shear stress is defined in a same manner as 

shown in viscosity. Shear strain (γ) can be defined as s/h where s shows deflection path (m) and 

h shows shear gap (m). Therefore, shear modulus (G) is represented as τ/γ with Pa unit. Complex 

shear modulus (G*) is derived from oscillatory shear tests which describes viscoelastic behavior 

of samples. Storage modulus (G’) represents elastic character and loss modulus (G’’) represents 

viscous character of sample. In the cases where G’>G’’, means material has solid-like character 

and G’<G’’ shows that material has more liquid character.  

X-ray diffraction (XRD) patterns of powders were obtained using Bruker D8 Advance X-ray 

diffractometer via Cu-Kα radiation and a scintillation counter. XRD provides information about 

crystallinity and order of the material. Bragg law describes the diffraction of a wavelength  
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𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 

Θ is the angle from diffraction, d is distance between planes and n represents the order of 

diffraction. The resulting pattern is characteristic for a sample which labels the crystalline 

orientation accordingly. 

Scanning electron microscopy (SEM) images were obtained using SM-7500F (JEOL) 

equipped with an Oxford Instruments X-MAX 80 mm2 detector. SEM records scattered 

electrons from sample after electron beam interaction and SEM images are used to observe the 

structures of samples. 

Cryogenic scanning electron microscopy (Cryo-SEM) was used to visualize the emulsion 

droplet surface by Jeol JSM 7500F and the cryo-chamber from Gatan (Alto 2500). The prepared 

fresh dispersion was applied to a copper sample holder, and then the sample holder was put into 

chamber. In cryo-SEM, the sample is frozen before insertion for measurement to preserve the 

structure of the sample without drying effects.  

Transmission electron microscopy (TEM) images were obtained via Zeiss EM 912 Omega 

microscope at 120 kV as acceleration voltage. Beam of electrons are transmitted through the 

sample and resulting image can be utilized to determine the structure (such as crystallinity) of 

material. 

Confocal laser scanning microscopy (CLSM) is a technique for the imaging of thin lateral 

sections of a sample without the detection of out-of-focus light. The illumination of the sample 

from a point source such as a laser is focused on a spot inside the sample. In order to improve 

the acquisition rate, the confocal principle can be extended with a line-scanning microscope. In 

this case a line is used to illuminate the sample and fluorescence is collected through a slit. As 

all points in the line are detected at once, acquisition times are greatly improved but this comes 

at the expense of reduced sectioning strength. CLSM measurements were conducted with a 

Leica TCS SP5 (Wetzlar, Germany) confocal microscope, using a 63x (1.2 NA) water 
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immersion objective. The dye stained samples were excited with a diode pumped solid-state 

laser at different wavelengths for different samples. 

Optical microscopy (OM) images were conducted with a Leica, DM1000 LED optical 

microscopy (Germany). Optical microscopy is a technique employed to closely view a sample 

through the magnification of a lens with visible light. 
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8.4. Appendix Figures 

Table A1. Different concentration of weight ratio in PEG35k/Dex40k mixtures. 

 CPEG = 8 

wt% 

CDex= 2 

wt% 

CPEG = 7 

wt% 

CDex= 3 

wt% 

CPEG = 6 

wt% 

CDex= 4 

wt% 

CPEG = 5 

wt% 

CDex= 5 

wt% 

CPEG = 4 

wt% 

CDex= 6 

wt% 

CPEG = 3 

wt% 

CDex= 7 

wt% 

CPEG = 2 

wt% 

CDex= 8 

wt% 

PEG (g) 1.043 0.903 0.766 0.632 0.532 0.399 0.266 

Dex (g) 0.266 0.399 0.532 0.632 0.766 0.903 1.043 

 

Figure A1. The morphology of polydopamine particles (PDP). a) and b) SEM images of PDP; 

c) TEM image of PDP. 

 

 

 

 

 

 

Figure A2. Cryo-SEM images of control sample without PDP stabilizers. 

 

               

a) b) c) 
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Figure A3. Cryo-SEM images of a single emulsion droplet (PEG35k (7 wt%)/dextran40k (3 

wt%)/0.2 g/L PDP water-in-water system). 

