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Protein–polyelectrolyte complexation: effects
of sterically repulsive groups, macromolecular
architecture and hierarchical assembly†

Raman Hlushko, Alexander Marin and Alexander K. Andrianov *

Self-assembly of proteins and polyelectrolytes in aqueous solutions is a promising approach for the

development of advanced biotherapeutics and engineering efficient biotechnological processes.

Synthetic polyions containing sterically repulsive ethylene oxide moieties are especially attractive as

protein modifying agents, as they can potentially induce a PEGylation-like stabilizing effect without the

need for complex covalent binding reactions. In this study, we investigated the protein-binding

properties of anionic polyelectrolytes based on an inorganic polyphosphazene backbone, with ethylene

oxide groups incorporated into both grafted and linear macromolecular topologies. The study was

conducted in aqueous solutions using isothermal titration calorimetry, dynamic light scattering, and

cryogenic electron microscopy to analyze the samples in their vitrified state. Our findings revealed that

the stability of the resulting protein–polyion complexes and the thermodynamic profiles of these inter-

actions were influenced by the molecular architecture of the polyions. Furthermore, the formation of

hierarchical assemblies of polyions, through ionic crosslinking into nanogels, rapidly reduced or elimi-

nated the ability of the polyelectrolyte to bind proteins. The comprehensive analysis, combining thermo-

dynamic, spectroscopy and direct visualization techniques, provides valuable insights into the multivalent

charge–charge interactions that are critical for the development of successful non-covalent protein

modification methods.

Introduction

Modification of proteins through the formation of non-covalent
assemblies with ionic polymers is a rapidly evolving approach at
enhancing the performance of these biological macromolecules
in life sciences applications.1–8 To achieve desirable characteris-
tics, such as longer in vivo half-life, improved intracellular delivery
or appropriate protein stability profile, the synthetic modifier
must provide suitable biophysical functionality. To that end,
polyions containing sterically repulsive ethylene oxide groups
are of special interest, as their interactions with proteins may
mimic the effects of PEGylation, which is a commercially success-
ful technology that protects and stabilizes proteins by sterically
shielding proteins with poly(ethylene glycol) (PEG) chains. This
technology currently relies on covalent conjugation chemistry.9–16

The development of non-covalent approaches that leverage multi-
valent protein–polyion interactions17–21 presents an attractive

alternative, as it can broaden the range of protein drug candidates
while drastically reducing the high production costs associated
with PEGylated drugs.22 The success of such an approach depends
on meeting two critical conditions: first, the formation of com-
plexes under the required conditions is feasible, and second, the
dynamic stability of these complexes being adequate for the
intended biomedical or biotechnological application.

One of the obvious challenges faced by researchers in the
development of non-covalent protein modification using PEGyl-
ated polyions is overcoming the counteractive effect of sterically
repulsive oligo(ethylene oxide) segments, which can impose spa-
tial constraints on the attractive charge–charge interactions.23,24

This apparent intrinsic antagonism of the synthetic polymer
modifiers can only be overcome by carefully optimizing the
balance of functionalities and taking into account the differences
between the production and application environments. Another
factor that can play an important role in modulating protein–
polymer interactions is the macromolecular architecture of the
synthetic polyions, particularly the steric arrangement of inert or
repulsive constituents.17,18,25 To this end, it is essential to inves-
tigate the effect of topological features, such as the graft vs. linear
arrangement of protein-repulsive groups, number of junction
nodes and the presence of hierarchical structures, on the
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dynamics of protein–polymer interactions. Indeed, studies on the
complexation of linear and miktoarm star-shaped PEGylated
polyelectrolytes with lysozyme already revealed that linear macro-
molecules were more efficient in the sequestration of lysozyme.17

Moreover, interactions of another PEGylated polyion with kerati-
nocyte growth factor-2 were not dependent on the length of
the grafted chains, but were suppressed for copolymers with
higher graft density.18 However, due to the limitations of
conventional polymerization processes, it remains challenging
to obtain a side-by-side comparison of polymers with the
same chemical composition, but varying macromolecular
architecture.

