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ABSTRACT  

The doubly stimuli responsive triblock terpolymer PEO-b-PNIPAM-b-PAA and its 

interaction with lysozyme is studied by Multi Angle Laser Light Scattering. The 

kinetics of the response during temperature jumps crossing the PNIPAM lower 

critical transition temperature (LCST) of the pure polymer and polymer/protein 

complexes; and the kinetics of protein complexation with the polymer at room 

temperature are analysed. By monitoring the apparent molecular weight, the radius of 

gyration and hydrodynamic radius, we can characterize the shape and mass of the 

formed aggregates.  We find that the coil-to-globule transition of PNIPAM creates 

new bonds within the aggregates that are irreversible when the temperature is 

decreased below the lower critical transition temperature (LCST) of the transition. 

Additionally the internal dynamics of PnBA-b-PNIPAM-b-PAA aggregates and 

PnBA-b-PNIPAM-b-PAA / lysozyme complexes are “frozen” irreversibly when the 

temperature is raised above the LCST. 
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INTRODUCTION 

Macromolecular compounds self-assembled in aqueous solutions, produce nano-scale 

formulations that are candidates for carriers in targeted drug and protein delivery, bio-

sensors, and tissue engineering
1
. The choice of the monomeric units can be made so 

that the resulting polymers respond to external stimuli, such as pH and salt 

concentration (for charged polymers) and temperature (for thermoresponsive 

polymers). Nanoparticles with hydrophobic cores, and coronas made of water-soluble 

(neutral micelles) or charged macromolecular chains (polyelectrolyte micelles) 

provide a template for drug loading either on the hydrophobic core via hydrophobic 

interactions
2
 (in both cases) or via electrostatic attraction

3
 with the corona (in the case 

of polyelectrolyte micelles). Charged or neutral nanogels
4
 made of physically or 

chemically cross-linked macromolecules and polymeric aggregates
5
 may also be 

utilized as pharmaceutical carriers. The kinetics of the response of a nanoscopic 

system to an external stimulus is of practical importance for its applications and its 

study reveals inherent information on its morphological transitions towards 

equilibrium under the changed conditions. 

PNIPAM-containing macromolecules have been extensively studied and used in 

biomedical applications
6, 7

 since PNIPAM exhibits a lower critical solution 

temperature (LCST) at about 32 ºC, which is near the physiological temperature. PAA 

is a weak polyacid that is a common pH-sensitive polyelectrolyte (with a pKa=4.2) 

and PEO is a well-known water soluble, non-ionic, biocompatible polymer.   

Combination of these three blocks in one triblock terpolymer chain is expected to 

provide a rich content of stimuli responsive properties to a water soluble 

biocompatible polymeric compound.  



    In this work we use Multi-Angle Laser Light Scattering to study the kinetics of: 1) 

the temperature response of PEO-b-PNIPAM-b-PAA with temperature jumps from 

below to above the LCST of PNIPAM and vice-versa, 2) the complexation between 

PEO-b-PNIPAM-b-PAA with the model globular protein lysozyme and 3) the 

temperature response of the formed triblock terpolymer/protein complexes during 

temperature jumps. The feature of multi-detection at many angles simultaneously 

allows us to obtain the morphological parameters of the nano-structures and follow 

the kinetics of the ongoing processes. 

EXPERIMENTAL METHODS 

     The tri-block terpolymer, poly(ethylene oxide)-block-poly(N-

isopropylacrylamide)-block-poly(acrylic acid) (PEO-b-PNIPAM-b-PAA) was 

synthesized using reversible addition-fragmentation chain transfer (RAFT) 

polymerization. The resulting Mw is M=56·10
3
 g/mol and the respective weight 

contents are 7% for PEO, 68% for PNIPAM and 25% for PAA. The polymer was 

dissolved in water (pH 7) at 0.1 mg/ml. The sample was left overnight to equilibrate 

and the salt content was set afterwards to 0.01M NaCl. 

