
 

ABSTRACT 

NEJATI MOSHTAGHIN, MAHBOUBEH. Alcohol–Induced Polyelectrolyte-Surfactant 

Complex Coacervate Systems: Characterization and Applications in Enzyme and Protein 

Extraction.  (Under the direction of Dr. Morteza G. Khaledi). 

 

The focus of this thesis is to achieve a better understanding of the newly discovered 

surfactant-polyelectrolyte complex coacervate (SPCC) systems induced by 

fluoroalcohol/acid as well as short chain aliphatic alcohol; and to elucidate their applications 

in extraction and enrichment of proteins and enzyme. We have discovered that fluoro- 

alcohols and –acids induce complex coacervation and phase separation in the aqueous 

mixtures of oppositely charged anionic polyelectrolytes; specifically, sodium salts of 

polyacrylic acid and polymethacrylic acid and cationic surfactant (cetyltrimethylammonium 

bromide, CTAB) over a broad range of concentrations of mole fractions of the oppositely 

charged amphiphiles. Accordingly, these new classes of coacervators will significantly 

broaden the scope and facilitate engineering of new coacervate phases. Toward these goals, 

we have inspected the formation of surfactant-polyelectrolyte complex coacervates in the 

presence of fluoroalcohols namely hexafluoroisopropanol (HFIP) and Trifluoroethanol 

(TFE). Furthermore, the extent of coacervation as a function of concentrations the system 

components, and charge ratios of the oppositely charged amphiphiles has been investigated. 

Polyelectrolytes are considered to be milder reagents, as compared to surfactants, regarding 

proteins denaturation. This highlights the importance of a detailed investigation of the 

efficiency of our coacervate systems for extraction and preconcentration of proteins and 

enzymes, especially, when the biological activity of the extracted proteins needs to be 

maintained based on the objectives mentioned above, the results of the investigations have 



 

been organized in four chapters. 

In Chapter II, the phase behavior of the FA-SPCC will be investigated. The objective 

is to examine the phase behavior and phase properties with respect to the extent of 

coacervation in different solution conditions. In particular, the effects of different solution 

variables such as concentration of FA, oppositely charged amphiphiles (surfactant-

polyelectrolyte), and the charge ratio of the surfactant-polyelectrolyte on the extent of 

coacervation have been investigated. Furthermore, the chemical composition of each phase 

formed in the coacervate system was determined as a function of HFIP percentage. Phase 

diagrams of HFIP-PMA-CTAB and 2-propanol-PMA-CTAB were studied. The phase 

separation occurs over a wide range of polyelectrolyte, surfactant and alcohol concentration. 

In addition, a study of the dependence of coacervate volume on phase composition in 

different system (as defined by concentrations and mole charge ratio of amphihiles and 

alcohols) provided useful insight about possible underlying interactions and mechanisms. It 

has been concluded that neutralization favors coacervation in both systems. However, 

according to the compositional analysis of both HFIP and 2-propanol SPCC system, it seems 

that coacervation mechanisms are different. 

In Chapter III the properties of 2-propanol–SPCC, with analogous surfactant (CTAB) 

and polyelectrolyte (PMA) used in Chapter II, will be investigated. In particular, we are 

interested in examining the difference between the phase separation characteristics of the 

coacervates induced by 2-propanol and HFIP as coacervator. For this purpose, the phase 

behavior and the chemical composition of the phases will be analyzed as a function of 2-

propanol and constituents concentrations.  

Chapter IV contains results of our investigations on the activity of a model enzyme 



 

(Trypsin) in 2-propanol- and FA-induced SPCC system. These investigations will facilitate 

understanding whether the aliphatic alcohol, AA- and FA-induced SPCC system denature the 

model enzymes. Such investigations also help in evaluation of the applicability of the 

coacervate systems developed in this work in proteomics where the proteolytic activity of 

enzymes is used for protein digestion.  

Finally, in Chapter V, the efficiency of the coacervate system (2-propanol-induced-

PMA-CTAB)  for extraction of cytochrome c, as a model protein, will be investigated. 
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Chapter 1 

Introduction 

 

 

 

Background  

Coacervation is a process where molecular assemblies of an amphiphile or mixtures of 

oppositely charged amphiphiles cause immiscibility with water that results in formation of a 

separate phase from the bulk aqueous solution. The amphiphile-rich phase, called coacervate, 

exists in the form of a gel or liquid due to the presence of significant amount of solvent; 

water in most cases. The term coacervate was initially coined by two Dutch chemists 

Bungenberg de Jong and Kyrut [1]. Due to presence of considerable amount of water in both 

phases, coacervates can be viewed as another example of aqueous two-phase systems 

(ATPS)  [2]. The other aqueous phase is lean in amphiphile and rich in water. Coacervates 

are grouped as “simple” or “complex”. Simple coacervates are composed of a single 

amphiphile or a mixture of similarly charged amphiphiles, whereas complex coacervates are 

composed of oppositely charged amphiphiles. Coacervation can occur in solutions of various 

amphiphiles such as surfactants, polyelectrolytes, and biomacromolecules (like proteins, 

polysaccharides, and DNA). However, coacervation is not as common as some other forms 

of assemblies of amphiphilic molecules such as micelle vesicles, and bilayers.  Coacervates 

are formed under specific molecular structures, concentration, or mole fraction of 

amphiphile(s); and/or under specific experimental conditions (temperature, pH, ionic 

strength, presence of co-solvent in aqueous media). The roles of molecular structure and 
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chemical composition in coacervate formation and the underlying mechanism(s) are poorly 

understood. Thus, it is difficult to predict whether or under what conditions any given 

amphiphile or mixtures of any two amphiphiles would form coacervates. In general, 

coacervation is more commonly observed for polyelectrolytes and to a lesser extent for 

proteins than for surfactants. In principle, complex coacervates can form in aqueous solutions 

of any two oppositely charged amphiphiles, including mixtures from different classes; for 

instance, polyelectrolyte-polyelectrolyte, polyelectrolyte-protein; surfactant-polyelectrolyte, 

etc [9] [2][10]. In recent years, coacervates have been widely used in food industry [3], 

formulation of health care products [4], drug and active biomolecules encapsulation in 

pharmaceutical industry (e.g. for delivery of antibacterial agents) [5] [4]. Coacervates should 

be appropriately designed for any particular application such as those mentioned above. 

Accordingly a detailed knowledge about the interactions controlling the phase separation, 

chemical composition of each phase as well as physical and chemical properties of the phases 

is vitally important. In simple coacervates, a change in solution properties such as pH [6], 

temperature [7]or salt concentration [8] causes dehydration of surfactant or polymer 

molecules present in aqueous solutions, which leads to formation of coacervates (Figure 1-1). 

The coacervate phase might be separated as the bottom or the top phase of the solution 

depending on its density relative to an aqueous-rich solvent.  

Complex Coacervate Systems 

As mentioned earlier, complex coacervation might be considered as a phase 

separation process which occurs in an aqueous mixture containing two oppositely charged 
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amphiphiles such that one dense phase contains significant amount of the both amphiphilic 

species while the other phase is mainly depleted from them.  

Various theoretical models have been proposed to rationalize the complex 

coacervation processes. According to the theory suggested by Voorn and Overbeek [11], the 

complex coacervation is controlled by two competing energetic and entropic factors such that 

electrostatic interactions between oppositely charged species promote aggregation and 

consequently phase separation while entropic factors prevent phase separation as entropy 

usually increases upon mixing. 

 Voorn and Overbeek showed that in a two component system, coacervation happens 

when           where   is the charge density and   is the molecular weight of the 

polyion. It should be mentioned that this critical value (0.53) is expected to be larger for a 

mutlicomponent systems. Furthermore, they suggested that the coacervation is suppressed by 

the addition of excess salt and excess polyion as a result of charge density screening [11].  

Vein and Arany observed that in some particular systems, the coacervate phase might 

be still formed even if the     value is less than 0.53. Accordingly, they reported a second 

theory, which explains the coacervation procedure as a two-step process. [12]. The first step 

is a spontaneous aggregation, which is controlled by the electrostatic interactions and in the 

second step, the aggregates rearrange to their final structures of the coacervate.  The 

electrostatic interactions between these species should be appropriately balanced in order to 

form liquid-liquid (coacervate) phase separation instead of liquid-solid phase separation. 
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Evidently, based on Veis and Arany’s theory, coacervation is not a spontaneous 

process. It should be noted that both theories have been proposed based on specific 

coacervate systems, namely, gelatin-acacia in the case of Voorn and Overbeek’s theory and 

gelatin-gelatin in Veis and Arany’s theory [12].   

Fundamental Characteristics of SPCC System Constituents 

The surfactant-polyelectrolyte complex coacervate (SPCC) system, which is the main 

focus of this research, usually exhibits different characteristics compared to those of the 

aqueous solutions of either constituent amphiphiles. The characteristics of the SPCC system 

such as the extent of phase separation and physicochemical properties of the coacervate 

phase are closely dependent on the nature of the surfactant, co-surfactant (if applicable), 

polyelectrolyte and the solvents present in the system.  Accordingly, a detailed knowledge 

about the properties of each single constituent of the SPCC system is required to design 

coacervates for a variety of different applications [4] [13]. In this section, the important 

characteristics of the SPCC constitutes used in this investigation, namely polyelectrolytes, 

surfactants and salt or alcohol are described in more details. 

Polyelectrolytes 

  Polyelectrolytes are charged polymers with positively or negatively charged 

functional group as part of the monomer structure connected together covalently as repeating 

units.  In Figure 1-3A, a sample PE structure is depicted. It should be noted that biological 

macromolecules such as proteins, DNA, and RNA might be considered as polyelectrolytes 
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and have been involved in coacervation in various applications. For instance, coacervation 

might be used for selective purification of proteins [14]. 

Polyelectrolytes are usually classified as strong or weak based on the acid-base 

strength of the ionizable group.  [15]. As an example, polymethacrylic acid (PMA), which 

has been used in this work is considered as a weak polyelectrolyte. It should be noted that the 

properties of polyelectrolytes in coacervate systems usually depend on the level of ionization, 

the properties of the solvent, solute–polyelectrolyte interactions and also the ionic strength of 

the solution.  

Surfactants 

Surfactants belong to another class of amphiphilic molecules that have a hydrophilic 

(head group) and a hydrophobic (tail) domain. Due to their specific structure, surfactants 

could be used as solubilizing reagents, dispersants, surface-active agents, and emulsifier [16]. 

Surfactants are usually classified, based on the charge of their head groups, as nonionic, 

anionic, cationic and zwitterionic. In Figure 1-3B some simple structures of surfactants are 

illustrated. It is worth mentioning that analogous to what mentioned for polyelectrolytes, 

some biomolecules such as phospholipids, glycolipides, and fatty acids are considered as 

amphiphilic surfactant-like molecules.  

Surfactant molecules dissolved in aqueous solutions usually form aggregates 

(micelles) when the surfactant concentration reaches a certain level which is referred to as the 

critical micelle concentration (cmc). The cmc values depend on the strength of hydrophobic 
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interactions between the tail and electrostatic repulsions between the head-groups; for 

example, surfactants with non-ionic head groups and those with longer carbon chain lengths 

usually have lower cmc. It has been also observed that fluorocarbon chains have significantly 

lower cmc values to a level almost equal to that of a surfactant with 1.5 times longer 

hydrocarbon chain [16]. Furthermore, other factors such as temperature, addition of co-

solutes such as salts or organic solvents also influence cmc.  

The structure of the surfactant aggregates, which are formed above the cmc, might be 

changed depending on the chemical structure of the surfactants, ionic strength, temperature, 

and concentration. The packing factor and the spontaneous mean curvature are two 

parameters, which are usually used to characterize the structures of surfactant aggregates. If 

aggregation number (N) is defined as the micelle core volume (  ) over carbon chain 

volume ( ) (since the tail is extended in the micelle core) or area of the micelle (  ) over 

the surface area of the monomer head group ( ): 

                            N= 
  

 
 

    

 
                                                    Eq. 1-1 

Since the micelle is spherical  

                                               
    

 
                                                                                   Eq. 1-2 A 

                                                                                                                                     Eq. 1-2 B 

The result would be  

                                           

 

   
                                                                                                         Eq. 1-3     
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Eq. 1-3 is a determining factor called packing factor for structure of the surfactants 

aggregates where   and    (or  ) are the volume and length of the surfactants tail in the core.  

Packing factor (Eq. 1-4) is defined as geometric characterization of the surfactant self-

assembly that has been depicted in Figure. 1-4. 

                                                
 

  
                                                                       Eq. 1-4 

where   and     can be calculated by Eq. 1-5 and 1-6 where    is the number of the carbons 

in surfactant tail and     is the number of methyl groups.   is supposed to be extended 

completely and   is surface area of head group as defined previously [17]. 

                                                                                            Eq. 1-5 

                                                                                               Eq. 1-6 

Mean curvature is an alternative model that provides a physical model on how 

bending or compressing of the surfactant film affects the formed structure (Figure 1-5). The 

mean curvature is defined as: 

                                
 

         
 = 

 

 
   

 

  
 

 

  
                                                 Eq. 1-7 

                                                       ,         

Where R1 and R 2 are the principle radii of the curvatures (in two perpendicular direction) 

and C1= 
 

  
and C2 = 

 

  
 are principle curvatures. By convention, if the bending is away from 
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the water, the curvature sign is positive, and if it is toward water the curvature sign is 

negative (Figure 1-6). 

Alcohols in Surfactant Solutions 

Alcohols have hydrophobic and hydrophilic moieties, analogous to surfactants; 

however, they do not usually form micelles. In particular, formation of micelles is prohibited 

for water insoluble alcohols due to occurrence of phase separation prior to micellization. 

Furthermore, the magnitude of hydrophobic interactions between the aliphatic carbon chains 

of short alcohols, which are soluble in water, is not high enough to cause micelle formation 

[18]. In Figure 1-7 the surface activity of some short-chain alcohols is represented. Evidently, 

the surfactant characteristic of 1,4 butanediol is less pronounced due to its high solubility in 

water. Furthermore, cmc cannot be practically obtained for butanol as its solubility in water 

is limited. However, it should be noted that the formation of micelle-like aggregates has been 

reported for some alcohols [19].  It can be concluded from the figure 1-7 that the longer chain 

alcohols aggregate at lower concentration same as surfactants. Alcohols are usually used as 

cosurfactant to modulate the physicochemical properties of surfactant solutions. In particular, 

alcohols affect properties such as cmc, micelle ionization degree (α), aggregation number 

(N).  

Alcohols affect aggregation prosperities of surfactants; Figure 1-8 shows cmc values 

of tetradecyltrimethylammonium bromide (C14TAB) solution as a function of different 

alcohol concentration. The cmc decreases by adding alcohol. The trend of cmc change is 

analogous for alcohols with Nc   4 while for those with Nc< 4 a minimum appears. This is 
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presumably due to the different mechanisms of alcohol solubility in surfactant solution such 

that by decreasing the carbon chain length, alcohols prefer to play as cosolvent role rather 

than cosurfactant. This might be due to the considerable amount of the alcohols dissolved in 

solution rather than in micelles. In other words, methanol, ethanol and propanol tend to 

change the water structure and solubilize the surfactants as solvent.  

Alcohols influence the ionization of micelles by changing the surface charge density. 

Figure 1-9 represents the increase of ionization degree (α) of tetradecyltrimethylammonium 

bromide (C14TAB) micelles as a function of alcohol concentration. Evidently, addition of 

alcohol leads to significant localization of alcohol molecules at the micelle surface causing 

reduction of micelle surface charge density. An extraordinary feature of micelles in aqueous 

alcohol solutions is the possibility of micellization at α=1.  However, the micelle size is very 

small in this case.  

The size of the surfactant micelle aggregates is also influenced by alcohols and the 

magnitude of the micelle sizes depends on the alcohol carbon chain length and alcohol 

concentration. In the case of short chain alcohols (when Nc ≤ 3), only a small portion of 

alcohol molecules are solubilized in the micelles while a much larger portion exists in the 

solvent. Accordingly, smaller micelles will be formed in the presence of short-chain alcohols. 

Aggregation number of micelles in surfactant solutions usually increases as a function 

of surfactant concentration. In the presence of alcohols, the aggregation number of micelles 

decreases in a downward trend by increasing the alcohol concentration, when the surfactant 
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concentration is low. However at higher surfactant concentrations, presence of alcohols 

results in a minimum region, presumably due to the simultaneous effects of alcohol and 

surfactant.  

The partitioning ratio of alcohols between micelle and water in surfactant solutions 

has a significant influence on the solution properties. Such distribution is characterized by the 

partition coefficient (Kalc) which is defined as the ratio of mole fraction of alcohol in the 

pseudo-phase of micelles to the intermicellar medium. Kalc usually increases with the carbon 

number (nc) and ionic strength. The tendency of alcohol molecules to reside in the palisade or 

the micellar core depends on the polarity and length of the carbon chains of both alcohol and 

surfactant.  Furthermore, palisade affinity is proportional to the surface area of the micelles 

while core affinity it is related to the volume of the core. For instance, if the ratio of Kalc of 

an alcohol in two micelles made of homologue surfactants (with different number of carbons 

in their chains, Nc,surf1 and Nc,surf2) is proportional to the (Nc,surf1/Nc,surf2)
2
 it can be concluded 

that  alcohol molecules are present in the palisade layer of the micelles, close to the head 

groups. On the contrary, if their Kalc ratio is proportional to (Nc,surf1/Nc,surf2)
3
, the alcohol 

molecules  partitions in the micelles core. Kacl decreases by increasing the mole fraction of 

the alcohol in the micellar solution [19] [20].  

Fluoroalcohols (FAs)  

The alcohol that has been used in the present investigation is 

Hexafluoroisopropanol (HFIP), which its structure is illustrated in Figure 1-10. In fact, HFIP 
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has three different conformations (cf. Figure 1-11) where) which their population abundance 

depends on the alcohol concentration [21]. Structural investigations of HFIP in aqueous 

solutions revealed formation of micelle-like aggregates in which the fluorocarbon domain is 

located in the core of the aggregates. The OH groups of HFIP molecules are present at the 

surface of micelle-like aggregates and tend to form hydrogen bonds with water molecules. In 

very dilute concentration of HFIP-water solutions, water molecules tend to fully hydrate each 

of the alcohol molecules. However, increasing the alcohol concentration to ~30% (v/v), leads 

to the formation of micelle-like structures. At higher concentration of HFIP, the micelle-like 

structures collapse. It should be noted that the properties of fluoroalcohol-water solutions are 

highly dependent on the structure of alcohol aggregates formed in the solution and 

accordingly depends on the alcohol concentration. For instance, HFIP-water solution at 30% 

(v/v) of alcohol has been used as a α-helix inducer of protein and peptide structures [21]. 

Fluoroalcohols usually exhibit different characteristics as compared to their hydrocarbon 

analogous. Such differences might originate from the high electronegativity of the fluorine 

atoms.   

Surfactant-Polyelectrolyte complex coacervate (SPCC) system  

The behavior of polymer-surfactant mixture depends on the type of the interactions 

governing the association between the two species and their interaction with the solvent. 

Certain types of mixtures of two similarly charged polyelectrolytes or polyelectrolyte-

surfactant undergo phase separation where each type of amphiphile is concentrated in a 

different phase. These are called “segregative phase separation (Figure 1-12a).  
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Micelles of the ionic surfactant are stabilized by oppositely charged polyelectrolytes 

and the phase separation is associative (coacervation) (Figure 1-12b). The interaction 

between oppositely charged surfactant and polymer is highly cooperative at a critical 

aggregation concentration (cac), which is usually much lower than cmc. In such a mixture, 

the cmc of the surfactant is slightly higher due to the presence of an oppositely charged 

polyelectrolyte than that in pure water. Since a dominant interaction is electrostatic, 

parameters such as ionic strength, surfactant charge density, polyelectrolyte linear charge can 

affect the behavior of the surfactant-polyelectrolyte mixture.  

Historically, the study of a biopolyelectrolyte, Hyaluronan (Hy), (Figure 13-A) and 

alkyltrimethylammonium bromide (CnTAB) (Figure 13-B, C and D) coacervation was the 

first complete report of SPCC systems in 1980s [22] [23] [27].  Hy is a linear polysaccharide 

with very high molecular weight and low charge density at neutral pH. Binding of Hy to an 

oppositely charged surfactant is cooperative like most of oppositely charged polyelectrolyte-

surfactant association. The binding starts at critical surfactant aggregation concentration, cac, 

(c1) which means that adding more surfactants leads to higher amount of surfactants bound to 

polyelectrolytes and a constant amount of free surfactant. Then concentration of the free 

monomers of surfactant increases upon further addition of surfactant (at concentration of c2) 

and free micelles are formed in the solution. The micelles are adsorbed on the polyelectrolyte 

and the interaction is very strong.  

Phase composition of SPCC system such as Hy-CnTAB can demonstrate the binding 

ratio of the surfactant to polyelectrolyte. When surfactant is added to the constant amount of 
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Hy, the polyelectrolyte concentration would approach zero in the dilute phase as phase 

separation is progressed. At first, C14TAB (TTAB in figure 1-14) is not present in the dilute 

phase but starts to rise eventually with increasing concentration. After this, Hy concentration 

would be still zero in dilute phase  (Figure 1-14 A) while C14TAB concentration would 

increase linearly with slop equal to 1 (Figure 1-14 B) which the latter shows that the 

surfactant micelles are distributed evenly between two phases. The rising point of the 

surfactant in the dilute phase shows that the ratio of bound surfactant to Hy molecules is 3. 

The maximum of Hy concentration in the gel phase (coacervate) is according to the 

equimolar total concentration of TTAB which means equimolar of C14TAB is enough to take 

all of Hy from diluted phase to gel phase. On the other hand, the saturation of Hy with TTAB 

occurs at 3:1 ratio of surfactant to Hy according to the concentration profile in dilute phase. 

[23] [27] 

Phase separation boundary correlated with and surfactant chain length and cmc 

values. In Hy-CnTAB SPCC system, for the longer carbon chain surfactants such as C16TAB 

phase separation occurs at a lower concentration as compared to a shorter chain length 

surfactant such as C12TAB (figure 4-15). For the shorter chain surfactants such as C8TAB 

there is no phase separation due to electrostatic screening effect of surfactant monomers that 

are present in the solution.  Therefore, electrostatic interaction for longer chain surfactant 

would be stronger as compared to shorter chain surfactants since there are fewer surfactant 

monomers for screening effect. For the short tail surfactants, micellization would be favored 

energetically over interaction with polyelectrolyte and no polyelectrolyte-surfactant complex 



 

    14 
 

is formed in solution. [24]  [25]. Following Hy-CnTAB system, the gel formation of PA-

CnTAB system has been studied by Thalberg et al [26]
-
. The system of PA-CnTAB was 

investigated at pH=7 where all of the carboxylic groups are deprotonated since the pKa of 

PAA is about 4.2. In PA-CnTAB SPCC system, phase separation occurs when C8TAB was 

used. As opposed to Hy, the charge density of PA is much higher than Hy (by a factor of 3); 

therefore, interaction between the polyelectrolyte and surfactant would be stronger and the 

electrostatic screening effect of the monomers of short carbon chain length surfactants such 

as C8TAB would be less effective. 

Na PA-C16TAB SPCC system was further investigated by Picullel and Ileki [27] [28].  

They found that dilution of the concentrated homogeneous mixture of Na PA and CTAB by 

water would also dilute the counterions.  Therefore, screening of the electrostatic interaction 

between CTA
+
 and PA

- 
would be less effective which results in phase separation i.e. 

concentrated and dilute phases. The mechanism of the coacervation is by displacement of Br
-
 

by PA
-
. The displacement ratio (defined as the mole ratio of carboxylate group (COO

-
) in PA 

to Br
-
) varies with structural changes in CTAB aggregation in the concentrated phase. The 

COO
- 

groups actually bridge micelles together to produce elongated CTA-PA micelle 

aggregates. It is noteworthy that the distance between the micelles would be closer in CTA-

PA than that between CTAB micelles in pure water that helps separation of the concentrated 

phase [29]. PA
- 
can alter the distance and/or shape of the CTAB aggregation, which may be 

in the form of micelle or cylindrical structure. When a polyion is added to the dilute solution 

of CTAB micelles, it can connect micelles together and separates into one dilute and one 
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concentrated phases [29]. 

SPCC systems can also form by additives, which attenuate the electrostatic attraction 

force governing phase separation. Dubin et al. reported a thorough report on how attenuation 

of strong electrostatic interaction between polyelectrolytes and oppositely charged 

surfactants can lead to coacervation. In their effort to overcome narrow concentration ranges 

in Polydiallyldimethylammonium (PDADMAC) and sodium dodecylsulfate SDS 

coacervation, they incorporated Triton X-100 in SDS micelles in order to attenuate 

electrostatic attraction between PDADMAC and SDS. This procedure helps complex 

formation above critical micelle concentration (cmc); otherwise in the absence of nonionic 

surfactant, the PE-surfactant complex in aqueous solution leads to precipitation [30]. 

Dubin illustrated a multistep phase transition including intrapolymer, interpolymer 

soluble complex and phase separation by coacervate formation. He studied electrophoretic 

mobility and hydrodynamic radius (Rh) of particles in PDADMAC-SDS-Triton X-100 

samples corresponding to the phase boundary diagram [31]. Since the mobility remains 

constant but Rh (hydrodynamic radius) changes, it seems, no micelles dissociate from the 

initial complex. Therefore, interpolymer complexes are precursors of coacervate. The 

sequence of phase behavior as a function of SDS concentration is:  

No interaction zone  soluble complex  liquid-liquid phase separation 

(coacervation)  a soluble complex different from the first complex before coacervation  

precipitation  
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Different structures can be formed depending on structural characteristics of 

polyelectrolyte and surfactant as summarized in figure 1-16. The pearl-necklace structure 

(Figure1-16c) is micelle aggregates of surfactant adsorbed on polyelectrolyte surface in 

which charge density of the polyelectrolyte determines whether the micelles would be 

dispersed or compressed. The behavior of micelles in the presence of a polyelectrolyte also 

depends on persistence length of the polyelectrolyte and curvature of the micelles. 

Persistence length by definition is a length of polymer within which if one chooses two 

points on the polymer thread their bending angle does not correlate. In other words, 

persistence length is a measure of polymer flexibility [32]. If the persistence length of a 

polymer were high it would be arranged in one axis as depicted in Figure 1-16. d. The 

strength of the interaction depends on the nature of surfactant aggregates and the fact that if 

polymer stiffness is appropriate for that type of surfactant aggregates structure or not. For 

example, in figure 1-16 e in the case of surfactant aggregates with bilayer flat structures, 

rigid polyelectrolyte would have more efficient interaction [33]. 

 

 

Research Objectives  

The main objective of this thesis is to design new surfactant-polyelectrolyte complex 

coacervate (SPCC) systems induced by aliphatic alcohol- and fluoroalcohol/acid (figure 1-

17), and also to elucidate their applications in extraction and enrichment of proteins and 

enzyme. This objective is of particular importance as mixtures of surfactant and oppositely 

charged polyelectrolytes usually precipitate at high concentrations. Accordingly, finding new 



 

    17 
 

classes of coacervators will significantly broaden the scope and facilitate engineering of new 

coacervate phases. Toward these goals, we have inspected the formation of surfactant-

polyelectrolyte complex coacervates in the presence of fluoroalcohols namely 

hexafluoroisopropanol (HFIP) and Trifluoroethanol (TFE). Furthermore, the extent of 

coacervation as a function of concentrations the system components, and charge ratios of the 

oppositely-charged amphiphiles has been investigated. Polyelectrolytes are considered to be 

milder reagents, as compared to surfactants, regarding proteins denaturation. This highlights 

the importance of a detailed investigation of the efficiency of our coacervate systems for 

extraction and preconcentration of proteins and enzymes, especially, when the biological 

activity of the extracted proteins needs to be maintained. Based on the objectives mentioned 

above, the reminder of the thesis has been organized in four Chapters.  

