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Electrostatic polyelectrolyte–myoglobin
complexes: relaxation dynamics and viscosity
under hydrated and aqueous conditions

Achilleas Pipertzis, *a Angeliki Chroni,b Andrzej Marcinkowski,c

Barbara Trzebicka, c Stergios Pispas *b and Jan Swenson *a

This study investigates the structural characteristics of polyelectrolyte–protein electrostatic complexes

and their impact on molecular relaxation dynamics and viscosity. A synthetic polyelectrolyte, based on a

statistical copolymer comprising positively charged poly(vinyl benzyl trimethylammonium chloride)

(PVBTMAC) and poly[oligo(ethylene glycol) methacrylate] (POEGMA), was combined with the globular

protein myoglobin. By employing atomic force microscopy (AFM) and X-ray scattering techniques, we

report the formation of nanoscale electrostatic core–shell assemblies with characteristic sizes of

approximately 50 nm and an average interparticle distance of about 60 nm, along with the presence of

larger aggregates in the range of 200–250 nm. This complex formation causes the glass transition

related dynamics of the copolymer to slow down, due to strong electrostatic interactions between the

charged copolymer segments and the globular protein molecules. These strong ionic interactions dis-

tinctly increase the glass transition temperature (Tg) of the copolymer by about 15 K. By rheological and

ball viscometry measurements, we observe an increase in macroscopic viscosity, consistent with the for-

mation of electrostatic complexes and their subsequent aggregation. Overall, these findings provide

insight into the interactions between a charged synthetic copolymer and a globular protein, contributing

to a deeper understanding of the structure–dynamics–property relationships governing polyelectrolyte–

protein electrostatic complexes.

1. Introduction

Protein–polyelectrolyte (PE) complexation represents a versatile
class of soft-matter systems.1–12 The phase behavior and struc-
ture of protein–PE complexes depend sensitively on the charge
density, macromolecular architecture and hydrophobicity of
the polyelectrolyte, as well as the heterogeneous surface charge
distribution of the protein, among other factors.1–6 In general,
proteins are polyampholytes or inherently zwitterionic macro-
molecules, possessing special intramolecular and supramole-
cular structuration with patches of both negative and positive
charges on their surfaces, which significantly influence the
interaction with charged synthetic/natural polymers. As it is
well-evidenced, the structure and the characteristics of the

protein–PE complexes are mainly governed by electrostatic
interactions.7–10,13

While electrostatic attraction is the primary driving force
of complex formation, non-electrostatic contributions such as
hydrophobic interactions and hydrogen bonding can signifi-
cantly influence both complex morphology and protein
stability.1,5,14–16 Depending on the balance of these interac-
tions, complexation may lead to soluble aggregates or induce
phase separation via coacervation (e.g. liquid–liquid) or preci-
pitation (e.g. solid–liquid). Of particular interest is complexation
occurring on the ‘‘wrong side’’ of the protein isoelectric point,
where both species carry the same net charge, underscoring the
importance of protein surface charge heterogeneity.17

Complexation between double hydrophilic block copolymers
(DHBCs) and proteins can yield sophisticated nanostructures.18

DHBCs, composed of two water-soluble host constituents of
different chemical natures, are of significant importance in the
fields of (bio)materials science, pharmacy, biochemistry, and
polymer science.19–23 They serve as an alternative to classical
amphiphilic block copolymers. DHBCs with a charged block(s),
or neutral-ionic block polyelectrolytes, exhibit unique and
fascinating properties, rendering them good candidates as
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delivery nano-systems of biomacromolecules through electro-
static complexation.23,24 As it was recently evidenced, cationic
DHBCs, synthesized using a reversible addition–fragmentation
chain transfer (RAFT) polymerization process, are able to
interact electrostatically with charged proteins (i.e. insulin).21

It has been demonstrated that the electrostatic interactions
between the charged block and the oppositely charged entities
dictate the self-assembly and characteristics of the complexes.21,22

Additionally, most DHBCs designed for biomedical applica-
tions typically feature a bioeliminable nonionic block, such as
poly(ethylene glycol) or poly(oligo ethylene glycol methacrylate)
(POEGMA), to promote water solubility and improved stabili-
zation in aqueous media.21–23,25 POEGMA is a family of bio-
compatible homopolymers and their monomers are not toxic,
making them safer for use in biomedicine.26 In general, the
introduction of a second neutral soluble block influences
the solution behaviour of the block polyelectrolyte and hence
the complexation process, and at the same time provides the
opportunity of better controlling the structure and solution
properties of the formed complexes.