 

 

 

Figure A4. Images for the lower phase of PDP stabilized emulsions via vortex for 30 s. a) 

optical image of lower phase; b) CLSM image of lower phase. 
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Figure A5. Droplet size distribution for stable emulsion droplets via vortex for 30 s. (The 

PEG35k (7 wt%)/dextran40k (3 wt%)/0.2 g/L PDP water-in-water system). 

 

Table A2. Dependence of droplet size on PEG/dextran molar mass and concentration for 

PEG/dextran mixtures via vortex for 30 s (PDP concentration 0.2 g/L). 

CPEG/CDex 

[wt%] 

 

Average droplet 

diameter [µm] 

PEG20k; dextran40k 

Average droplet 

diameter [µm] 

PEG20k; dextran100k 

Average droplet 

diameter [µm] 

PEG35k; dextran40k 

8/2  5.62±0.77 µm 3.57±0.98 µm 3.26±0.92µm 

7/3  5.47±1.23 µm 8.25±0.76 µm 4.62±1.03 µm 

6/4  5.55±0.86 µm 9.01±1.21 µm 5.62±1.01 µm 

5/5  5.02±1.07 µm 9.68±0.75 µm 10.72±0.91 µm 

4/6  No emulsion 11.63±0.96 µm 11.33±0.78 µm 

3/7   No emulsion 15.42±1.11 µm 16.01±0.88 µm 

2/8   No emulsion 16.39±0.93 µm 17.33±1.03 µm 
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CPEG/CDex 

[wt%] 

 

Average droplet 

diameter [µm] 

PEG20k; dextran40k 

Average droplet 

diameter [µm] 

PEG20k; dextran100k 

Average droplet 

diameter [µm] 

PEG35k; dextran40k 

8/2  

    
7/3 

   
6/4 

   
5/5 

   
4/6  

  
3/7  

  
2/8  

  

 

20 μm

20 μm

20 μm 20 μm

20 μm 20 μm

20 μm 17.33 µm 

11.33 µm 

16.01 µm 

10.72 µm 

5.62µm 

4.62 µm 

3.26 µm 3.57µm 

8.25 µm 5.47 µm 

5.62 µm 

5.55 µm 

5.02 µm 

9.01 µm 

9.68 µm 

11.63 µm 

15.42 µm 

16.39 µm 
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Table A3. Dependence of droplet size on PDP suspension concentration with standard 

deviation via vortex for 30 s. 

  

PDP 

concentration 

(g/L)    

CPEG35k = 3 wt% 

CDex40k = 7 wt% 

CPEG35k = 5 wt% 

CDex40k = 5 wt% 

CPEG35k = 7 wt% 

CDex40k = 3 wt% 

0.2 

    

0.4 

 

    

0.6 

    

 

  

Figure A6. Influence of pH on the average size and zeta potential of PDP. 
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Figure A7. Influence of pH on the interfacial tension of PDP between PEG and dextran solution. 

The ratio of PEG is 3 wt% and the ratio of dextran is 7 wt%. The profile of pendant drop for 

interfacial tension. (pH=7, with 0.2 g/L PDP) 

 

 

Figure A8. Influence of pH on the contact angle of PDP between PEG and dextran solution. 

The ratio of PEG is 3 wt% and the ratio of dextran is 7 wt%. 
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Figure A9. Photographs showing the demulsification of PDP-stabilized emulsions via vortex 

for 30 s by addition of CTAB. a) PEG-dextran emulsion. b) Phase separation. c) Optical 

microscope picture of demulsification. Here the emulsion was stabilized by 0.2 g/L PDP 

suspension. The weight ratio of PEG to dextran is 7 wt% of PEG35k/ 3 wt% of dextran40k. 

 

Figure A10. The morphology of crosslinked PDP. a) Optical microscope picture of PDP 

particles after crosslinking. b) and c) TEM images of crosslinked PDP. d) and e) Cryo-SEM 

images of crosslinked PDP. 
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Figure A11. FTIR spectra of PDP particles and crosslinked PDP. 

 

 

Figure A12. Additional cryo SEM images of emulsions of 7 wt% of PEG35k; 3 wt% of 

dextran40k system after crosslinking with PAA450k/EDC.  
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Figure A13. XRD measurement of crosslinked PDP. 