In Chapter II, the phase behavior of the FA-SPCC will be investigated. The objective 

is to examine the phase behavior and phase properties with respect to the extent of 

coacervation in different solution conditions. In particular, the effects of different solution 

variables such as concentration of FA, oppositely charged amphiphiles (surfactant-

polyelectrolyte), and the charge ratio of the surfactant-polyelectrolyte on the extent of 

coacervation and its phase behavior will be investigated. Furthermore, the chemical 

composition of each phase formed in the coacervate system will be investigated as a function 

of HFIP percentage.  

In Chapter III the properties of 2-propanol–SPCC, with analogous surfactant (CTAB) 

and polyelectrolyte (PMA) used in Chapter II, will be investigated. In particular, we are 
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interested in examining the difference between the phase separation characteristics of the 

coacervates induced by 2-propanol and HFIP as coacervator. For this purpose, the phase 

behavior and the chemical composition of the phases will be analyzed as a function of 2-

propanol and constituents concentration.  

Chapter IV contains the results of our investigations on the activity of a model 

enzyme (Trypsin) in 2-propanol- and FA-induced SPCC system. These investigations will 

facilitate understanding whether the aliphatic alcohol, AA- and FA-induced SPCC system 

denature the model enzymes. Such investigations also help in evaluation of the applicability 

of the coacervate systems developed in this work in proteomics where the proteolytic activity 

of enzymes is used for protein digestion.  

Finally, in Chapter V, the efficiency of the coacervate system (2-propanol-induced-

PMA-CTAB) for extraction of cytochrome c, as a model protein, will be investigated.  
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Figuure 1-1. Schematic representation of simple coacervation of nonionic surfactant. 

 

 

 

 

 

 

 

Figure 1-2.  Schematic representation of complex coacervation.  
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Figure 1-3. Schematics of general structure of (A) polyelectrolyte (e.g. polyanion) (B) 

surfactant (from top to bottom nonionic, cationic, anionic and zwitterionic). 
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Figure 1-4. Structural changes as the Packing Factor changes in surfactant aggregates. 

Reprinted from reference [34]  with permission 
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Figure 1-5. Mean curvature for different structures of surfactant aggregations, left to right 

micelles, cylindrical, bilayers and reversed structures. The figure have been reproduced from 

reference [35]. 

 

 

 

 

Figure 1-6.The conventional sign spontaneous curvatures of surfactant aggregates from top 

to the bottom Zero (A), positive (B) and negative (C). The figure has been reproduced with 

some changes from reference [36]. 

R1=R2= ∞ 
R2=∞ R1=R2=R R1=R2= -R 
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Figure 1-7.  Surface tension of Alcohol-Water mixture as a function of alcohol mole fraction 

(XB). Ethanol (Δ), Propanol (○) and butanol (◊) 1.4-butanediil (■). Reprinted from 

references [37] [38]   with permission. 

 

Figure 1-8. cmc/cmc
o
 variation of C14TAB as a function of alcohol concentration at25°C 

cmc- 3.4 mM(♦): ethanol; () Propanol; (●) butanol; (■) pentanol; (▲) hexanol. The figure is 

reprinted from reference [39]. 
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Figure 1-9. C14TAB micelle ionization degree as a function of alcohol concentration (M). 

Reprinted with permission from reference [39]. 
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Figure 1-10. The structure of Hexafluoroisopropanol (HFIP). 

 

 

 

Figure 1-11. Different conformation of HFIP, Reprinted from reference [21] with 

permission. 
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Figure 1-12. The general triangle phase diagram in segregative (A) and associative (B) phase 

separation, reprinted from Ref [40] with permission. P1 and P2 is component 1 and 2. S is 

solvent.   
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Figure1-13. Polyelectrolyte and surfactants studied in SPCC system studied by Thalberg [42, 

43,44].Hyalyroonan(Hy) (A) octadecyltrimethylammnium bromide C8TAB (B) 

dodecyltrimethylammonium bromide C12TAB (C) Cetyltrimethylammonium bromide, 

C16TAB(D). 
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Figure 1-14. Concentration of (A) Hy monomers (B) TTA+ ionic in the dilute phase as a 

function of the surfactant total concentration.  Open and filled symbols: system without salt 

and with salt respectively. The figure from reference [22]. 
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Figure 1-15. The effect of carbon chain length of surfactant for Na HY- CnTAB system 

studied by Thalberg et al, n=10, 12, 14. MW of Hy was 2.5*10
5 

in all systems. Figure was 

reprinted from reference [24] with the permission. 
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Figure 1-16.  Different structures of polyelectrolyte-surfactant complexes. Reprinted with 

permission from reference [33]. 
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Figure 1-17. Preparation method of HFIP and 2-propanol induced PMA-CTAB complex 

coacervate system.  
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Chapter 2 

Perfluoro-Alcohol Induced Complex Coacervates in Polyelectrolyte-Surfactant 

Mixtures:  Phase Analysis and Behavior 

 

 

Abstract  

Perfluorinated alcohols such as hexafluoroisopropanol (HFIP) or trifluoroethanol 

(TFE) induced complex coacervates in the mixtures of an anionic polyelectrolyte (sodium 

salt of poly(acrylic acid) (PAA) or poly(methacrylic acid) (PMA) and a cationic surfactant, 

cetyltrimethylammonium bromide (CTAB) or dodecyltrimethyl ammonium bromide 

(DTAB). The phase diagram for the PMA-CTAB-HFIP system was studied. In aqueous 

media, the PMA-CTAB mixture at stoichiometric mole charge ratio exists as a white 

precipitate. Upon addition of a small percentage of HFIP, the mixture goes through phase 

transition and formation of two distinctly different clear liquid phases. 

 The chemical compositions of the separated aqueous top phase and coacervate bottom 

phase have been quantitatively measured. The coacervate volume was determined as a 

function of system variables such as charge ratio, total and individual concentrations of the 

components (HFIP, PMA, and CTAB). Attenuated total reflectance- infrared spectroscopy 

(ATR-IR), flame atomic emission spectroscopy, acid-base and biphasic volumetric titration 

were used for the compositional analysis. The coacervation phenomenon occurs in a wide 

range of concentrations and charge ratios of the involved components. It seems that 

fluoroalcohols play an important role in broadening of the coacervate area in phase diagram. 
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Introduction 

Complex coacervation of polyelectrolytes and surfactants has been applied broadly in 

different industrial area (See chapter 1). The chemical composition of these aqueous two- 

phase systems (ATPS) has a significant impact on the partitioning behavior and extraction of 

solutes [1]
 
[2]. In addition to the chemical characteristics, the range of the coacervation and 

the volume of the dense liquid phase (coacervate) are crucial factors in their industrial 

application; such as microencapsulation in food and pharmaceutical industry [3] and protein 

extraction and preconcentration [4] [5] [6]. Two-step electrostatic deposition-polyelectrolyte 

complex coacervation has been applied successfully for encapsulation of lipids and testing 

their digestion in human gastrointestinal tract [7] [8]. For example, a two-step (lactoglobulin 

(β- Lg) coated lipid-alginate and chitosan-alginate coacervation has been designed in which 

lipid molecules are first emulsified by a protein (β Lactoglobulin), then alginate is 

electrostatically deposited on the emulsion droplet. The second wall is made by coating of 

the first complex with alginate (from first layer)-chitosan coacervation as second layer [9]. 

Chitosan-alginate coacervate encapsulation has also been used in pharmaceutical area for 

drug delivery [10] [11].  

Surfactants can add alternative features to the polyelectrolyte coacervation [12]. As 

an instance, two-layer encapsulation (surfactant-polyelectrolyte and two-polyelectrolyte 

coacervation) has increased encapsulation yield of paraffin oil in comparison with merely 

one-layer encapsulated oil. SDS has been used for enhancing the encapsulation yield of the 

paraffin oil coated by gelatin-gum arabic (GE-GA) complex coacervate. As discussed in 
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chapter one, GE-GA forms complex coacervates that is pH-dependent. This dependency can 

be used for encapsulation and releasing of the active materials [13].  In these applications, the 

investigation of system behavior as a function of variables is necessary for the design of 

effective encapsulation systems and recovery of the encapsulated core material.  

As was discussed in chapter one, in complex coacervate systems, both water rich and 

oppositely charged amphiphile-rich phases contain significant amount of water. This 

characteristic makes them compatible with biomolecules such as DNA, proteins and 

enzymes. For instance, complexes of cationic surfactants such as CTAB with DNA is used in 

gene transfection [14]. The water content is controllable by manipulation of variables in 

complex coacervate, which is another reason for recent the popularity of this class of aqueous 

two phase systems (ATPS) for downstream applications. In HFIP induced SDS-CTAB 

complex coacervate systems, water content has been reported to be around 5%-30% (w/w) 

which is much smaller than the common ATPS that may contain 90%-95% water [15]. 

However, 30% water is more than the essential water content required for enzyme activity 

[16].  

There are different coacervate phase inducers in simple and complex coacervate 

systems (see chapter one). Simple coacevation can be induced by dehydration agents such as 

temperature, salt, alcohol and other organic additives [17]. Temperature and certain hydrogen 

bonding organic additives can act as coacervators in aqueous solutions of non-ionic 

surfactants  [18]. The simple coacervation occurs above a critical temperature called Cloud 

Point Temperature (CPT) where a homogenous aqueous solution of nonionic surfactant 
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become cloudy and is phase separated [2] Dehydration is the mechanism of surfactant 

aggregation that leads to phase separation (see chapter 1). Apart from the type (regarding 

chain length [19], head group), which determines hydrophobic-hydrophilic balance, 

concentration of amphiphile [20], and presence of additives (e.g. organic co-solvent, ionic 

surfactant, salts, etc.) can influence CPT [20]. Additives such as salt [21] and alcohols [20] 

[22] are used to lower CPT closer to the room temperature for applications such as 

extraction. The effects of these variables are due to their influence on cmc; when cmc 

depressed, CPT is decreased as well. Most of electrolytes in general reduce CPT since they 

dehydrate the nonionic surfactant through salting out effect [23] [24] [25]; however, the 

electrolytes with cations that complex with the ether oxygen in the nonionic head group of 

the surfactant raise CPT [26]. Urea and some inorganic electrolytes with salting in effect in 

the Hofmeister series such as sodium iodide, perchlorate, and thiocyanate have increasing 

effect on CPT since they disturb water structure and break the hydrogen boding involved; 

consequently  hydration of the surfactant is decreased [24] [27].  Effects of alcohols on CPT 

are related to their carbon chain and polarity (see chapter 1). Short chain alcohols such as 

methanol and ethanol would increase CPT; on the other hand, long chain hexanol and octanol 

depress it. The latter effect seems to be due to localization of the longer chain alcohol close 

to the micelle surface that reduces the interface dielectric constant and subsequently lowers 

the solubility of surfactant molecules [28] [29]. HFIP has been observed to induce simple 

coacervation of Tritone-100X [15] [30].  

Simple coacervates have also been reported for some proteins.  Gelatin type B is a pr- 
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-otein with pI~ 5. Complex coacervation of this protein in mixture with gelatin type A is well 

studied by Veis (see chapter one) [31]. However, alcohol induced simple coacervation of 

type B gelatin has also been characterized. Methanol, ethanol, propanol and t-butanol are 

able to facilitate neutralization of charged domain of type B gelatin; consequently, the 

aggregation is separated from the bulk aqueous phase [32]. It seems that going from 

methanol to t-butanol, coacervation occurs more readily due to higher hydrophobicity. The 

amount of alcohol required for coacervation is pH dependent. Zeta potential increases with 

the pH (e.g. 0 mV at pH 5 vs. -70 mV at pH=8), which imposes stiffness on gelatin 

molecules. The alcohols cause reduction in the dielectric constant of the environment since 

the electrostatic interaction of oppositely charged domains increases as a function of ϵ
-2/3

. 

Therefore, higher concentration of alcohol is required to facilitate electrostatic interaction 

and self-aggregation of the gelatin chain at pH=8. Ionic strength also affects coacervation in 

gelatin at higher pH (pH> pI) in which charge density is accordingly higher. Screening effect 

of ions reduces chain stiffness and repulsion among similarly charged part of polyelectrolyte. 

In another word, the protein chain is more flexible in the presence of alcohol. Since 

hydrophobic interactions contribute to phase separation, temperature would be another factor 

influencing the coacervation [33]. As alcohol percentage is increased, dielectric constant of 

the solvent is decreased which in turn causes the oppositely charged segments of gelatin 

sense each other and grow to larger sizes via  interactions between initial coacervate particles 

[34].   

Surfactant-polyelectrolyte complex coacervate (SPCC) system resembles complex  
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coacervation between oppositely charged polyelectrolytes in many respects. In both systems, 

formation of soluble intracomplex is the precursor of the coacervation with charge 

neutralization as the main mechanism [35] [36]. The neutralization occurs in bulk and micro 

scales. The first refers to the mixing ratio in the preparation step and the next designates the 

charge on the produced soluble or insoluble complexes. Micro-stoichiometry depends on the 

composition of the obtained complex. When the charge ratio of oppositely charged 

amphiphiles in the bulk and microstructure level is equal to 1, maximum phase separation 

occurs. This condition can be facilitated by adjustment of solution condition such as pH, 

mixing ratio of constituents, and ionic strength. It is worth noting that charge neutralization is 

necessary but not enough for coacervation. 

Regarding mechanism of complex coacervation mentioned earlier (see chapter one) it 

can be inferred that coacervation might be induced by adjustment of the factors governing the 

polyelectrolyte-surfactant interaction [37] [38] [39]such as salt addition [35], stoichiometric 

ratio of the two species involved in coacervation and charge density of micelles [40]and PE; 

although chain flexibility, linearity of PE charge density and even surfactant aggregates 

curvature would influence level of interaction between surfactant and polyelectrolyte [41]. 

For example, when the charge density is heterogeneous, the process would be in favor of 

soluble complex. Liquid-liquid separation of the PE-surfactant mixtures was studied based on 

specific cases (such as Hy-CnTAB and PDADMAC-SDS-Triton X-100) by Thalberg and 

Dubin extensively (See chapter one) [37] [39] [38] [42] [43] [44] [45]. More recent 

investigations are focused mainly on the interpretation of complicated behavior of the 
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complex coacervate regarding critical factors in coacervation and exploring novel systems 

based on these critical conditions. 

It is apparent that PE-surfactant interaction would increase by enhancing of micelle 

charge density ( ) and charge per monomer (q) of PE and would decrease by increasing ionic 

strength (I). PE-micelle coacervation can also be obtained by temperature [33] and shearing 

[46].   can be controlled by including nonionic surfactant in charged micelles as was first 

developed in Dubin’s SPCC system (see chapter one) or by pH if the head group of the 

surfactant can be titrated by acid or base.   would also control the structure and curvature of 

surfactant aggregates. Different systems have been produced by pH and I manipulation. For 

example, SPCC systems have been prepared by pH adjustment of a mixtures of cationic 

dimethyldodecylamine oxide (DMDAO) and sodium salt of Poly (2-acrylamido-2-

methylpropanesulfonicacid (PAMPS). In another report, different mixture ratio  of catanionic 

poly(dimethyldia1lylammonium chloride) (PDMDAAC)-SDS was manipulated by adding a 

nonionic surfactant to control   for coacervation [47]. Kumar et al.  have studied the effect 

of temperature on phase separation of PDADMAC-SDS-Triton X100 systems that was 

previously studied by Dubin [37] (See chapter one). There are five state transitions in this 

system: a. non interacting area b. formation of positively charged soluble complex c. 

coacervation d. negatively charged soluble complex e. coacervation f. precipitation. The 

coacervation and precipitation can be induced above a critical temperature below which there 

is just one phase; therefore, a system has a lower critical solution temperature (LCST). The 

temperature required for coacervation reaches a minimum at Y value corresponding to 
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neutrality where Y is the bulk stoichiometric mole ratio of SDS to that of total SDS and 

Triton-X100, which is proportional to micelle charge density [33]. The effect of the 

temperature on these five state transitions is interesting. In a region near to charge neutrality 

a lower critical temperature (LCT) can be found at which soluble complexes (either + or – ly 

charged) are converted to coacervate (when temperature is monitored against Y). This 

conversion is explained by charge compensation of the local positive and negative charge 

region corresponding to micelle-rich and micelle domains however, again, maximum 

coacervation occurs at charge neutrality [33]. 

 In a recent paper by Bernard et al. et al., the effects of aliphatic alcohols on self-

assembly of polyion-surfactant complex salt (PA
- 

CTA
+
) and phase separation have been 

studied [48]. Counterion effect has been eliminated by using CTAOH and poly(acrylic acid), 

HPA (instead of CTAB and Na PA). This method is beneficial since a true binary system of 

complex salt and water can be obtained where alcohols could be added as the third 

constituent of the system. Depending on the polarity of the applied alcohols, whether they are 

located in the aggregates core or at the interface, the structure of the obtained liquid 

crystalline phase of the system would be different (cubic, hexagonal and lamellar etc.). In 

addition, the pattern of phase transitions sequence detected in aliphatic alcohol added to 

complex salt of PA
- 
CTA

+ 
are also different depending on the alcohol applied in such system. 

As the polarity of the applied aliphatic alcohol and consequently its solubility in water is 

increased, PA
-
 and CTA

+
 would be present in L1 (aqueous isotropic solution) since this salt 

is soluble in alcohols.  According to our investigation (see Chapter three) the phase behavior 
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in aliphatic alcohol induced coacervation is different from that induced by fluoroalcohols. 

This difference was expected since the phase transition sequence of the fluoroalcohols 

induced PA-CTAB (or PMA-CTAB) SPCC system is not the same as that in the aliphatic 

alcohol induced coacervate [48].  

We have found that HFIP is able to induce simple coacervation in a broad range of 

anionic, cationic, non-ionic, and zwitterionic surfactants as well as complex coacervates in 

various catanionic mixtures of oppositely charged amphiphilies.  [15].  

 Regarding the SPCC systems, we have found that fluoro- alcohols and -acids such as 

HFIP, Trifluoroethanol (TFE), Pentafluoroproponoicacis (HFBA), Trifluoroaceticacid (TFA) 

and Heptafluorobutiricacid (HFBA) induce coacervation in oppositely charged surfactant and 

polyelectrolyte mixtures. The minimum concentration of the fluoro-alcohol or –acid for 

coacervation seems to be inversely related to the number of the fluorine atoms in the 

coacervator. Since the system is SPCC, therefore we predict that one phase would be 

enriched in polyelectrolyte/surfactant and the top phase is depleted of both species. 

Electrostatic and hydrophobic interactions play an important role in complex coacervate 

formation. As mentioned earlier, both separated phases are aqueous-based phases and contain 

considerable amount of water. Although in the case of the HFIP induced SPCC and even in 

surfactant-surfactant systems studied by Sam Jenkins, the amount of water in the coacervate 

phase is less than other reported complex coacervate systems [49].  

In purely aqueous solutions, coacervation typically occurs over specific and narrow 
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range of the constituents’ concentrations, thus conditions should be carefully selected and 

controlled. In complex coacervation of catanionic systems (oppositely charged surfactant-

surfactant or polyelectrolyte-surfactant), concentrations and mole ratios of the constituents 

usually limits coacervation conditions. The main outcome of the fluoroalcohol and 

fluoroacids induced systems is that with a very small percentage of a fluoro- alcohol (or -

acid), coacervate phase separation occurs over a very wide range of concentration and charge 

ratios. The focus of this chapter is on investigation of the effects of FAs on mixtures of 

oppositely charged polyelectrolyte (PMA) and surfactant (CTAB) and formation of complex 

coacervates. The phase behavior of hexafluoroisopropanol (HFIP)-PMA-CTAB coacervate 

system has been studied as a function of different variables in detail. The effect of HFIP 

concentration (coacervator) on the coacervate phase volume will be illustrated.  

Experimental 

Materials 

Cetyltrimethylammonium bromide (CTAB), CH3 (CH2)15N
+
(CH3)3Br

-
 and the anionic 

surfactant C12H25OSO3 Na (SDS), were purchased from USB Corporation as “ultrapure” and 

used without further purification. The 1,1,1,3,3,3-hexafluoroisopropanol (HFIP),  ≥ 99.0%, 

was purchased from TCI America. Dimidium bromide (DB), 95%, CAS # 518-67-2, a 

cationic dye, for the two-phase titration of CTAB was ordered from Alpha Aesar.  Sulphan 

blue (SB), C27H31N2O6S2Na, an anionic dye, was purchased from Spectrum. Chloroform was 

purchased from Fisher Scientific. The sodium salt of poly(methacrylic acid) (PMA) and 

poly(acrylic acid) (PAA), with average molecular weight (Mw) of 6500 and 5100 were from 
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Sigma-Aldrich and Fluka respectively. For the study of the effect of PMA molecular weight 

(MW) on coacervation, GPC grade standards, with average MW of 1250, 8280, 18600, 

29600, 76800, were provided by Aldrich. The structures of polyelectrolyte and surfactant 

have been represented in Figure 2-1. 

 Samples were prepared by mixing aliquots of stock solutions of PMA and CTAB in DI 

water that resulted in precipitation of the polyelectrolyte-surfactant complex (PM
-
 CTA

+
); 

followed by addition of HFIP for coacervation. HFIP concentration was reported in %(v/v). 

Water analysis was performed by 701 KF Titrino (Metrohm Ltd.; Herisau, Switzerland). 

Methanol was used as the solvent and HYDRANAL Composite 5 (from Fisher Scientific) 

was applied as the reactant.   

Dionized (DI) water was used for sample preparation. All experiments were performed at 

room temperature.  Sodium analysis was performed by atomic emission method using 

AAnalyst 100 instrument, Perkin Elmer. Fisher scientific refractometer (Model 3454) was 

used for refractive index measurements. Rheometer was model AR 2000 of TA instruments.  

A germanium disk (Pike Technologies Inc. MIRalce single reflection ATR, Madison, WI) 

was attached on Bio-Rad (Hercules, CI) Digilab FTS-3000 was used for HFIP analysis. 

Method  

 Coacervate Sample Preparation HFIP induced coacervate systems at three mole ratios 

(CR) of PMA and CTAB were prepared by three different methods listed as Experiment Set 

1-3 as following: 

Experiment Set (1): constant mole number of CTAB: 
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1a. 1:1 charge ratio (CR) of PMA/CTAB: Mix 1.02 ml of 10.9 mM PMA + 6.6667 ml of 100 

mM CTAB 

1b. 7:3 Initial charge ratio of PMA/ CTAB: Mix 2.38 ml of 10.9.mM PMA + 6.6667 ml of 

100 mM CTAB 

1c. 3:7 Initial charge ratio of PMA/ CTAB: Mix 0.437 ml of 10.9 mM PMA + 6.6667 ml of 

100 mM CTAB 

Experiment Set (2): constant mole number of PMA 

2a. 7:3 initial charge ratio of PMA/ CTAB: Mix 1.02 ml of 10.9 mM PMA + 2.857 ml of 100 

mM CTAB 

2b. 3:7 initial charge ratio of PMA/CTAB: Mix 1.02 ml of 10.9 mM PMA + 15.557 ml of 

100 mM CTAB 

Experiment Set (3): different mole numbers of PMA and CTAB 

3a. 7:3 initial charge ratio of PMA/ CTAB: Mix 1.427 ml of 10.9 mM PMA + 4.0 ml of 100 

mM CTAB 

3b. 3:7 initial charge ratio of PMA/ CTAB: Mix 0.617 ml of 10.9 PMA mM + 9.3 ml of 100 

mM CTAB 

After stirring for 3 minutes, the samples were centrifuged for 10 minutes at 1800 rpm and 

room temperature.  

 Dye Extraction   200 µl of 0.2% (w/v) methylene blue MB dye was added to the two  

prepared coacervate systems of HFIP induced PAA-CTAB and PMA-CTAB at 1:1 charge 
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ratio. The samples were prepared based on Experiment set (1) at 10% HFIP.   

 Phase Boundary Diagrams A phase boundary diagram was built through visual 

observations of phase changes upon addition of different amounts of HFIP to the mixed 

PMA-CTAB system at different concentrations of PMA and CTAB, keeping the bulk charge 

ratio constant at 1:1. Aliquots of 10 mM to 250 mM CTAB in DI water were mixed with 

appropriate portion of 1.09 mM to 27.25 mM PMA solution in DI water. The resulted 

precipitates were titrated with HFIP. After 3 minutes of mixing by vortex vibrator, 5 minutes 

centrifuging at 900 rpm, and 1 hr equilibrium, the physical appearance was visually 

inspected. Phase diagram of HFIP-sodium methacrylate (Na MA)-CTAB was build for 

comparison with the same concentration range as PMA-CTAB at mole charge ratio of 1:1.  

 Coacervate Volume Fraction Precipitation samples were prepared by mixing aliquots 

of 10.9 mM PMA and 100 mM CTAB in DI water. Then HFIP was added for coacervation. 

Three sets of samples were prepared for different bulk charge ratios of PMA/CTAB (1:1, 7:3, 

3:7) in 15 ml centrifuge tubes.  

 The charge ratios in different sets of experiments were adjusted as listed in Experiment 

sets 1, 2, and 3. After stirring for 3 minutes, the samples were centrifuged for 10 minutes at 

1800 rpm and room temperature.  A 24-hours equilibration time was used for all samples. 

 Effect of Polyelectrolyte Molecular Weight. Five solutions of (10 mg/ml) PMA with 

average molecular weights of 1250, 8280, 18600, 29600, 76800 were prepared. Final 

concentration of f35.5 mM CTAB and 2.5 mg/ml PMA was mixed which resulted in precip- 
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-itation in 15 ml centrifuge tube. 13% (v/v) HFIP was used for coacervation (charge ratio 

1:1). The PMA-CTAB charge ratio was 1:1. 

Phase Composition Analysis 

 1. HFIP Analysis. Concentration of HFIP in each of the two phases in the PMA-CTAB-

HFIP coacervates was determined by attenuated total reflection-infrared spectroscopy (ATR-

IR). The ATR-IR detector was cooled by liquid nitrogen before starting the experiment. 

Compressed air was applied in this instrument to eliminate moisture effect on the resulting 

spectra. The spectra were the average of 64 scans, with 1 cm
-1

 resolution and at room 

temperature.  The samples were prepared at 1:1 charge ratio containing 84.6 mM CTAB and 

1.50 mM PMA and 10% (v/v) HFIP. After stirring for 5 minutes and centrifugation at 1800 

rpm, the samples were analyzed after 24 hrs. The coacervate and aqueous phases were 

separated using 1.5 ml syringes. A 50 μl of each phase was used for analysis by ATR-IR 

spectrometer  without any further manipulation of sample i.e. the separated aqueous and 

coacervate phases were directly applied to the ATR-IR instrument.   

The calibration curves were built at two different wavenumbers using standard 

solutions of HFIP in DI water over the concentration range of 2%-80% (v/v).  HFIP has 

several characteristic absorption bands in the 1050-1400 cm 
-1 

region of IR spectrum. The 

wavenumbers of 1104 cm
-1

 and 1190 cm
-1

 were chosen for calibration due to the higher 

sensitivity and greater linearity. Neither CTAB nor PMA had an absorbance band at the 

selected characteristic wavelengths of HFIP. 
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 2. Water Analysis. Water percentage (% (w/w) was determined by Karl Fischer titration. 

The aqueous and coacervate phases were separated using 1-ml syringes and analyzed without 

any sample manipulation. This analysis was performed for Exp. Set 1 at three different mole 

ratios of 1:1 (set 1a); 7:3 (set 1b); and 3:7 (set 1c) of PMA:CTAB ratios. 

3. Total Ion Content. Total ion contents of the top aqueous phase and the bottom 

coacervate phases were obtained gravimetrically by weight subtractions before and after 

water and HFIP evaporation. The samples were prepared according to Experiment Set 1 (1a., 

1b, and 1c). 