Lysozyme (HEWL) with molecular weight M=14.7·10
3
 g/mol was purchased from 

Fluka and used without further purification. Stock solutions were prepared by 

dissolving lysozyme at 0.1 mg/ml in the pH7/0.01M NaCl aqueous medium and 

leaving overnight to equilibrate. All samples were filtered by 0.45μm hydrophilic 

sartorious filters in order to eliminate dust or large clusters and loaded into standard 

1cm width Helma quartz dust - free cells. 

Multi Angle Laser Light Scattering was performed with an ALV compact goniometer 

system (ALVGmbH, Germany), equipped with four ALV-5000/EPP multi tau digital 

correlators and a He-Ne laser operating at the wavelength of 632.8 nm able to perform 



a full static and dynamic measurement at 16 angles (from 20 to 146°) in 7 minutes. In 

Static Light Scattering (SLS) the Rayleigh ratio 𝑅(𝑞) is calculated with respect to a 

toluene standard. The scattering wave vector is given by 𝑞 =
4𝜋𝑛0

𝜆
𝑠𝑖𝑛

𝜃

2
 where 𝑛0 is 

the solvent’s refractive index. 

SLS data were treated
8
 by the Zimm approximation: 

𝐾𝑐

𝑅(𝑞,𝑐)
=

1

𝑀𝑤𝑃(𝑞)
  (1) 

𝑀𝑤 is the z-averaged molar mass and 𝑐 is the particle mass-concentration in solution. 

In case of an aggregating polymer of molecular weight 𝑀𝑝𝑜𝑙 in solution the 

aggregation number (𝑁𝑎𝑔𝑔) is given by 𝑁𝑎𝑔𝑔 =
𝑀𝑤

𝑀𝑝𝑜𝑙
. The single particle’s form factor 

is given by 𝑃(𝑞) = (1 +
1

3
𝑞2𝑅𝑔

2)
−1

 (Zimm) or 𝑃(𝑞) = 𝑒−
1

3
𝑞2𝑅𝑔

2

(Guinier 

approximation), where 𝑅𝑔  the (z-averaged) radius of gyration. 𝐾 is the contrast factor 

for LS given by 𝐾 =
4𝜋2𝑛0

2

𝑁𝐴𝜆4
(𝜕𝑛/𝜕𝑐)2, where 𝜕𝑛/𝜕𝑐 is the refractive index increment 

of the scattering particles in the solvent. 

In Dynamic Light Scattering (DLS) the intensity auto-correlation functions 𝑔(2)(𝑡) 

are collected
9
 at different scattering angles and can be analysed by the CONTIN 

algorithm. The characteristic relaxation rate 𝛤(𝑞) is taken from the position of the 

maximum (𝜏(𝑞)) of the distribution function of relaxation times (𝛤(𝑞) =
1

𝜏(𝑞)
). In the 

case of diffusive modes there is a linear relation between 𝛤(𝑞) and 𝑞2 i.e. 𝛤(𝑞) = 𝐷 ∙

𝑞2 and hence the diffusion coefficient 𝐷 is obtained. The hydrodynamic radius, 𝑅ℎ, is 

extracted from the Stokes-Einstein equation (equation 2). 

𝑅ℎ =
𝑘𝐵𝑇

6𝜋𝜂𝐷
  (2) 

where 𝜂 is the viscosity of the solvent, 𝑘𝐵 is the Boltzmann constant and 𝑇 is the 

absolute temperature. The temperature of the samples was set by a PolyScience 



temperature controller. For an increasing-temperature jump the sample cell was 

removed from the sample holder, the sample holder/toluene bath was heated to the 

desired temperature and the sample was rapidly inserted into the sample environment. 

All the samples were tested at 25 and 30 °C before any increasing-temperature jump 

and no morphology change was observed. For the decreasing-temperature jumps the 

desired temperature was set in the bath without removing the sample and going on 

with the data collection. The temperature inside the sample-containing toluene bath 

did not take longer than 5 minutes to reach the set point. 