 PAA1250k with EDC PAA450k with EDC 

CPEG = 3 
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wt% 

CDex= 3 
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Figure A14. Influence of molar mass of PAA on the droplet size for emulsions for mixtures 

via vortex for 30 s. 
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Figure A15. Photographs showing no phase separation of PDP-stabilized emulsions via vortex 

for 30 s by addition of CTAB. a) PEG-dextran emulsion. b) No phase separation. c) Optical 

microscope picture of emulsion droplet. Here the emulsion was stabilized by 0.2 g/L PDP 

suspension. The weight ratio of PEG to dextran is 7 wt% of PEG35k/ 3 wt% of dextran40k. 

 

         

Figure A16. Cryo-SEM images of hydrogel via PEG35k (7 wt%)/dextran40k (3 wt%) water-in-

water system (140 mg/mL of α-CD) after heating to 65 °C and cooling to ambient temperature 

without addition of PDP.  
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Eq: calculation pathway for the surface coverage: 

The surface area was calculated by the following steps. Firstly, the actual mass of particles 

utilized for emulsification was calculated by original concentration of PDP and the residual 

concentration of PDP. 

6 × 10−3 − 1.14 × 10−3 = 4.86 × 10−3𝑔                                                                         (A1) 

 

Then the number of emulsion droplets (n): 

𝑛 = (𝜋𝑅2ℎ)/(
4

3
𝜋𝑟3)                                                                                                           (A2) 

R is radius for the glass vial; 

r is radius for the emulsion droplet; 

h is the height of emulsion; 

So the total surface area: 

𝑛 × (4𝜋𝑟2) = 3𝜋𝑅2ℎ/𝑟                                                                                                     (A3) 

Finally, the surface coverage: 

4.86×10−3

3𝜋𝑅2ℎ

𝑟

= 1.168 × 10−6 𝑔 ∙ 𝑐𝑚−2                                                                                  (A4) 
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Figure A17. (a) Shear rate dependency of viscosity of compartmentalized hydrogels via PDP 

(0.2 g/L) stabilized PEG35k (7 wt%)/dextran40k (3 wt%) water-in-water system (140 mg/mL of 

α-CD); the strain dependency of (b) emulsion via PDP (0.2 g/L) stabilized PEG35k 

(7 wt%)/dextran40k (3 wt%) w/w system (without α-CD addition) (c) hydrogel via PDP (0.2 g/L) 

within PEG35k (7 wt%) water system (140 mg/mL of α-CD) after heating to 65 °C and cooling 

to the ambient temperature.  

 

 

 

a) b) 

c) 
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Figure A18. Component dependence of compartmentalized hydrogels via PDP (0.2 g/L) 

stabilized PEG/dextran w/w system  : (a) PEG molar mass dependence for compartmentalized 

hydrogels via PDP stabilized PEG (7 wt%)/dextran (3 wt%) w/w system (140 mg/mL of α-CD); 

(b) α-CD concentration dependencefor compartmentalized hydrogels via PDP stabilized 

PEG35k (7 wt%)/dextran40k (3 wt%) w/w system; and (c) PEG/dextran ratio (wt%) dependence 

for compartmentalized hydrogels via PDP stabilized PEG35k /dextran40k water-in-water system 

(140 mg/mL of α-CD); (d) hydrogels formed in a dextran phase isolated from a PEG35k 

/dextran40k water-in-water system (right) after addition of 140 mg/mL of α-CD for the 

respective PEG/dextran ratio (wt%) and reference of pure PDP/dextran phase (left) after 

addition of 140 mg/mL of α-CD; CLSM images of emulsion droplets within a 

compartmentalized hydrogel of the system: (e) PEG35k (3 wt%)/dextran40k (7 wt%); (f) PEG35k 

(5 wt%)/dextran40k (5 wt%); (f) PEG35k (7 wt%)/dextran40k (3 wt%). 

e) f) g) 
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Figure A19. Dependence of PEG molar mass on rheological properties for PDP (0.2 g/L) 

stabilized PEG (7 wt%)/dextran40K (3 wt%) w/w system (140 mg/mL of α-CD): (a) PEG3K; (b) 

PEG10K; (c) PEG35K. 