4. Sodium Ion Analysis The sodium ion content of the coacervate phase, and the 

corresponding top aqueous-rich phase, were examined by flame atomic emission 

spectroscopy at λem= 589.6 nm. This analysis was run for samples corresponding to 

Experiment Set (1a, 1b, and 1c), at charge ratios of 1:1, 7:3, and 3:7. 10-30% (v/v) HFIP was 

used for coacervation. The samples were centrifuged and allowed to reach equilibrium for 24 

hrs. The aqueous and coacervate phases were separated using 1.0 ml syringes. 30 μl aliquots 

of the aqueous-rich top phases of coacervate samples were diluted to 100 ml by DI water. 

The linear part of the calibration curve for NaCl solutions in DI water was used for sodium 

analysis. KCl at 0.5% (w/v) was used as the ionization buffer.   

200 μl aliquots of coacervate phase of each sample were diluted in 30 % (v/v) 2-

propanol/DI water, the coacervate phase is naturally not soluble in pure DI water. NaCl 

solutions of 0.2-1.0 μg/ml in 30% (v/v) 2-propanol and pure DI containing 0.5% (w/v) KCl 
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as an ionization buffer were used for the calibration curve construction for analysis of sodium 

content of coacervate and aqueous phases respectively.  

5. CTAB Analysis. A two-phase volumetric titration method from the literature was 

applied for determination of CTAB concentrations in the aqueous-rich phases of coacervates 

at different HFIP concentrations [50]. Briefly, the method involves titration of CTAB with 

standard solution of the anionic surfactant, SDS. The method involves the use of two color 

indicator, cationic dimidium bromide (DB) that forms a complex with SDS and a anionic 

dye, sulphanblue (SB) that complexes with CTAB and use of biphasic aqueous-chloroform 

solvent system (Figures 2-2). The CTAB content of the aqueous-rich phases of the PMA-

CTAB coacervate systems were determined by volumetric analysis and the amount in the 

coacervate phase was obtained through subtraction from the initial amount used for 

preparation of coacervates. Initially, the anionic dye, SB was added to the sample containing 

CTAB (the aqueous-rich phase of coacervate) that resulted in formation of a salt that is 

soluble in the chloroform phase (the bottom blue color solution in Figure 2-3). The cationic 

dye, DB remains in the top aqueous phase (green color solution in Figure 2-3). Titration  with 

standard SDS solution results in the formation of catanionic CTA
+
SD

-
 complex, which is 

soluble in chloroform but not in the aqueous phase. (Figure 2-3).  The anionic dye SB is back 

extracted into the aqueous phase due to formation of CTA
+
 SD

-
 salt in the chloroform phase. 

Excess addition of the SDS to solution leads to formation of the complex formation with the 

cationic dye (SD
-
dimidium salt), which is readily extracted to the chloroform phase (pink 

color as depicted in the figure).   
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5-1. Mixed dye preparation:  0.2 gr DB was accurately weighed and transferred to 

100 ml volumetric flask, about 70 ml 10% ethanol (in DI water) was added, after 5 min 

sonication, the flask was filled with 10% ethanol to its mark. For preparation of SB solution, 

0.1 gr of this substance was transferred into another 100 ml volumetric flask and diluted to 

the mark using 10% ethanol solution.100 ml solution of 2.5 M H2SO4 was prepared by 

dilution of 36 N concentrated acid. For preparation of the mixed dye, 10 ml of each DB and 

SB solution as well as 10 ml of 2.5 M H2SO4 were pipetted to the 250 ml volumetric flask 

and diluted to the mark with DI water. 
 

5-2. Titration: 250 ml of 0.0200 M SDS solution was made by dissolving 1.442gr in 

DI water. SDS was used as titrant. 10 ml of prepared mixed dye solution, 10 ml DI water and 

50 ml of chloroform were transferred into an Erlenmeyer flask. The equivalence- point (EQ) 

was 25.2 ml for titration of 5.0 ml of 100 mM CTAB. The color changes from blue to pink at 

equivalence point (Figure 2-3). 

6. Bromide Analysis. Concentration of bromide ion in the top aqueous phase of the 

coacervate was determined by volumetric analysis. There are several indicator methods for 

detecting the equivalence point with silver nitrate titration. Potassium dichromate (K2Cr2O7), 

one of the commonly used indicators, precipitates with CTAB used in this system. Therefore, 

this method was disregarded. Another bromide titration is called Fajans, in which fluorescein 

is used as an indicator. We chose this method since it did not show any interference with the 

components of HFIP-PMA-CTAB SPCC system. The titration should be performed above 

pH = 5. Before equivalent point the silver bromide (AgBr) particles are formed in the 

https://www.google.com/search?q=erlenmeyer&hl=en&sa=X&biw=1280&bih=642&prmd=imvns&tbm=isch&tbo=u&source=univ&ei=yHkpT5TBDKGe2AXwtoXqAg&ved=0CDkQsAQ
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erlenmeyer flask are negatively charged; Therefore, they repel negatively charged 

fluoresceinate ion. After equivalent point, the excess Ag+ ions adsorb on the colloidal silver 

bromide and make AgBr positively charged. The negatively charged fluoresceinate ion is 

then attracted to the positively charged particles that result in a color change from yellow-

green to red. The AgNO3 used was 0.020 M dissolved in DI water. Three drops of 

fluorescein was added to the 5 ml of the aqueous top phase of the PMA-CTAB coacervate 

system induced by HFIP (over a range of 13-27 % v/v) at 1:1 charge ratio (Exp. 1a). It should 

be noted that the titrated analyte was diluted to 100 ml to ensure that CTAB concentration is 

below cmc and CTAB exists in monomeric form. The color of the reagent turns form green 

to red at equivalence point.  The accuracy of the method was tested by titration of 3ml of 

35.3 mM KBr. The equivalence point was 5.3 ml of 20.2 mM AgNO3. Therefore, the 

accuracy of the method is 1.3 %. Alternatively, 4 ml of 100 mM CTAB was titrated (CTAB 

was diluted to 100 ml), 20 ml of 20.4 AgNO3 was used at equivalent point; therefore, again 

the error would be 1.3%. 

7. PMA analysis. The PMA content of coacervate phase (1:1 charge ratio for the 

experiment set 1a.) was quantified by volumetric titration with NaOH using pH meter for 

equivalence point detection. For better detection of the equivalence point, larger volumes of 

the coacervate samples were prepared. The HFIP and water in approximately 2.0-3.5 ml of 

separated coacervate phase were evaporated, which lead to precipitation of the catanionic 

complex. The remaining precipitate was dissolved in excess HCl and titrated by 0.126 M 

NaOH.  
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Fluorescence Microscopy Fluorescence images of separated aqueous phase and 

coacervate phase were taken by (Nikon Eclipse 80i) with a mercury lamp (X-Cite 120 Q) 

used for excitation. Different wavelength filters were used with respect according to the color 

of the applied dyes (NR and 6-CF). The images were recorded by Andor iXon 897Camera 

(16*16 μm pixel size, 512*512 imaging array). The images were taken for the separated 

aqueous and coacervate phases of 15% and 30% HFIP-PMA-CTAB at charge ratio of 1:1 

containing 1μM of Nile Red and 6- Carboxyfluoresceine (6-CF). 

Results and Discussion 

Initial observations: The fluoroalcohol induced SPCC phenomenon was initially 

observed in PMA-CTAB and PAA-CTAB system made at 1:1 charge ratio. This observation 

was preceded by an earlier discovery of SDS-CTAB–HFIP system by Jenkins [49] [15]. The 

formed coacervates were clear and transparent therefore, they are compatible for the analysis 

with chromatography and spectrometry methods. Dyes with different chemical structures (as 

representative solutes) such as methylene blue (MB), methyl orange (MO), and thymol blue 

(TB) can be used to visualize capability of this system for efficient extraction. Furthermore, 

dye extraction is a helpful strategy for estimating the selectivity by changing different 

variables of the FA-SPCC system (such as coacervator, amphiphiles concentration, mole 

fractions of involved species) and their effects on dye extraction efficiency. Figure 2-4 shows 

that Methylene Blue (MB) dye has been extracted and concentrated in the coacervate phases. 

The top aqueous phase is colorless which shows high extraction efficiency and 

preconcentration of the dye in the small volume of bottom coacervate phase.  
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Phase Boundary Diagram: Recently, HFIP induced complex coacervate of a 

catanionic surfactant-surfactant system (SDS-CTAB) was reported by Khaledi et al [15]. 

Figure 2-5 represents the phase diagram for mixtures of HFIP-PMA-CTAB system. In purely 

aqueous media, mixtures of PMA and CTAB precipitated. Addition of a small amount of 

HFIP (<5%) resulted in the formation of a white gel (WJ) and at a slightly higher 

concentration, formation of liquid coacervate phase that co-existed with the WJ phase was 

observed. The white gel (WJ) can be entrapped precipitate in coacervate phase. The region 

marked as L/C represents formation of two liquid phases with a coacervate bottom phase and 

amphiphile-lean top phase. It is apparent that this phase area is dominant in the phase 

diagram. The bulk charge ratio is 1:1 in all the samples, but as Figure 2-5 shows, the 

coacervate area is concentration dependent. The HFIP induced coacervation occurs over a 

wide range of concentrations of the two oppositely charged amphiphiles. At the lower end, 

the minimum HFIP concentration that is needed to induce coacervation increases slightly 

(from ~7% to ~16%) with a significant increase in amphiphiles concentrations (e.g. few mM 

CTAB to >200 mM CTAB). However, the upper range of HFIP (where the two phase L/C 

transitions to a single liquid phase, L), there is a sudden increase from ~30% HFIP to ~70% 

HFIP at (~130mM CTAB/2.2 mM PMA). Remarkably, the concentration of HFIP in the  

coacervate phase remains relatively constant over the entire coacervation region; marked as 

L/C (see below).    

Interestingly, HFIP also induced coacervate and phase separation in the mixture of 

CTAB with sodium methacrylate (Na-MA), the monomer in PMA.  By definition, this is a 
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simple CTAB coacervate system. Previously, we have observed that HFIP can induce 

coacervation in CTAB at basic pH values (>7). It is believed that HFIP that has a pKa around 

9.3 begins to ionize in basic solutions. Since the molar concentration of HFIP is considerably 

higher than CTAB (for example, 10% HFIP has a molar concentration of around 950 mM), 

even a small percentage of ionized HFIP would produce enough fluorinated anion (FIP
-
) to 

form an ion-pair with CTA+ and induce coacervation. By adding sodium methacrylate, we 

are effectively increasing the pH of the solution and subsequent partial ionization of HFIP. 

The polyelectrolyte, PMA, could have a simple role of raising the pH, however, the 

mechanism for coacervation in PMA-CTAB is probably different due to formation of the 

catanionic PMA-CTA complex (i.e. precipitate formation in mixtures of PMA and CTAB). 

The phase boundary diagram for HFIP-MA monomer-CTAB (1:1 charge ratio) is shown in 

Fig. 2-6. There are some similarities with the HFIP-NaMA-CTAB phase diagram where the 

minimum HFIP concentration to induce the two phase system (L/C) is nearly independent of 

the CTAB and Na-MA concentrations and the upper HFIP concentration, where L/C 

transition to a single phase (L) takes place, increases with the concentration. One interesting 

point is the existence of a small three phases region at higher concentration (L+L+C) in the 

phase diagram (Figure 2-6). 

Figure 2-7 illustrates the linear dependence of the HFIP-PMA-CTAB coacervate 

volume with an increase in the amphiphiles concentrations at 1:1 mole charge ratio at 19% 

HFIP, where a stable coacervate phase existed over the entire amphiphiles concentrations. A 

similar behavior has also been reported by Skeys and Menger in a salt (NaCl)-induced simple 
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coacervate system of a zwitterionic surfactant, sodium bis (2-ethylhexyl) sulfosuccinate 

(AOT) [49]. They concluded that the linear increase in volume with AOT concentration was 

indicative of a growth of the coacervate phase that has a bicontinuous structure.  Khaledi et 

al. observed the same effect on fluoroalcohol induced on the catanionic surfactant-surfactant 

system of CTAB-SDS coacervate.  

The ability to prepare stable coacervate phases that have fixed composition over a 

large range of concentration would be beneficial for scaling up in downstream applications. If 

the bulk stoichiometric ratio is kept constant, the phase composition would not change with 

amphiphiles concentrations.  Figures 2-8A and 2-8B illustrate the dependence of coacervate 

volume on charge mole ratio of the catanionic complex. Maximum coacervate volume 

fraction (defined as the ratio of coacervate volume over the total initial volume; Vc/Vt) is 

reached at the 1:1. This observation is in agreement with the coacervation theory that implies 

coacervation is favored by charge neutralization [51]. 

Figure 2-9 illustrates the effects of HFIP% on the coacervate phase volume fraction  

at different PMA/CTAB charge ratios prepared using three different methods by keeping the 

number of moles of PMA or CTAB constant or both varied simultaneously (figure 2-9 A, B, 

and C respectively). Under these conditions, the total number of moles of PMA+CTAB could 

vary in different experiments. The trends for both 1:1 and 7:3 PMA/CTAB charge ratios are 

similar as the coacervate volume fraction reaches a maximum at around 24% HFIP and then 

begins to decline at higher concentrations, which is a transition region from the two-phase 

L/C to a single phase that occurs around 30% or slightly higher. (Figure 2-9).  
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 HFIP dissolves surfactant (CTAB) and polyelectrolyte (PMA) of coacervate phase 

(see compositional analysis). Therefore, the resulted coacervate phase volume would be 

smaller than the maximum value of the linear part.  On the other hand, according to Karl 

Fischer titration results, water content is higher in this region. At 30% (v/v) of HFIP, 

disregarding the bulk concentration, the coacervate phase with 7:3 charge ratio of PMA to 

CTAB was dissolved and one homogeneous phase was obtained.  It should be mentioned that 

the plots in Figure 2-9 are not comparable since the concentration and the total volume of the 

samples paired each data series are different. The same trends of volume change versus 

%HFIP  have been found for alternative charge ratios of 1:1, 7:3 and 3:7 of PMA/CTAB with 

different concentration ( Exp  set 1, 2, and 3)  

In contrast, at a 3:7 charge ratio of PMA to CTAB, the coacervate phase volume does 

not change within the range of 10 to 30% (v/v) of HFIP. It is possible that the PMA 

concentration is the limiting factor with this coacervation system and since it has hydrophilic 

groups (COO
-
), the free carboxylate groups can be surrounded by more water molecules and 

make the coacervate phase swell. At the 3:7 and 1:1 charge ratios of PMA to CTAB all of the 

COO
– 

groups might be occupied by CTAB molecules. Figure 2-10 illustrates that PMA 

concentration is an important factor in determining coacervate volume. Neutralization also 

can explain the volume of coacervate at different charge ratios and concentrations. The 

schematic in Figure 2-10 A (related to the Experiment set (I) 1a. 1b, and 1c) shows that at 1:1 

and 7:3 charge ratios the amount of coacervate should be equal since CTAB is limiting factor 

and neutralization is the same for 1:1 and 7:3 PMA to CTAB but at 3:7 of this ratio the 
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volume is smaller since the neutralization occurs at smaller concentrations due to limited 

PMA.  Figure 2-10 B in which the concentration is different but charge ratio is same (related 

to the Experiment set (II) 2a. and 2b.), the volume of the 3:7 PMA-CTAB charge ratio is 

higher than 7:3 since the concentration of PMA is greater. Therefore, it seems that PMA 

concentration is the determining factor in coacervate phase volume even when the charge 

ratio is equal.  

Phase Composition 

 1. ATR-IR analysis shows that the coacervate phase of 10% HFIP induced PMA-

CTAB SPCC system contains 50% (v/v) of this alcohol.  Calibration was built based on 

HFIP/DI water standard solutions (Figure 2-11A). At 10% (v/v) HFIP (initial conc.)-PMA-

CTAB system, the concentrations of the fluoroalcohol in the aqueous and the coacervate 

phases are 10-11% and 51-55% (v/v) respectively (Table 2-1, Figure 2-11 B); thus, HFIP is 

highly concentrated in the coacervate phase. Figure 2-12 represents the HFIP concentration 

profile in both the aqueous and the coacervate phases as a function of total HFIP%  for 

coacervation at 1:1 charge ratio corresponding to Experiment (I)-1a. The results clearly show 

that the HFIP concentration in the coacervate phase is independent of the total HFIP 

concentration, while it is increased in the aqueous phase.   

2. Water Analysis. The concentration of water increases in the coacervate phase and 

decreases linearly in the amphiphile-lean top aqueous phase with the increase in total %HFIP 

at three PMA-CTAB charge ratios (1:1, 7:3, and 3:7) (Figure 2-13). As mentioned earlier, the 

volume of the coacervate phase increases linearly with the HFIP% in the 1:1 and 7:3 PMA: 
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CTAB systems. The increase in volume can be due to the increase in water concentration, 

although this justification would not hold for the 3:7 PMA-CTAB system where the 

coacervate phase volume remains the same at all HFIP%, while the water concentration 

increases in a linear manner. Also, as HFIP concentration is increased in the aqueous phase, 

solubility of polyelectrolyte and surfactant is increased in this phase, which caused 

transferring of PMA and CTAB from the coacervate to the top-aqueous phase. The transfer 

of amphiphiles from the coacervate to the top-aqueous phases reduces the hydrophobicity of 

the coacervate phase, which results in the increase of the water content. 

3. Total Ion Analysis: Figure 2-14 exhibits the total ion concentration in the aqueous 

phase of the samples corresponding to Exp. Set (1a., 1b., and 1c). This includes the total 

mass from the catanionic complex PMA-CTA as well as the counterions bromide and 

sodium ions. It seems that the composition of the amphiphiles in the coacervate phase 

remains fairly constant over the range of 10%-24% HFIP for the 1:1 and 7:3 charge ratios. 

However at higher HFIP concentration (>24% HFIP), surfactant and polyelectrolyte are 

transferred to the aqueous phase. This could explain the trend shown earlier in Fig 2-9 where 

coacervate volume decreases with HFIP% above 24% for the 1:1 and 7:3 charge ratios. 

Therefore, the reason for the decline in the coacervate volume, after a critical value of 

%HFIP (Figure 4), can be attributed to the dissolution of polyelectrolyte and surfactant in the 

aqueous phase of the corresponding sample. Also, the increase in the coacervate volume with 

HFIP% over the range of 10-24% can then be attributed to the increase in water content of 

the coacervate phase for the 1:1 and 7:3 charge ratios; given that the concentrations of HFIP 
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and amphiphiles remain constant over the same range.  

The behavior for the 3:7 PMA:CTAB system appears to be different. The total 

amount of amphiphiles in the coacervate phase appears to be constant in the lower HFIP% 

(~10%-16%) and begins a steady change afterward, with an increase in amphiphile mass in 

the top aqueous phase with an increase in HFIP%; while the concentration of water in the 

coacervate phases increase concomitantly - yet the coacervate volume remains constant over 

the entire range.  

4. Sodium and Bromide Ions Analysis: The results in Table 2-2 show that Na ions 

mostly exist in the aqueous phase rather than the coacervate phase in all three PMA-CTAB 

charge ratios. Likewise the results of bromide ion analysis in Table 2-3 show that about 90-

96% of the initial bromide is present in the top-aqueous phase. These results support the 

hypothesis of ion pairing between the cationic surfactant and the anionic polyelectrolyte and 

formation of the catanionic complex (CTA
+
 PMA

-
) in the coacervate phase, which results in 

the release of the counterions that are mostly concentrated in the top aqueous phase.  

5. Surfactant Analysis: Figure 2-15 displays the mass of CTAB in the top-aqueous 

and coacervate phases as a function of HFIP in the SPCC systems with three different charge 

ratios in Exp. Set 1 (a-c). In both 1:1 (Fig 2-15 top) and 7:3 (2-15, middle) PMA-CTAB, all 

of CTA+-ion is in coacervate phase and there is no change in the amount of the surfactant in 

the range of 10-20% HFIP. At 24% HFIP, the cationic surfactant mass in the coacervate 

phases in the 1:1 and 7:3 begin to decrease and there is a concomitant increase in the 

corresponding aqueous phases. For the 3:7 system, the excess CTAB is in the top phase and 
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the amount of CTAB in the two phases remain relatively constant or changes little at HFIP% 

<20% and then it follows the same trend of transfer of the cationic surfactant from the 

coacervate phase to the top aqueous phases. The results are in agreement with the total ion 

content in the aqueous and coacervate phases, as well as the trends in the coacervate phase 

volume (Figure 9).   

6. PMA analysis: Figure 2-16 illustrates that the amount of the PMA in the coacervate 

phase of the 1:1 system increases initially with an increase in HFIP% from 10-13%; and then 

remains constant up to 24%, beyond which decreases sharply. The reason behind the initial 

increase is not clear since the CTAB amount remains the same over the range of 10-24%. 

However, the declining trend after 24% is consistent with that of CTAB and suggests a 

transition process where the catanionic complex in the coacervate phase begins to break apart 

and is transferred to the top aqueous phase. 

Polyelectrolyte Molecular Weight Effect The HFIP induced coacervation, unlike 

previously reported polyelectrolyte-surfactant systems by Dubin et al. such as 

Poly(diallyldimethylammonium chloride) (PDADMAC) and oppositely charged mixed 

micelles of Triton X-100/SDS, did not show a critical MW value for coacervation within the 

examined MW.
21

 Smaller volumes of the coacervate phase at higher polyelectrolyte MW 

may be due to more hydrophobicity with less water content (Figure 2-17).  

Fluorescence Microscopy Images. Figures 2-18A and 2-18B depict fluorescence 

microscopy images of the aqueous phase 15 and 30 % HFIP induced PMA-CTAB at the 
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charge ratio of 1:1. The bright spots (especially in Fig. 2-18A) suggest that the hydrophobic 

dye, NR is localized into certain spherical particles in the top aqueous phase. Intuitively, one 

would attribute these particles to formation of some type of molecular assemblies of the two 

amphiphilic molecules. However, the compositional analysis indicates that at 15% HFIP 

there is little or no CTAB or PMA in the top aqueous phase. Interestingly, at 30% HFIP, 

most of the bright particles disappear from the image. Interestingly, at this HFIP%, a 

significant portion of the CTAB and PMA has been transferred from the coacervate to the 

aqueous phase. The image of the coacervate phase (Fig. 2-19 A and B) shows an opposite 

trend where the dye (NR) is primarily in the bulk of the coacervate phase (as evident from 

the bright background) and a few dark spots suggest the presence of some sort of particles or 

solvent pool that do not carry of the NR dye. Figures 2-20 A and B compare images of the 

coacervate phase at 30% HFIP that has been probed by a hydrophobic dye, NR and a 

hydrophilic dye, carboxyfluorescein (CF). The bright spots in Fig 2-20A suggests that the 

hydrophilic dye, CF, is localized in the particles or solvent pool and the dark background is 

indicative of the absence of CF. This is the exact opposite trend for NR. A hypothesis can be 

made that the coacervate phase resemble the microenvironments of solutions of reversed 

micelles or water-in-oil microemulsion where the bulk medium is hydrophobic due to HFIP  

and the water content is localized in the interior of the reversed micelle-like molecular 

assemblies made of the amphiphiles. A similar trend has been observed for the SDS-CTAB-

HFIP coacervates. 
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Conclusion 

This is the first report on the phase behavior and chemical composition of a novel 

fluoroalcohol (HFIP)-induced complex coacervates of an anionic polyelectrolyte (PMA) and 

a cationic surfactant, CTAB at different concentrations and mole ratios. The coacervate 

volume fraction was also studied as a function of polymer molecular weight, %HFIP, and 

concentrations of the two constituent amphiphiles. The coacervation area is widened with 

increasing %HFIP and concentration of CTAB and PMA. The fluoroalcohol induced 

complex coacervation occurs at neutralization as well as non-stoichiometric charge ratios. 

When the concentrations of both components are simultaneously increased, the coacervate 

volume is linearly enlarged and finally the coacervate volume fraction decreases with 

increasing polymer molecular weight.  

The studies of the chemical composition of the constituents in the top-aqueous and 

coacervate phases as a function of HFIP% provided useful information about the dynamics 

and perhaps the mechanism of the HFIP induced coacervation. For the 1:1 and 7:3 PMA: 

CTAB systems, the volume of the coacervate phase increases initially with HFIP 

concentration over a limited range (about 10%-24% HFIP). Over this range, nearly all of 

CTAB and PMA exist in the coacervate phase in the form of a catanionic ion-pair complex, 

CTA
+
 PMA

-
. Their initial counter-ions, Br

-
 and Na

+ 
ions are released into the top aqueous 

phase upon the ion-pair formation. However, the volume of the coacervate phase increases 

over this range, mainly due to the increase in the concentration of water that is transferred 

from the top aqueous phase into the coacervate phase. Remarkably, the concentration of the 
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HFIP in the coacervate remains constant in spite of the increase in the total HFIP 

concentration. Since the volume of the coacervate phase increases linearly, a proportional 

number of moles of HFIP would have to be transferred into the coacervate phase in order to 

maintain a constant HFIP concentration in this phase. Note that the number of moles of the 

cationic surfactant and the anionic polyelectrolyte in the coacervate phase remain constant 

over the 10-24% HFIP range. Thus, the increasing number of moles of HFIP eventually 

reaches a point that would weaken the underlying hydrophobic and electrostatic interactions 

that maintain the catanionic complex and lead to collapsing of  the complex and transfer of 

the two amphiphiles to the top aqueous phase. As a result, the volume of the coacervate 

begins a declining trend after 24% HFIP until the coacervate phase is completely dissolved 

into a single phase. This scenario applies to the region I in the phase diagram (below 125 mM 

CTAB and 2.08 mM PMA) where the L/C to L phase transfer occur at HFIP% > 30%. A 

similar study of the chemical composition at higher amphiphile concentrations (region II) 

where the L/C to L phase transfer occurs at much higher HFIP concentrations would be 

worthwhile.  
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Supplementary Information 

Effect of the HFIP on physical properties of coacervate system 

Viscosity For rheology studies, 0.14 ml of coacervate phase was required to measure 

viscosity. The cone gap adjusted to 55 μm. Sample loading should be performed precisely to 

make reliable measurements.  Sample size is very important for reliable data acquisition. 

Delivering sample volume more than optimum amount is less erroneous than inadequate 

amount of sample. Figure 2-21 shows the correct way of sample delivery to the rheometer. 

First, the viscosity obtained is plotted as a function of shearing rate. If the measured 

viscosities are independent of shearing rate, it means that the sample is a Newtonian fluid 

(and isotropic), then the average viscosity was plotted against %HFIP of each system.  

Rheology studies of this system show that the coacervate phase is a Newtonian fluid 

with certain level of uncertainty in the case of 10 % HFIP-PMA-CTAB which is near to the 

phase boundary between S/C and C/L. As Figure 2-22 show viscosity of coacervate phase of 

10% HFIP induced PMA-CTAB system (1:1 charge ratio) is not constant as a function of 

shearing rate. This behavior means that there may be some suspended particle in the 

coacervate phase or we do not have a homogeneous coacervate phase at 10% HFIP. The 

viscosities at higher of HFIP percentage are constant  as a function of shearing rate which 

means that the coacervate phases are Newtonian fluid at higher HFIP%  and homogeneous. 

As we expect viscosity decreases at higher HFIP% (24%), which is  mainly due to water 

migration from the aqueous phase to the coacervate phase and as a result of decrease in 

PMA/CTAB concentration in coacervate phase. It is worth mentioning that although CTAB 
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mass is constant within 10-24% HFIP but concentration decreases due do volume increase 

(Figure 2-23).  

Refractive Index was needed as input data for dynamic light scattering (DLS). 