From a soft-matter perspective, protein–polyelectrolyte com-
plexes provide a model platform for studying interactions
between charged heterogeneous macromolecules in aqueous
environments.21–23,25 In particular, block polyelectrolytes with
neutral–ionic architectures enable additional control over com-
plexation behavior and often give rise to core–shell assemblies,
in which a complexed water-insoluble core is stabilized by a
corona of neutral chains. Such systems display diverse struc-
tural characteristics and tunable solution properties. Protein-
containing polyelectrolyte complexes have been applied to a
wide range of fields: food science, drug delivery, protein
purification and enzymatic nanoreactors.21,25,27–30 Beyond their
biological and technological significance, these systems offer
fundamental insight into electrostatic self-assembly and struc-
ture formation in soft condensed matter.

The case of statistical double hydrophilic copolymers has
not received considerable attention so far despite the fact that a
statistical arrangement of charged and neutral segments along
with the synthetic copolymer chain may influence the mode
of interactions and structure formation with proteins. It can be
said that random/statistical copolymers mimic more closely the
arrangement of amino acid residues in protein molecules
compared to diblock copolymers, where charged and neutral
segments are present in block sequences. However, despite
their relevance for biomacromolecular interactions, the influ-
ence of hydration on the structure, molecular dynamics, and
viscoelastic properties of protein complexes formed with statis-
tical double hydrophilic copolymers remains poorly understood.
In particular, the relationship between nanoscale organization,
dielectric relaxation dynamics, and macroscopic rheological
response in such systems has not been systematically investigated.

The present work aims to address this gap by studying
aqueous solutions of a random double hydrophilic copolymer
based on charged/ionic VBTMAC segments and neutral OEGMA
segments using differential scanning calorimetry (DSC), atomic
force microscopy (AFM), small-angle X-ray scattering (SAXS),

dielectric spectroscopy (DS) and rheological measurements.
The aim of this study is to elucidate the impact of adding a
protein (i.e. myoglobin) on their physical properties, ranging
from microscopic relaxation dynamics to meso-scale organiza-
tion and to macroscopic solution’s viscosity. We report the
formation of electrostatic complexes as well as the presence
of larger aggregates, formed through primarily electrostatic
interactions between the synthetic charged copolymer and the
globular protein, as structurally shown by AFM measurements.
This complex formation distinctly slows down the copolymer’s
relaxation dynamics and increases the viscosity of the solutions
and hydrated gels. The obtained results establish correlations
between nanoscale morphology, relaxation dynamics, and
macroscopic viscoelastic behaviour, thereby providing insight
into the structure–dynamics–property relationships governing
hydrated polymer–protein assemblies. Such understanding is
important for the design of responsive polymer–protein com-
plexes and biomaterials with tunable functional properties.

2. Experimental methods
2.1. Synthesis

The synthetic procedure and molecular characterization of the
P(OEGMA80-co-VBTMAC20) copolymer is highlighted in previous
studies.31, 32 Specifically, a charged copolymer with densely grafted
macromolecular architecture was prepared by RAFT polymeriza-
tion, an advantageous method for controlling the molar mass (Mw)
and achieving dispersity values close to unity. The chemical
structure of the investigated statistical copolymer is shown in
Fig. 1, along with a schematic representation depicting the proce-
dure followed for preparing the solutions of the copolymer in
water and in the presence of myoglobin in aqueous media.

