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ABSTRACT 
 

The interactions between a globular protein, hen egg white lysozyme (HEWL), and 

star-like block polyelectrolyte micelles formed by the self-assembly of a poly(tert-

butylstyrene)-b-poly(sodium(sulfamate-carboxylate)isoprene) (PtBS-SCPI) amphiphilic 

diblock copolymer were studied in aqueous solutions. Due to the opposite charges 

present in HEWL (positive charges) and on the SCPI polyelectrolyte coronas of the block 

copolymer micelles (negative charges), nanostructured hierarchical complexes are 

formed at neutral pH and low ionic strength. Structure and properties of the complexes 

were investigated by means of dynamic, static and electrophoretic light scattering, as well 

as atomic force microscopy.  

The solution behaviour, structure and effective charge of the formed nanoscale 

complexes proved to be dependent on the ratio of the two components. Presumably block 

polyelectrolyte micelles with a PtBS core and a SCPI corona decorated with HEWL 

molecules are initially formed. Moreover, the degree of charge neutralization caused by 

complexation determines the conformation and solubility of the complexes. 

Complexation of the macromolecular components at higher solution ionic strengths led to 

complexes of lower mass and nearly constant size. Such behavior may be correlated to 

the polyelectrolyte nature of the components. The structural investigation of the 

complexed protein by fluorescence and infrared spectroscopy revealed no signs of 

HEWL denaturation upon complexation. 
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1. INTRODUCTION 
 

Polyelectrolyte block copolymers have attracted considerable scientific interest owing to 

their unique properties. Their most important asset is that they combine the structural 

characteristics of amphiphilic block copolymers, polyelectrolytes and surfactants. Therefore, 

they constitute an intriguing class of macromolecules and furthermore provide various 

possibilities for custom design. Due to their amphiphilic character polyelectrolyte block 

copolymers in aqueous solutions usually self-assemble into core-shell micelles with a 

hydrophobic core and a polyelectrolyte corona. This self-assembly process is affected by 

numerous parameters that concern both the primary chemical structure of the 

macromolecules, such as the degree of polymerization of each block and the dissociation of 

the charged groups of the polyelectrolyte block, as well as the solution parameters, namely 

the concentration, pH, temperature and ionic strength. The resulting polyelectrolyte block 

copolymer micelles can be regarded as stimuli-responsive nanoparticles, with potential use in 

various technological and pharmaceutical applications, since the polyelectrolyte nature of 

their corona renders them susceptible to the changes of the solution physicochemical 

parameters. Consequently, over the past decades polyelectrolyte block copolymers micelles 

have been the subject of systematic experimental and theoretical studies and the results have 

been extensively reviewed [1–5]. 

Furthermore, the polyelectrolyte corona of these micelles enables them to bind oppositely 

charged entities, such as ions, organic molecules, metal nanoparticles, surfactants or synthetic 

and biological macromolecules, through electrostatic interactions. Among the possible 

applications of such systems is the formulation of flocculants and stabilizers of colloidal 

dispersions, surface modifiers and biocompatible coatings, matrices for metal ions and metal 

nanoparticles, carriers of biologically active compounds and drugs, etc [6]. In this field of 

study numerous experimental investigations involve the interpolyelectrolyte complexation 

between polyelectrolyte block copolymer micelles and linear polyelectrolytes of opposite 

charge, which leads to the formation of different types of macromolecular self-assembled 

nanostructures, including soluble or insoluble complexes, multilayer nanoparticles, networks 

or even gels [7–12]. Equivalently, the interaction of polyelectrolyte micelles with double 

hydrophilic polyelectrolyte block copolymers can be used as a means of preparing three-

layered core-shell-corona micellar complexes [13–15]. Of similar interest is the case of 

electrostatic interaction between synthetic or natural polyelectrolytes and proteins. Proteins 

are another category of natural polyelectrolytes with intriguing conformational properties and 

biological functions. Electrostatic interaction is employed in a vast variety of technological 

applications concerning protein encapsulation, immobilization, purification and separation, in 

the development of functional nanobiomaterials and bio-organic hybrids with potential use in 

nanobiotechnology, while its study provides valuable insight into the interactions between 

charged biomacromolecules that take place in several biological systems [16, 17]. Such 

studies have been successfully extended to the case of double hydrophilic block 

copolymer/protein systems in an effort to create sophisticated functional nanostructures [18–