However, it seems that coacervate phase is not measurable by this method and the size is 

outside of the reliable range. This measurement was done for 1:1 charge ratio of PMA-CTAB 

indicated as Experiment set (I) 1a. and the %HFIP was 10-27% for coacervation. The 

coacervate phase was separated after preparation and 50 μl of it was applied for RI 

measurement at 20°C. RI measurements of aqueous solutions of the individual constituents 

of the coacervate system (PMA, CTAB, and HFIP) were determined at different 

concentrations.  

On the contrary, RI is almost constant as a function of HFIP% in separated aqueous 

phase. (Figure 2-24).  According to the figure 2-24 RI decreases in coacervate phase as a 

function of % HFIP which indicates decreasing of RI in coacervate phase at higher %HFIP 

due to water increase  PMA/ CTAB concentration decrease  from coacervate phase to the 

aqueous phase since HFIP concentration is constant according to ATR-IR analysis. Constant 

RI in aqueous phase that can be related to constant CTAB and PMA concentration and 

increase in %HFIP as a function of bulk %HFIP in this phase. Slope of the RI changes versus 

HFIP is very small; therefore, RI changes rate would be small as well. RI measurements of 

both CTAB and PMA show an increasing trend as a function of their concentration, (positive 

slop in Figures 2-25 A and 2-25B); therefore, the constant RI is related to the fact that PMA 

and CTAB concentration increase is balanced by a concomitant increase in HFIP 
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concentration – which may explain why RI changes little in the aqueous phase (Figure 2-25 

C).  

Dye Extraction 50 μl of Methyl Green (MG) (2.7mg/ml) and 50 μl of Bromocresol 

Green (BG) (10 mg/ml) were added to 1:1, 7:3 and 3:7 CR of 13, 20 and 27%  HFIP induced 

PMA-CTAB system, prepared according to Experiment Sets 1, 2, and 3.  

Two different dyes (MG and BG in figure 2-26 and 2-28)  were extracted at different 

1:1, 3:7 and 7:3 mole ratios  of PMA to CTAB  of 13, 20 and 27% HFIP induced SPCC 

systems ( the systems were prepared according to the Exp.1, 2, and 3) to see if the coacervate 

system can differentiate solutes according to their hydrophobicity and charge in extraction. 

Methyl green (MG) was chosen since it is positively charged within wide pH range even at 

high pH. It should be mentioned that the pH for the aqueous phase was measured 6.37 by the 

pH meter. The dye partition coefficient is higher at 1:1 and 7:3 charge ratios at lower %HFIP 

(13%) for all systems.  CTAB concentration in the aqueous phase of the systems at 1:1 and 

7:3 is less than 3:7 charge ratio (Figure 2-27 A, B, D, and F at 13 % HFIP labeled in black 

font). As volumetric titration of CTAB results showed there is a considerable concentration 

of CTAB in the aqueous phase for 3:7 charge ratio while the CTAB concentration is 

negligible for 13% and 20% of 7:3 and 1:1 charge ratios. (see Figure 2- 15). As a result, the 

extent of the dye extraction into the coacervates of 3:7 is smaller than other two charge ratio 

as evident by the light blue color of the top-aqueous phases for the 3:7 as compared to the 

colorless phases at 13% HFIP for 1:1 and 7:3 that indicates the lack of dye. It cannot be 

declared that the cation extraction in the coacervate phases of 7:3 HFIP induced PMA-CTAB 
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SPCC systems is due to the negative charge affinity of the coacervate phase toward 

positively charged MG, since the same observation is for 1:1 charged ratio. At higher 

percentages of HFIP as figure 2-27 depicts extraction efficiency of the system for MG is low 

since the HFIP increase causes transferring CTAB to the aqueous phase in addition to the 

increase in HFIP% in the aqueous phase. Bromocresol Green(BG), is anionic over a wide 

range of pH (Figure 2-28) that was almost completely extracted in the 7:3 charge ratio (CR)  

which means the coacervate phase extract both negatively and positively charged species 

(MG and BG) regardless of initial mole fraction of PMA and CTAB(Figure 2-29 B, D and F 

). The color of the indicator in both phases in all samples was blue which illustrates the dye is 

in anionic state.  Partition coefficient is lower at higher HFIP%. In BG extraction, again at 

3:7charge ratio since CTAB concentration is higher in the aqueous phase, the extraction 

efficacy (EE) is low (Figure 2-29 C, G, and E). Therefore, the same observation, of the effect 

of higher CTAB and higher HFIP percentage in the aqueous phase on EE is concluded.  

Effect of HFIP on CTAB and PMA self-aggregation: Aliquots of 100 mM CTAB 

in 0, 5, 10, and 15 % HFIP in DI water were added to 0, 5, 10, and 15% HFIP (v/v) to 

investigate the effect of the HFIP on the critical micelle concentration (cmc) of CTAB.  The 

same experiment was repeated with PMA to investigate if HFIP causes PMA aggregation or 

not.  

  The conductometry of CTAB in DI water (Figure 2-30A) shows that cmc value for 

this surfactant was nearly 0.80 mM, The same conductivity study on PMA shows that this 

polyelectrolyte does not undergo self aggregation in DI water (Figure 2-30 B). As the figure 
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represents the slopes of both lines at low and high concentration of PMA are not significantly 

different. The cmc value of CTAB solutions shift to higher values in the presence of HFIP 

(0.8mM at 0%  (v/v) HFIP to 1.6 mM at 10% (v/v) HFIP); however, at concentration 15%  

(v/v) HFIP there is not any self-aggregation up to 7.5 mM CTAB. (figure 2-31). PMA 

conductivity seems to be influenced by HFIP to some extent but there is not a significant 

difference between conductivities as a function of HFIP percentage (Figure 2-32). Since 

PMA is completely water soluble polymer and has not have any substantial hydrophobic 

domain to incorporate HFIP. On the other hand since HFIP can be dissolved in water or 

solubilized in micellar core, it changes micellization behavior of CTAB. 
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Tables:  

Table 2-1. Concentrations of HFIP (v/v%) in the aqueous and coacervate phases of  the 1:1 

PMA:CTAB charge ratio induced by 10% total HFIP, PMA/CTAB concentration was 

corresponding Exp. 1a. 

 
 

 

 

 

 

 

 

 

Table 2-2.  Bromide ion concentration in the aqueous and coacervate phases of 13-30% 

HFIP induced PMA-CTAB PMA coacervate system (charge ratio 1:1, Exp. 1a) 

 

HFIP % 
mole fraction of Br ( aq 

phase/ initial ) 

10% 0.91 

13% 0.90 

16% 0.96 

20% 0.95 

27% 0.96 

 

 

 

 

 

Phase             (1/λ)max (cm-1) Avg % HFIP std dev

1040 51.5 0.6

1190 54.8 0.8

1040 11 1.1

1190 10 1.5

10% (v/v) HFIP

Coacervate

Aqueous
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Table 2-3. Na mass in the aqueous and coacervate phases of 13-30% HFIP induced PMA-

CTAB coacervate systems at charge ratios 1:1, 7:3, and 3:7 of PMA/CTAB) corresponding 

to Exp. 1 (1a, 1b, 1c) 

PMA-CTAB-HFIP 
of  (1:1) charge 
ratio (Exp.1a) 

Loaded 
theoretical 
Na to the 

system 
(mg) 

Na  in 
aqueous (mg) 

Na in 
coacervate 

(mg) 
%Error 

13% 15.390 15.73 0.037 2.509 
16% 15.390 14.443 0.083 -5.615 
20% 15.390 14.469 0.180 -4.816 
24% 15.390 15.929 0.470 6.555 
27% 15.390 14.759 0.461 -1.107 
30% 15.390 14.258 0.289 -5.482 

 

PMA-CTAB-HFIP of  
(7:3) charge ratio 

(Exp. 1b) 

 Theoretical 
loaded Na to 
the system 

(mg) 

Na  in 
aqueous 

(mg)  

 Na in 
coacervate 

(mg) 
% Error 

13% 35.910 33.150 0.081 -7.463 
16% 35.910 32.262 0.091 -9.905 
20% 35.910 36.862 0.272 3.405 
24% 35.910 32.989 0.281 -7.353 
27% 35.910 36.504 0.212 2.244 
30% 35.910 32.230 0ne phase -10.249 

 

HFIP-PMA-CTAB 
of  (3:7) charge 

ratio 
(Exp. 1c) 

 Theoretical 
loaded Na to 
the system 

(mg) 

Na  in 
aqueous 

(mg)  

 Na in 
coacervate 

(mg) 
%Error 

13% 6.594 5.767 0.102 -10.984 

16% 6.594 5.818 0.075 -10.629 

20% 6.594 5.855 0.035 -10.669 

24% 6.594 5.961 0.058 -8.709 

27% 6.594 6.098 0.071 -6.439 

30% 6.594 5.898 0.081 -9.308 
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Figures:  

 

Figure 2-1. Molecular structures of anionic and cationic components examined for HFIP 

induced SPCC system (A) polyacrylic acid, sodium salt (PAA) B) polymethacrylic acid, 

sodium salt (PMA) (C) Cetyltrimethylammonium bromide (CTAB) (D) 

dodecyltrimethylammonium bromide (DTAB) 
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Figure 2-2.  Indicators (dyes) used for CTAB determination in two-phase titration method. 

(A) Dimidium bromide (DB) (B) Sulphan blue (SB). 

 

 

 

 

Figure 2-3. Color Change of indicators (dyes) in CTAB volumetric two-phase titration. 

Titration of 5 ml aqueous phase of 13% (v/v) HFIP induced PMA-CTAB coacervate system 

(initial charge of ratio 1:1) before EQ point (A) after EQ point (B).  

 

A B 
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Figure 2-4. Representation of the initial observation for HFIP induced SPCC system, before 

(A) and after dye extraction (B) of the 200 µl of 0.2 % (w/v) methylene blue (MB) into 

coacervate phases of HFIP- CTAB-PMA and HFIP-CTAB-PAA SPCC system 

 

 

 

A 

B 
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Figure 2-5. The phase boundary diagram of HFIP-induced PMA-CTAB SPCC system at a 

1:1 bulk charge ratio. WJ white gel, L single phase liquid, C coacervate, the solvent is DI 

water. The lines are for easy tracking. High volume of coacervation is formed within region 

II at higher concetration of PMA/CTAB. 

 

 

 

 

Reg. II 

Reg. I 



 

    83 
 

 
Figure 2-6. The phase boundary diagram of HFIP-induced of sodium methacrylate (NaMA)-

CTAB coacervate system in DI water at 1:1 bulk charge ratio. L single phase liquid, C 

coacervate. The lines are for easy tracking. 
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Figure 2-7. The coacervate volume fraction of HFIP induced PMA-CTAB system at 

constant 19 % (v/v) HFIP as a function of PMA and CTAB concentations (mM) at a 1:1 

charge ratio.  PMA and CTAB concentrations were increased simulaneously to maintain the 

1:1 charge ratio.  
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Figure 2-8.  The coacervate phase volume fraction as a function of charge ratio of individual 

mole fraction (charge ratio) of PMA and CTAB at constant %HFIP. (A) charge ratio (Qs) 

obtained by varying PMA concentration at constant CTAB concentration constant at 70.25 

mM (B) charge ratio obtained by varying CTAB concentration at a constant 1.17 mM PMA. 

19 % (v/v) of HFIP was utlized for inducing coacervation. The connecting lines are for easy 

tracking. 
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Figure 2-9. The influence of the percentage of HFIP at different initial charge ratios (1:1, 

7:3, 3:7) on coacervate volume fraction. Different preparations are listed as experiment 1 (A), 

2 (B) and 3 (C). The inset plots represent the linear part for 1:1 and 7:3 initial charge ratios of 

experiments 1-1a, 1b,  2-2a, 3-3a for charge ratio of 1:1 and 7/:3 of PMA/CTAB. 
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Figure 2-10. A schematic for interpretation of coacervate phase volume as a function of 

mole fraction of PMA and CTAB (see figure 2-9) according to Ex 1a. 1b, and 1c for constant 

CTAB (A) constant mole numbers of PMA corresponding to Exp 2a and2b (B). Circular - 

and green + represent PMA and CTAB respectively.  
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Figure 2-11. The ATR-FTIR spectra of (A) standard solutions of HFIP in DI water. The 

inset is the calibration curves at two different wavenumbers (1104 cm
-1

 and 1190 cm
-1

). (B) 

ATR-IR spectrum of HFIP in separated aqueous and coacervate phases of the 10 % HFIP 

induced PMA-CTAB coacervate at 1:1 charge ratio. 
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Figure  2-12.  The ATR-FTIR spectra of the aqueous and coacervate phases of PMA-CTAB 

induced by HFIP over a range of 10 % to 30% (v/v) HFIP. The PMA-CTAB charge ratio of 

1:1; Exp. 1.1a.The yellow labels are for HFIP peaks of aqueous phases and the orange label 

is for HFIP peaks of the coacervate phases. The black arrows shows HFIP increase in 

aqueous phase. 
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Figure 2-13. Water concentration (w/w) in the aqueous and coacervate phases  as a function 

of %HFIP (10 -27% ) HFIP induced the PMA-CTAB coacervate system (charge ratio 1:1, 

7:3, and 3:7 of PMA/CTAB) corresponding to Exp. 1 (1a, 1b and 1c). 
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Figure 2-14. Total ion mass (mg) in the aqueous and coacervate phases at bulk charge ratio 

of 1:1 (A) 7:3 (B) 3:7 (C),10-30% (v/v) HFIP induced PMA-CTAB as a function of %HFIP. 

Corresponding to Exp. 1 (1a, 1b, and 1c). Solid symbol is S+P mass in coacervate phase and 

open symbols are S+P as a function of %HFIP in aqueous phase. 
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Figure 2-15. CTAB concentration in the aqueous (open symbol) and coacervate (filled 

symbol) phases of 10-30% HFIP induced the PMA-CTAB coacervate system (charge ratio 

1:1, 7:3, and 3:7 of PMA/CTAB) corresponding to Exp. 1 (1a., 1b, 1c) analyzed by biphasic 

titration; SDS was used as titrant (0.02 M).  
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Figure 2-16. PMA mole fraction in separated coacervate phase as a function of % HFIP used 

for coacervation. According to Experiment set (1.1a) 1a. The analysis was performed by 

acid-base titration method. 
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Figure 2-17. The coacervate volume fraction of the HFIP induced PMA–CTAB system as a 

function of polelectrolyte molecular weight (1250, 8280, 18600, 29600, 76800). PMA , 

CTAB, and HFIP  concentrations are 5.0 mg/ml, 75 mM and 13 % (v/v) respectively.  
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Figure 2-18 Fluorescence image of 1 μM  Nile Red (NR) dye dissolved in separated aqueous 

phase of 15 (A) and 30% (B) HFIP-PMA-CTAB at 1:1 charge ratio.  
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Figure 2-19. Fluorescence of 1 μM NR dye dissolved in separated coacervate phase of 15 % 

(A) and 30%  (B) HFIP-PMA-CTAB at1:1 charge ratio. 
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Figure 2-20. Fluorescence image of 1 μM 6- Carboxyfluoresceine (6-CF) and Nile Red (NR) 

dye in separated coacervate phase of 30% HFIP-PMA-CTAB at 1:1 charge ratio. 
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Figures Cont.  (Supplementary Information)  

 

 

Figure 2-21.  Schematic of correct sample loading for rheology measurement. 

 

 

  

Figure 2-22. Rheological behavior of separated coacervate phase, 10-30% HFIP induced 

PMA-CTAB -SPCC as a function of %HFIP at 1:1 charge ratio. Samples were prepared 

according to Exp. 1.1a. 
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Figure 2-23. Average viscosity of coacervate phase of 10-30% HFIP induced PMA-

CTAB–SPCC as a function of % HFIP at 1:1 charge ratio. Samples were prepared 

according to Exp. 1.1a. 
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Figure 2-24.  Refraction index of aqueous and coacervate phases of 10-30% HFIP 

induced PMA-CTAB – SPCC as a function of %HFIP at 1:1 charge ratio of PMA/CTAB. 

Samples were prepared according to Exp. 1.1a. 
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Figure 2-25. Change of refraction (R) as a function of CTAB (A), PMA (B), HFIP (C) 

concentrations. 
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              Color     

               pH        0   1     2                                                                                 14 

Figure 2-26. A cationic dye: Methyl Green (MG) zinc chloride salt and the pH 

corresponding to its color change. 
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                               A                                     B                                C 

 

                                                 D                               E 

 

                                 F                                             G 

Figure 2-27.  Extraction of 50 μl of 2.7 mg/ml  methyl green (MG) into systems  of 13, 20 

and 27 % HFIP induced  PMA-CTAB SPCC at1:1 , 7:3 and  3:7 PMA-CTAB charge ratios 

for exp. 1a (A), 1b (B), 1c (C), 2a (D), 2b (E), 3a(F), and 3b (G). 
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              pH       0                              4     5                                                                       14 

Figure 2-28. An anionic dye: Bromocresol Green (BG) and the pH corresponding to its color 

change. 
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                            A                                        B                                         C 
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Fig.ure 2-29. Extraction of 50 μl of 10 mg/ml Bromocresol Green (BG)  in the systems  of 

13, 20 and 27 % HFIP induced  PMA-CTAB SPCC at1:1 , 7:3 and  3:7 PMA-CTAB charge 

ratios for exp. 1a (A), 1b (B), 1c (C), 2a (D), 2b (E), 3a(F), and 3b (G). 
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Figure 2-30. Conductometry measurement of CTAB (A) and PMA (B) solutions in pure DI 

water as function of their concentrations.  
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Figure 2-31. The effect of HFIP on cmc value of CTAB. 
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Figure 2-32. The effect of HFIP on conductivity of PMA. 
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Chapter 3 

Aliphatic Alcohol-Induced Polyelectrolyte-Surfactant Complex Coacervate System of 

the sodium salt of Polymethacrylic acid (PMA) and Cetyltrimethyl ammonium bromide 

(CTAB) 

 

Abstract 

 Short chain aliphatic alcohols (ethanol, 2-propanol, 1- propanol and tert-butanol) 

induced phase separation in aqueous mixtures of a cationic surfactant 

cetyltrimethylammonium bromide (CTAB) and the anionic polyelectrolyte, sodium salt of 

poly(methacrylic) acid (PMA). In this chapter, the phase diagram of the 1:1 mixture of 

CTAB and PMA in the presence of 2-propanol is investigated. The PMA-CTAB mixture 

forms a white precipitate in aqueous media at the stoichiometric charge ratio. However, upon 

addition of 2-propanol, two distinctly clear liquid phases are formed. The chemical 

compositions of the aqueous top phase as well as the concentrated bottom phase have been 

quantitatively characterized by flame atomic emission spectroscopy and volumetric analysis 

(acid-base and biphasic titrations). Furthermore, the coacervate volume in various systems 

has been determined as a function of various system variables such as total and individual 

concentrations of the amphiphiles and 2-propanol.  Our results indicate that the effect of 2-

propanol on composition of the aqueous and coacervate phases in aliphatic alcohol induced 

PMA-CTAB SPCC system are different from the previously reported PMA-CTAB-HFIP 

system at the same 1:1 charge ratio. However, it seems that maximum coacervation occurs 

when the oppositely charged polyelectrolyte and surfactant are charge neutralized. 
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Introduction 

Self-aggregation of surfactant molecules in aqueous solutions, which leads to the 

formation of micelles is one of the well-known properties of surfactants. However, micelles 

are only one of the possible structures of aggregated surfactants [1] [2] [3]. The cationic 

surfactants with polyelectrolye (PE) counterions (e.g. polymethacrylate) are insoluble 

complex salts that are different from those with monovalent counterions (e.g. Br
-
.)  In the 

mixture of oppositely charged polyelectrolytes (PE) and surfactants, in which PE act as a 

counterion [4] [5] [6], surfactant molecules self-aggregate and form structures with cubic, 

hexagonal or lamellar geometries depending on the packing factor and spontaneous curvature 

as described in chapter one [7]. These structures usually have different physico-chemical and 

physical (e.g. viscosity) characteristics [8] [9]. PE-surfactant aggregates and their 

corresponding structures have a variety of applications. For instance, liquid crystals could be 

used as template in immobilization and drug delivery systems [10] [5] [11]. The releasing of 

the drug or biologically active materials can be controlled by pH switching in the systems 

composed of polymer-surfactant complex with acidic or basic groups [12] [13] [14]. 

Furthermore, PE-surfactant associating property makes such systems appropriate for coating 

hydrophilic surfaces [15]. In particular, by using fluorinated surfactants, PE-surfactant 

aggregates could be used as perfect continuous coating with very low surface tension which 

are able to repel both oil and water phases [16] [11] [17].  

It is well established that micelles can grow to different structures; the most common 

type of micellar growth is the linear growth (Figures 3-1, 3-2) which can subsequently lead to 
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the formation of other structures including liquid crystalline as are shown in Figure 3-2  and 

3-3D, F. The type of liquid crystalline structure in PE-surfactant mixtures depends on factors 

such as surfactant chain length, nature of the surfactant head group, concentration, 

temperature, and presence of co-solutes such as salt and alcohols [18] [19]. However, the 

effect of surfactant concentration and chemical structure of the cosolute are more important 

[20]. At higher concentrations, surfactants with a higher solubility usually remain as 

spherical micelles or form structures with completely different physiochemical properties. 

However, surfactant with low solubility tends to undergo phase separation [21]. The 

dimension of the micellar growth also depends on the polarity of the co-solutes [22] [23].  

Nonpolar co-solutes such as alkane, which prefer to stay in the hydrophobic core of 

the micelle core, usually do not influence the dimension of the micellar growth significantly. 

However, amphiphilic co-solutes such as alcohols, which have their short carbon chain 

inserted in the palisade layer, usually promote micellar growth. As mentioned earlier 

surfactant chain length also affects micellar growth. It is interesting to note that cationic 

surfactants with long carbon chain (more than 14 carbon atoms) grow from spherical to rod-

shape micelles at intermediate concentration which might be considered as one-dimensional 

micelle growth (Figure 3-1). The common structures that can be formed from linear micelles 

are 1-D and 2-D hexagonal and lamellar structures as well as 3-D branched forms (cf. Figure 

3-2). The latter structure is a bicontinuous phase in which surfactant molecules aggregate in a 

continuous way, analogous to the solvents. As shown in Figure 3-3, the hexagonal structure 

consists of a long 1-D cylindrical surfactant aggregate, which has been packed by six 
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micellar cylinders. The lamellar structure is a 2-D bilayer of surfactants packages, which are 

separated by water layers. It is worth mentioning that the hexagonal and lamellar structures 

are the most common forms in both regular surfactant solutions and in solutions containing 

alcohols as co-surfactant. Reversed structures of the above mentioned aggregates are also 

common in surfactant and surfactant-alcohol solution. In the reversed structure of surfactant 

aggregates, the curvature of the aggregate is negative and the polar and nonpolar regions 

have opposite orientation as compared to the regular structures [24]. As shown in Figure 3-4, 

the stability of the above-mentioned structures follows a specific pattern depending on the 

solvent composition such that hexagonal structure is common in water-rich mole fractions 

while its reverse form is more stable in oil-rich solvents [25] [19]. Therefore, solvent 

composition can be used for the control of the structures of the surfactant or surfactant-PE 

assemblies. It is worth mentioning that the PE play an important role in bridging the 

surfactant aggregates; The polyelectrolyte bridges the micelles or surfactant aggregates by 

electrostatic interactions between PE and surfactant assemblies (micelles). The short distance 

of the charged groups on PE  facilitates micelles interactions as well, which leads to 

formation of different liquid crystalline compared to monomer (monovalent ions) with the 

same concentration of the ionic groups and surfactant (for example  sodium methacrylate 

versus sodium polymethacrylate) [26] [27] [28] [29] [30].   

The size and the shape of the surfactant aggregates in PE-surfactant mixtures might 

be systematically controlled by addition of appropriate cosolutes  (o) such as alcohols or 

other organic molecules. Depending on their polarity, organic cosolutes might penetrate to 
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the hydrophobic core of the surfactant aggregates or stay in hydrophilic regions. The location 

of oil molecules penetration affect    and rhc. Bernards et al. investigated the effect of 

organic solvents on binary mixtures of water-CTAPA complex salt [19]. CTAPA is the 

complex salt of the CTAOH and PAA, poly(acrylic acid). As it was discussed in chapter two, 

Svensson et al. eliminated the monoions accompanied polyelectrolyte and surfactant in SPCC 

system by using complex salt [31]. The complex salt is synthesized from acidic and basic 

form of the cationic and anionic parts [32] [33]. This leads to the formation of a true binary 

mixture of the complex salt and water, whereas using CTABr and Na PA leads to formation 

of an additional salt, NaBr, which could complicate the phase diagram (four salts).  In 

addition, a ternary phase diagram is applicable by adding third component to the binary 

mixture of the complex salt-water. Results of Bernard’s investigation indicated that polar 

cosolutes such as decanol induced lamellar phase while addition of nonpolar p-xylene and 

cyclohexane promoted formation of hexagonal structures.  

As mentioned above, higher propensity of decanol at the interface results in a 

significant decrease of the micellar curvature. However, apolar cyclohexane and p-xylene 

penetrate into the hydrophobic core of the surfactant aggregate and therefore promote 

swelling. Bernards showed that by increasing the concentration of decanol in a mixture of 

CnTABPAm and water, decanol molecules incorporate into surfactant aggregates such that 

hexagonal (H) phase transfers to the lamellar (L) phases although there is some coexistence 

between H and L phases. Furthermore, due to the limited solubility of CnTAPAm in decanol, 

the oil phase separates from water at higher mole fractions. In ternary phase diagram of p-
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xylene-CTAPA6000-water mixture there is small lamellar region in phase diagram at low 

water content while in decanol-CTAPA6000-water ternary phase diagram lamellar structure 

dominates at the same water content [30] 

When surfactant aggregates are saturated with oil, phase separation occurs. The 

separated oil phase might contain CTAmPAn salt depending on its solubility in oil. It should 

be noted that the concentration of oil at which phase separation occurs depends on the 

number of carbons in the surfactant alkyl chain (n) and the number of monomers in the 

polyelectrolyte (m), which together characterize the hydrophobicity of the salt. For instance, 

due to the higher solubility of C12TAPA30 in decanol, the oil phase separated at higher 

alcohol concentration compared to the ternary decanol-water C16TAPA6000 system (40% and 

20% respectively according to Figure 3-5). In the case of apolar p-xylene and cyclohexane 

cosolutes; due to the lower solubility of the complex salt compared to octanol, the hexagonal-

oil (H+O) phase appears in lower concentration of oil (Figure 3-5).. 

It should be noted that the PE counterions in polyelectrolyte-surfactant mixture 

influence the phase structure. For instance, although the lamellar phase occurs at high 

concentration of oil in all of the CnTAPAm-water-decanol system, larger counterions 

(m=6000) favor lamellar phase formation. [30].  

The effects of aliphatic alcohols on the structure of water-CTAPS complex salt binary 

mixture have also been studied. The similar rationalization has been reported regarding phase 

diagram studies of ternary phase diagram and phase dominance. Since polarity of the 
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cosolute affects the structure of PE-surfactant self-assemblies, aliphatic alcohols are 

appropriate for controlling the structure of surfactant and PE-surfactant aggregates [30] [34] . 

Depending on the length of their alkyl chain, alcohol might act as either cosolvent or 

cosurfactant in PE-surfactant system. In the case of shorter alcohols such as methanol, in 

which the alcohol acts as cosolvent, and dissolved in water and structures with more positive 

curvature (e.g. hexagonal) and isotropic will appear in the phase diagram. The opposite holds 

for longer alcohols such as decanol act like cosurfactant, which makes lamellar phase 

dominant when added to binary mixture of the same complex salt-water. In another word, it 

dissolves at the interface instead of micelles core or in bulk solvent. Intermediate alcohols 

such as butanol would have dual effects. According to the high solubility of butanol in water 

(cf. Table 3-1), it might be expected to observe an isotropic phase in the phase diagram of the 

butanol-water-CTAPA.  