Equine heart myoglobin (Z 90% purity, essentially salt-free,
lyophilized powder; r 10% water), purchased from Sigma-
Aldrich (PC code: 1003414746, source: SLCH8120), was used
without further treatment. A copolymer-to-myoglobin weight
ratio of 2 : 1 was prepared in solutions with varying water
concentrations (10 wt%, 30 wt%, 70 wt%, and 90 wt%), depend-
ing on the requirements of each experimental technique. The
exact concentrations used in each experimental method are
provided in Table S1. The isoelectric point of the used protein
is around 6.8–7.2, indicating a neutral net charge, but with
the presence of patches with different charges on the protein

Fig. 1 Chemical structure of the statistical copolymer and digital images
of the dried copolymer, copolymer-water solution and copolymer-water-
myoglobin solution.
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surface. Since the pH of the prepared solutions and hydrated
samples was not directly controlled and it was approximately
7 � 1, myoglobin is expected to remain close to its isoelectric
state throughout the experiments.

2.2. Dielectric spectroscopy (DS)

DS measurements were carried out using a Novocontrol Alpha
frequency analyzer. The temperature protocol involved mea-
surements from 173 K to 423 K in steps of 5 K and for
frequencies ranging from 10�2 to 107 Hz, under atmospheric
pressure. The measurements were performed using a liquid
parallel plate sample cell (with code BDS 1308), provided by
Novocontrol. Specifically, the sample dielectric cell comprised
two electrodes, each 20 mm in diameter, with the sample held
at a thickness of 100 mm by Teflon spacers. The complex
dielectric permittivity e* = e0 � ie00, where e0 is the real and e00

is the imaginary part, was obtained as a function of frequency,
o, temperature, T, and pressure, P i.e., e*(T, o).33 The measured
relaxation dynamics were fitted by the empirical equation of
Havriliak and Negami (HN):34

e�HN o;Tð Þ ¼ e1 Tð Þ þ
X3
j¼1

De Tð Þ
1þ io � tHNj Tð Þ

� �mj
� �nj þ s0 Tð Þ

iefo

(1)

where eN(T) is the high-frequency permittivity, tHN(T) is the
characteristic relaxation time in this equation, De(T) = e0(T) �
eN(T) is the relaxation strength, m and mn (with limits 0.2 o m,
mn r 1) describe the symmetrical and asymmetrical broad-
ening, respectively, of the distribution of relaxation times, s0 is
the dc conductivity, and ef is the permittivity of free space. From
tHN, the relaxation time at maximum loss, tmax, is obtained
analytically as follows:35

tmax ¼ tHN sin�1=m
pm

2 1þ nð Þ

� �
sin1=m

pmn

2 1þ nð Þ

� �
(2)

For the analysis of the dynamic behaviour, we used the
imaginary part of the electric modulus, M00. The latter repre-
sentation facilitates tracking the proton-transport into the
bound water that is coupled to the copolymer–protein
dynamics. In ion/proton conducting systems, the imaginary
part of the complex electric modulus, M00, emphasizes contri-
butions from ion/proton motions (ranging from long- to short-/
localized-distances), which are associated with the conductivity
process. From the maximum of M00, the characteristic relaxa-
tion time of proton transport can be extracted, by employing
the empirical function suggested by Kohlrausch and Williams
and Watts given by:

F tð Þ ¼ exp � t

ts

� �bKWW

" #
(3)

where, t, is the time, ts is the characteristic conductivity
relaxation time and bKWW (0 o bKWW o 1) is the shape
parameter related to the broadening of the relaxation peak.
Lower values of bKWW denote a more stretched relaxation
process, which corresponds to a broader and more asymmetric

peak in the frequency domain. As proposed earlier by Bergman,
the M00 peak can be directly fitted in the frequency domain, with
the following function:34

M00 ¼
X
n

M00
max;n

1� bnð Þ þ bn= 1þ bnð Þð Þ bn omax;n=o
� �

þ o=omax;n

� �bnh i
(4)

where M00
max is the peak value of M00 and omax is the corres-

ponding frequency at the maximum of the electric modulus
spectra, which is related to the corresponding dielectric relaxa-
tion time as ts = 1/omax. Representative spectra are shown in
Fig. S1(a). Moreover, we employed the real part of the complex
conductivity, s0, to determine the values of the proton/ionic-
conductivity, as depicted in Fig. S1(b).