 

RESULTS AND DISCUSSION 

Kinetics of PEO-b-PNIPAM-b-PAA assembly. In figure 1a the SLS data from a 30 

to 35 °C temperature jump is shown for several instants after the temperature jump. 

The data are presented as Guinier plots. It is clear that the intercept is increasing as a 

function of time indicating the increase in molecular weight. The initial slope is also 

changing which highlights the change in the radius of gyration. The low- 𝑞 range of 

our LS measurements (3-4 first data points) allows determination of 𝑅𝑔 values up to 

~200-250 nm. As it can be shown
10

 the Guinier approximation estimates 𝑅𝑔 with 10% 

accuracy up to  𝑞𝑅𝑔 ≈ 2. In this work we use the initial linear part of the Guinier 

plots to estimate  𝑅𝑔 and 𝑀𝑤. The divergence of Guinier plots from linearity at higher 

𝑞 can be attributed to either effects of the form factor of the scattering objects
11

 or co-

presence of species of smaller 𝑅𝑔 in solution. 

In DLS the intensity auto-correlation functions were characterized by a single mode 

(CONTIN peak) and from them the characteristic relaxation rate (𝛤(𝑞)) was obtained 

(figure 1b). More on the CONTIN analysis distributions will be presented towards the 

end of the manuscript. The linear initial part of the 𝛤(𝑞) vs 𝑞2 plots was used to 



extract the diffusion coefficient and subsequently 𝑅ℎ. The divergence of these plots 

from linearity at higher 𝑞 can be attributed to either internal dynamics of the 

scattering objects
12

 or co-presence of species with higher diffusion coefficient. The 

analysis of the data is similar for the rest of the study in terms of measurement of 𝑅𝑔, 

𝑅ℎ and 𝑀𝑤. 

 

 



Figure 1: SLS (a) and DLS (b) data from a 30 to 35 °C temperature jump for  PEO-b-

PNIPAM-b-PAA (0.1mg/ml, pH 7 and 0.01M NaCl) from successive  measurements 

about 25 min apart from each other. The bended arrows represent the passing of time. 

The straight lines are fits at the initial linear part of the data sets. The filled squares 

represent the data at the start of the experiment (hence they do not follow the time-

arrow). 

 

 

Figure 2: Aggregation number (squares) and characteristic ratio 𝜌 =
𝑅𝑔

𝑅ℎ
 (circles) (a), 

and gyration (squares) and hydrodynamic radius (circles) (b), for  PEO-b-PNIPAM-b-



PAA (0.1mg/ml, pH 7 and 0.01M NaCl). The vertical lines indicate the jump from 30 

to 35 °C (left) and from 35 to 30 °C (right). 

 

The apparent aggregation number 𝑁𝑎𝑔𝑔 is found much higher than unity already from 

30 °C (the data was unchanged between 25 to 30 °C). Indeed in aqueous solutions, the 

expected unperturbed dimensions of PEO
13

 (𝑅𝑔 ≈ 3𝑛𝑚), PNIPAM
14

 (𝑅𝑔 ≈ 8𝑛𝑚, 

below LCST) and  PAA
15

 (𝐿 ≈ 50 𝑛𝑚, fully stretched) chains of similar molecular 

weights are small compared to the apparent sizes observed by LS.   This means that 

the system is in an aggregated state possibly due to hydrophobic attraction between 

PNIPAM blocks below LCST
16, 17

. Also hydrogen bonding between PEO and PAA
18, 

19
 blocks is a possible cause of inter-chain associations. In the first 25 minutes after 

the increase-temperature jump there is a mild increase in 𝑁𝑎𝑔𝑔 and a simultaneous 

decrease in the radii (figure 2). The shrinkage of the aggregates is caused by the coil-

to-globule transition of PNIPAM blocks
20

. We have to keep in mind that under 

constant  𝑁𝑎𝑔𝑔 any change in 𝑅ℎ in the order of 50 nm is due to a collective change in 

conformation of individual PNIPAM chains from the whole mass of the aggregate 

(because of the small size of individual PNIPAM chains). The mild increase of 𝑁𝑎𝑔𝑔 

signifies the enhanced presence of hydrophobic units in the aggrregates that facilitates 

further aggregation although at this stage this is not the dominant effect.  In the recent 

works of Papadaki’s et al. the thermoresponsive kinetic studies of PS-b-PnNIPAM-b-