The effect of alcohol on the structure of the PE-surfactant aggregate  is analogous to 

their effect on the monoionic surfactant solutions. This is not surprising as the self-assembly 

characteristic of PE-surfactant mixture originates from the surfactant molecules such that the 

structure sequences in phase diagram of surfactant solutions resemble that of PE-surfactant 

aggregates. However, it should be noted that despite such similarities, the effect of 

polyelectrolyte counterions is not negligible. In the following, the results of an investigation 

by Bernards et al. on the effect of aliphatic alcohols on the catanionic CTAPA complex are 

compared with those obtained for the same alcohols but in a mixture of cationic surfactant 

CTAB and water investigated by Fontell et al. [22] [34]. Figure 3-6 represents the ternary 
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phase diagrams of ethanol-CTAB, ethanol-CTAPA30 and ethanol-CTAPA6000 in aqueous 

solutions. Due to the increased solubility of the CTAnPAm complex salt in methanol and 

ethanol (cf. Figure 3-6), an isotropic solution appears in the alcohol-salt axis of the ternary 

phase diagram of the CTAPA-water-alcohol mixture. As table 3-1 represents the solubility of 

CTAB salt is only 50% and 27 % (wt %) in methanol and ethanol, respectively. Accordingly, 

due to the infinite solubility of ethanol in water, an isotropic phase in water-ethanol axis of 

the ternary phase diagram of CTAB-water-ethanol is formed while an isotropic solution 

(indicated as L in figure 3-6) would be extended to 27% of ethanol on the CTAB-ethanol axis 

of the ternary phase diagram. Presence of water is necessary to dissolve CTAB at higher 

concentration of ethanol.  

X-ray diffraction investigations showed that the surface area per surfactant molecules 

(  ) of the surfactant aggregates increases by increasing the ethanol mole fraction. 

Accordingly, it might be concluded that the surfactant aggregates have a hexagonal structure. 

This observation also demonstrates that ethanol molecules are located between 

trimethylammonium head-groups of the surfactants and therefore separate the surfactant 

molecules in aggregates.  Inspection of the ternary phase diagrams indicates that the isotropic 

L1 and L2 solutions are dominant whereas the liquid crystalline region is very small 

presumably due to the high solubility of the complex salt in ethanol. Analogous results are 

observed for the alcoholic solution of CTAB. Furthermore, due to the similarity of the phase 

changes for CTAPA and CTAB containing the same alcohol and water, it might be 

concluded that the structure of the surfactant aggregates are highly correlated with the 
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carbonchain length of the surfactant and alcohol molecules. For example, as figure 3-9 

depicts, in Butanol-CTAB-water ternary phase diagram lamellar phase area has been 

increased similar to CTAB-butanol-water ternary mixture compared to ethanolic system.  

The study of this chapter is focused on the effect of 2-propanol on PMA and CTAB 

mixture at 1:1 charge ratio and the resulted phase separation. 2-propanol has been selected 

since it resembles structurally to HFIP for comparison purpose regarding the difference of 

the composition of each phases and coacervation area in the phase diagram.        

Experimental 

 Material                                                                                         

   Cetyltrimethylammonium bromide (CTAB), CH3(CH2)15N
+
(CH3)3Br

-
) was 

purchased from USB Corporation as “ultrapure” and used without further purification.  

Dimidiumbromide (DB), 95%, CAS # 518-67-2, a cationic dye for two-phase titration of 

CTAB, was ordered from Alpha Aesar.  Sulphan blue (SB), C27H31N2O6S2Na, an anionic 

dye, was purchased from Spectrum. Chloroform was purchased from Fisher Scientific. The 

sodium salt of poly(methacrylic) acid (PMA), with average molecular weight (Mw) of 9500, 

30% (wt/v)% in water, was from Sigma-Aldrich Water analysis was performed by 701 KF 

Titrino (Metrohm Ltd.; Herisau, Switzerland). Methanol was used as the solvent and 

HYDRANAL Composite 5 (from Fisher Scientific) was applied as the reactant.  Dionized 

(DI) water was used for sample preparation. All experiments were performed at room 

temperature. AAnalyst 100 instrument was used for sodium analysis by atomic emission 

method at 589.6 nm.  



 

   118 
 

Method 

The investigation of the 2-propanol induced PMA-CTAB phase separation has been 

focused on the stoichiometric 1:1 mole charge ratio of PMA-CTAB that leads to precipitation 

of the catanionic complex PMA
-
 CTA

+
. The precipitation in most cases has been prepared by 

mixture of 3.33 ml of 100 mM CTAB and 0.51 ml of 7.44 mM PMA in DI water the same as 

in the HFIP induced PMA-CTAB SPCC system in chapter two.  For PMA determination, the 

system was scaled up to produce larger volumes of the coacervate phase that were needed for 

volumetric (titration) analysis. Mixing was performed by vortex vibrator for 5 minutes and 

the centrifuging time was 1.5 hr at 3000 rpm at room temperature. The prepared system has 

been analyzed after sufficient equilibrium time. 

 Aliphatic Coacervate System Aliphatic alcohols (AAs) (methanol, ethanol, 2-

propanol, t-butanol, heptanol) were used to induce coacervate phases in the aqueous mixtures 

of PMA and CTAB at 1:1 charge ratio. The minimum volume percentages of the alcohols 

required for coacervation in 1:1 charge ratio of PMA-CTAB are listed in Table 3-2. 680 μl of 

10.9 mM PMA and 3.764 ml of 100 mM CTAB in DI water were mixed for precipitation. 

For dye extraction, 0.3% (w/v) thymol blue (TB) was added to all of the biphasic systems. 

TB was dissolved in each alcohol and added to the precipitation of PMA-CTAB for phase 

separation. 

Fluorescence Microscopy.  Fluorescence images of separated aqueous phase and 

coacervate phase were taken by fluorescence microscopy (Nikon Eclipse 80i) with a mercury 

lamp (X-Cite 120 Q) used for fluorophore (Nile Red, NR) excitation.  The images were 
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recorded by Andor iXon 897Camera (16*16 μm pixel size, 512*512 imaging array). The 

images for the separated aqueous and coacervate phases of 35% 2-propanol-PMA-CTAB at  

1:1 charge ratio were recorded separately. 1 μM of Nile Red (NR) was dissolved in the 

separated coacervate and aqueous phases were used for imaging. 

Phase diagram. The phase diagram was built for the 1:1 charge ratio. The phase 

transitions were monitored visually. different portion of the PMA and corresponding CTAB 

for1:1 charge ration precipitation were made and HFIP was added for coacervation. 

Volume Analysis. The volume of the coacervate phase was measured as a function of 

2-propanol and total PMA-CTAB concentration for the 1:1 charge ratio. Precipitation was 

prepared by the mixing of 3.333 ml of 100 mM CTAB and 0.51 ml of 7.44 mM PMA 9500 

and then 2-propanol was added with 0.4 ml increment from 3 to 5.5 ml to the precipitate. The 

total volume of the system was kept constant by compensation with DI water. For total 

concentration effect at constant 2-propanol percentage (34% (v/v), the formed coacervate 

volume was inspected at 1:1 charge ratio within the range of 25 to 250 mM of CTAB and the 

corresponding equivalent concentration  methacrylic acid monomers in PMA.  

CTA
+
 analysis. The CTA

+
 concentration in the top aqueous phase in the SPCC was 

measured as a function of %2-propanol and total NaPM-CTAB concentration by the two-

phase titration method as described in Chapter 2. The titrant was SDS at concentration of 

20.0 mM. 

PM
-
Analysis The concentration of PM

-
 in the coacervate phase (1:1 charge ratio) was 
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quantified by acid base titration using pH meter for equivalent detection. For better detection 

of equivalent point, the samples scaled up and about 2 ml of separated coacervate phase of 

each sample  was dissolved in excess HCl and titrated by NaOH 0.126 M. The tit--rated 

volume was chosen based on the amount of coacervate phase volume. 

Bromide Analysis. The concentration of the bromide ion was determined by 

volumetric analysis. There are several ways for bromide analysis with silver nitrate using 

different indicators. Potassium dichromate (K2Cr2O7), one of the commonly used indicators, 

could not be used as it precipitates due to the presence of CTAB in this system. Another 

bromide titration is called Fajans, in which fluorescein is used as indicator. We chose this 

method since it did not show any interference with other components in the 2-propanol-

PMA-CTAB SPCC system. The titration should be performed above pH = 5. Before the 

equivalent point, the silver bromide (AgBr) particles are formed in the Erlenmeyer flask are 

negatively charged because of adsorption of the bromide ions; therefore, they repel 

negatively charged fluoresceinate ion and the indicator cause color yellow-green color. After 

equivalent point that the bromide concentration is negligible (only from dissociation of 

AgBr), the Ag
+
 ions adsorb onto the colloidal silver bromide and make the AgBr particles 

positively charged. The latter is attracted by negatively charged fluoresceinate and the color 

of the solution changes from yellow-green to red. The standard aqueous solution of 0.0202 M 

AgNO3 was used as the titrant. Three drops of fluorescein were added to the 3 ml of aqueous 

phase of the 32-50 % 2-propanol induced PMA-CTAB two-phase systems. It should be noted 

that the sample was diluted to 100 ml. Figure 3-10 illustrates the color of the aqueous phase 
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before and after equivalent point.  

  The accuracy of the mentioned method was tested by titration of 3ml of 0.0353 M 

KBr. The equivalence volume was 5.3 ml of AgNO3 20.2 mM. Therefore, the accuracy of the 

method was determined as 1.3 %. Alternatively, 4 ml of 100 mM CTAB was titrated (CTAB 

was diluted to 100 ml).  20 ml of 20.4 mM AgNO3 was used at equivalence point; therefore, 

again the error was calculated 1.3%. 

Sodium analysis. The concentrations of the sodium ion in the bottom coacervate 

phases, and the corresponding top aqueous phases in the SPCC systems with different % of 

2-propanol were determined by flame atomic emission spectrophotometry at λem= 589.6 nm.  

Standard solutions of NaCl (0.2-1.0 μg/ml) in DI water containing 0.5% (w/v) KCl as an 

ionization buffer were used for the calibration plots. The samples were prepared as described 

earlier by mixing 3.333 ml of 100 mM CTAB and 0.51 ml of 7.44 mM PMA containing 32 

to 50% (v/v) 2-propanol (charge ratio 1:1), followed by 1.5 hrs centrifugation and after 24-hr 

equilibration. The aqueous and coacervate phases were separated using 1.0 ml syringes. 30 μl 

aliquots of the top aqueous phases of the coacervate samples were diluted to 100 ml by DI 

water contain 0.5% KCl.; 60 μl of coacervate phase of each sample was diluted to 50 ml by 

addition of 40% (v/v) 2-propanol in DI water and then 4 ml of the first dilutions were diluted 

to 100 ml by DI water containing 0.5% KCl .  

Water Analysis Water percentages (% (w/w)) in different phases were determined by 

Karl- Fischer titration. The aqueous and coacervate phases were separated. Water analysis 
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was performed as a function of alcohol percentage at constant PMA-CTAB concentrations 

and also it was performed as a function of total concentration of PMA-CTAB at % 34 2-

propanol concentrations and total volume. The precipitation was prepared by adding 3.333 

ml of 25, 50,100,125,150,200 mM CTAB with .51 ml of 1.86, 3.72, 7.44, 9.3, 11.16, 14.88 

mM PMA in DI water.  

Results and Discussion  

Formation of PMA-CTAB coacervate by aliphatic alcohols. Short chain aliphatic alcohols 

(AAs) such as ethanol, 1-propanol, 2-propanol, and t-butanol induce liquid-liquid phase 

separation in PMA-CTAB aqueous mixture at bulk neutral (1:1) charge ratio. Figure 3-9 

represents the corresponding images for the systems mentioned. In Table 3-2, the minimum 

concentration of the aliphatic alcohols required to induce coacervate formation is tabulated 

and compared with those of fluoroalcohols of similar chain length. For ethanol and 2-

propanol, the minimum alcohol concentration required for coacervation induction is higher 

than that of analogues fluoroalcohols (46 % EtOH vs. 24% TFE and 27% 2-PrOH vs. 11% 

HFIP). All four alcohols are completely miscible with water [35] [36].  

As can be seen in Table 3-2 (and was mentioned earlier in chapter 2), the required volume for 

coacervation by HFIP is significantly smaller than TFE. A similar trend is observed for EtOH 

and 2-ProH – the aliphatic analogs for the two fluoro-alcohols. The trend for all four alcohols 

is %EtOH > % 2-PrOH > %TFE > %HFIP. This is the same trend as their hydrophobicity. 

Note the hydrophobicity of a –CF group is believed to be about 1.5 times that of a –CH 
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group; which means TFE is slightly more hydrophobic than 2-PrOH. Clearly, this indicates 

that stronger interactions between the more hydrophobic alcohols and the catanionic 

complex facilitates formation of coacervates and subsequent phase separation at smaller 

concentrations.  This might be due to the higher solubility of smaller alcohols in water, which 

may reduce penetration of the alcohol molecules in the PMA-CTAB aggregates. However, 

for the aqueous solutions of the longer chain aliphatic alcohols (butanol-heptanol) liquid-

liquid phase separation occurs due to their limited solubility in water. This hypothesis was 

further confirmed by measuring the volumes of the organic and aqueous phases with and 

without addition of PMA-CTAB. It was observed that presence of PMA-CTAB does not 

affect the volumes of the organic and aqueous phases indicating that the phase separation 

observed in the mixture of longer chain aliphatic alcohols in presence of PMA-CTAB is most 

likely a simple organic-aqueous phase separation (not coacervate formation). The volumes 

listed in table 3-2 are the required alcohol for observing two clear liquid phases and 

disappearing the precipitation of PMA-CTAB mixture. The surfactant and PMA molecules 

could be dissolved in the organic phase formed of liquid-liquid separation. It is worth 

mentioning that the diversity of alcohols used to induce coacervation in polyelectrolyte-

surfactant system is a great advantage as it allows systematic investigation of the selective 

extraction, enzyme activity in the extraction media as well as recovery of proteins and 

enzymes.  It should be also noted that the abovementioned effects of the aliphatic alcohols as 

coacervator were not observed in previously reported surfactant-surfactant complex coacerv- 

 -ate system of SDS-CTAB. 
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Fluorescence Image Figure 3- 10 A and 3-10 B present the fluorescence images of 

the aqueous and coacervate phases of 35% 2-propanol-induced PMA-CTAB coacervate at 

1:1 charge ratio. The aqueous phase contains spherical micelle-like hydrophobic aggregates 

regions. 

 Figure 3-10 A shows that Nile Red (NR) molecules are preferentially partitioned into 

the core of such micelle-like aggregates. However, Figure 1-10 B indicates that the 

coacervate phase contains only a small of hydrophilic region which can be inferred from dark 

small region since NR prefer to partition in “bulk” hydrophobic medium rather than 

hydrophilic part. Accordingly, one might conclude that the dark spot in the Figure 1-10 B is 

water-poor and more hydrophobic. This observation explains why coacervate phases in 

SPCC system have high solubility for hydrophobic analytes.  

Phase diagram of 2-propanol induced PMA-CTAB coacervate The phase diagram 

of 2-propanol-PMA-CTAB is presented in figure 3-11. As the diagram shows in 2-propanol-

PMA-CTAB mixture contains a three-phase region between the two-phase L/C and L/G 

regions, where C is for the coacervate liquid phase and G is a gel phase.  Note that the gel 

phase could also represent a form of coacervation due to assembly of amphiphilic molecules. 

Increasing the concentration of 2-propanol in 2-propanol-PMA-CTAB system results in 

phase changes. Comparison of this phase diagram with that of corresponding HFIP-PMA-

CTAB system discussed in chapter 2 reveals some differences. Since in both systems a 1:1 

mole charge ratio of CTAB and PMA is used, the differences might be solely related to the 

properties of the alcohols. There is a three-phase system at higher concentration of 2-
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propanol (between 50% and 55% of 2-propanol); while it was a single phase in the HFIP 

induced system. This three-phase is a transition from L/C to L/G, which is absent in HFIP 

induced PMA-CTAB SPCC system. The sequence of the phases in the two phase diagrams 

(figures 3-1 and 2-5) is different which indicates the interactions governing the phase 

transfers and the mechanism of phase formations are different in two systems. In addition, 

the percentage required for coacervation by HFIP is significantly smaller than 2-propanol. 

However, the structure of the two coacervate phases need to be studied in the future. In 

contrast to HFIP SPCC system, L phase (isotropic solution) is formed in very limited area of 

phase diagram below 30 mM of CTAB:PMA( monomer) and above 35% of 2-propanol.  

Furthermore, it is worth mentioning that 2-propanol is not able to induce phase separation at 

1:1 charge ratio of CTAB and sodium methacrylate, the PMA monomer, within the range of 

25 to 250 mM. On the contrary, HFIP can induce phase separation in such system. 

Accordingly, it might be deduced that the mechanisms controlling 2-propanol and HFIP 

induced phase separation are different.  

Volume analysis The volume of the coacervate phase formed was measured as a 

function of the initial alcohol concentration at constant concentration of PMA and CTAB. 

Results that are presented in Figure 3-12 demonstrate a reduction in the volume of the C 

phase up to the point at which a new (G phase) phase forms in Figure 3-11.  This finding is 

also opposite to the results of analogous volume analysis obtained for HFIP-PMA-CTAB 

SPCC system (Chapter 2) in which the volume of the coacervate phase increased as a 

function of HFIP concentration. This contradiction might be related to the increasing the 
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water content of the HFIP-PMA-CTAB coacervate phase with an increase in HFIP% while 

the water percentage of 2-propanol–PMA-CTAB coacervate phase remains almost constant 

upon addition of the aliphatic alcohol.  Accordingly, no swelling occurs in the coacervate 

phase of the latter system. Another possible reason might be the increased concentration of 2-

propanol in the aqueous phase after its saturation in the C phase. The increased alcohol 

content in the aqueous phase dissolves the C phase (mainly CTA+ as will be shown later in 

this section) and therefore decreases the coacervate volume. Figure 3-13 shows that the 

volume of the coacervate phase increases linearly as a function of the PMA-CTAB 

concentration at a constant %2-propanol This clearly shows that 2-propanol induces 

coacervate formation and therefore increases the volume of the C phase is proportional to 

complex salt (CTAPM) concentration. The correlation between complex salt concentration 

and coacervate phase volume is linear that indicated the same structure is formed 

continuously.  Water analysis of the coacervate phase as a function of total PMA-CTAB 

concentration shows that water % is almost constant; therefore, increasing of the volume is 

not due to the swelling (Figure 3-14). The linear increase in the coacervate phase volume as a 

function of the total PMA/CTAB concentration is similar to that observed in the PMA-

CTAB-HFIP system. 

Figures 3-15 and 3-16 illustrate that maximum coacervate volume is reached at the 

stoichiometric charge ratio. The volume of the C phase formed in 2-propanol-PMA-CTAB 

SPCC system has been plotted as a function of CTAB and PMA concentrations in which the 

concentration of one component is constant and that of the other one increases. Figure 3-15 
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indicates that addition of extra CTAB has no effect on the volume of the C phase; the 

maximum value of coacervate phase volume is at 1:1 charge ratio, analogous to what was 

observed previously in the HFIP-PMA-CTAB system. However, addition of the extra PMA 

results in both simple and complex coacervation. Simple coacervation at high concentration 

of PMA was further confirmed in a control system containing the same amount of 2-propanol 

and PMA but without addition of CTAB.  The simple coacervation in the system of gelatin-

alcohol has previously  been reported [37] [38]. It should be noted that the volume of the 

simple coacervate phase formed in the system containing only PMA and 2-propanol is very 

small. However it still needs to be subtracted from the total C phase volume observed in the 

presence of CTAB in order to obtain the accurate volume of the complex coacervate phase in 

2-propanol-PMA-CTAB SPCC system, at higher PMA concentrations (Figure 3-16). With 

this correction again maximum volume of the coacervate phase correspond to the 1:1 bulk 

charge ratio of PMA/CTAB. 

Composition analysis Figure 3-17 represents the change of CTA
+
 mass in the 

aqueous phase as a function of the 2-propanol concentration. Addition of 2-propaanol 

increases the concentration of CTA
+
 in the aqueous phase linearly and decreases the volume 

of the C phase. This is presumably reflecting the transferring and solubilizing of CTA
+
 from 

the coacervate phase into the aqueous phase upon addition of 2-propanol. We assume that 

with the addition of 2-propanol excess alcohol is present in coacervate phase which enhances 

solubilizing power this phase for the surfactant.    

Figure 3-18 represents the change in the mass of bromide ion in the aqueous phase as 
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a function of initial 2-propanol concentration. Evidently, the concentration of bromide in the 

aqueous phase is close to the total bromide concentration initially added to the system, which 

confirms that phase separation occurs via ion-pairing of PMA and CTAB such that PM
- 

replaces bromide from the surfactant (CTA
+
). Furthermore, the constant concentration of 

bromide ion upon addition of 2-propanol indicates that bromide ion does not transfer to the 

bottom phase. However, as shown in Figure 3-19, the concentration of Na
+
 in the aqueous 

phase decreases by the addition of 2-propanol and therefore increases in the C (bottom) 

phase. Accordingly, it might be concluded that Na
+
 and CTA

+
 transfer in opposite directions 

(between aqueous and coacervate phases) as the alcohol content increases in the system. 

Moreover, the results of the water (Karl-Fischer) analysis, which are presented in Figure 3-

20, indicate that % H2O remains constant by adding 2-propanol although at very high 

contents of bulk 2-propanol, the % H2O increases to some extent.  

Figure 3-21 represents the change in the PM
-
 concentrations as a function of 2-

propanol concentration. The PM
-
 mmole number is almost constant; therefore, increasing of 

2-propanol does not cause PM
-
 to be transferred to the aqueous phase, which is again 

contrary to the result obtained in chapter 2 for the HFIP induced PMA-CTAB system. Based 

on the results presented, it might be concluded that increasing the alcohol percentage 

transfers the cationic surfactant (CTA
+
) and Na

+
 to the aqueous and coacervate phase, 

respectively, although it has no effect on the transfer of  PM
-
 and Br

- 
anions. It is assumed 

that when 2-propanol is increased Na
+
 replaces some of the CTA

+
 in C phase and then when  

CTA
+ 

concentration drops to a specific level, the polyelectrolyte with more Na
+
 and lower 
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CTA
+
 (as  its counterions)  is dissolved completely. 

Alcohol induced SPCC system for extraction Figure 3-22 represents the visual 

extraction efficiency of aliphatic alcohol-and fluoroalcohol-induced PMA-CTAB system. 

Overall, the extraction efficiencies of the systems investigated are significantly different and 

the HFIP-induced coacervate system has the highest selectivity for the extraction of Thymol 

Blue (TB). It is noteworthy that the volume of the coacervate phase increases linearly by 

scaling up the system while the concentrations of PMA, CTAB and alcohols are kept 

constant. This is an advantage particularly when larger volumes of coacervate phase are 

required. 

Conclusion 

Volume analysis and compositional analysis confirms that the mechanisms of 

inducing phase separation by HFIP and 2-propanol are different. There is a three-phase 

region in phase diagram similar to hexagonal to lamellar region reported by Bernards et al. 

for the self-assembly of polyelectrolyte-surfactant in presence of aliphatic alcohol. 2-

propanol increases as its bulk alcohol concentration increases; in such instance solubilization 

of CTA
+
  of coacervate phase is increased  by 2-propanol  which then CTA+ ions  are 

replaced by Na+  from aqueous phase. After a point, PM- in coacervate phase with higher 

accompanied Na+ and very low CTA+ as counterions collapses finally. We need to 

determine 2-propanol in the aqueous and perhaps coacervate phases to have a complete 

picture of changes that lead to coacervation dissolution in this system. 
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Tables 

Table 3-1. Mutual solubility of the water-alcohols-C16TAB. The data was obtained from 

[28].  

Alcohol (Alcohol/water) % (Water/Alcohol)% (C16 TABr/alcohol)% 

Methanol ∞ ∞ ~ 50 

Ethanol ∞ ∞ ~ 27 

Butanol ~ 8.5 ~20 ~ 15 

Hexanol ~  0.3 ~ 7-8 ~ 7 

Octanol < 0.1 ~ 6 ~ 2-3 

Decanol ~ 0.003 ~ 3.8 ~ 1 
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Table 3-2 Minimum concentration of the aliphatic and fluorinated alcohols required for 

inducing coacervation and phase separation in the PMA-CTAB system; at 1:1 charge ratio 

(CR) in DI water. PMA/CTAB volume and concentration for coacervate preparation were 

680 μl of 10.9 mM PMA: 3.764 ml of 100 mM CTAB in DI water. 

 

Alcohol name Alcohol% (v/v) 

         Ethanol 46.6 

1-propamol 27.0 

        2-propanol 27.2 

        t-butanol 38.4 

       1-pentanol 42.8  

 1-Heptanol cloudy 

         HFIP 11.1 

TFE 23.9 
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Figures: 

 

Figure 3-1. Micelle growth from spherical (A) to rod like structure (B) as a result of 

concentration increase. 

 

 

 

Figure 3-2. Branched micelles. The figure was reprinted from reference [19] with 

permission. 
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Figure 3-3. Discreet and connected structures in surfactant self-assembly. Figure was 

reprinted from reference [19]with permission 

 

 

 

Figure 3-4 Fontell sequence for phase sequence as a function of surfactant composition. The 

Figured reproduced from ref. [34]. 
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Figure 3-5.  Phase evolution in oil addition line (diluting with organic solvent) for ternary 

mixture of CnTAPAm-water-oil system. n = 12,16 and m = 30, 6000 and the oil under study 

was decanol, p-xylene and cyclohexane. Acronyms: Water (W). Hexagonal (H), Lamellar 

(L), Oil (O).* indicates there are small cubic area in corresponding systems. The figure was 

reprinted from ref. [30] with permission.  
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Figure 3-6. Ternary phase diagram of CTAB-ethanol and CTAPAn (n=30, 6000)-ethanol. 

Acronyms: Hexagonal (H), an (isotropic aqueous isotropic solution (L), alcoholic isotropic 

solution (L2). The figure was reprinted from ref [22]  and [28]with permission. 
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Figure 3-7. Ternary phase diagram of CTAB-butanol and CTAPAn (n=30, 6000)-butanol. 

Lamellar (lm), Hexagonal (H), an (isotropic aqueous solution (L). The figure was reprinted 

from ref. [22] and [28] with permission. 
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Figure 3-8. The color change of the fluoresceinate ion (as indicator) before and after 

equivalent point in titration of bromide ion of aqueous phase of the 2-propanol induced 

PMA-CTAB system by 0.0202 M AgNO3 .  
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Figure 3-9. Aliphatic alcohol induced coacervation at initial neutral charge ratio (1:1) of 

CTAB: PMA (From left to right: 1-ethanol, 1-propanol, 2-propanol and t-butanol, 1-pentanol 

and 1-heptanol induced PMA-CTAB-SPCC systems. 
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Figure 3-10.  Fluorescence image of 1 μM Nile Red (NR) dye dissolved in separated 

aqueous phase (A) and coacervate phases (B) of 35% (v/v) 2-propanol-PMA-CTAB at 1:1 

charge ratio. 

 

 

A 

B 
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 Figure 3-11. Phase diagram of 1:1 charge ratio of 2-propanol induced PMA-CTAB SPCC. 