22]. However, a rather limited number of experimental investigations have been focused so 

far on the complexation of amphiphilic block copolymer micelles with a polyelectrolyte 

corona and proteins [23–26], although such systems may provide several new opportunities 

for nanostructure formation and advantageous properties.  
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Scheme 1. Molecular structure of the PtBS-SCPI polyelectrolyte block copolymer. The degrees of 

polymerization are x ≈ 702 and y ≈ 121, while the degree of functionalization of the SCPI block is 

about 75%. 

In a parallel manner, the interaction of proteins with spherical polyelectrolyte brushes is 

also interesting due to the structural analogies between the colloidal and micellar polymeric 

nanoparticles [27–29]. 

In this work we employ dynamic, static and electrophoretic light scattering (DLS, SLS 

and ELS), along with atomic force microscopy (AFM) in order to examine the complexation 

process, as well as the structure and solution behavior of the nanosized complexes formed 

between poly(tert-butylstyrene)-b-poly(sodium(sulfamate-carboxylate)isoprene) (PtBS-SCPI) 

(molecular structure shown in Scheme 1) polyelectrolyte block copolymer micelles and hen 

egg white lysozyme (HEWL) protein. Additional spectroscopic evaluation of the HEWL 

conformation after complexation was conducted, by means of fluorescence and infrared (IR) 

measurements. The central goal of this study is to create novel self-assembled and functional 

hybrid synthetic/biological macromolecular nanostructures and enrich basic understanding on 

behavioral motifs, as well as widen the application potential of nanostructured polymeric 

colloidal systems.  

In aqueous solutions the PtBS-SCPI amphiphilic diblock copolymer self-assembles into 

micelles with a hydrophobic PtBS core and a polyelectrolyte SCPI corona. The SCPI block 

constitutes a novel strong polyelectrolyte, since each functionalized monomeric unit carries 

two negatively charged groups at neutral pH, while at the same time displays some intrinsic 

hydrophobic character due to the presence of unfunctionalized isoprene segments [30]. 

Moreover, HEWL is an extensively studied small globular protein with enzymatic activity 

and a pH-dependent net positive charge at pH values smaller than its isoelectric point pI ≈ 11 

[31, 32]. Therefore, the complexation process and the structure and solution behavior of the 

formed complexes between the PtBS-SCPI micelles and HEWL have been studied at pH 7 as 

a function of the ratio of the two components (i.e. the concentration of the protein keeping the 

copolymer concentration constant) and the solution conditions with respect to the ionic 

strength. The structure of the complexed protein, which determines whether enzymatic 

activity can be preserved upon complexation, has been also investigated by means of 

fluorescence and infrared spectroscopy. 

 

 

2. EXPERIMENTAL PART 
 

2.1. Materials 
 

Protein: HEWL (dialyzed, lyophilized powder) with a molecular weight of Mr = 14.7 

kg/mol was purchased from Fluka and used without any further purification. 
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Synthesis of the PtBS-SCPI polyelectrolyte block copolymer: The polyelectrolyte block 

copolymer sample was prepared by a post-polymerization functionalization reaction between 

chlorosulfonyl isocyanate (CSI, from Acros) and the isoprene segments of the polyisoprene 