 

Figure A20. Dependence of α-CD concentration (mg/mL) on rheological properties of for PDP 

(0.2 g/L) stabilized PEG35k (7 wt%)/dextran40k (3 wt%) w/w system: (a) 200 mg/mL of α-CD; 

(b) 180 mg/mL of α-CD; (c) 140 mg/mL of α-CD; and (d) 80 mg/mL of α-CD. 
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Figure A21. Dependence of PEG/dextran ratio (wt%) on rheological properties for 

compartmentalized hydrogels via PDP (0.2 g/L) stabilized PEG35k /dextran40k water-in-water 

system (140 mg/mL of α-CD ):(a) PEG (3 wt%)/dextran (7 wt%); (b) PEG (5 wt%)/dextran (5 

wt%); and (c) PEG (7 wt%)/dextran (3 wt%). 

 

 

Figure A22. Dependence of preparation conditions on compartmentalized hydrogels via PDP 

(0.2 g/L) stabilized PEG35k (7 wt%)/dextran40k (3 wt%) w/w system (140 mg/mL of α-CD): (a) 

heating temperature dependence (b) heating time dependence after heating to 65 °C and cooling 

to ambient temperature. 

25 °C                 45 °C            65 °C               85 °C           90 °C 
a) 

1 min                      5 min                   10 min                    30 min b) 
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Figure A23. Concentration dependence of competitive guest addition for compartmentalized 

hydrogels via PDP (0.2 g/L) stabilized PEG35k (7 wt%)/dextran40k (3 wt%) w/w system (140 

mg/mL of α-CD): (a) 4 mM of anthranilic acid;(b) 6 mM of anthranilic acid; (c) 8 mM of 

anthranilic acid; (d) 10 mM of anthranilic acid and (e) 12 mM of anthranilic acid. 
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Figure A24. Strain dependency of the compartmentalized hydrogel via PDP (0.2 g/L) stabilized 

PEG35k (7 wt%)/dextran40k (3 wt%) water-in-water system (140 mg/mL of α-CD) after heating 

to 90 °C and cooling to the ambient temperature after addition of the competitive guest 

anthranilic acid. 
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Figure A25. CLSM images of mixture solution via PDP (0.2 g/L) stabilized PEG35k 

(7 wt%)/dextran40k (3 wt%) water-in-water system (140 mg/mL of α-CD) after heating to 90 °C 

and cooling to the ambient temperature after adding the competitive guest anthranilic acid and 

dilution by 100% (a) under bright field; (b) under fluorescent field and (c) under overlay. 

 

Figure A26. Example of 2-phase formation of 3 wt% poly(ethylene glycol) (PEG) with 7 

wt% dextran. 
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Table A4. Ratios of  PEG:dextran used for the production of ATPS. 

PEG:DEX Peg WT% Dex WT% Distilled Water [mL] PEG (mass added) [mg] DEX (Mass added) [mg] 

1:9 1 9 3 297 33.3 

2:8 2 8 3 261 66.6 

3:7 3 7 3 226 99.8 

4:6 4 6 3 191 133 

5:5 5 5 3 158 166 

6:4 6 4 3 125 200 

7:3 7 3 3 93.8 233 

8:2 8 2 3 61.2 266 

9:1 9 1 3 30.3 300 

 

 

 

Figure A27. TEM images of various CN variants used in this project. (a) CM; (b) CM-

AHPA; (c) CN-Decene; (d) CMP-TA and  (e) g-CN-AA. 

) ) 

) ) ) 
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Table A5. Zeta potential and size distribution of CM-AHPA. 

 CM-AHPA 

Dextran Phase 0.00134mV 

PEG Phase 0.03mV 

Size 232nm 

 

 

Figure A28. Droplet size of CN water-in-water emulsions with varying CN concentrations. 

Concentration displayed represents the concentration of CN dispersion added to system. Images 

taken with bright field microscopy and then processed with Nano Measurer 1.2 (200 sample 

size). (a) 3:7 wt% PEG:dextran 0.1 g/L CM-AHPA; (b) 3:7 wt% PEG: dextran  0.05 g/L CM-

AHPA; (c) 3:7 wt% PEG: dextran  0.025 g/L CM-AHPA; (d) 3:7 wt% PEG: dextran  0.02 g/L 

CM-AHPA. 