 L: isotropic solution, S: Solid, C: coacervate, G:Gel. 
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Figure 3-12. Coacervate volume of 1:1 charge ratio of 2-propanol induced PMA-CTAB 

phase separation as a function of 2-propanol.  The precipitate was prepared by 3.333 ml of 

100 mM CTAB and 0.51 ml of 7.44 mM PMA with average molecular weight of (MW) 

9500.   
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Figure3-13. Coacervate volume of 1:1 charge ratio of 34%- 2-propanol induced PMA-CTAB 

SPCC as a function of CTAB-PMA concentration.  
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Figure 3-14. Water content %(w/w) of coacervate phase as a function of total concentration 

of PMA-CTAB at 1:1 charge ratio at 34% 2-propanol. The precipitate was formed at 1:1 

charge ratio at different CTAB-PMA concentration as indicated in plot. 
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Figure 3-15. Coacervate volume fractions (v/v) as a function of charge ratio controlled by 

variation of the CTAB concentration at a constant PMA (0.63 mM) and 2-propanol (34% 

(v/v) concentration. 
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Figure 3-16. Coacervate volume fraction as a function of PMA concentration at constant 

CTAB (57.0 mM) and %2-propanol (34%) concentration. Y axis (volume fraction) has been 

corrected at higher concentration of PMA (the last three points) to take into account the 

volume of the simple coacervate phase of 2-propanol-PMA.   

 

 

 

 



 

   150 
 

 

Figure 3-17. CTAB mass in the aqueous phase of 1:1 charge ratio of 2-propanol induced 

PMA-CTAB phase separation. The precipitate was prepared by 3.333 ml of 100 mM CTAB 

and 0.51 ml of 7.44 mM PMA with average molecular weight of (MW) 9500.  
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Figure 3-18. Bromide concentration in the aqueous phase of the 2-propanol as function of 2-

propanol at1:1 charge ratio PMA-CTAB. Titrated by AgNO3 002 M. The precipitate was 

prepared by 3.333 ml of 100 mM CTAB and 0.51 ml of 7.44 mM PMA with average 

molecular weight of (MW) 9500.  
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Figure 3-19. Na mass of aqueous and coacervate phase as a function of %2-propanol at 1:1 

charge ratio of 2-PrOH-PMA-CTAB SPCC. The precipitate was prepared by 3.333 ml of 100 

mM CTAB and 0.51 ml of 7.44 mM PMA with average molecular weight of (MW) 9500.  
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Figure 3-20. Water content of the aqueous and coacervate phases as a function of % 2-

propanol (v/v) at 1:1 charge ratio PMA-CTAB. The precipitate was prepared by 3.333 ml of 

100 mM CTAB and 0.51 ml of 7.44 mM PMA with average molecular weight of (MW) 

9500.  

 

 

 

 



 

   154 
 

 

Figure 3-21. PMA concentration and mmol in coacervate phase as a function of 2-propanol. 

at   1:1 charge ratio PMA-CTAB. The precipitate was prepared by 3.333 ml of 100 mM 

CTAB and 0.51 ml of 7.44 mM PMA with average molecular weight of (MW) 9500.  

.  
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Figure 3-22. The extraction of 200 μl of 0.3 % (w/v) Thymol blue (TB) for visualizing the 

effect of coacervator type on extraction efficiency at 1:1 charge ratio, alcohol induced PMA-

CTAB SPCC system. The coacervator alcohols from left to right side are ethanol, 1-

propanol, 2 propanol, t-butanol and HFIP.  
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Chapter 4 

Kinetics Study of Trypsin in Fluoro- and Aliphatic Alcohol Induced PMA-CTAB 

Complex Coacervate Systems  

 

 

Abstract 

Enzymatic activity of trypsin has been investigated in the aqueous and coacervate 

phases of surfactant-polyelectrolyte complex coacervate of 2-propanol (PrOH) induced 

PMA-CTAB in which Benzoyl-L-Arg-p-nitroanilide (BApNA) was used as substrate. 

Hydrolysis of this substrate produces p-nitroaniline (p-NA), which can be colorimetrically 

monitored by UV-Vis spectrometry. Michaelis-Menten kinetics model was applied to 

investigate trypsin catalyzed hydrolysis of the amide bond in separated aqueous and 

coacervate phases of the PMA-CTAB-PrOH complex coacervate system. The Lineweaver-

Burk plot was used to determine Km and Vmax, which indicated the enzyme is still active in 

the coacervate phase; however, the activity is retarded by about one order of magnitude as 

compared to Tris-buffer aqueous solution. Accordingly, it is concluded that the proposed 

system is a potential candidate for sample preparation in proteomics analysis for protein 

digestion. Furthermore, based on our preliminary results, the coacervate phase of HFIP 

induced PMA-CTAB system is not a trypsin-friendly environment; although analogous TFE 

induced SPCC system maintains trypsin activity to some extent, requiring long incubation 

time. Fluoroacids (TFA and HFBA) induced PMA-CTAB SPCC systems were not able to 

retain trypsin activity either in aqueous or coacervate phases of these systems.   
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Introduction  

Biocatalysts in non-aqueous media have attracted considerable attention as the the 

enzyme properties in organic solvents are different from those in water. [1]. The features of 

enzymes in organic solvents have been extensively studied [1] [2]; catalysis of reverse 

reaction [3], asymmetric products [4], specificity, chemo- and stereo-selectivity, molecular 

memory, and solubility [5] [6] [7] have been reported. For example, in organic solvents (e.g. 

dimethyl sulfoxide) hydrolytic enzymes (e.g. lipase) have been used in the synthesis of 

vitamin E; common lipase catalyzes hydrolysis of lipids [8] [9]. Moreover, organic solvents 

can change equilibrium constant in enzymatic reactions. Although enzyme catalyzed 

reactions in organic solvents is beyond the scope of this dissertation chapter, activities of 

enzymes (particularly trypsin) in such protein denaturing media is a focus of this chapter. 

Trypsin acts as a catalyst for protein digestion. Aqueous two-phase systems (discussed in 

chapter 5) are used for extraction of proteins from various matrices [10] [11] [12] [13] [14] 

[15]; therefore the study of trypsin activity in such environments is necessary. 

Although enzymes in unconventional non-aqueous media exhibit special features, as 

mentioned earlier, there is a lower catalytic activity comparing to that of in aqueous media 

due to denaturation by hydrophobic interaction.  Since a decrease in enzyme activity occurs 

simultaneously with denaturation, it has been concluded that conformational changes is the 

reason for biocatalysts inactivation in such media [16] [17]. Organic solvents strip the 

essential water layer and bind to the dehydrated enzyme, which leads to conformational 

changes and affects the enzyme catalytic function. Accordingly, using appropriate solvents 
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for bio-catalytic reactions in such media is crucial. The essential water layer is the most 

important factor in maintaining enzyme activity. 

Figure 4-1 represents reversible steps of protein denaturation by organic solvents; the 

term reversible means that addition of water renatures the enzyme and consequently its 

activity is recovered [18] [17]. Enzymes require at least one layer of water in order to 

maintain their structures. When the minimum essential water layer is displaced by organic 

solvent, the structure of enzyme collapses [19] [20] [21]. In fact, any factor could strip the 

essential water layer required for protein functioning would denature the enzyme [22]. As it 

is shown in Figure 4-1, hydrated protein desolvation is the first step of enzyme denaturation 

in organic media in which the isolation from the surrounding solvent occurs. Thereafter a 

critical number of water molecules is separated from the essential water layer and 

subsequently is solvated (steps 2 and 3 in Figure 4-1). Then organic cosolvents are 

desolvated and bound to the protein which has been partially dehydrated (steps 4 and 5 in 

Figure 4-1). Finally the protein-organic cosolvent complex is formed and the protein is 

denatured (steps 6 and 7 in Figure 4-1).  

The substrate binding energy plays an important role in enzyme kinetics; the more 

favorable this energy, the higher enzyme efficiency would be in catalysis reaction [23]. In 

order to bind the substrate to the active site of enzyme, it needs to be desolvated, similar to 

the organic cosolvent binding described earlier in figure 4-1. Since the active site of most 

enzymes is hydrophobic, the higher hydrophobicity of the solvents would depress 

partitioning of the substrate from solvent to the active site. On the contrary, binding of the 
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substrate to the enzyme active site would be energetically more favorable in hydrophilic 

solvent [2]. In addition, water molecules facilitate conformational mobility that is required 

for enzyme-substrate binding. Since organic solvents are not efficient hydrogen-bond donor 

or acceptor, the conformation of enzymes is rigid in such media; that is why some solvents 

such as glycerol can retain enzyme biofunctionality, since they are able to form multiple 

hydrogen bonding due to existing several OH groups in their molecular structure [24] [22]. 

Moreover, the dielectric constant of organic solvent is less than that in aqueous media; 

therefore electrostatic interaction in organic solvent would be stronger leading to firm 

enzyme structures [25]. 

 Enzyme activity is influenced by the type of solvent; hydrophilic solvents strip the water 

layer more easily than hydrophobic solvents [1]. However, trypsin loses less than 20% of 

activity in solvent mixture containing acetonitrile, 1,4-dioxane and ethanol [26]. In water-

immiscible solvents, trypsin maintains its conformation and therefore its activity.  In 

addition, proteins are not soluble in hydrophobic solvents; therefore, unfolding of enzymes 

would be minimal. Enzyme structure is also an important factor in enzyme activity and it has 

been observed that even one individual solvent such as dimethyl sulfoxide has different 

effects on two homologue enzymes such as trypsin and chymotrypsin. One of the benefits of 

organic solvent environment such as ACN [27], MeOH [28] [29], and TFE [30] in 

proteomics is solubilization and denaturation of proteins, which then are digested by resistant 

enzyme in such a solvent. Protein denaturation exposes the hydrophobic amino acids to the 

enzyme active sites. As a last step, the solvent percentage is reduced to such a level required 
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for protein digestion in which trypsin has the maximum activity [31].  

In contrast to surfactants, organic solvents in mass spectroscopy (MS) can easily be 

evaporated and therefore are MS friendly reagents. The combination of surfactants and 

organic solvent makes the denaturation more efficient, and it has been used to denature the 

protein before the proteolysis step [31].   

Surfactant is one of the components in the surfactant-polyelectrolyte complex 

coacervate (SPCC) system in this study. It has been known that surfactants, either anionic or 

cationic, bind cooperatively to enzymes and cause denaturation of the secondary and tertiary  

Structures [32] [33]. Among anionic surfactants alkyl sulfonates, alkyl sulfates, and 

benzene sulfonates are very strong denaturants. For instance, sodium dodecylsulfate (SDS) is 

capable of ribonuclease denaturation at SDS concentration of 0.008 M [33]. Dodecyl benzene 

sulfonates at even lower concentration (10
-5

 M) denature serum albumin due to its higher 

hydrophobicity [34] [35]. The binding of few surfactant molecules does not alter protein 

conformation, but with further adsorption, conformational changes occur, and then more 

hydrophobic domain of the protein is exposed. This exposure then leads to more surfactant 

binding to the protein. Figure 4-2 schematically represents the binding of ionic surfactants to 

proteins. As shown in the figure 4-2, electrostatic interactions (between anionic surfactants 

and positively charge amino acids or cationic surfactants with negatively charged amino acid 

in the protein) drive the surfactant protein binding at the first step and then hydrophobic 

interactions cause more denaturation [36] [37]. Figure 4-2 also represents that surfactant 
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monomers are more efficient in protein denaturation. Subsequently, nonionic surfactants 

which have smaller cmc values are milder than ionic analogous. Comparing common anionic 

and cationic surfactants in terms of their ability in protein denaturation, the former bind to the 

protein active sites more strongly due to smaller head groups size and less steric hindrance 

(e.g. sulfate group verses  trimethyl group in CTAB). Denaturation also depends on the 

enzyme structure; for example, the activity of lactate dehydrogenase (LDH) isoenzyme B is 

suppressed by a cationic surfactant, hexadecyltrimethylammonium bromide (HTAB), 

because the cationic head group of the surfactants electrostatically bind to the negatively 

charged enzyme subunits; on the other hand, in LDH containing subunit A , SDS causes 

inhibition via negatively charged sulfate groups binding to the positively charged domains in 

the isoenzyme A [36]. 

Polyelectrolyte is another component of the SPCC system, which can affect enzyme 

activity. Since 1950s, it has been known that polyelectrolytes can be used for protein 

purification by a precipitation. Morawetz and Hughes purified bovine serum albumin (BSA) 

by a precipitation reaction with a synthesized polyelectrolyte, poly(methacrylic acid) (PMA). 

They separated the protein from the polyelectrolyte at the final step of purification and then it 

was recovered in its native structure [37]. PMA has been successfully used for the 

purification of catalase  [38] with no loss in enzyme activity. Later on polyelectrolytes were 

recognized for enzyme activity reinforcement in specific conditions where electrostatic 

interactions between enzymes and substrates are increased; consequently, their binding 

efficiency is enhanced. For example, trypsin enzyme activity was increased by addition of 
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polyacrylic acid (PAA) in digestion of bovine hemoglobin (the substrate) at acidic pH. [39]. 

Isoelectric points (pI) of bovine hemoglobin and trypsin are 6.8 and 10.8 respectively. 

Therefore, at pH=7.8 only trypsin would interact with PAA while at lower pH at which both 

enzyme and substrate are positive and interact with PAA. At low pH, positive charges of the 

substrate (hemoglobin) and trypsin are screened by binding to the negatively charged 

carboxylic groups of PAA; consequently the binding of hemoglobin with positively charged 

trypsin results in higher enzyme activity. However, this effect is not observed at higher pH 

since hemoglobin is negatively charged and trypsin is positively charged; presence of PAA 

causes reduction of electrostatic attraction between the enzyme and substrate due to binding 

of the polyelectrolyte to trypsin. Recently compact polyelectrolyte complex (CoPEC) has 

been used for enzyme immobilization in which two oppositely charged polyelectrolytes such 

as PAA and poly (allylamine hydrochloride) (PAH) (Figure 4-3) are used to immobilize 

enzyme (e.g. alkaline phosphatase (ALP)) [40]. Since the enzyme has positively and 

negatively charged residues, it would electrostatically bind to both PAA and PAH. Enzyme 

activity of ALP in polyelectrolyte complex has been monitored colorometrically via 

hydrolysis of para-nitrophenyl phosphate (PNPP) where para-nitrophenyl is produced. The 

results show that adding CoPEC to the enzyme causes enzyme activity enhancement (Figure 

4-4) [41].  

  This study, trypsin was used as the model enzyme to investigate enzyme activity in 

aqueous and coacervate phases of fluoro- and aliphatic alcohol induced PMA-CTAB SPCC 

systems. Trypsin is a serine protease that is extensively used in proteolysis step in 
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proteomics. It can also be used for catalysis of reactions involving amide and ester cleavage. 

Trypsin cleaves proteins at the carboxylic acid side of the basic amino acid arginine or lysine. 

There is an exception and it is when the amino acids are followed by proline. Among the 

other protease enzymes such as pepsin and chymotrypsin, trypsin is more specific regarding 

the attack side in the amino acid sequence of the target proteins. This makes trypsin popular 

in peptide mapping. Trypsin contains 223 amino acids with molecular weight of 23.3 KDa 

and pI of 10.1–10.5 [42]. Generally, the optimum pH for trypsin enzymatic function is within 

the range of 7.5–8.5.  The stock solution of this enzyme should be stored at low temperature 

(–20° to –80 °C) to prevent autolysis; the storage at pH of 3 could also inhibit autolysis.  

We have reported that perfluorinated alcohols and acids induce coacervation in 

aqueous solutions of a variety of amphiphilic molecules including mixtures of PMA and 

CTAB [43]. As discussed in chapter 3, aliphatic alcohols such as 2-propanol can also induce 

phase separation in PMA-CTAB mixtures but not in other amphiphilic systems. Aliphatic 

alcohols effect on trypsin enzymatic reaction has been reported previously [46]. It has been 

concluded that enzymes and specifically trypsin is able to keep its biological function in the 

presence of certain aliphatic alcohols such as methanol, ethanol, 1-propanol and 2-propanol. 

Among these alcohols methanol is more enzyme friendly [44]. 

The selected substrate for this kinetics study is benzoyl-L-Arg-p-nitroanilide 

(BApNA), a chromogenic substrate (Figure 4-5). This substrate can be used as a substrate for 

many proteolytic enzymes such as trypsin [45] and thiol proteases, for instance papain with  

sulfhydryl group in its active site [46]. BApNA is hydrolyzed in the amide bond position that 
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produces arginine and chromophore p-nitroaniline.  

In Michaelis-Menten kinetics, the relationship between the rate of the catalyzed reaction and 

substrate concentration is given as:  

                                        
        

      
                                                  Eq. 4-1 

Where V is velocity of trypsin catalysis. The unit of trypsin velocity (U) is activity per mg of 

trypsin. 1 U is defined as the amount of trypsin that releases 1 μmol of p-nitroaniline (p-NA) 

from 1 μmol of substrate (BApNA). p-NA is detected spectrophotometrically at 400 nm. Vmax 

is maximum reaction velocity, Km is Michaelis-Menten constant and S is substrate 

concentration. At [S] equal to Km, the initial velocity would be equal to half of Vmax. An 

alternative method for measuring kinetic parameters is Lineweaver-Burk plot in which 

inverse of the Michaelis-Menten equation is used for estimation of Km and Vmax. The initial 

velocities obtained by kinetics plots can be applied for Lineweaver-Burk equation to gain Km 

and Vmax  

                                          
 

 
 

  

    
 

 

   
 

 

    
                                         Eq. 4-2 

The focus of this chapter will be on the determination of the kinetic Km and Vmax for 

trypsin kinetics in aqueous and coacervate phases of 2-propanol induced PMA-CTAB two-

phase system. However, preliminary results of trypsin enzyme activity in perfluorinated 

alcohols and acids induced (TFA and HFBA, HFIP and TFE) PMA-CTAB SPCC systems 

have also been reported. 
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Experimental  

Materials  

Cetyltrimethylammonium bromide (CTAB), CH3(CH2)15N
+
(CH3)3Br

-
 was purchased 

from USB Corporation as “ultrapure” and used without further purification. Isopropanol 

(IPA) (HPLC grade) was purchased from Fisher Scientific. The sodium salts of poly 

(methacrylic acid) (PMA), with average molecular weights (Mw) of 6500, and 9500 were 

from Sigma-Aldrich. Benzoyl-L-Arg-p-nitroanilide (BApNA), trypsin from bovine pancreas, 

cytochrome c from horse heart was also from Sigma Aldrich. Poly (diallyldimethylammoium 

chloride) (PADMAC), (C8H6NCl)n), 20% in water was from Sigma Aldrich. Multi-mode 

plate reader (Synergy TM4) was used for trypsin activity measurements. Agilent UV 

spectrophotometer (model) was used for preliminary results of enzyme activity in 

fluoroalcohol and acids induced SPCC systems. 2, 2, 2-Trifluoroethanol (TFE), extra pure 

were purchased from Acros Organics and 1, 1, 1, 3, 3, 3-Hexafluoroisopropanol (HFIP) was 

from Fluka. 2, 2, 2-Trifluoro acetic acid (TFA) was purchased from Fischer. 2, 2, 3, 3, 4, 4, 

4-heptafluorobutyricacid  (HFBA) was received from Alfa Aesar.  

Method  

Trypsin activity in perfluoro alcohol and acids: Fluoro acids and -alcohols (HFBA, 

TFA, HFIP, and TFE), induced PMA-CTAB (1:1 charge) SPCC systems were prepared by 

adding 4.3%, 6.3%, 10%, and 18% (v/v) of the fluoro-solvents respectively to the precipitate 

formed by mixing 3.764 ml of 100 mM CTAB and 0.68 ml of 10.9 mM PMA in 100 mM tris 

buffer/10 mM CaCl2. A series of coacervate systems were also prepared in DI water (without 
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buffer) with the same composition (Table 4-1 A and B). Aqueous and coacervate phases of 

each system were separated. 10 μl trypsin 1mg/ml and 100 μl of 3 mg/ml BApNA in 40% 1-

propanol were added to the separated aqueous phases. The same experiment was repeated for 

examining the enzyme activity in the applied alcohols solution in DI water and 100 mM tris 

buffer with the same alcohol content (Table 4-1 C). Enzyme activity of the trypsin was also 

examined in individual aqueous solutions of CTAB and PMA as represented in Table 4-2.  

Trypsin activity in HFIP induced PMA-CTAB SPCC system 3.765 ml of 100 mM 

CTAB and 0.680 ml 10.9 mM PMA each in100 mM Tris buffer/10mM CaCl2 (pH=8.1) were 

mixed for precipitation of the catanionic complex. 500 μl (10.3 % (v/v)) of HFIP was added 

as coacervator. After mixing and centrifuging, 300 μl coacervate phase and about 4.9 ml 

aqueous phase were formed. Volumes of 10, 50 μl of 1 mg/ml trypsin stock solutions in DI 

water were extracted in the prepared SPCC system. It should be mentioned that previous 

extraction of trypsin in this system showed that trypsin exists in both coacervate and aqueous 

phase. After vortexing and centrifuging, 1 ml of the top-aqueous phase of each SPCC 

extraction system was taken using syringe and 250 μl of 3 mg /ml BApNA in 40% 1-

propanol was added. The absorbance was monitored at 390 nm (Figure 4-6). The coacervate 

phase did not show any activity in separated coacervate phase by adding the same 

concentration of BApNA dissolved in coacervate phase.  

Trypsin activity in TFE induced PMA-CTAB SPCC system 3.765 ml of 100 mM 

CTAB and 0.680 ml of 10.9mM PMA in 100 mM tris buffer, pH= 8.1,10 mM CaCl2  were 

mixed for precipitation of the catanionic complex. 1.4 ml (24% (v/v)) TFE was added as 
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coacervator. After mixing and centrifuging, 500μl (8.5% (v/v) of total volume) coacervate 

phase and about 5.5 ml aqueous phase were formed. Increments of 25 and 50 μl of 1 mg/ml 

trypsin stock solutions were added to the two prepared SPCC systems for extraction. After 

centrifuging, aqueous and coacervate phases were separated for enzyme activity experiments. 

1 ml of aqueous phase was taken using syringe. 250 ml of 3 mg/ml BApNA (in 40% 1-

propanol) was added (Figure 4-7).  

  An experiment was performed to verify (or examine) the activity of trypsin in 

coacervate phase of TFE induced PMA-CTAB SPCC system. For this purpose, 27.053 ml of 

100 mM CTAB and 4.886 ml of 10.9 mM PMA (each in 100mM Tris-HCL buffer, 10 mM 

CaCl2) were mixed in 45 ml centrifuge tube, 10.060 (24.0% (v/v) ml of TFE was used for 

coacervation. It should be noted that the above-mentioned TFE-SPCC system was scaled up 

(same composition). The aqueous and coacervate phases were separated, then 0.5 mg solid 

trypsin and 4 mg solid BApNA were added to 1 ml of separated coacervate phase; the 

reaction was very slow and needed 24 hrs of incubation. Furthermore, a control experiment 

was performed with BApNA dissolved in coacervate phase as a blank without adding 

enzyme to ensure that the reaction was not because of autohydrolysis of the substrate (Figure 

4-8).  

Trypsin activity in 2-propanol induced PMA-CTAB SPCC system. 2-propanol 

induced SPCC system was prepared by mixing 4.08 ml of 10.9 mM PMA and 26.668 ml of 

100 mM CTAB, each in 100 mM Tris-HCL buffer/10 mM of CaCl2, with 12.8 ml  ( 29.4 % 

(v/v)) of 2-propanol. Then the system was mixed by vortex vibrator for 10 minutes and 



 

   168 
 

centrifuged for 1.5 hrs. In contrast to the HFIP induced PMA-CTAB system a longer 

centrifuging time is required for complete phase separation in PMA-CTAB-PrOH, 

presumably due to the low density of colloidal particle in the latter case. The samples were 

equilibrated for 24 hrs and then the aqueous and coacervate phases were separated using two 

syringes. The coacervate phase produced in each sample tube was about 1.2 ml (2.7% (v/v) 

of the system total volume). Enzyme kinetics was examined in each separate phase.  It should 

be mentioned that due to the small volume of the coacervate phase in this system, several 

samples of 2-propanol induced PMA-CTAB SPCC system were prepared with the same 

composition as described above and then the coacervate and aqueous phases in each sample 

were separated and collected in a vial to be used as solvent. 

Enzyme stock solution was 1.0 mg/ml in 1.0 mM HCl stored at –20°C. Substrate stock 

solution for kinetics study in aqueous phase was prepared by dissolving 5–6 mg of BApNA 

in 1ml 70% (v/v) of 2-propanol. 

For construction of para-nitroaniline (p-NA) calibration curves in Tris-HCL buffer 

and aqueous phase of the system, stock solution of 5.0 mg/ml p-NA was made in 70% (v/v) 

2-propanol then aliquots of 2 to 8 μl of stock were added to 3 ml of the 100 mM Tris buffer 

and separated aqueous phase. 300 μl of the prepared solutions were applied to 96-well plate 

and the UV-Vis absorbance was recorded at 400 nm to build calibration curves (Figure 4-9). 

In order to investigate the enzyme kinetics in tris-buffer solution and aqueous phase, 

20 to 100 µl and 40 to 300 µl of 5.4 mg/ml stock solution of BApNA were added to 1 ml of 
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buffer and separated aqueous phase of 2 propanol induced PMA-CTAB coacervate system 

respectively and 300 μl of them were applied to 96-well plate. The plate reader was 

programmed to add 15 μl of 1.0 mg/ml trypsin (in 1 mM HCl) to the wells for kinetics 

measurements at 400 nm (Figure 4-10 A and B). Enzyme kinetics was studied in coacervate 

phase 2.2 to 6.3 mg of the substrate was dissolved in 1ml of the separated coacervate phase 

(prepared as described above) in 1.5 ml centrifuge tubes. Then they were mixed by vortex 

vibrator for 10 min and shaken for 2 hrs. It should be highlighted that shaking the substrate 

(BApNA) in separated coacervate phase before addition of trypsin is essential because of 

high viscosity of this phase. Trypsin stock solution was 1mg/ml in separated coacervate 

phase; Trypsin had limit solubility in this phase. 20µl of stock trypsin was added to 400 µl of 

the each substrate solutions in coacervate and shaken for 30 sec. Then 300 µl of the solution 

was used for construction of kinetics progress plot. For calibration curve of p-NA in 

coacervate phase, aliquots of 1.1 mg/ml of p-NA were dissolved in separated coacervate 

phase and the calibration curve was built (Figure 4-10 C). Based on the result of kinetic plot, 

Lineweaver-Burk plots were obtained (Figure 4-11). 

Substrate Extraction 2 to 20 µl of 4.3 mg/ml substrate in 70% (v/v) 2-propanol were 

added to 1 ml of separated aqueous phases for calibration. In order to construct substrate 

calibration plot in coacervate phase, 3.5 mg of BApNA was dissolved in 1 ml of separated 

coacervate phase. Aliquots (3 to 17 µl) of this stock solution were used to make BApNA 

standards in 1.5 ml centrifuge tubes containing 1 ml of separated coacervate phase. The abso- 

-sorbance was monitored at 320 nm (Figure 4-12)  
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In order to illustrate the enzyme activity after extraction of the substrate, the substrate 

was extracted by spiking 50 and 100 µl of 4.3 mg/ml BApNA in 70 % 2-propanol added to 

the 1:1 charge ratio system of 2-propanol-PMA-CTAB SPCC system. The system prepared 

by mixing of 1.02 ml of 10.9 mM PMA and 6.667 ml of 100 mM CTAB, each in 100 mM 

Tris-HCL/10 mM CaCl 2. 3.2 ml (29.4 % (v/v)) ml 2-propanol was used for coacervation. 15 

µl of 1.03 mg/ml trypsin in 1 mM HCl was added to 300 µl of the extracted BApNA in 

aqueous and coacervate phases for recording kinetics plots by UV-Vis spectra at 400 nm 

(Figure 4-13 A and B).  