(PI) block of the precursor PtBS-PI diblock copolymer prepared by anionic polymerization, 

as described in detail elsewhere [33]. The copolymer utilized in this study has a weight 

average molecular weight Mw = 164.6 kg/mol, and the weight fractions of PtBS and SCPI 

blocks are approximately 12% and 88%, which correspond to degrees of polymerization of 

about 121 and 702 monomeric units, respectively. Therefore, the particular PtBS-SCPI 

copolymer is considered an asymmetric amphiphilic diblock copolymer. The SCPI 

polyelectrolyte block is characterized by high charge density at neutral pH, since it combines 

strongly charged pH independent SO3ˉ groups with weak acidic COOˉ groups, neutralized at 

pH < 4. Moreover, the extent of functionalization was found to be about 75 mole %, by 

means of potentiometric titrations, elemental analysis and 13C-NMR. Thus, the 

polyelectrolyte block retains some hydrophobic character due to the presence of 

unfunctionalized PI segments. Finally, its structural resemblance to the natural polysaccharide 

heparin (as far as the functional polar groups are concerned) enables possible use in 

biomedical applications [34, 35]. 

Sample preparation: A pH 7 buffer solution was prepared, from NaOH and 5 mM 

sodium phosphate, with ionic strength I = 0.01 N. Stock solutions of the polyelectrolyte block 

copolymer and the protein were prepared by dissolving a weighed amount of the dialyzed 

sample in the appropriate volume of the buffer. Consequently, the PtBS-SCPI solutions were 

heated at 60°C overnight in order to achieve solubilization, while the HEWL solutions were 

left to stand at room temperature for the same period of time for better equilibration. The final 

concentrations of the PtBS-SCPI and HEWL solutions were 0.25 mg/ml and 0.5 mg/ml, 

respectively. The complexes were prepared by adding different amounts of the HEWL 

solutions to PtBS-SCPI solutions of the same volume and concentration, under stirring. 

Finally, appropriate volumes of buffer solutions were added, so as to achieve a constant final 

volume and ionic strength (equal to that of the buffer solution) for all solutions prepared. 

Thus, the concentration of PtBS-SCPI was kept constant throughout the series of solutions, 

while that of HEWL varied in order to control the required ratio of the two components (or 

equivalently the [−]/[+] charge ratio of the mixture). The solutions of the complexes 

developed bluish tint or turbidity upon mixing, indicating the formation of supramolecular 

complexes. Subsequently, the solutions of the complexes were left for equilibration overnight, 

which in some cases resulted in precipitation, depending on the HEWL concentration.  

For the ionic strength dependent light scattering measurements, the ionic strength of the 

solution was increased by the addition of appropriate aliquots of a 1 N NaCl solution at pH 7, 

to 1 ml of the previously prepared solution of the complexes. After each addition the solution 

was rigorously stirred and left to equilibrate for 15 min before measurement. Changes in 

solutes concentrations due to NaCl solution addition were taken into consideration in the 

analysis of the light scattering data. 

 

 

2.2. Techniques 
 

Dynamic and Static Light Scattering (DLS and SLS): Light scattering measurements were 

performed on an ALV/CGS-3 compact goniometer system (ALVGmbH, Germany), equipped 
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with an ALV-5000/EPP multi tau digital correlator, a He-Ne laser operating at the wavelength 

of 632.8 nm, and an avalanche photodiode detector. Buffer and sample solutions were filtered 

through 0.45 μm hydrophilic PTFE Millex syringe filters (Millipore) in order to remove any 

dust particles or large aggregates. The samples were loaded into standard 1 cm width Helma 

quartz dust-free cells and measurements were performed at a series of angles in the range 20-

150°. 

Dynamic light scattering (DLS) measurements were evaluated by fitting of the measured 

normalized time autocorrelation function of the scattered light intensity g2(t), related to the 

electric field time autocorrelation function g1(t) by the Siegert equation, g2(t) = 1 + β|g1(t)|2, 

where β is the coherence factor, depending on the experimental conditions [36, 37]. 

The data were fitted either with the aid of the CONTIN analysis or the use of the second 

order cumulant expansion and the distribution of relaxation times τ or the mean relaxation 

rate Γ = 1/τ, were obtained respectively. Furthermore, the cumulant analysis yields the size 

polydispersity index of the system PDI = μ2/Γ 2, where μ2 is the second order coefficient of 

the expansion. Assuming that the observed fluctuations of the scattered intensity are caused 

by diffusive motions, the apparent diffusion coefficient Dapp is related to the relaxation time τ 

as, Dapp = 1/τq2, where q is the scattering vector defined as 00 /)2/sin(4 n  with n0, θ and 

λ0 the solvent refractive index, the scattering angle and the wavelength of the laser in vacuum 

respectively. 