PS flower-like micelles reveal an initial stage of intermicellar morphological 

rearrangement (collapse of the PNIPAM shell) and a subsequent intermicellar 

clustering
21, 22

. In that case though, the initial inter-micellar rearrangement is much 

faster (~10-20 sec) than ours (~20 minutes). This shows that our system, which 

contains two hydrophilic side blocks (e.g. PEO and PAA) instead of highly 



hydrophobic ones (i.e. PS), resists to a fast internal collapse since the hydrophilic 

groups stabilize its structure in water. 

During the initial stage (0 to 25 min) the ratio 𝜌 =
𝑅𝑔

𝑅ℎ
 increases from 𝜌 ≈ 1 to 𝜌 ≈

1.2. This is compatible with a geometry of a randomly cross-linked microgel 
23

 or a 

dense fractal aggregate 
24

. Between 50 and 100 minutes there is a strong increase in 

𝑁𝑎𝑔𝑔 due to strong clustering between aggregates. We have observed by small angle 

neutron scattering a similar effect of clustering of intermicellar aggregates of PS-b-

PNIPAM-b-PS micelles 
17

 upon increasing temperature above PNIPAM’s LCST. 

Additionally in that work, we had observed the shrinkage of the (intermicellar) 

aggregates as we did here. 

This increase in 𝑁𝑎𝑔𝑔 is accompanied by a simultaneous strong increase in 𝑅ℎ. On the 

other hand 𝑅𝑔 reaches a plateau value at 75 minutes and consequently from that time  

𝜌 drops below 1 eventualy reaching a value between 0.5 and 0.6. This value of 𝜌 is 

reminescent of spherical particles with their mass distribution concentrated preferably 

towards their center 
25

 (dense core-diffuse shell geometry). We had observed a super-

core-shell spherical geometry
17

 of flower-like PS-b-PNIPAM-b-PS micelles within 

aggregates caused by the presence of PNIPAM. In that case a dense core of closely 

packed micelles was formed surrounded by loosely attached micelles. Since after 75 

minutes 𝑅𝑔 is constant while 𝑅ℎ increases we conclude that at this time regime 

aggregates adhere loosely on pre-formed denser aggregates and at the same time the 

initial core of the clusters collapses further. Values of 𝜌 below the one of a uniform 

sphere
26

 (~0.775) can be observed also for microgels
27

 and there also exist 

observations where a dense core can further collapse while the outer periphery 

remains virtually unchanged, leading to a decrease in 𝑅𝑔 while 𝑅ℎ  remains 

constant
23

. 



After switching the temperature from 35 back to 30°C (figure 2) there is a weak drop 

in 𝑁𝑎𝑔𝑔 which reaches a plateau value much higher than the starting one i.e. the 

system does not return to its original state (the one before the temperature-increase 

jump) within the time-frame of the experiment. Apparently the PAA-PEO and PAA-

PAA aggregations that were formed at 35 °C play a critical role. Although PNIPAM 

is below its LCST and its hydrophobicity is diminished at 30°C, the PEO–PAA 

interactions acting when these come closer within the clusters, persist after the 

decrease in temperature below LCST. PAA is an intrinsically hydrophobic 

polyelectrolyte. It has been observed that it can form collapsed layers in the case of 

core-shell polyelectrolyte micelles with a hydrophobic core
15

. At this situation the 

counterions are forced to condensate back onto the PAA backbone. This way, contacts 

may remain after the globule-to-coil transition of PNIPAM.  