2.3. Viscometry

For the viscosity measurements of the solutions with high water
concentrations (cw 4 80 wt%), a Lovis M2000 microviscometer
from Anton Paar was used. A short-distance sample capillary
with a diameter of 1.59 mm and a stainless-steel ball with a
diameter of 1.5 mm were employed. The capillary was carefully
filled with a syringe, to avoid the formation of air bubbles.
At each temperature, an automatic scan of different angles
(ranging from �701 to 701) was performed. All measurements
were conducted at atmospheric pressure.

2.4. Atomic force microscopy (AFM)

AFM measurements were performed using a Dimension ICON
AFM microscope equipped with a NanoScope V controller
(BRUKER Corporation, Santa Barbara, CA, US) operating in
the soft tapping mode in an air atmosphere with a standard
125 mm long, with flexural stiffness of 42 N m�1 of a single-
crystal doped silicon cantilevers (Model PPP-NCH-10, NANO-
SENSORS). Images were obtained using a piezoelectric scanner
with a nominal size of 85 � 85 mm. The micrographs were
recorded using NanoScope Analysis 1.9 Software (BRUKER
Corporation, Santa Barbara, CA, US).

For AFM measurements, sample solutions were dripped
onto the surface of freshly split mica and left to dry at room
temperature. For the samples, 2D and 3D images were acquired
from surface areas of 0.5 � 0.5 mm and 4.0 � 4.0 mm. A z-scale
ranging from �10 to +10 nm was maintained for all images.

2.5. Small-angle X-ray scattering

SAXS measurements were conducted using a Mat:Nordic instru-
ment (SAXSLAB) at Chalmers Material Analysis Laboratory
(CMAL), for identifying the self-assembly of the solution with
myoglobin. The measurements were carried out under vacuum
at room temperature. The solution was placed in a 1.5 mm
quartz capillary tube using a syringe. The exposure time was
30 min and a sample–detector distance of B1.08 m was used,
which gives a q-range of 0.0138–3.0717 nm�1.
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3. Results and discussion
3.1. Structural evidence of polyelectrolyte–myoglobin
complexes

For structurally identifying the formation and characteristics of
the copolymer–protein electrostatic complexes, AFM and SAXS
measurements were performed, as detailed in the ‘‘Experi-
mental methods’’ section (Fig. 2). Due to its high sensitivity,
AFM enables the detection of individual binding events as well
as the investigation of intermolecular and intramolecular
interactions.36,37 To identify these polyelectrolyte–myoglobin
complexes, AFM measurements were conducted using dried
solutions, and representative images are shown in Fig. 2.
Results for the dried solution without myoglobin indicate the
absence of aggregates, reflecting the hydrophilic nature of the
copolymer (Fig. S2).

For the copolymer-water solution, a very smooth surface can
be observed without visible objects or changes in texture,
regardless of the location (layer thickness) and size of the
scanned area, as depicted in Fig. S2. For the specimen contain-
ing myoglobin, a heterogeneous surface texture was observed
with differences in height between 3 nm and 7 nm and objects
in two ranges of diameter 50–60 nm, indicating the formation
of primarily core–shell assemblies, and 200–250 nm, reflecting
further aggregation of the smaller complexes, as shown in
Fig. 2a and detailed below. Using the AFM technique, the
complex of myoglobin and polystyrene nanoparticles38 and
the adsorption of myoglobin onto phosphate-grafted zirconia
nanoparticles were studied.39

Quantitative insight into the structure and the presence of
these electrostatic complexes can also be obtained through
SAXS measurements. The SAXS patterns of the solution con-
taining myoglobin (cw = 90 wt%) are provided in Fig. 2b.