From the apparent diffusion coefficient Dapp, the hydrodynamic radius Rh can be 

obtained, using the Stokes-Einstein relationship 
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where MW is the weight averaged molecular weight, Rg is the average radius of gyration, A2 is 

the second osmotic virial coefficient, c is the polymer concentration, ΔRθ is the corrected 

Rayleigh ratio, which depends on the polymer concentration c and the magnitude of the 

scattering vector q, and the constant factor K is given by the relationship 
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where n0, λ0, NA are the refractive index of the solvent, the laser wavelength in vacuum, the 

Avogadro’s number respectively and cn  /  is the refractive index increment of the sample 

solution with respect to the solvent. 
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Electrophoretic Light Scattering (ELS): ζ-potential measurements were performed with a 

ZetaPlus Analyzer (Brookhaven Instruments) equipped with a 35 mW solid state laser, 

operating at λ = 660 nm. ζ-potential values were determined using the Smolukowski equation 

relating the ionic mobilities with surface charge, and are reported as averages of ten repeated 

measurements. 

Atomic Force Microscopy (AFM): AFM measurements were performed on a Quesant Q-

Scope 250 atomic force microscope (Quesant Instrument Co., USA) in the tapping mode, 

under ambient conditions. The instrument was equipped with a NSC16 silicon (W2C Si3N4) 

cantilever, available from Quesant instruments, USA, having a typical force constant of 40 

N/m, a cone angle of less than 20o and radius curvature less than 10 nm. Imaging was carried 

out with a 40-μm Dual PZT scanner on different scanning areas, at a scanning rate of 3 Hz 

and with image resolution of 600x600 pixels in intermittent contact (broadband mode). The z 

axis calibration was performed by imaging a TGZ01 silicon grating with silicon oxide steps 

having height of 18.3 nm (Mikromasch Inc.). Samples for imaging were prepared by placing 

a drop of the aqueous solutions of the complexes onto fresh, dried silicon wafers, pre-cleaned 

with isopropanol. After keeping in contact for typically 5 to 10 min, excess water was bolted 

carefully by filter paper and samples were left to dry in air. In this way supramolecular 

structures were absorbed on the wafer surface from the same solutions investigated by light 

scattering for direct comparison. 

Fluorescence spectroscopy: Steady-state fluorescence spectra of the tryptophan residues 

of the neat and complexed HEWL were recorded with a double-grating excitation and a 

single-grating emission spectrofluorometer (Fluorolog-3, model FL3-21, Jobin Yvon-Spex) at 

room temperature.  

Excitation wavelength used was λ = 290 nm and emission spectra were recorded in the 

region 350-500 nm, with an increment of 1 nm, using an integration time of 0.5 s. Slit 

openings of 5 nm were used for both the excitation and the emitted beam. Under the 

employed experimental conditions fluorescence from the tryptophan residues of HEWL is 

observed and utilized to extract information on changes of the protein conformation. The neat 

PtBS-SCPI solution does not show any significant fluorescence. 

Infrared spectroscopy (IR): Infrared spectra of the protein, polyelectrolyte block 

copolymer and complexes in thin film form were acquired at room temperature in the range 

5000-550 cm-1, using a Fourier transform instrument (Bruker Equinox 55), equipped with a 

single bounce attenuated total reflectance (ATR) diamond accessory from SENS-IR. A small 

aliquot of each solution was placed on the ATR element and dried under N2 flow before 

measurement. For each sample the final spectrum is the average of three 100-scan 

measurements at 2 cm-1 resolution. The measurement of each sample was bracketed by two 

background spectra in order to allow for the elimination of H2O vapor bands by interpolation. 