Additionally there is a weak decrease in 𝑅𝑔 and a weak increase in 𝑅ℎ (at the jump 

from 35 back to 30°C). The increase in 𝑅ℎ and dissociation (to some extent) of the 

clusters (decrease in 𝑁𝑎𝑔𝑔) show a relaxed conformation of the clusters below the 

LCST. This small increase in 𝑅ℎ  is most probably due to the extension of PNIPAM 

blocks and the resulting swelling and hydration of the clusters
28

. PNIPAM blocks are 

hydrophilic at this temperature. The slight decrease in 𝑅𝑔 during the dissociation of 

clusters can be explained by a detachment of aggregates from the outer layers of the 

super-core-shell structure formed at 35 
o
C (𝜌 remains near 0.5).  

Kinetics of complexation and temperature response of PEO-b-PNIPAM-b-PAA / 

lysozyme complexes. We now turn to the PEO-b-PNIPAM-b-PAA / lysozyme 

nanosystems. Mixing the two components results in complexation due to the 

complementarity between the negative charges of PAA block and the positive ones of 

lysozyme. For the complexed amount of lysozyme per PEO-b-PNIPAM-b-PAA 



aggregate the following procedure is used29. Assuming that the scattered light from 

free lysozyme in solution is negligible compared to the scattering from PEO-b-

PNIPAM-b-PAA aggregates then from the SLS data treatment, 
𝐾𝑝𝑜𝑙𝑐𝑝𝑜𝑙

𝑅(𝑞=0,𝑐)
=

1

𝑀𝑤
𝑎𝑝𝑝 an 

apparent molecular weight is obtained. This needs to be rescaled if we use polymer’s 

parameters i.e. 𝐾𝑝𝑜𝑙 =
4𝜋2𝑛0

2

𝑁𝐴𝜆4
(𝜕𝑛/𝜕𝑐)𝑝𝑜𝑙

2  and 𝑐𝑝𝑜𝑙. For (𝜕𝑛/𝜕𝑐)𝑝𝑜𝑙 we use a weight 

average i.e. (𝜕𝑛/𝜕𝑐)𝑝𝑜𝑙 = 0.07 ∙ (𝜕𝑛/𝜕𝑐)𝑃𝐸𝑂 + 0.68 ∙ (𝜕𝑛/𝜕𝑐)𝑃𝑁𝐼𝑃𝐴𝑀  +

 0.25 ∙ (𝜕𝑛/𝜕𝑐)𝑃𝐴𝐴. For the additional mass percentage 𝑤 due to lysozyme on one 

aggregate leads to a complex’s molecular weight 𝑀𝑤
𝑐𝑜𝑚𝑝 = (1 + 𝑤) ∙ 𝑀𝑤

𝑎𝑔𝑔
, where 

𝑀𝑤
𝑎𝑔𝑔

 is the molecular mass of the aggregates before complexation. The concentration 

of the complexed particles is (1 + 𝑤) ∙ 𝑐𝑝𝑜𝑙 and their refractive index increment is 

(𝜕𝑛/𝜕𝑐)𝑐𝑜𝑚𝑝 =
1

1+𝑤
(𝜕𝑛/𝜕𝑐)𝑝𝑜𝑙 +

𝑤

1+𝑤
(𝜕𝑛/𝜕𝑐)𝑙𝑦𝑠𝑜. From the equation 𝑀𝑤

𝑎𝑝𝑝 ∙

𝐾𝑝𝑜𝑙 ∙ 𝑐𝑝𝑜𝑙 = 𝑀𝑤
𝑐𝑜𝑚𝑝 ∙ 𝐾𝑐𝑜𝑚𝑝 ∙ 𝑐𝑐𝑜𝑚𝑝 the mass percentage 𝑤 is obtained (equation 3). 

𝑤 = (√
𝑀𝑤

𝑎𝑝𝑝

𝑀𝑤
𝑚𝑖𝑐 − 1) ∙

(𝜕𝑛/𝜕𝑐)𝑝𝑜𝑙

(𝜕𝑛/𝜕𝑐)𝑙𝑦𝑠
  (3) 

From 𝑤 the number of lysozyme globules per aggregate 𝑁𝑔𝑙𝑜𝑏 is calculated using the 

molecular weight of lysozyme. 