In the SAXS data, the scattered intensity is given by the
product:40

I(q) B KP(q)S(q) (5)

where P(q) is the form factor and S(q) is the structure factor,
and K is a constant that depends on the particle concentration,
the scattering contrast between the particles and the solvent,
and instrumental factors. The structure factor is associated
with the peak at around 0.1 nm�1 that corresponds to a
distance of d = 2p/q* E 60 nm and reflects the inter-micellar
or inter-spheres distance, as depicted in the schematic repre-
sentation in Fig. 2. Alternatively, this characteristic distance
may be attributed to the size of the smaller aggregates observed
in the AFM measurements. However, the former interpretation
appears more plausible. In particular, the corresponding peak
coincides with the nanophase separation distance between the
charged domains and the neutral bulk POEGMA regions, as
evidenced in our previous study.32

The low-q regime corresponds to the Guinier region, which
is associated with the overall size of the scattering objects.
In this region, the scattering intensity mainly arises from the
form factor. This region corresponds to particle diameters of
the order of 200–250 nm, which is in good agreement with the
larger aggregates observed in the AFM measurements. It needs
to be mentioned that the AFM measurements were performed
in dried solutions, facilitating the formation of larger com-
plexes. Taken together the X-ray scattering and AFM results
suggest a hierarchical organization/self-assembly: primary
copolymer–protein complexes with characteristic sizes of about
50–60 nm and a periodic distance between them of 60 nm,
which further associate to form larger aggregates with sizes in
the range of 200–250 nm. Therefore, the structural data verify
the formation of electrostatic complexes as well as the for-
mation of larger aggregates. An open question that immediately
arises is how the presence of these smaller and larger aggre-
gates affects the molecular dynamics and the intrinsic viscosity
of our systems.

3.2. Protein–copolymer relaxation dynamics

Isothermal dielectric measurements were carried out to gain
insight into the impact of copolymer–protein aggregates on the
Tg-related dynamics. Dielectric spectroscopy primarily reflects
reorientational motions of molecular dipoles and translational
motions of charge carriers. However, the presence of solvent,
which enhances the conductivity through charge transport and
imparts first order transitions, can further complicate the
distinction between different types of motions. Strategies to
mitigate these undesirable solvent effects include confining the
solvent within nanoscale cavities to promote a fully amorphous
state or reducing the solvation level in hydrated systems to limit
solvent-related contributions and first-order transitions, as
detailed below, by varying the solvation level in our systems.

Fig. 2 (a) 1D and 2D AFM images and (b) SAXS pattern of the solution with
myoglobin. The specific concentrations used for each experiment are
provided in Table S1. In (b), the different size populations and characteristic
distances observed in AFM and SAXS are illustrated. The error bars of the
SAXS data are given by the line thickness.
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At the same time, the presence of water (i.e. solvent) is
essential for structure, dynamics, and functions of proteins, in
contrast to synthetic polyelectrolytes, which can be studied
under dried conditions.31,32,41–44 The hydration level has a
strong effect on the relaxation dynamics of proteins and on
their specific biological role.45 It has been demonstrated that
their specific function is lost in the dehydrated state, and a
solvent concentration higher than 20 wt% is required for
detectable biological activity.41–44 The reason for this is that
without water (or another suitable solvent) a protein shows no
biologically important dynamics, and as a result, it cannot
perform any biological activities.43,46 The water molecules
surrounding a protein strongly interact with the protein surface
by forming hydrogen bonds to the main chain or the side chain
functional groups of the protein. Additionally, the motions of
water molecules govern the flexibility of the protein, which is
necessary for their function.41,45 Therefore, it is necessary to
select an optimal water content that both preserves the pro-
tein’s functionality and allows monitoring the Tg-related
dynamics of the copolymer.

3.2.1. Effect of water concentration on the Tg-related
dynamics. The extracted relaxation times of the electric modulus
representations and the values of proton/ionic conductivities are
plotted as a function of inverse temperature in Fig. 3 and Fig. 4, for
the solutions with different water concentrations.

As depicted in Fig. 3 and 4, the s-/a-process coincides with
copolymer’s segmental process at very low water contents.32

For cw o 40 wt%, the temperature dependence of relaxation
times and dc-conductivities follow the Vogel–Fulcher–
Tammann equation according to:

tmax ¼ t#
0 exp

B

T� T0

� �
(6)

smax ¼ s#
0 exp � B

T� T0

� �
(7)

where t#
0 s#

0

� 	
is the relaxation time (conductivity) in the limit

of an infinitely high temperature, B is the activation parameter,
and T0 is the ideal glass transition temperature located below
the conventional Tg, dielectrically defined as the temperature
where the relaxation time reaches 100 s. The VFT parameters of
the relaxation maps (i.e. temperature dependence of relaxation
times) along with the dielectric Tgs are summarized in Table S2.