 

 

3. RESULTS AND DISCUSSION 
 

3.1. Characterization of the PtBS-SCPI Micelles 
 

Dynamic and static light scattering (DLS and SLS) measurements were performed in 

order to characterize the PtBS-SCPI micelles.  
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Figure 1. Hydrodynamic radius distributions from DLS measurements at 90° of a 0.083 mg/ml PtBS-

SCPI solution at pH 7 and 0.01 N ionic strength. 

Figure 1 shows the hydrodynamic radius (Rh) distributions obtained from the CONTIN 

analysis of DLS measurements at 90°, of a 0.083 mg/ml PtBS-SCPI solution at pH 7 and 0.01 

N ionic strength. As it can be seen, the solution exhibits a main peak at high Rh values which 

apparently corresponds to the formed PtBS-SCPI micelles (Rh2) and a significantly smaller 

one at lower Rh values which most probably denotes the presence of a small number of free 

unimer diblock copolymer chains (Rh1) in the solution. The corresponding Rh1 and Rh2 values 

are 31.5 and 103.6 nm, respectively. Additionally, SLS measurements showed that the 

apparent weight average molecular weight of the micelles at pH 7 and 0.01 N ionic strength 

was Mw ≈ 1.6×106 g/mol, which denotes an aggregation number Nagg ≈ 10, while the 

corresponding radius of gyration was Rg ≈ 107 nm. It should be noted that the observed rather 

small Nagg of the micelles is a consequence of the highly asymmetric composition of the 

amphiphilic diblock copolymer chain, or in other words the high ratio of hydrophilic to 

hydrophobic monomeric units (~ 6) [38, 39]. 

 

 

3.2. Complexation of PtBS-SCPI Micelles and HEWL at pH 7 and 0.01 N 

Ionic Strength 
 

Initially, the complexation process between the PtBS-SCPI polyelectrolyte micelles and 

HEWL at pH 7 and 0.01 N ionic strength was investigated by means of dynamic light 

scattering. At pH 7 the SCPI polyelectrolyte block carries two negatively charged groups per 

functionalized monomeric unit and HEWL has a net positive charge of +8, thus under these 

conditions electrostatically driven complexation is expected to readily occur. The obtained 

results from DLS measurements at 90° regarding the values of the light scattering intensity, 

I90, the hydrodynamic radius, Rh, and the polydispersity index of the system, PDI, are shown 

in Figure 2, as a function of the protein concentration, CHEWL, in the solutions of the 

complexes. The concentration of PtBS-SCPI copolymer is kept constant at 0.083 mg/ml 

throughout the series of solutions. In all cases, the point at zero protein concentration (CHEWL 

= 0) denotes the corresponding value of the net PtBS-SCPI solution. 
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Figure 2. Light scattering intensity at 90°, I90, hydrodynamic radius, Rh, and polydispersity index, PDI, 

as a function of CHEWL, for the solutions of the PtBS-SCPI/HEWL system at pH 7 and 0.01 N ionic 

strength. 

As observed, the value of the scattering intensity, I90, which is proportional to the mass of 

the species in solution, increases abruptly upon the addition of the protein and continues to 

increase more gradually as a function of CHEWL, providing proof of the occurring 

complexation. On the other hand, the hydrodynamic radius, Rh, of the complexes initially 

decreases up to CHEWL = 0.11 mg/ml and subsequently increases. Moreover, the 

polydispersity index, PDI, shows increasing values as CHEWL becomes higher. Finally, at high 

protein concentration precipitation of the solutions of the complexes takes place. 

These changes suggest that upon the addition of HEWL to the PtBS-SCPI solution the 

protein molecules are complexed with the corona polyelectrolyte chains of the micelles. 

Complexation leads to neutralization of the charges on the SCPI polyelectrolyte block and 

thus to the weakening of the electrostatic repulsions. As a result the polyelectrolyte corona of 

the complexed micelles shrinks and their size decreases. As the protein concentration 

increases each polyelectrolyte chain interacts with an increasing number of protein molecules, 

which leads to a higher degree of charge neutralization and a further decrease of the size of 

the complexes. Nevertheless, the neutralization of the polyelectrolyte charges that takes place 

reduces the solubility of the formed complexes and causes their aggregation.  
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Figure 3. Schematic representation of the structure of the formed complexes as a function of CHEWL, for 

the solutions of the PtBS-SCPI/HEWL at pH 7 and 0.01 N ionic strength. 