 



 

 

Figure 3: Number of lysozyme globules per micelle (squares) and characteristic ratio 

(circles) (a) and gyration (squares) and hydrodynamic radius (circles) (b) for  PEO-b-

PNIPAM-b-PAA (0.1mg/ml, pH 7 and 0.01M NaCl) during complexation with 

lysozyme (0.025mg/ml, pH 7 and 0.01M NaCl). The experiment is run at 25 
o
C. 

 

In figure 3 the vertical line on the left indicates the instant when the two components 

i.e. PEO-b-PNIPAM-b-PAA solution is mixed with the lysozyme solution. The LS 

experiment follows the evolving parameters of the system during complexation at 25 

o
C. For about 80 minutes (right vertical line of figure 3) the radii increase weakly 

(figure 3a) while their ratio is fairly constant. At this time interval the number of 



globules per aggregate is increasing strongly (roughly exponentially) until about 50 

minutes and reaches a (local) plateau between 50 and 80 minutes (right vertical line in 

figure 3). The weak increase in radii and the stability of their ratio shows that the 

aggregates do not change their geometry significantly during complexation. The 

increase in molecular weight (which is translated into 𝑁𝑔𝑙𝑜𝑏) without significant 

geometry change, points that lysozyme globules enter the aggregates, complex 

probably mostly with the oppositely charged PAA chains, following the morphology 

of the PEO-b-PNIPAM-b-PAA  and imposing also a mild swelling upon the 

aggregates. This process appears to reach equilibrium between 50 and 80 minutes. 

From 80 minutes to the end of the experiment, another process occurs (figure 3). 

Initially 𝑁𝑔𝑙𝑜𝑏 increases exponentially (up to ~150 minutes) and reaches a plateau 

afterwards. Similarly the radii increase and reach a plateau at roughly the same time. 

The final values of the radii produce a lower value of 𝜌 due to stronger increase of 𝑅ℎ 

than 𝑅𝑔. This value of 𝜌 ≈ 0.85  indicates a trend of the clusters to form a more 

compact spherical structure. At the point of the vertical line at 80 minutes the total 

amount of lysozyme that is complexed on aggregates is approximately equal to the 

amount of lysozyme dissolved in solution. Any 𝑁𝑔𝑙𝑜𝑏 higher than this value (~500 

globules/aggregate) is not feasible and hence values 𝑁𝑔𝑙𝑜𝑏 > 500 are apparently 

caused by clustering between aggregates that increase the total molecular weight. In 

conclusion, at 80 minutes the loading of single aggregates by lysozyme has reached 

its end-point and afterwards a second process of inter-aggregate clustering mediated 

by lysozyme takes place. 



 

Figure 4: Relative molecular weight (squares) and characteristic ratio (circles) (a) and 

radius of gyration (squares) and hydrodynamic radius (circles) (b) for  PEO-b-

PNIPAM-b-PAA/lysozyme complexes (0.1/0.025mg/ml, pH 7 and 0.01M NaCl). The 

vertical lines indicate the jump from 30 to 35 °C (left) and from 35 to 30 °C (right). 

 

In figure 4 the kinetics of the formed PnBA-b-PNIPAM-b-PAA / lysozyme 

complexes through the two temperature jumps is shown. Upon the increase in 

temperature the molecular weight of the clusters increases for 70-80 minutes before it 

reaches equilibrium. The ratio 𝑀 𝑀0⁄  is the ratio of the apparent  molecular weight (as 

obtained by the Guinier approximation)  at a certain time over the molecular weight of 

the clusters at the first temperature jump (time=0).  The increased hydrophobicity of 

the PNIPAM blocks cause further clustering of the complexes increasing the 



molecular weight by 2-3 times. At the same time the radii increase mildly while 𝑅𝑔 

reaches a plateau value sooner than 𝑅ℎ. This latter effect results to a final decrease in 

𝜌 towards a compact spherical conformation. After reducing the temperature below 

PNIPAM’s LCST the complexes are virtually unaltered. Probably the bonds created 

while PNIPAM is in its globule state and caused the partial irreversibility in the case 

of the pure polymer aggregates (with no added lysozyme) are now enhanced by the 

presence of lysozyme which also contains hydrophobic domains (ref). This way the 

combination of lysozyme and PEO-b-PNIPAM-b-PAA aggregates create a hybrid 

nanostructure that is irreversibly transformed to a compact structure upon the 

increasing-temperature jump. 