The VFT temperature dependence, indicative of coopera-
tive structural dynamics associated with the glass transition
temperature, combined with the convergence of relaxation
dynamics with the segmental copolymer’s dynamics at very
low hydration levels, suggests a coupling between ion/proton
transport and the structural dynamics of the copolymer
(copolymer–myoglobin). Under low hydration conditions, water
is predominantly quasi-bound to the copolymer chains. This
fraction remains non-freezable, and proton transport is there-
fore facilitated through this hydration water, which is dynami-
cally coupled to the polymer matrix, as illustrated in Fig. 3.
With increasing water content, the Tg-related dynamics speed

up and thus Tg decreases, reflecting the plasticization effect of
the water solvent, as shown in Fig. S3a.

In contrast, at water contents exceeding 40 wt%, the
presence of freezable and bulk-like water domains (see Fig. 3
and 4) leads to discontinuities in the temperature dependence
of both the dc conductivity and the relaxation times associated
with the s-/a-process. Notably, at these higher hydration
levels, a decoupling between proton transport and structural
dynamics is observed. Concurrently, the proton conductivity
increases (Fig. S3b), reflecting the increased number density
of protons and the formation of water clusters, facilitating
the transport of protons. In this case, the proton transport is
facilitated by the hydrogen-bond-forming networks of water.
The proton migration is mainly facilitated through the proton
hopping (protons are passed along the hydrogen bonds)
according to the Grotthuss mechanism.47 Therefore, an inter-
mediate water content between the limits of 20 wt% (i.e. loss
of protein functionality) and 40 wt% (decoupling of proton

Fig. 3 Inverse temperature dependence of (a) dc-conductivity and
(b) relaxation times for the copolymer solutions without myoglobin,
bearing diferent water concentrations; 90 wt% (brown squares), 70 wt%
(yellow stars), 40 wt% (purrple hexagons), 30 wt% (orange circles), 20 wt%
(cyan up-trangles), 10 wt% (green down-triangles), 5 wt% (dark-yellow
pentagons) and 0 wt% (black circles). The solid lines represent fits by
eqn (7) and (6), respectively. (c) Schematic representation of the copolymer
structure and its hydration water, where the proton transport is coupled to
the copolymer relaxation dynamics, which is facilitated by water.
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transport from copolymer dynamics) is required for gaining
insight into the effect of polymer–protein electrostatic interac-
tions on the Tg-related dynamics.

3.2.2. Impact of copolymer–protein interactions and aggregates
on the Tg-related dynamics. Fig. 5 illustrates 3D-representations as a

function of frequency and temperature of the copolymer solutions
with and without protein, at a fixed water concentration of 30 wt%.

The relaxation times at the maximum of electric modulus
spectra, extracted using eqn (4), are plotted as a function of
inverse temperature in Fig. 6. The relaxation times of the
myoglobin–water hydrated system, taken from the literature,
are also provided for comparison.48

The temperature dependence of relaxation times for the
s-/a-process follows eqn (6), and the VFT parameters along
with the values of the extracted dielectric Tgs are provided in
Table 1. As shown in Fig. 6, the interactions between the
copolymer and the protein molecules result in slowing down
of the copolymer’s Tg-related relaxation dynamics. Specifically,
at a fixed temperature, the relaxation time decreases by about 1
order of magnitude, reflecting the formation of protein–copo-
lymer complexes as well as the presence of larger aggregates, as
structurally shown in Fig. 2. It indicates a dominance of strong
electrostatic/ionic interactions between the charged PVBTMAC
block and myoglobin, over the steric hindrance or hydrophobic
interactions. These strong ionic interactions distinctly increase
the value of Tg by about 15 K. However, it should be noted here
that also redistributions of counterions and water molecules
may contribute to this slowing down of the copolymer’s
segmental dynamics since it has, for instance, been shown
that myoglobin has a strong tendency to be preferentially
hydrated.49 Thus, it is possible that the water prefers to interact

Fig. 4 Inverse temperature dependence of (a) dc-conductivity and (b)
relaxation times for the copolymer-myoglobin solutions with different
water concentrations; 90 wt% (brown squares), 50 wt% (grey squares),
30 wt% (orange circles) and 10 wt% (green down-triangles), upon heating.
The solid lines represent fits by eqn (7) and (6), respectively.