The onset of the aggregation is marked by the transition to increasing Rh values. Actually, 

as the number of complexed protein molecules per polyelectrolyte chain becomes higher the 

aggregation is even more pronounced, i.e. each aggregate is comprised by a larger number of 

complexes. Eventually, the increase of the mass and size of the aggregates is so pronounced 

that they are no longer soluble and precipitation occurs. A schematic representation of the 

structure of the complexes is given in Figure 3. 

As mentioned before in the PtBS-SCPI solution polyelectrolyte micelles and free unimer 

diblock copolymer chains were found to coexist. The effect of the protein addition on each 

population can be established from the hydrodynamic radius distributions of the complexes 

that are shown in Figure 4 for representative CHEWL values. Obviously, in all cases two 

scattering populations are distinguished and the comparison with the distribution of the neat 

PtBS-SCPI solution, leads to the conclusion that these populations most probably correspond 

to the complexes formed by the protein molecules and the free unimer diblock copolymer 

chains or by protein and the polyelectrolyte micelles. Of course the latter species is the main 

population in all the solutions of the complexes. However, the size of both types of 

complexes changes in a similar manner and in accordance to the Rh values transition of Figure 

1. An initial decrease is observed as a consequence of the shrinking of the polyelectrolyte 

chains caused by their complexation with the protein molecules, while further increase of the 

protein concentration provokes the aggregation of both types of complexes, which is 

expressed as an increase of their size. It should be noted that the Rh values in Figure 1 have 

been estimated using cumulants analysis, which yields a weighted average of all scattering 

species in solution and as a result are somewhat smaller than the corresponding values 

derived from the hydrodynamic radius distributions. 

Multiangle light scattering measurements allowed for the determination of the ratio Rg/Rh 

for the complexes in all cases, where Rg is the radius of gyration of the nanostructures in 

solution. The ratio provides information on the shape of the particles formed by block 

polyelectrolyte micelles/protein complexation. Values of Rg/Rh were in the range 0.77 – 0.93 

indicating a spherical shape for the PtBS-SCPI/HEWL complexes at all compositions 

investigated. 
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Figure 4. Hydrodynamic radius distributions at 90° for representative CHEWL values, for the solutions of 

the PtBS-SCPI/HEWL system at pH 7 and 0.01 N ionic strength. The corresponding PtBS-SCPI 

distribution is included for comparison. 

 

Figure 5. Zeta potential, ζP, as a function of CHEWL, for the solutions of the PtBS-SCPI/HEWL system at 

pH 7 and 0.01 N ionic strength. 

In order to obtain information regarding the effective charge of the complexes, 

electrophoretic light scattering (ELS) measurements were performed on the same series of 

solutions of the PtBS-SCPI/HEWL system at pH 7 and 0.01M ionic strength.  

The measured values of the zeta potential, ζP, for the solutions of the complexes as a 

function of CHEWL are presented in Figure 5.  

As it can be seen, ζP decreases in absolute value as the concentration of the protein 

increases, or equivalently the effective negative charge of the complexes is reduced as a 

function of protein concentration.  
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This change is in agreement with the notion that as the number of protein molecules 

interacting with each polyelectrolyte chain of the corona of the micelles increases, the degree 

of neutralization of the SCPI block negative charges becomes higher and thus the effective 

charge of the complexes decreases. 

Finally, atomic force microscopy (AFM) measurements provided additional information 

regarding the structure of the complexes. Figure 6 shows two AFM images with different 

resolution of the complexes formed at CHEWL = 0.17 mg/ml of the PtBS-SCPI/HEWL  

system at pH 7 and 0.01 N ionic strength deposited on silicon wafers after evaporation of the 

solvent.  