Cytochrome c digestion in 100 mM (NH4)2CO3 buffer solutions: For comparison 

purpose, the HPLC peaks of digested cytochrome c in buffer solution were obtained. 2.0 

mg/ml of cytochrome c solution was prepared in 100 mM (NH4)2 CO3 buffer. 1.2 mg/ml 

trypsin in 1mM HCl /10 mM CaCl2 was prepared.  20 µl of the enzyme stock solution was 

added to 1 ml of the cytochrome c solution and incubated at 37ºC for 24 hrs. (Figure 4-15 A 

and B). The cytochrome c digestion was monitored by HPLC method as below: 

Solvent A:                 0.1 % TFA + 95 % H2O + 5 % HCN 

Solvent B:                 0.085 % TFA + 5 % H2O + 95% HCN 

Flow rate:              0.25 ml/min    Step No    Time     % A      % B 

                                                                1         0          95           5 

      2        40        35         65 

     3         45         5         95 

  4          55         95       5 
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Detection wavelength = 215 nm, Injection Volume: 20 µl, run time 45 min 

Column: Agilent, Zorbax 300SB-C8 150x4.6mm, 5μm 

Precipitation of coacervate phase For recovery of the extracted cytochrome c from 

the surfactant and polyelectrolyte, buffer/DI water were added to the separated coacervate 

phase of 2-propanol induced PMA-CTAB (blank) system which led to precipitation of the 

catanionic complex due to removal (back extraction) of 2-propanol into fresh DI water.
1
 1ml 

DI water and 1ml of 100 mM (NH4)2 CO3 (pH=8)  buffer was added to 500 µl separated 

coacervate phase (without protein) and then the supernatant was collected after centrifuging 

and was injected to the instrument (Figure 4-16A).  

Cytochrome c digestion dissolved in separated coacervate phase The enzyme 

stock solution was prepared by dissolving 1.2 mg trypsin in 1 ml of 1mM HCl/10 mM CaCl2. 

2-propanol PMA-CTAB system was prepared in 50 ml centrifuge tubes by mixing 4.08 ml of 

10.9 mM PMA and 26.668 ml of 100 mM CTAB, each in 100 mM Tris-HCL buffer/10 mM 

CaCl2, with 12.8 ml  (29.4 % (v/v)) of 2-propanol. The coacervate phase in each tube was 

separated and collected. 6.2 mg/ml (3.3 mg in 500 µl) cytochrome c was prepared in 

separated coacervate phase of 2-propanol induced PMA-CTAB SPCC system. Cytochrome c 

was dissolved very well and without any precipitation, however, it precipitated in the 

separated top-aqueous phase of the SPCC. Then 20 µl of 1.2 mg/ml trypsin was added and 

incubated at 37ºC. 1 ml of 100 mM (NH4)2CO3 and 1 ml DI water were added to this sample. 

                                                 
1
 Further details about the calculation as well as verification of this method have been provided in the Appendix 

B as supplementary information. 
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The coacervate precipitated immediately and after 5 and 10 minutes of mixing by vortex 

vibrator and centrifuging, respectively, the top clear supernatant was separated and was 

injected to HPLC (Figure 4-16 B and D). The bottom precipitate, which is presumably the 

catanionic (CTA
+
 PM

-
) (see supplementary information-B) was discarded.  

Cytochrome c digestion in the PDADMAC-PMA coacervate phase The system 

was prepared by mixing 0.5 ml of 0. 63mM PDADMAC and 0.5 ml of 7.44 mM PMA. 0.34 

ml of coacervate phase is formed and 0.6 mg cytochrome c was added to the formed two 

phase system (figure 1-17 B).  After separating the top aqueous phase and bottom coacervate 

phase, 2 mg cytochrome c was added to 0.5 ml of the separated coacervate phase. To this 

sample, 20 μl of trypsin 1 mg/ml was added and mixed. The viscosity of the coacervate this 

PE-PE system was higher than of 2-propanol induced PMA-CTAB SPCC. After 6 and 36 

hrs, aliquots of Tris-buffer  100 mM were added to the sample  and washed three times with 

400ul, 400ul, and 200 µl of the buffer  then  was transferred to Vivacon  membrane (10 K 

MWCO ) and centrifuged  for 3 min (Figure 4-18)).   

Extraction and digestion of cytochrome 6.667 ml of 100 mM CTAB and 1.02 ml of 

10.9 mM PMA and 3.2 ml 2-propanol were mixed for coacervation. 2 mg cytochrome c was 

added to this 1:1 charge ratio SPCC system. It was shaken and centrifuged for 24 hrs and 100 

min respectively. The aqueous and coacervate phases were separated. Most of cytochrome c 

was extracted into the coacervate phase as shown in Figure 4-17A. The coacervate phase 

volume was about 300 µl. To separated coacervate phase, 500 µl buffer (100 mM 

(NH4)2CO3) and 500 µl DI water were added that leads to precipitation of the complex, as 
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described in the supplementary information-B. The precipitation and supernatant were mixed 

by vortex vibrator, shaken, and centrifuged for 8 min, 30 min and 15 min respectively. The 

supernatant was collected and the chromatograms were obtained before digestion (Figure 4-

18 A). The same system was repeated and then 30 µl of trypsin 1.2 mg/ml (in 1 mM HCl/10 

mM CaCl2) was added to the separated coacervate phase containing cytochrome c and then 

incubated at 37°C for 24 hrs for digestion; at the next step, 500 μl DI water and 500μl buffer 

were added and the chromatogram of the supernatant was obtained (Figure 4-18 B). There 

was not detectable cytochrome c in aqueous phase (4-18 C) 

Results and discussion 

 Results obtained in Table 4-1B clearly demonstrated that trypsin is not active in 

aqueous phases of the fluoroacid and alcohol induced (TFA, HFBA, TFE, and HFIP) PMA-

CTAB system prepared in DI water (without Buffer) while it is active in the aqueous phase 

of HFIP and TFE induced coacervate system prepared in Tris-buffer (Table 4-1 A). As 

control experiment, it was observed that, trypsin is not active in solutions of fluoroacid and 

alcohol with the same concentration in DI water while it shows activity in TFE and HFIP 

solution in buffered system (Table 4-1 C). It should be noted that in both of TFA and HFBA 

induced coacervate systems (either in DI or in 100 mM Tris-HCl buffer) the enzyme was 

observed to be inactive. Accordingly, it might be inferred that the acidity of the fluorocids 

limits the enzyme activity. Evidently when TFA and HFBA are used as coacervators, the 

basic amino acids of the protein become positively charged at high acidity and the resulting 

electrostatic repulsion causes denaturation of trypsin. Furthermore, results of examining 
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trypsin activity in individual components which are presented in Table 4-2 indicates that 

CTAB and PMA are able to retain the activity to a significant extent (add concentration here) 

and trypsin activity in 2-propanol solution is greater than those with TFE and HFIP. An 

experiment was performed to investigate the maximum concetrations of fluoroalcohols, 2-

propanol, PMA and CTAB where trypsin exhibits some activity.  The threshold of trypsin 

activity for HFIP, TFE in 100 mM Ttris buffer were 7%, 15%, respectively. Trypsin was 

active in 100 mM CTAB and 11 mM PMA both in Tris-Buffer and even 70% 2-propanol 

even though the reaction was very slow. 

Preliminary investigations of trypsin activity in the HIFP induced complex coacervate 

of PMA-CTAB demonstrated that the environment of PMA-CTAB-HFIP coacervate is not 

suitable for trypsin catalyzed reactions; Trypsin was not active in separated coacervate phase 

of 10% HFIP-PMA-CTAB system; however, it shows activity in the top-aqueous phase as 

depicted in the kinetics plots in Figure 4-6. Fluoroalcohols are known to be effective 

denaturant of proteins tertiary structure. For instance, it has been reported that the tertiary 

structure of myoglobin is destroyed at 4% HFIP [47]. Accordingly, we conclude that trypsin 

loses its enzymatic activity considerably in the coacervate phase of this system due to the 

high concentrations of HFIP and surfactant that could be in the range of 40%-50% w/w. It is 

worth mentioning that the extent of the denaturation might be affected by the type and 

structure of the enzyme, for example, pepsin, which is active in acidic media, might be active 

in such HFIP enriched environment. The high contents of surfactant and HFIP in the 

coacervate phase can be beneficial for extraction of extremely hydrophobic analytes such as 
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membrane proteins due to the hydrophobic characteristics of this phase. In addition, 

efficiency of trypsin for digestion of the extracted proteins would rely on effective 

denaturation of the proteins to expose the hydrophobic amino acids. The top aqueous phase 

contains high percentage of water but alcohol and surfactant molecules are still present, 

hence the enzyme kinetics would be different from that in pure buffered water. 

  Trypsin activity in TFE induced PMA-CTAB system Kinetic plots of the extracted 

trypsin in the top-aqueous phase of PMA-CTAB-TFE coacervate system are shown in 

Figures 4-7 A and 4-7 B. The enzyme activity kinetics was very slow (observed only after 24 

hrs of incubation) in the coacervate phase, which presumably is due to either poor extraction 

and/or denaturation of trypsin in the coacervate phase. In order to examine this issue further, 

the activity of trypsin was investigated in separated coacervate phase in the polyelectrolyte-

surfactant coacervate phase of this system. (cf. Figure 4-8). It was observed that trypsin is 

active in the coacervate phase of TFE induced PMA-CTAB SPCC system, however the 

enzyme kinetics is very slow.  

Trypsin activity in 2-propanol induced PMA-CTAB system. Since pH has a 

significant effect on enzyme activity, the stock solutions were adjusted to the optimum pH at 

8.1 for stock solutions and coacervate system preparation. It should be noted that, this value 

may not be the optimum pH in our system. The preliminary experiment of trypsin extraction 

into 2-propanol induced PMA-CTAB coacervate showed that the enzyme is active in the 

buffered system of both the top-aqueous and coacervate phases. In fact, this behavior is 

surprising as surfactant and probably concentration are very high in the coacervate phase. 
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Accordingly, we compared the enzyme kinetic in the top-aqueous and coacervate phase of 2-

propanol induced PMA-CTAB two-phase system. 

  In constructing the calibration plots for p-nitroaniline (p-NA), which is the product of 

trypsin catalyzed hydrolysis of BApNA (the substrate), it was observed that the maximum 

wavelength of p-NA blue-shifted in the coacervate environment (λmax = 375 nm) from that in 

aqueous solutions (λmax = 400 nm) and the extinction coefficient in the coacervate phase was 

significantly different (Figure 4-9). This hypsochromic shift of λmax of p-NA in the coacervate 

phase indicates stronger hydrogen bond donor characteristics of the coacervate phase and 

stabilization of p-NA electronic ground state.  The kinetics plots of trypsin catalysis of 

BApNA hydrolysis in the separated top-aqueous and coacervate phases of this two-phase 

system have been represented in Figure 4-10A and Figure 4-10B from which Lineweaver-

Burk plots are obtained by using initial velocities and reciprocal of initial concentration of 

BApNA (Figure 4-11A and 4-11B). The linear behaviors depict that the concentration of 

trypsin and BApNA is appropriate according to the Michaelis-Menten theory in which 

enzyme concentration should be lower than that for the substrate. This allows calculation of 

Km and Vmax from the slop (Km/Vmax) and intercept (1/Vmax) (Table 4-3). Comparing Km of 

trypsin in coacervate phase versus that of buffer solution (18.8 mM  vs. 1.4 mM ) indicates 

that the substrate affinity toward enzyme is about 13.4 times higher in Tris-buffer. The ratio 

of Vmax in aqueous phase to that of coacervate phase is 7. However, we consider enzyme 

concentration by calculating turnover number, Kcat = Vmax/[Enzyme] = (0.03 mM/s)/(0.00215 

mM) which would be about 141/s in the coacervate phase. Accordingly an average of 14 
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molecules of substrate is hydrolyzed per second. Interestingly, it was also visually observed 

that the enzyme kinetics in the coacervate phase is greater than that in pure 2-propanol and 

70% (v/v) 2-propanol.  

Finally, we examined the enzyme activity in extracted substrate in this coacervate 

system. Figure 4-13 shows the spectra of the extracted substrate in aqueous and coacervate 

phases (diluted) after extraction. Therefore, BApNA partitions in both phases. The partition 

coefficient (K) of the substrate into the PMA-CTAB-PrOH (Table 4-4) shows that the 

substrate has about 2.5-2.8 times more affinity for the coacervate than for the aqueous phase. 

Figure 4-14 presents kinetics plots of trypsin enzyme activity for hydrolysis of extracted 

100μl of 4.3 mg/ml BApNA in the top-aqueous phase and the corresponding coacervate 

phase. As presented in Figures 4-14, it was observed that the enzyme was active in both 

phases. In addition to BApNA assay, trypsin enzyme activity was verified through digestion 

of cytochrome c in aqueous buffer and in coacervate phase of PrOH PMA-CTAB (Figure 4-

15, 4-16). Figure 4-15 A illustrates that cytochrome c elutes at around 26 min from the 

reversed phase LC. Figure 4-15B shows the peptide map for the protein that was digested 

under aqueous buffer condition (control experiment).  

Cytochrome c has been dissolved and digested in separated coacervate phase. To 

obtain HPLC chromatogram of the protein/ peptide, the surfactant and polyelectrolyte should 

be eliminated. When DI water is added to coacervate phase the catanionic complex 

precipitates due to extraction of 2-propanol into the water. This method has been used to strip 

cytochrome c in coacervate medium. Figure 4-16 A represents the chromatogram of the 
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supernatant solution after precipitation of separated coacervate phase without cytochrome c ( 

control experiment) which indicates that there is no detectable peak due to the presence of 

surfactant and/or alcohol at 215 nm (detection wavelength). However, it seems that 

polyelectrolyte is present in the supernatant since there is a peak at t0, which may be related 

to the carboxylate group of PMA. When Cytochrome c is dissolved in separated coacervate 

phase and trypsin is added to the system, the enzyme retains its enzyme activity as illustrated 

in figure 4-16 B and C which show chromatograms of dissolved cytochrome c in coacervate 

phase with and without trypsin addition.   

Figure 4-17A provides a visual illustration of the extraction of cytochrome c into the 

coacervate phase of PMA-CTAB-PrOH.  As can be seen, the protein has a strong interaction 

and is highly concentrated in the coacervate phase as evident from the deep orange bottom 

phase and nearly colorless top-aqueous phase. This is quite remarkable considering that 

cytochrome c is a hydrophilic and water soluble protein. Figure 4-17B shows the interaction 

of the protein with another coacervate system composed of two oppositely charged 

polyelectrolytes, the negatively charged PMA and the positively charged PDADMAC in 

purely aqueous media. The complex coacervate of PMA-PDADMAC has been recently 

reported. [48] [49]. The environment in the aqueous two-phase system of PMA-PDADMAC 

should be milder for proteins and enzymes. In fact trypsin exhibited activity in the PMA-

PDADMAC phases (figure 4-18 A and 4-18 B); however, as can be seen in Figure 4-17B, 

cytochrome c was distributed almost equally between the top-aqueous and the bottom 

coacervate phases, thus this system was deemed as unsuitable for protein extraction. 
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Comparing chromatograms of incubated cytochrome c in coacervate phase of PDADMAC-

PMA system (after trypsin addition) after 6 and 36 hrs (Figure 4-19 A and 4-18 B) 

demonstrates that trypsin is able to digest the protein in such polyelectrolyte-rich coacervate 

phase media. 

Figure 4-19A shows the chromatogram for the back extracted cytochrome c from the 

PMA-CTAB-PrOH coacervate phase into DI water, while Figure 4-19B shows the peptide 

map of back extracted and digested cytochrome c after tryptic digestion in coacervate phase. 

Figure 4-19-C shows the chromatogram for the top-aqueous phase, indicating the absence of 

cytochrome c in this phase. An alternative to digesting the proteins in the coacervate phase 

would be to recover the extracted protein and then conduct the tryptic digestion under 

optimum conditions.  

Conclusion 

Coacervate phase of the 2-propanol-PMA-CTAB SPCC system is a friendly 

environment for trypsin enzyme activity. Aliphatic alcohol induced SPCC is a milder 

environment for the tryptic enzyme digestion compared to fluoroacid and fluoroalcohol 

induced SPCC system studied in chapter 2. However, fluoroalcohol induced SPCCs are 

trypsin friendly more than fluoro-acids. The inactivation of the trypsin in coacervate phase of 

fluoroalcohol induced SPCC in corresponding coacervate phase is related to high 

concentration of the used alcohol in coacervate phase (e.g. 50% HFIP in coacervate phase of 

10% HFIP-PMA-CTAB system according to compositional analysis reported in chapter 2). 
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In addition, aliphatic induced has the advantages of higher extraction efficiency over 

polyelectrolyte-polyelectrolyte (PE-PE) complex coacervate system which the latter is 

enzyme friendly either. The viscosity of the PE-PE coacervate phase is very high (compared 

to aliphatic induced) SPCC, which makes the pipetting very difficult if one need to consider 

quantitative analysis.  
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Tables: 

 

Table 4-1 Enzyme activity in fluoroalcohols (FA) and fluoroacids FAc) induced SPCC 

systems in 100 mM Tris-buffer/10 mM CaCl2solution (A) the same FA and FAc-SPCC 

systems in DI water (without buffer) with  (B) Fluoroalcohol and acids solution in Tris-buffer 

(C).The precipitation of the catanionic complex in the SPCC system was formed by mixing 

3.764 ml of 100 mM CTAB and 0.68 ml of 10.9 mM PMA. 10 μl trypsin 1mg/ml and 100 μl 

of 3 mg/ml BApNA in 40% 1-propanol. Yellow cells indicate enzyme activity. 

Table 4-1 A.  

%(v/v) Coacervator  

Enzyme Activity in aqueous phase of 

1:1 PMA-CTAB SPCC system in  

100 mMTris buffer /10 mM CaCl2 

10.0% HFIP                       YES 

18.0% TFE                          YES 

6.3 % TFA                         NO 

4.3% HFBA                        NO 

 

Table 4-1 B.  

 

%(v/v) Coacervator 

Enzyme Activity in  aqueous phase of 

1:1 PMA-CTAB  SPCC system in DI 

water (without buffer) 

10.0% HFIP NO 

20.0% TFE NO 

6.3% TFA NO 

4.3% HFBA NO 
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Table 4-1 C. (Continue.) 

% (v/v) 

F-Alcohol.Acid 

 

 

Enzyme Activity in  Foluoroacid and 

alcohol solution in 100 mMTris-buffer/10 

mM CaCl2 

 

 

       

 

  Picture 

11.1% HFIP 

 

 

YES (very light yellow ) 

 

20.0% TFE 

 

 

YES 

 

7.0 % TFA 

 

 

NO  

 

4.7%  HFBA 

 

 

 

NO  
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Table 4-2 Control experiment for trypsin enzyme activity in CTAB, PMA and HFIP solution 

indicating HFIP is a limiting factor for the catalysis. In all solutions 500 μl BApNA 1mg/ml 

and 20 μl 1mg/ml trypsin were added. The total volume was adjusted to 5.5 ml by DI water.  

 

Sol. 

# 

PMA 10.M9 mM  

(μl) 

CTAB 100mM 

       (μl) 

HFIP 

(μl) 

Enzyme 

activity 

 

Picture 

1 680 0 0 Y/ clear yellow 

 

2 0 0 555 

N/ clear 

colorless 

 

3 0 3764 0 Y/blur yellow 

 

4 1000 0 0 Y/ clear Yellow 
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 Table 4-3. Km and Vmax values of trypsin enzymatic activity in Buffer solution and separated 

aqueous and coacervate phases of 29% % PMA-CTAB SPCC system at 1:1 charge ratio 

Medium 

Km  ( mM) 

n=3 

VMax (mM/Sec.) 

n=3 

 Tris-Buffer Solution         1.371 0.208 

Separated Aqueous 

phase   

       4.285 0.286 

Separated Coacervate 

phase  

    18.802       0.030        

 

 

 

Table 4-4.  Partition Coefficient,      
             

          
 ) of 50 (Ex. 1) and 100 µl (Ex. 2) of 4.3 

mg/ml of BApNA into 29% 2-propanol-PMA-CTAB system. 1.02 ml of 10.9 mM PMA and 

6.667 ml of 100 mM CTAB each in 100 mM Tris- buffer , 3.2 ml of 2-propanol for 

coacervation).  

 

Ex. # [BApNA]aq (mM)  [BApNA]coac (mM) K 

Ex. 1 0.039 0.110       2.82      

Ex. 2 0.076 0.190 2.50       
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Figures: 

 

Figure 4-1.  Reversible protein dehydration by organic solvents. ○ Water molecule, ■ 

Organic cosolvent molecule. Reprinted from reference [18] with permission.  
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Figure 4-2. Schematic of denaturation of protein by ionic surfactants. The first step is on 

active site binding via electrostatic interaction (A) and the second step is via hydrophobic 

interactions (B) yellow part are polar domain of enzyme , red: surfactant hydrophilic head 

groups  

 

 

Figure 4-3. Structure of poly (acrylic acid) sodium salt (PAA) and of poly (allylamine 

hydrochloride) (PAH), at pH 7. 
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Figure 4-4. Enzymatic activity of PAA/PAH CoPEC containing alkaline phosphatase (filled 

symbols) compared to PAA/PAH CoPEC without the enzyme (open symbols) at 37 °C. The 

absorption is at 405 nm for p-nitrophenol, of a 15 mM solution of p-nitrophenylphosphate as 

a function of time (Reaction shown as inset). After 15 min the CoPEC was added and after 

75min it was removed. The figure has been reprinted from ref [40]with permission.  
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Figure 4-5. Trypsin substrate (benzoyl-L-Arg-p-nitroanilide) used for monitoring trypsin 

enzyme activity in propanol induced PMA-CTAB coacervate.  
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Figure 4-6. Kinetic plot of enzyme activity in separated aqueous phase after extraction of 10 

μl (A) and 50 μl (B) of 1 mg/ml trypsin into 10% HFIP-induced PMA-CTAB coacervate 

system. 250 μl of 3mg /ml BApNA in 40% 1-propanol was added to the aqueous phase. The 

SPCC system prepared by mixing 3.765 ml of 100 mM CTAB + 0.680 of ml 10.9 Mm PMA 

each in 100 mM Tris-HCl /10mM CaCl2 (pH=8.1). 500 μl HFIP was added as coacervator.  
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Figure 4-7. Kinetic plots of trypsin activity in aqueous phase after of extraction 25 μl (A) and 

50  μl (B) of 1 mg/ml Trypsin into 24% (v/v)TFE-induced PMA-CTAB, CR= 1:1, prepared 

by mixing 3.765 ml of 100 mM CTAB and 0.680 ml of 10.9 mM PMA in 100 mM Tris-HCl 

buffer, pH= 8.1/10 mM CaCl2.  

 

 

 
 

Figure 4-8.  Trypsin enzyme activity in the coacervate phase of 1:1 PMA-CTAB-TFE. pNA 

is produced due to trypsin enzyme activity in coacervate phase of TFE induced PMA-CTAB 

coacervate system. The left vial contains coacervate phase (1ml) and substrate (BApNA) as 

blank. In the right vial, 0.5 mg solid trypsin and 4 mg solid BApNA were added to 1 ml of 

separated coacervate phase.  

y = 0.0002x + 0.16 
R² = 0.9889 

0.14 

0.16 

0.18 

0.2 

0.22 

0.24 

0.26 

0.28 

0 100 200 300 400 500 

A
b

so
rb

an
ce

 λ
=

( 
3

9
0

 n
m

) 

Time (sec.) 

y = 0.0006x + 0.2019 

R² = 0.9983 

0.14 

0.19 

0.24 

0.29 

0.34 

0.39 

0.44 

0.49 

0.54 

0 100 200 300 400 500 600 

A
b

so
rb

an
ce

 

Time (Sec. ) 

B A 



 

   196 
 

 

 

 

 

Figure 4-9. Calibration curves of p-NA in 100 mM Tris buffer (A), separated top-aqueous 

(B) and coacervate phases (C) of 1:1 charge ratio of 2-propanol induced PMA-CTAB 

complex coacervate system.  

 

A 

B 
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Figure 4-10. Linear part of the kinetic plot of trypsin activity in (B ) Tris buffer and (B) 

separated aqueous phase and (C) separated coacervate phase. Substrate concentrations 

(BApNA) have been indicated in plots. Enzyme concentration was constant (47 μgr/ml). The 

absorbance was monitored at λ=400 nm. 
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Figure 4-11. Lineweaver-Burk plot under different effective substrate concentrations (A) in 

Tris-Buffer (B) separated aqueous phase (C) separated coacervate phase. Enzyme 

concentration was constant (47 μg/ml). 
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Figure 4-12. Calibration curve of BApNA in separated (A) aqueous, (B) coacervate phase of 

29% 2-PeOH-PMA-CTAB SPCC system at 1:1 charge ratio. Coacervate system was 

prepared by mixing 4.08 ml of 10.9 mM PMA and 26.668 ml of 100 mM CTAB, each in 100 

mM Tris-HCL buffer/10 mM of CaCl2, 
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Figure 4-13. Spectrum of BApNA  in separated  aqueous  (A) and diluted coacervate (B) 

phases after extraction of 50 µl (blue spectrum)  and 100 µl (green spectrum) of 4.3 mg/ml of 

it in 29% (v/v) 2-propanol induced PMA-CTAB at 1:1 charge ratio (coacervate and aqueous 

phase volume is 300 µl and 10.587 ml respectively). The system prepared by mixing of 1.02 

ml of 10.9 mM PMA and 6.667 ml of 100 mM CTAB, each in 100 mM tris/10 mM Cal Cl2. 

The red spectrum is for blank. 
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Figure 4-14. Kinetic plot of trypsin on extracted 100 μl of 4.3l mg/ml BApNA in aqueous 

(A) coacervate (B) phases at 1:1 charge ratio 29% (v/v) 2-propanol induced PMA-CTAB 

SPCC system. Substrate concentrations in the top-aqueous an coacervate phases were 

0.076mM and 0.190 mM respectively according to the extraction experiment. The trypsin 

concentration was 47 μg/ml. 
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Figure 4-15. Cytochrome digestion in buffer solution (control) before (A) and after (B) 

digestion. Concentration of cytochrome c before digestion was 2 mg/ml. Trypsin 

concentration was 24 μg/ml. 
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Figure 4-16. Chromatograms of precipitated coacervate phase by DI water addition to the 

separated coacervate phase (without cytochrome c) (A),  Dissolved  cytochrome c (without 

trypsin)  in  separated coacervate phase  after precipitation by DI water (B)  Digested 

dissolved  cytochrome c (with trypsin) in separated coacervate phase ,after DI water addition) 

(C). Dissolved Cytochrome c concentration was 6.6 mg/ml and enzyme was 48 μg/ml.   
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Figure 4-17. Extraction of (A) 2 mg cytochrome c in 1:1 charge ratio of 29% 2-propanol-

PMA-CTAB coacervate at 1:1 charge ratio. The system prepared by mixing of 1.02 ml of 

10.9 mM PMA and 6.667 ml of 100 mM CTAB, each in 100 mM tris –HCl Buffer. (B) 

Extraction of 0.6 mg cytochrome c into 1:1 charge ratio of PDADMAC-PMA coacervate 

system prepared by mixing 0.75 ml of 0.63 mM PDADMAB and 0.75 ml of 7.44 mM 

PMA9500. 
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Figure 4-18. HPLC chromatograms of peptides of extracted 2 mg cytochrome c in 

PDADMAC-PMA coacervate system incubated for 6hr (B) 36 hr  at 37 ° C. (40 μl of 1mg/ml 

trypsin) The system was prepared by mixing of 0.5 ml of 0.63 mM PDADMAC and 0.5 ml 

of 7.44 mM.  
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Figure 4-19. HPLC chromatograms of back extracted cytochrome c from coacervate phase 

into DI water/ buffer (no trypsin addition) (A), and peptide map of digested cytochrome c in 

separated coacervate phase after extraction into 29% 2-PrOH-PMA-CTAB SPCC and the 

back extraction into DI water/buffer water. (Trypsin 112μgr/ml) (B) Cytochrome c in 

aqueous phase after extraction (no detectable peak) (C). The system was prepared by mixing 

of 1.02 ml of 10.9 mM PMA and 6.667 ml of 100 mM CTAB, each in 100 mM Tris –HCl 

Buffer, 29 %(v/v) (2-prop)2mg cytochrome c was added for extraction.  
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Supplementary Information  

 

A. HFIP-CTAB-Tris buffer phase diagram. HFIP induces coacervation in CTAB solution 

in Tris-HCL buffer. Tris-Buffer concentration was kept constant (50 mM). At very low 

concentration of surfactant (CTAB) coacervation occurs at 0.6 % (v/v) of HFIP. 
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B. Coacervate precipitation by back extraction of fluoroalcohol and aliphatic alcohol 

into DI water: 

 HFIP Induced PMA 9500-CTAB The experiment was performed to see if CTAB 

would be precipitated with PE or present in supernatant after DI water addition to the 

coacervate phase of HFIP, TFE and 2-propanol induced SPCC systems. Stock solutions of 

7.44 mM PMA 9500 and 100 mM CTAB were prepared. For preparation of 1:1 charge ratio 

SPCC system, 1.02 ml PMA (Mw=9500) 7.44 mM, 7 ml CTAB 100 mM, and  1ml  of HFIP  

were mixed for coacervation. The system was scaled up to 5 times as below:  

Total volume = (35ml of 100 mM CTAB + 5.35 ml of 7.44 mM PMA+ 5ml of HFIP) = 

45.35 ml 

3.5 ml coacervate phase volume was formed. The system was mixed by vortex 

vibrator for 3 min, centrifuged and equilibrated for 30 min and 18 hr respectively. The 

aqueous and coacervate phases were separated. CTAB was titrated by volumetric two-phase 

titration as described in chapter 2. Titrant was SDS (0.0198 M).  