Fig. 5 (a) and (b) 3D-representation of the electric modulus spectra as a
function of frequency and temperature for solutions of copolymer-water
without (a) and with (b) myoglobin, at a water concentration of 30 wt% and
in the temperature ranges of 178–303 K and 228–323 K for the solutions
without and with myoglobin, respectively. (c) Comparison of electric
modulus spectra at T = 253 K. The coloured areas and solid lines represent
fits by eqn (4), for the s-/a- and b-process, respectively.

Fig. 6 Relaxation times as a function of inverse temperature for hydrated
(cw = 30 wt%) myoglobin (dashed line), copolymer (blue symbols) and
copolymer–myoglobin (red symbols). The dielectric data of myoglobin-
water were taken from the literature, ref. 48. Relaxation times calculated
from rheological viscosity data (yellow stars) are also provided for
comparison.

Table 1 VFT parameters, dielectric glass transition temperature and
fragility for the hydrated systems with and without myoglobin, at cw =
30 wt%

Code �log(t0/s)a B (K) T0 (K)
Tg (K)
(t = 100 s) m*

Without myoglobin 12 2310 � 30 134 � 2 206 � 2 39.9
With myoglobin 12 2690 � 20 137 � 1 221 � 1 36.6

a Held fixed.
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with myoglobin rather than the copolymer, thereby reducing
the effective hydration level of the copolymer, which, in turn,
slows down its segmental dynamics.

To quantify the temperature dependence of this structural
process at Tg, the fragility (or steepness index) can be calculated
as m* = BTg/[2.303(Tg � T0)2].50,51 The values are provided in
Table 1. The formation of copolymer–protein electrostatic
complexes reduces the fragility, reflecting their stronger nature.

Furthermore, a faster relaxation mode exhibiting an Arrhe-
nius temperature dependence can be observed, which is char-
acteristic of local, non-cooperative motions occurring in the
glassy state. The corresponding activation energy is approxi-
mately 60–70 kJ�mol�1. A similar relaxation process has previously
been observed for hydrated lysozyme52 and myoglobin48,53 and it
has been ascribed to relaxation of polar side groups in the protein.
In our case, we cannot exclude contributions from the polar
moieties located at the copolymer’s side chains to this relaxation.
Here, it should be noted that there is also a faster, partly over-
lapping, relaxation process due to the dynamics of the hydration
water. However, this water relaxation has been omitted in Fig. 6
since it is difficult to determine its exact temperature dependence,
due to the mentioned overlap with the b-relaxation.

Overall, the strong electrostatic interactions between the
globular protein molecules and the charged segments of the
random copolymer significantly influence the microscopic
molecular dynamics. However, several questions remain
unresolved, particularly regarding the precise nature of the
Tg-related process and its relationship to the intrinsic viscosity
of the solution. Furthermore, the extent to which copolymer–
protein aggregation affects the macroscopic viscosity of the
solution requires further investigation.

3.3. Mechanical properties of hydrated copolymers

To address the aforementioned points, rheological measurements
and ball viscometry were conducted. The formation of copolymer–
protein electrostatic complexes is anticipated to increase the
viscosity of hydrated specimens (i.e. cw B 30 wt%) and aqueous
solutions (i.e. cw B 90 wt%). The zero-shear viscosity, Z0, was

extracted from the frequency-independent regime of complex
viscosity, at low frequencies, by performing dynamic frequency
sweeps into the linear viscoelastic response (Fig. 7a). Specifi-
cally, the viscosity data were fitted with the empirical model of
Carreau–Yasuda to estimate the value of zero-shear viscosity,
Z0, according to:54,55

Z� oð Þ ¼ Z0 1þ loð Þm½ �
n�1
m (8)

where l is the relaxation time, m indicates the width of the
transition region between Newtonian and power-law behaviour
and n is the power-law index (i.e. a measure of the shear-
thinning nature of a polymer melt). All these parameters can
be obtained by fitting the measured data.