Although a direct comparison with the corresponding results from DLS measurements is 

not possible, due to the different state of the complexes (dry state in AFM measurements vs. 

solvated state in DLS measurements), some conclusions about their structure can be drawn. 

As it can be seen, assemblies of nearly spherical shape are discerned in both images with 

planar dimensions of about 100 – 200 nm, while their height ranges from 20 to 40 nm.  

The observed spherical shape is in agreement with the results from light scattering 

measurements. The observed dimensions, in regard to the corresponding hydrodynamic size 

in solution, support the notion that the formed nanostructures adopt a more collapsed structure 

upon deposition.  

Nevertheless, the assemblies seen in higher resolution (right image) seem to have a 

complicated internal structure, which probably stems from the fact that at this protein 

concentration supramicellar aggregates of individual polyelectrolyte micelles complexed with 

protein molecules are formed in the solution. It is the presence of several micelles within the 

same aggregate that results in the observed morphology and this should be attributed to the 

characteristics of the hard spherical cores of the micelles and the loose mixed 

polyelectrolyte/protein corona of the complexes.  

Apparently, these supramicellar aggregates are characterized by a rather loose structure, 

able to deform to some extend upon surface deposition and after solvent evaporation. 

Nevertheless, complexation sites with protein molecules within the micellar coronas may act 

as crosslinks that allow the aggregates to retain their spherical overall shape (at least 

partially). 

 

 

Figure 6. Atomic force microscopy images of complexes formed at CHEWL = 0.17 mg/ml of the PtBS-

SCPI/HEWL system at pH 7 and 0.01 N ionic strength on silicon wafers. Bars represent 1μm (left) and 

200 nm (right) respectively. 
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3.3. Effect of Ionic Strength 
 

The increase of the ionic strength in the solutions of the complexes is expected to 

influence greatly the solution behavior and structure of the preformed complexes since it 

induces charge screening and weakening of the electrostatic interactions. This effect was 

investigated by means of DLS measurements at 0.1 and 0.5 N ionic strength. The resulting 

I90, Rh and PDI values (from measurements at 90°) for the solutions of the PtBS-SCPI/HEWL 

system at pH 7 are shown in Figure 7 as a function of CHEWL. The corresponding values at 

0.01 N ionic strength are also included for comparison. 

Apparently, as the ionic strength of the solution increases the mass of the preformed 

complexes, which is proportional to I90, decreases. At the same time their size is almost 

constant, except from the case of the complexes at higher CHEWL values and 0.5 N ionic 

strength were an increase is observed. Finally, the polydispersity of the system seems to be 

unaffected from the initial increase of the ionic strength at 0.1 N, while further increase to 0.5 

N results in higher PDI values. 

 

 

Figure 7. Light scattering intensity at 90°, I90, hydrodynamic radius, Rh, and polydispersity index, PDI, 

as a function of CHEWL, for the solutions of the PtBS-SCPI/HEWL system at pH 7 and 0.1 and 0.5 N 

ionic strength. The corresponding values at 0.01 N ionic strength are included for comparison. 
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From the observed changes it can be concluded that alterations in the ionic strength of the 

solution influences the structure of the preformed block polyelectrolyte/protein complexes at 

low ionic strength. Screening of ionic interactions results in complexes of lower mass as ionic 

strength increases. Hydrodynamic dimensions of the complexes depend on the ratio of the 

components as well as the actual ionic strength of the medium. Larger polydispersities are 

observed at 0.5 N probably due to some decomplexation of the initial aggregates as a result of 

the increased ionic strength that weakens appreciably ionic interactions. In summary, it can be 

concluded that the ratio of the two components and the ionic strength of the solution can be 

used as independent factor in order to fine tune and control the structure of the complexes. 

 

 

3.4. Protein Structure within the Complexes 
 

The preservation of enzymatic activity, which is directly correlated with the actual 

conformation of the protein in the complexes, is a key factor in most potential applications 

involving protein-polyelectrolyte complexes. Therefore, fluorescence and infrared 

spectroscopic measurements were conducted so as to investigate the structure of the 

complexed protein. 