 CTAB concentration after precipitation of coacervate phase by DI water: 2 ml of 

separated coacervate phase and 4 ml DI water was added for precipitation, after 4 min mixing 

by vortex vibrator, the supernatant collected and the rest of the precipitate was washed by 5 

ml DI water for second time and then the corresponding supernatant was added to previous 

one. The collected supernatant was filtered with 0.45 µl filter, 5 ml of the filtered supernatant 

was added to an Erlenmeyer flask (containing 50 ml chloroform and 10 ml mixed dyes and 
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10 ml DI water) and it was titrated with 0.0198 mM SDS. 0.9 ml SDS was end point. 

Therefore, 3.564 mM CTAB was present in supernatant after DI water addition to the 

coacervate phase. 

CTAB in coacervate phase  0.5 ml of coacervate phase added to the 4 ml of 2-

propanol to dissolve it completely. Then 3 ml of that solution was titrated and required 19 

mL of 0.0198 M SDS to reach equivalence point. The concentration in diluted coacervate 

phase was [CTAB] = 125 mM, considering the original volume of diluted coacervate phase 

and original coacervate phase volume (3.5 ml), CTAB mmol was calculated to be 3.5 mmol 

which was equal to the original mmol of CTAB loaded to prepare the SPCC system (35ml * 

0.1 M= 3.5 mmol). The percentage of CTAB in the supernatant after DI water addition to 

separated coacervate phase was calculated 1.6% by the number of mmol. 

25 % (v/v) TFE induced PMA 6500-CTAB  

 26.667 ml of 100 mM CTAB + 4.08 ml of 10.9 mM PMA+ 10.852 ml of TFE were mixed 

for coacervation. 38 ml of aqueous phase and 3.6 ml coacervate phase were formed.   

CTAB concentration after precipitation of coacervate phase by DI water The 

coacervate and aqueous phase was separated. 5 ml of DI water was added to 0.5 ml of the 

coacervate, it precipitated. The sample was mixed by vortex vibrator and centrifuged for 5 

min and 20 min respectively, then filtered by 0.45 μm filter. 2.7 ml of the supernatant was 

titrated by 0.0198 M SDS.  0.2 ml of SDS was used to reach equivalent point. The 

concentration of CTAB was calculated 1.5 mM CTAB. Considering the original volume of 
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the coacervate 0.054 mmol CTAB would be present in supernatant after DI addition to the 

3.6 ml separated coacervate phase. 

CTAB concentration in coacervate phase 200 μl of coacervate phase was taken from 

the bottom phase.  3 ml of chloroform and 1 ml of TFE was used for solubilization of the 

coacervate phase. 3 ml of the solubilized coacervate phase was titrated with 0.0198 M SDS. 

5.7 ml of .0198 M SDS was used to reach the equivalence point. Therefore 37.62 mM CTAB 

was present in diluted coacervate phase considering the dilution factor and original 

coacervate phase, this phase contains 2.70 mmol (1.8% error) of CTAB. Initial mmol of 

CTAB loaded to system was 2.66 mmol.  

CTAB in aqueous phase 10 ml of the aqueous phase was titrated directly; 0.1 ml of 

0.0198 M SDS was used to reach equivalent point. CTAB concentration in aqueous phase 

was 0.198mM. Taking into account of aqueous phase volume (38 ml) the total CTAB mmol 

in this phase was .076 mmol. Therefore, Total CTAB would be 0.0076 mmol (CTAB in 

aqueous) + 2.708mmol (CTAB in coacervate phase) = 2.7162 mmol CTAB and the 

percentage of CTAB moles in supernatant after DI water addition to the coacervate phase is 

2.0 %. 

 2-Propanol induced PMA9500-CTAB system  

For 1:1 charge ratio system, 1.07 ml of 7.44 mM PMA (MW=9500) and 7 ml of 100 mM 

CTAB, and 3.5 ml of 2-propanol were mixed for coacervation. 700 µl coacervate phase was 

formed out of 11.2 ml total volume. Therefore, the initial CTAB was 0.7 mmol. 
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CTAB in aqueous phase: 9 ml of aqueous phase was titrated; 8.8 ml of 0 .0198SDS 

was equivalence point. The CTAB concentration in aqueous phase was calculated 19.36 mM. 

Considering the aqueous phase volume (10.5 ml), mmol of CTAB is 0.206.  

CTAB in coacervate phase: 50 μl of coacervate phase, 3 ml chloroform and 1 ml of 2-

propanol were mixed up for solubilization of the coacervate phase. Then that 4 ml was 

titrated with SDS 0.0198 M. the equivalent point was 2 ml. CTAB concentration in diluted 

coacervate phase would be 9.0 mM. Considering the volume of the coacervate phase (700 

μl), mmol of CTAB in this phase is 0.504 mmol. Therefore the total experimental CTAB is 

0.71 mmol and the error of the analysis would be calculated +1.4 %. 

CTAB after precipitation of coacervate phase by DI water: DI 5 ml DI water was 

added to 600 μl of coacervate phase, after missing by vortex vibrator for 1.5 hrs and 

centrifuging for 45 min, 4 ml of the supernatant was titrated (filtered with 0.45 um filter). 

0.1ml of 0.0198 M SDS was the equivalence point. CTAB concentration in supernatant was 

calculated 0.5 mM. Considering the volume of coacervate mmol of CTAB would be about 

o.003 which is about .41 % of % of total CTAB. Therefore just. 41% of CTAB will be 

present in supernatant after precipitation of coacervate phase by this method.   
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Chapter 5 

Extraction of Cytochrome c in complex coacervate system of 2-Propanol-sodium Poly 

(methacrylate) (PMA)-Cetyltrimethylammonium bromide (CTAB) 

 

Abstract 

Extraction of a model protein, cytochrome c, in the Aqueous Two Phase System 

(ATPS) of 2-propanol induced sodium poly(methacrylate) - Cetyltrimethylammonium 

bromide (PMA-CTAB–PrOH) was investigated. Protein partitioning from an aqueous phase 

into an amphiphile-rich phase is driven by hydrophobic and electrostatic interactions. In 

order to better understand the roles of these interactions, the effects of the charge mole ratio 

of anionic and cationic amphiphiles as well as the protein’s charge (controlled by the pH) 

were explored.  Partition coefficients of cytochrome c in the ATPS prepared at pH=7 and 12 

were significantly different. At pH=7, cytochrome c was extracted almost completely into the 

coacervate phase while at pH=12 it remained in the top-aqueous phase.  

In addition, partitioning behavior of an inorganic salt (potassium dichromate) into the 

HFIP and 2-propanol induced PMA-CTAB was examined in order to assess contribution of 

electrostatic effect in the absence of hydrophobic interaction. It was concluded that, while 

electrostatic interaction has an effect on partitioning and extraction; hydrophobic interaction 

is the main driving force in protein partitioning into the amphiphile-rich phase.  
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Introduction 

Extraction and purification of biomacromolecules such as DNA and proteins are of 

particular importance in biomedical disciplines. Various aqueous two phase systems (ATPS) 

such as those made of aqueous solutions of immiscible uncharged polymers (e.g. PEG-

Dextran), non-ionic or zwitterionic surfactants in cloud point systems (CPS),  complex 

coacervates, reverse micelles, or ionic liquids have been used for protein purification  [1] [2] 

[3] [4] [5] [6] [7]. Compared to extraction of compounds into organic solvents, ATPS-based 

techniques are preferred with regard to environmental concerns and cost [8] [9]. In addition, 

the ATPS are more compatible with biologically important molecules due to the presence of 

significant amount of water. 

Room temperature ionic liquid system (RTIL) have attracted attention in protein 

purification. RTILs are stable salts at room temperature and pressure that are composed of 

organic cations and inorganic anions and have been applied in chemical separation area 

widely [11] [12] [13]. Tunability of the ionic liquids by selecting the right cationic and 

anionic moieties is a great advantage [14] [15]. The RTIL have become widely popular 

alternatives to volatile organic solvents (VOS) due to chemical stability at ambient 

temperature and pressure, low volatility and flammability at ambient temperatures. Complex 

coacervates also offer the advantages of stability at room temperature and safety. In addition, 

they possess multiple sites for interaction with solutes and provide a wide range of solvation 

characteristics [16] [17]. The applicability and efficiency of RTILs for extraction and 

purification of a variety of small and large molecules such as biological molecules (e.g. 
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testosterone and cytochrome c) have been evaluated [18]; however, in some applications low 

solubility of extractant/additives in such solvents (as extraction media) provides challenges. 

Due to the presence of oppositely charged species, RTILs provide sites for electrostatic 

interaction with analytes, which would play an important role for extraction of biomolecules 

such as cytochrome c.  

Cytochrome c (Mw   12 KDa) is involved in electron transfer in mitochondria [20]. 

This small sized protein has been used as a model in evaluation of extraction capabilities of 

ATPS. Cytochrome c has been extracted in conventional liquid-liquid system of chloroform 

and isooctane containing 10% of 1-octanol -water by addition of an affinity carboxylic 

group-rich ligand, Calix[6] arene (Oct-[6]-CH2COOH). Cytochrome c is a lysine rich 

protein; thus the positively charged amino acid can form complexes with affinity ligands 

[10].  The extraction mechanism is based on the complexation of carboxylic acid groups of 

Calix[6] arene and  protonated amino acids (mostly lysine).  

The protein has been purified in RTIL systems by using an extractant (or additive) , 

dicyclohxano-18-crown-6, (DCH18C6), dissolved in RTIL ( C2OHmim-Tf2N). This ionic 

liquid owns significant hyrophobicity (Figure 5-1A); The hyrophobic [C2OHmim][Tf2N] 

containing DCH18C6 was capable to extract cytochrome c quatitatively from aqoues phase 

(DI water) to the ionic liquid phase (figure 5-1B). As  the red color in figure 5-1 shows, the  

presence of DCH18C6 is necessary for quantitative extraction of cytochrom c into 

[C2OHmim][Tf2N]; Otherwise cytochrome c precipitates at the interface of the aqueous and 

ionic liquid phases. The higher extraction effciency of cytochrome c in [C2OHmim][Tf2N] 
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accompanied DCH18C6 is due to solubility enhancement of the protein via complexation 

with DC18C6; complex formation is via hydrogen bindig  between  NH3
+
 group in lysine in  

the protein and OH groups in the DCH18C6. [20] [21] [22]. Functionalization of RTILs 

cations with crown ethers (CE), so called task specific liquid” , provides an alternative; then 

the functionalized ionic liquid forms complex with lysine residues of the cytochrome c, 

which  helps partitioning of cytochrome c into RTIL rich phase. For example, a 

functionalized ionic liquid with crown ether, 1-(2methyl-18-crown-6)-3-methylimidazolium 

hexafluorophosphate ([18C6mim] [PF6]), has been used for cytochrome c extraction [23].  

Direct extraction (without secondary extractant/additive) of cytochrome c in ionic liquid has 

also been reported in literature, although extraction efficiency is lower in comparison with 

the one with additives.  As an instance, extraction efficiency of 85% was achieved at acidic 

pH by RTIL aqueous two-phase system of 1-Butyl-3-trimethylsilylimidazolium 

hexafluorophosphate (BtmsimPF6). Acidic pH promotes extraction by exposing hydrophobic 

groups of the protein to hydrophobic ionic liquid [24]. The back extraction efficiency was 

33% by DI water at pH=6.7. In neutral pH, cytochrome c is in its native conformation with 

buried hydrophobic residues and exposed hydrophilic groups, which results in back 

extraction into DI water [24]. On the other hand, stripping of the cytochrome c from the 

modified ionic liquid [18C6mim] [PF6] in [C2Hmim][Tf2N] solution was 70% by KOH 

while back extraction by KCl was only 10% [25].  

In this paper we have investigated the capability of an aliphatic alcohol induced 

sodium salt of PMA-CTAB SPCC system for extraction of cytochrome c as a model protein. 



 

   216 
 

The anionic and cationic parts of this system could be tuned analogous to RTILs. 

Polyelectrolytes are capable of maintaining biological function of enzymes and proteins; in 

addition, positively charged domains of the surfactant are milder regarding denaturation 

effect; we have chosen PMA- CTAB as cationic (CTA
+
) and anionic (PMA

-
) alcohol induced 

coacervation.  

As described in chapters two and three, the preliminary extraction of dyes and 

cytochrome c in SPCC system showed high extraction efficiency; since both RTILs and 

complex coacervate systems are composed of cationic and anionic species, it is worth 

investigating the latter applicability in cytochrome c extraction as a model extraction. [19] 

[26] [27]. Furthermore, the starting material for the introduced coacervates are largely less 

expensive and more readily available than many RTIL. Large number of RTIL are not 

commercially available and would have to be synthesized, while coacervates are essentially 

composed of commonly used, inexpensive reagents, and can be readily prepared through 

simple mixing of the constituent reagents.  

Experimental 

Materials 

Sodium salt of poly (methacrylic acid) (PMA, MW = 9500), 30% Wt in H2O, was 

purchased from Sigma Aldrich.  Cetyltrimethylammonium bromide (CTAB) was purchased 

from USB Corporation as “ultrapure” and used without further purification. 2-propanol 

(99.00% purity) was from Fischer. The 1,1,1,3,3,3-hexafluoroisopropanol (HFIP), ≥ 99.90%, 
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was purchased from TCI America..  Cytochrome c from horse heart was from Sigma Aldrich. 

No further purification was done for these materials and they were used as received. Stock 

solution of cytochrome c was 1.3 mg/ml dissolved in DI water. 

Method 

Preliminary Protein Extraction. As a preliminary observation 2 mg of Myoglobin 

(MG), Cytochrome c, and Bacteriorhodopsin (BR)) were extracted and concentrated in the 

coacervate phases of 10% (v/v) HFIP induced PMA-CTAB SPCC system (Figure 5-2). 408 

μl of 10.9 mM PMA and 2.258 ml of 100 M CTAB were mixed for precipitation step and 

300 μl HFIP was added for coacervation. 

Cytochrome c Extraction. The 2-propanol induced SPCC extraction systems were at 

1:1 and 7:3 charge ratios of PMA:CTAB, at  pHs of 7 and 12 in 50 mM phosphate buffer. All 

compositions of the system preparation are listed in table 5-1.The extraction was performed 

in 1.5 ml centrifuge tube; the total volume of SPCC system was 1.35 ml. 40 μl of cytochrome 

c stock solution (1.3 mg/ml) was extracted in 1:1 and 7:3 charge ratio of 30% (v/v) 2-

propanol induced PMA/CTAB at pH=7 and pH=12. The 2-propanol induced SPCC system of 

3:7 charge ratio of PMA: CTAB was excluded from these studies because pipetting of the 

corresponding coacervate phase was not reproducible due to high viscosity.  

The calibration curves were built by dissolving aliquot of stock solutions of 

cytochrome c in separated aqueous and diluted coacervate phases of each system listed in 

table 5-1. The slope and intercept of each calibration curve have been listed in table 5-2. The 
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coacervate phase wasdiluted by 50 mM phosphate buffer, pH=3. K values were measured by 

absorbance measurement of Soret band (406 nm) by UV-Vis spectrometry.  

Potassium Dichromate Extraction K2Cr2O7 was extracted into coacervates at 

charge ratios of 1:1, 3:7 and 7:3 PMA-CTAB induced by 13 % HFIP. At 1:1 and 7:3 charge 

ratios of PMA-CTAB induced by 33% 2-propanol. System composition has been listed in 

tables 5-3. The prepared system was scaled up to obtain sufficient volume of coacervate 

phase for calibration. The stock solution of 30 mM K2Cr2O7  was prepared in DI water. 30 μl 

of the stock solution underwent extraction in different systems listed in table 5-3 to find 

electrostatic interaction effect on K values at different initial charge ratio. The analysis was 

performed by UV-Vis using a plate reader.   

The calibration curves were prepared by dissolving aliquots of stock solution in separated 

aqueous phase (and diluted coacervate phase. The slope and intercept of each calibration 

curves have been listed in table 5-4. Dilution of coacervate phase was with 50 mM phosphate 

buffer, pH=3. Alcohol (2-PrOH/HFIP) induced PMA-CTAB complex coacervate has an 

advantage over the system such as HFIP-SDS-CTAB that coacervate phase can be diluted 

with phosphate buffer 50 mM, pH=3; where the carboxylate groups of PMA are protonated 

at the acidic pH, Acidic pH causes dissolution of the complex coacervate phase without using 

any organic solvent.  

Results and Discussion 

The preliminary extraction of myoglobin, cytochrome c and bacteriorhodopsin in 10 % HFIP 
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-PMA-CTAB system has been visually inspected as figure 5-2 represents. The first two 

proteins are water-soluble and the latter is a membrane protein. Figure 5-2 shows evidently 

that the both hydrophilic water soluble (MG and Cty c) and hydrophobic membrane protein 

(BR)  have been fully extracted into the coacervate phase. This shows that the proteins can be 

extracted in this SPCC system.  

The efficiency of 2-propanol-induced PMA-CTAB coacervate system for extraction 

of cytochrome c as a model protein was investigated at different charge ratio of PMA to 

CTAB and different pHs. The results are summarized in Table 5-1. Equations 5-1 to 5-5 have 

been employed to obtain the extraction efficiency. 

                      R% = 
         

       
                                                   Eq.5-1 

                               K=
   

   
                                                          Eq. 5-2 

                       CF = 
       

       
                                                     Eq. 5-3 

                                       EF = 
   

        
                                                         Eq. 5-4                     

where R is extraction efficiency, K, partition coefficient, CF, capacity factor, and EF is 

enrichment factor. Cco , Caq and Vco, Vaq are analyte concentrations and volumes of coacervate 

and aqueous phases respectively. C0 and V0 are initial concentration of protein and total 

volume of SPCC system. At pH=7, at which cytochrome c is positively charged, the K values 
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were found to be 71 and 153 for PMA:CTAB charge ratios of 7:3 and 1:1 respectively, which 

clearly indicates stronger protein interaction with the 1:1 phase (cf. Table 5-1). The 

extraction efficiency was about 100% and 80 % at 1:1 and 7:3 charge ratios which is higher 

than extraction in ionic liquids without additive [24]. At pH 7, the positively charge 

cytochrome c should interact with the anionic-rich (7:3) coacervate system through 

electrostatic interaction. However, it seems that the electrostatic interactions of the positively 

charged cytochrome c and excess polyanion in the aqueous phase drives K to lower values at 

the 7:3 charge ratio of PMA:CTAB. It is possible that stronger protein interaction with the 

1:1 coacervate phase, which is more hydrophobic than the 7:3 phase, is due to hydrophobic 

interaction. 

It is very interesting that at pH=12 at which cytochrome c is negatively charged, K 

values are very low (close to zero) at both 1:1 and 7:3 (Table 5-1). This observation is 

particularly important as it shows that extraction in basic pH reverses the cytochrome c 

partitioning behavior in this SPCC system. Accordingly, the extracted cytochrome at pH=7 

could be back-extracted (recovered) into an aqueous phase by increasing the pH to 12 

through addition of NaOH. The K-value switch at basic pH can be due to lower interaction of 

polyelectrolyte and cytochrome c since NH3+ are not positively charged any more to interact 

with carboxylic group (COO
-
) in PMA. As has been reported in literature lysine groups in 

cytochrome c has high affinity to carboxylic groups [10].  However, the mechanism of 

extraction needs to be investigated in detail. 

In order to characterize the importance of electrostatic and hydrophobic effects on  
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solute extraction into the HFIP and 2-PrOH induced PMA-CTAB coacervate system, we 

investigated the partitioning behavior of K2Cr2O7 at different pH and charge ratios of PMA 

and CTAB (7:3, 1:1, 3:7). Due to the absence of any hydrophobic functional group, 

extraction of K2Cr2O7 is only affected by the electrostatic interactions. Images of the 

extracted K2Cr2O7 in HFIP- and 2-propanol-induced PMA-CTAB APCC system, which are 

illustrated in table 5-3 demonstrate that dichromate is more concentrated in the bottom phase 

of the 3:7 cationic rich systems. Furthermore, the K values Table 5-3 follow the order of 

K3:7>K7:3>K1:1 for both HFIP and 2-propanol induced SPCC systems. These observations 

indicate that although the electrostatic interactions impact the partitioning pattern of K2Cr2O7 

in SPCC system (reflected in K and EF values), the K values are not significantly different 

for different charge ratios of PMA and CTAB. Accordingly, it might be concluded that the 

electrostatic interactions are not the dominant driving force in determining the partitioning 

efficiency of analytes in the coacervate system. However, such interactions affect the 

selectivity of the system to some extent.  

Conclusion 

 It can be concluded that quantitative extraction of proteins is possible by HFIP and 2-

propanol induced PMA-CTAB system. The extraction efficiency was higher than RTILs 

system without affinity ligands. Dichromate extraction did not show significant difference in 

its K values when it was extracted at different charge ration 1:1, 3:7 and 7:3.  
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Tables: 

Table 5-1 K values of cytochrome c extraction into 2-propanol induced PMA-CTAB SPCC 

system at 1:1 and 7:3 charge ratio at pH= 7 and 12 

 

Charge  

Ratio, pH 2-

Pro-

PMACTAB 

 

Composition: 

2prop%- mM 

CTAB- mM PMA 

(monomer) 

 

 

Vco./Vaq 

 

 

R  

 

 

K 

(n=3) 

 

 

Image 

 

CR 1:1, pH =7  

 

 

30%-51.8 -51.8  

 

0.08 

 

1.01 

 

153.0  

10.0  

 

CR 1:1, pH=12  

 

 

30%-51.8 -51.8 

 

0.05 

 

0.01 

 

0.19 .003 

 

 

CR 7:3, pH =7 

 

 

30%-51.8 -121.0 

 

0.10 

 

0.79 

 

71.51  

8.34  

 

CR 1:1, pH=12  

 

 

30%-51.8 -121.0 

 

0.06 

 

 

0.01 

 

0.15 0.03 
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Table 5-2. The equations of calibration curves used for calculation of cytochrome c 

extraction K value calculation. The extraction systems have been listed in column two. . 

Calibration was in separated aqueous and diluted coacervation phases of HFIP and 2-

propanol- PMA-CTAB 

 

Charge  Ratio, 
pH 

Extraction 
System 

Composition 

Calibration equation 
for in Aq. phase @ 

λ=408 nm 

Calibration equation 
in diluted 

coacervate phase @ 
λ=406 nm 

CR 1:1, pH=7 

30 % 2-propanol-

51.8 mM CTAB-

51.8 mM  PMA 

(monomer) 

y=0.004 x - 0.0091, 

R
2
=0.986 

y= 0.0037x + 0.0019 

, R
2
= 0.991 

CR 1:1, 

pH=12 

30 % 2-propanol-

51.8 mM CTAB-

51.8 mM  PMA 

(monomer) 

y=0.0061x-0.057 ,  

R
2
=0.993 

y= 0.0038x + 0.0005 

, R
2
= 0.992 

CR 7:3, pH =7 

30% 2-propanol-

51.8 mM CTAB- 

121. mM  PMA 

(monomer) 

y=0.0053 x - 0.017, 

R
2
=0.983 

y= 0.0037x + 

0.0017, R
2
= 0.996 

CR 7:3,pH=12 

30% 2-propanol-

51.8 mM CTAB- 

121. mM  PMA 

(monomer) 

y=0.0071x - 0.00251, 

R
2
=0.994 

y= 0.0057x + 0.0007 

, R
2
= 0.990 
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Table 5-3. K vales of K2Cr2O7 extraction at 1:1, 7:3 and 3:7 charge ratios in HFIP and 2-

propanol induced PMA-CTAB SPCC system. 
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Table 5-4. The equations of calibration curves used for calculation of potassium dichromate 

extraction K value. The extraction systems have been listed in column two. Calibration was 

in separated aqueous and diluted coacervation phases of HFIP and 2-propanol- PMA-CTAB 

 

Charge ,Ratio, 
System 

Composition of 
Extraction 
Systems 

Calibration equation 
for diluted  @ λ=  

352nm  

Calibration equation for 
diluted coacervate phase 

@ λ= nm 371 

1:1,  2-

propanol-PMA-

CTAB 

33% 2-propanol, 

60 mM CTAB, 60 

mM PMA 

(monomer) 

y= 0.0033 X + 0.018 

76,R
2
= 0.996 

y= 0.00123 X - 0.00143 , 

R
2
= 0.998 

7:3, 2-propanol-

PMA-CTAB 

33% 2-propanol, 

60 mM CTAB, 

140mM PMA 

(monomer) 

y= 0.00421 X - 

0.00992 76,R
2
= 0.987 

y= 0.00135 X - 0.00324 , 

R2= 0.998 

1:1, HFIP-

PMA-CTAB 

13% HFIP, 46 

mM CTAB,46 

mM  PMA 

(monomer) 

y= 0.00219 X + 

0.0176 ,R
2
= 0.995 

y= 0.00147 X -.00806 , 

R
2
=0.991 

7:3, HFIP-

PMA-CTAB 

13% HFIP,46 

mM CTAB,107 

mM  PMA 

(monomer) 

y=0.00358 x -0.00005, 

R
2
=0.997 

y= 0.00151X -0.00778 ,  

R
2
= 0.990 

3:7 , HFIP-

PMA-CTAB 

13% HFIP, 46 

mM CTAB,20 

mM  PMA 

(monomer) 

y= 0.0024x - 0.02269, 

R
2
=0.984 

y= 0.0015 X -.00114 

,R
2
=0.998 

 

 

 

 

 



 

   230 
 

Figures: 

 

 

 

 

Figure 5-1. The structure of ionic liquid used for cytochrome c extraction, RTIL 

[C2OHmim][Tf2N] (A). Extraction of cytochrome c by RTIL [C2OHmim][Tf2N]. [Cyt. c] 

=50 μM and the ratio of [DC18C6]/[Cyt c] is 0,100.200.1000 from left to right. The figure 

was reproduced from ref [22]with permission (B).  
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Figure 5-2. extraction of 2mg of Myoglobin (A) Cytochrome c (B) Bacteriorhodopsin (C) in 

coacervate phase of 10% (v/v) HFIP induced PMA-CTAB SPCC system in 100mM Tris-

Buffer  
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