As illustrated in Fig. 7b, the incorporation of myoglobin
increases the zero-shear viscosity from 280 � 80 to 650 � 200 at
30 wt% water and from 0.007 � 0.001 to 0.013 � 0.004 at
90 wt% water. The viscosity data can also provide additional
information for the interpretation of the dielectric data.
A comparison of the dielectric and rheological data is provided
in Fig. 6. The rheological relaxation times were calculated from
Maxwell equation, t = Z/GN, where GN (= 108 Pa) is the ideal
glassy modulus. The convergence of relaxation times of the s-/a-
process with the viscosity data verifies its structural origin,
arising from the copolymer’s segmental relaxation. In addition,
the results from the mechanical measurements support
the slowing down of Tg-related dynamics, following the incor-
poration of the protein. This slowing down can be explained by
ionic interactions between the globular protein and the
charged VBTMAC segments. As it is widely reported in the
literature,56–58 the heterogeneous surface charge distribution of
proteins can promote protein–polyelectrolyte complexation and
coacervation even when the protein is close to its isoelectric
point and possesses an approximately zero net charge. Notably,
these strong interactions through the formation of small and
large aggregates (see Fig. 2) also distinctly affect the macro-
scopic viscosity.

To sum up, the dominance of strong ionic interactions
between the charged VBTMAC segments randomly arranged
along the copolymer backbone and the localized negatively
charged patches on the protein surface results in the formation
of copolymer–protein electrostatic complexes and larger aggre-
gates, affecting the Tg-related molecular dynamics of the copo-
lymer as well as the macroscopic viscosity.

4. Conclusions

In this study, we used dielectric spectroscopy, rheology and
viscometry, AFM, and SAXS to investigate the influence of
strong electrostatic interactions between a positively charged
statistical double hydrophilic copolymer and the globular pro-
tein myoglobin. The structural characterization studies reveal
the formation of copolymer–protein core–shell micellar assem-
blies with characteristic sizes of approximately 50 nm and
an average interparticle distance of about 60 nm. These pri-
mary complexes were found to further associate into larger

Fig. 7 (a) Dynamic frequency sweeps for the solutions without (blue) and
with myoglobin (red) at two water concentrations: 30 wt% (filled symbols)
and 90 wt% (open symbols). The solid lines represent fits by eqn (8).
(b) Extracted values of zero-shear viscosity for the solutions without
myoglobin (cyan bars) and with myoglobin (multicolored bars). At cw B
90 wt%, the zero-shear viscosity was verified by performing ball micro-
viscometry measurements.
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aggregates with sizes in the range of 200–250 nm. To elucidate
the effect of these aggregates on the microscopic molecular
dynamics, dielectric spectroscopy measurements were con-
ducted. Analysis of the glass transition related dynamics of
the copolymer indicates a slowing down of approximately one
decade, reflecting the presence of strong electrostatic interac-
tions between the charged VBTMAC segments and the protein
molecules. Concurrently, the viscosity of the hydrated systems
exhibits a clear correlation with the Tg-related dielectric relaxa-
tion process, supporting the relation between macroscopic
properties and microscopic molecular dynamics. In addition,
the viscosity data further highlight the influence of the copo-
lymer–protein aggregation on the macroscopic mechanical
properties. These findings demonstrate that electrostatic inter-
actions between the positively charged copolymer and the
polyampholytic charge distribution of myoglobin play a domi-
nant role in the complexation/aggregation process. Overall, this
work provides insight into the interplay between structure,
molecular dynamics, and rheological behaviour in polyelectro-
lyte copolymer–protein complexes, contributing to a more
comprehensive understanding of such systems.
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