) ) 

) ) 
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Figure A29. Confocal image of CM-AHPA 3:7 wt% PEG-dextran emulsion droplets, 

displaying PEG in the emulsion phase and dextran in the continuous phase. a. bright-field image 

of the emulsion droplets. b. Confocal image displaying rhodamine labelled dextran outside the 

droplets in the continuous phase. c. confocal image of FITC labelled PEG (20K) within the 

droplets, exclusive to the emulsion.  

 

 

Figure A30. Confocal image of CM-AHPA 7:3 wt% PEG-dextran emulsion droplets, 

displaying dextran in the droplet phase and PEG in the continuous phase. (a) bright-field image 

of the emulsion droplets; (b) Confocal image displaying rhodamine labelled dextran outside the 

droplets in the continuous phase; (c) confocal image of FITC labelled PEG (20k) within the 

droplets, exclusive to the emulsion.  

) ) ) 

) ) ) 
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Figure A31. Bright field optical microscopy (50x) of CN water-in-water emulsion with 0.1g/L 

CM-AHPA in 3:7 wt% PEG: dextran after (a) 1 day; (b) 10 weeks and (c) 16 weeks. Samples 

were kept under light, at ambient temperature and were undisturbed. 

 

 

 

Figure A32. Bright field optical microscopy (50x) of CN water-in-water emulsion with 0.02g/L 

CM-AHPA in 3:7 wt% PEG: dextran after (a) 1 day; (b) 8 weeks and (c) 14 weeks. Samples 

were kept under light, at ambient temperature and were undisturbed. 

 

 

 

) ) ) 

) ) ) 
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Figure A33. Demulsification of CN stabilized water-in-water Pickering emulsions. (a) control 

CM-AA 0.1 g/L in 3 wt% PEG35K : 7 wt% Dex40K in deionized water; (b) emulsion with 4 mM 

SDS added.  

 

 

Figure A34. Demulsification of CN stabilized water-in-water Pickering emulsions (CM-AA 

0.1 g/L in 3 wt% PEG35K : 7 wt% Dex40K). (a) emulsion with 0.02 mL of 10 mol/L HCl added 

(b) emulsion with 0.02 mL of 6 mol/L NaOH added. 

 

 

 

 

) ) 
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8.5. Abbreviations 

1H-NMR  

α-CD 

AHPA 

 

CLSM 

CM  

 

CM-AHPA 

CMp 

 

CN 

CTAB 

EDC 

 

FITC 

proton nuclear magnetic resonance  

α-cyclodextrin 

3-Allyloxy-2-hydroxy-1-propanesulfonic 

acid sodium salt solution 

Confocal laser scanning microscopy 

Carbon nitride from Cyanuric acid - 

melamine complex 

AHPA grafted CM 

Carbon nitride from Cyanuric acid - 2,4 

diamino-6-phenyl-1,3,5 triazine complex 

Carbon Nitride 

Cetyltrimethyl ammonium bromide 

1-ethyl-3-(3-dimethylaminopropyl 

carbodiimide hydrochloride 

fluorescein isothiocyanate 

FTIR  fourier transform infrared  

DCM  

Dex 

dichloromethane  

dextran 

DLS  dynamic light scattering  

DMF 

DMSO  

N,N-dimethylformamide  

Dimethyl sulfoxide 

GC-MS 

g-CN 

HCl  

gas chromatography-mass spectrometry  

Graphitic Carbon Nitride 

hydrochloric acid 

λ  wavelength  

LED  light-emitting diode 

MeOH  methanol  

M  mol/L  

Mn 

Mw 

number-average molar mass  

weight-average molar mass 

NaOH  

NH2-PEG-NH2 

OM 

sodium hydroxide 

poly(ethylene glycol) diamine 

optical microscopy 

PAA 

PDP 

poly(acrylic acid) 

Poly(dopamine) particles 

Đ  

PEG 

Molecular dispersity 

poly(ethylene glycol) 

pH  -log c(H+)  

PSD  pore size distribution  

XRD  X-ray diffraction  

RT 

SDS  

room temperature  

sodium dodecyl sulfate 

SEM  scanning electron microscopy  

TEA  triethylamine  

TEM  transmission electron microscopy  

TGA  thermo gravimetric analysis  

THF  tetrahydrofuran  

UV  ultra-violet  
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UV/Vis  ultra-violet/visible  

vol %  volume %  

wt %  weight %  
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