 

 

Figure 5: DLS characteristic main relaxation rates from (a)  PEO-b-PNIPAM-b-

PAA/lysozyme complexation  and (b) PEO-b-PNIPAM-b-PAA/lysozyme complexes  

from  successive  runs (equal time intervals) over the whole experiments described  in 

figures 3 and 4. The straight lines are fits at the linear part of the data sets. 

 

At this point it is worth looking at the details of the 𝛤(𝑞) vs 𝑞2  of this study. For the 

case of temperature jumps (figures 1b and 5b) the plots are initially highly non-linear 



and eventually linear after some time well within the increasing-temperature jump. 

After this point and even after the decrease in temperature back to 30 °C the plots 

remain linear for both PEO-b-PNIPAM-b-PAA aggregates (data not shown) and 

PEO-b-PNIPAM-b-PAA/lysozyme complexes (figure 5b). In figure 6 we observe that 

for all the experiments performed in this study the distributions of relaxation rates is 

fairly narrow and obviously dominated by a single species. The distribution functions 

equally spaced in time of the complete experiments are shown in figure 6. No 

systematic change with time is observed. Hence we can assume that the non-linearity 

of the 𝛤(𝑞) vs 𝑞2 plots is due to some internal dynamic relaxations of the 

aggregates
30

. Upon increase of temperature and the coil-to-globule transition of 

PNIPAM the stronger binding between chains (and/or chain-lysozyme in the case of 

complexes) freeze and the plots become linear as in the case of solid, internally rigid 

bodies. This freezing remains after the return of temperature below LCST which is in 

accordance to the partial irreversibility of the aggregates and the total irreversibility of 

the complexes. In the case of complexation of PEO-b-PNIPAM-b-PAA with 

lysozyme below LCST (figure 5a) the non-linearity of the plots is observed through 

the whole experiment showing that lysozyme allows internal dynamical relaxations 

during its binding. 



 

Figure 6: Relaxation time distributions (CONTIN) as a function of time (normalized 

by the main relaxation time) for the three experiments: (a) Temperature jumps of 

PEO-b-PNIPAM-b-PAA aggregates, (b) Complexation of PEO-b-PNIPAM-b-PAA 

aggregates with lysozyme and (c) Temperature jumps of PEO-b-PNIPAM-b-PAA / 

lysozyme aggregates.  



 

CONCLUSIONS 

 Multi-Angle Laser Light Scattering was used to characterize thermoresponsive and 

complexation in PEO-b-PNIPAM-b-PAA / lysozyme aqueous solutions. At room 

temperature PEO-b-PNIPAM-b-PAA form aggregates that upon increase in 

temperature from 30 to 35 °C initially shrink and finally create inter-aggregate 

clusters. The initial microgel/fractal aggregate structure changes to core-shell-like 

geometry. The kinetics of complexation of lysozyme with the aggregates (formed at 

room temperature) is initially dominated by the loading of protein globules on 

aggregates and finally by protein-mediated inter-aggregate clustering. This clustering 

is further enhanced upon increase of temperature. Interestingly, there is evidence that 

internal dynamics of PEO-b-PNIPAM-b-PAA aggregates and PEO-b-PNIPAM-b-

PAA / lysozyme complexes “freeze” irreversibly during the increasing-temperature-

jump. This study proves the importance of the kinetics studies in these systems and 

creates ground for further analytical experiments as a function of polymer 

concentration, target temperatures, salt content and pH in order to reveal the 

responsiveness of the self-assembled nanosystems. 
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