In the first place, three representative solutions at CHEWL = 0.04, 0.11 and 0.17 mg/ml of 

the PtBS-SCPI/HEWL system at pH 7 and 0.01 N ionic strength were investigated by means 

of fluorescence spectroscopy. The measured spectra are shown in Figure 8, along with the 

corresponding spectrum of a neat HEWL solution at 0.5 mg/ml concentration for comparison. 

In spite of the observed intensity variation, which stems from the difference in the protein 

concentration, the general spectral characteristics of the neat protein are preserved and all 

spectra exhibit a maximum around 340 nm. Thus it can be concluded that no protein 

denaturation is observed upon complexation [40, 41], since that would result in a significant 

shift in λmax and some broadening of the fluorescence peak of the protein. 

 

 

Figure 8. Fluorescence spectra of three representative solutions at CHEWL = 0.04, 0.11 and 0.17 mg/ml of 

the PtBS-SCPI/HEWL system at pH 7 and 0.01 N ionic strength. The spectrum of neat HEWL at 0.5 

mg/ml concentration is included for comparison. 
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Figure 9. Infrared spectra in the Amide I and II region of three representative solutions at CHEWL = 0.04, 

0.11 and 0.17 mg/ml of the PtBS-SCPI/HEWL system at pH 7 and 0.01 N ionic strength. The 

corresponding spectrum of neat HEWL is included for comparison. 

In addition, infrared spectroscopy measurements were performed and Figure 9 shows the 

IR spectra of the same representative solutions (CHEWL = 0.04, 0.11 and 0.17 mg/ml) of the 

PtBS-SCPI/HEWL system at pH 7 and 0.01 N ionic strength in the Amide I and II region, 

including the corresponding spectrum of neat HEWL for comparison. The spectra have been 

normalized to the intensity of the Amide I band, after subtraction of the spectral contribution 

of the neat polyelectrolyte diblock copolymer. The constancy of the Amide I and II profiles, 

peaking at about 1657 and 1538 cm-1 respectively, indicates the absence of significant protein 

configuration changes, such as those observed upon denaturation [42, 43], even in the case of 

complexes in the solid state. 

 

 

CONCLUSION 
 

This study focuses on the electrostatic complexation process between the star-like 

polyelectrolyte micelles formed by the self-assembly of poly(tert-butylstyrene)-b-

poly(sodium(sulfamate-carboxylate)isoprene) (PtBS-SCPI) amphiphilic diblock copolymer in 

water and the protein lysozyme (HEWL). It was shown that the structure and solution 

behavior of the formed complexes depend on the ratio of the two components. The interaction 

of the protein molecules with the polyelectrolyte chains of the corona of the micelles causes 

the neutralization of the opposite charges of the system, which in turn results in the shrinking 

of the polyelectrolyte corona and the reduction of the solubility of the micelles complexed 

with protein. These effects become more dominant as the number of interacting protein 

molecules per polyelectrolyte chain increases, leading to the aggregation of the complexed 

micelles and eventually the precipitation of the micelle/protein complexes. The increase of 

the ionic strength of the solution results in complexes of lower mass due to partial 

dissociation of the initial aggregates. Moreover, light scattering measurements together with 
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atomic force microscopy imaging show that the complexes possess a nearly spherical shape. 

Finally, spectroscopic measurements revealed that the protein structure is preserved upon 

complexation. This investigation shows that it is possible to form hybrid synthetic/biological 

nanostructures in aqueous solutions via the electrostatic interaction of preformed block 

polyelectrolyte micelles and proteins (particularly enzymes). A number of parameters 

including block copolymer and micellar characteristics, as well as the ratio of the components 

and solution ionic strength can be utilized in order to control the characteristics of the 

particular chimeric nanostructures. Their utilization in a number of possible application 

oriented fields, including protein drug delivery, enzymatic nanocatalysis and functional 

surface modification remain to be investigated in the near future. 
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