Polyphosphazene chemistry is a synthetic pathway to achieve
hybrid organo–inorganic polymers, which allows for a broad
diversification of polymer structures via derivatization rather than
polymerization routes, and offers an attractive platform for such
studies.26,27 The suitability of polyphosphazene technology is
further evidenced by the well-established ability of the water-
soluble biodegradable polycarboxylates of this family to not only
form complexes with proteins, but maintain their stability under
physiological conditions.7,28 Poly[di(carboxylatophenoxy)phospha-
zene] (PCPP, Chart 1), in particular, has been extensively studied
for its ability to spontaneously assemble with proteins in aqueous
solutions with the formation of water-soluble complexes of nano-
scale dimensions.29–32 Moreover, PCPP can be formed into nano-
particulate gels by its exposure to ionic cross-linkers, which can
add an hierarchical dimension to a knowledge base of its inter-
actions with proteins.33–36 A versatile synthetic platform allows for
the insertion of ethylene oxide (EO) groups in the PCPP structure,
either as graft PEG chains (PCPP-PEG) or as small dimers
embedded in a linear polymer structure (PCPP-MEEP) (Chart 1).

The present paper reports on the effect of structural deriva-
tization of polyphosphazene polyacid (PCPP) with sterically
repulsive ethylene oxide moieties on its interactions with a
model protein – hen egg lysozyme. The formation of protein–
polymer complexes was studied using isothermal titration
calorimetry (ITC) and dynamic light scattering (DLS) in
aqueous solutions, as well as cryogenic electron micro-
scopy (cryoEM) of samples in their vitrified state. The
combined analysis of thermodynamics, spectroscopy and direct

visualization data reveals the impact of the macromolecular
topology on the strength of the intermolecular binding and
dimensions of the resulting complexes, and on the mechanism
of self-assembly. Furthermore, ionic cross-linking of a soluble
PEGylated macromolecule into nanoscale-sized gel particles
rapidly reduces or even entirely eliminates its ability to form
complexes with a protein.

Experimental
Materials

Lysozyme from chicken egg white, BioUltra, lyophilized powder,
Z98% and bovine serum albumin, lyophilized powder, Z96%,
potassium chloride and sodium phosphate monobasic dihydrate
(Sigma-Aldrich, Saint Louis, MO) and spermine tetrahydrochlor-
ide (Alfa Aesar, Ward Hill, MA) were used as received.

Polymers

Polymers were synthesized as described previously (PCPP,37

PCPP-MEEP38 and PCPP-PEG39) via ring opening polymerization
of hexachlorocyclotriphosphazene and macromolecular substi-
tution of the resulting polydichlorophosphazene. The polymer
structure and composition were confirmed by 1H NMR and 31P
NMR. Spectra were recorded using a 400 MHz Ascend Bruker
NMR spectrometer equipped with a 400 MHz magnet (Bruker
Biospin Corp, Billerica, MA).

Molecular weight (MW) analysis was performed using the
asymmetric flow field flow fractionation (AF4) method. Char-
acterization was carried out using a Postnova AF2000 MT
instrument (Postnova Analytics GmbH, Landsberg, Germany).
A regenerated cellulose membrane with a molecular mass
cutoff of 10 kDa (Postnova, Germany) was used as a separation
membrane, and 25 mM phosphate buffer (pH 7.4) was
employed as the eluent. Molecular weights were determined
using water-soluble polyphosphazene standards (17–1200 kDa
range), which were obtained as described previously.40 Char-
acterization results are shown in Table 1 and Fig. S1, ESI.†

Isothermal titration calorimetry (ITC)

ITC experiments were performed using a Nano ITC SV instru-
ment (TA Instruments, Waters, New Castle, DE, USA) in an
aqueous solution (50 mM phosphate buffer, pH 7.5) at 25 1C.
In a typical experiment, 0.125 mg mL�1 polymer solution was
placed into an isothermal chamber, and was titrated by 10 mL
aliquots of 2.5 mg mL�1 lysozyme from a 250 mL syringe rotating
at 36.7 rad s�1 with a 300 s delay between each injection.
Each injection generated a heat release curve (microjoules
per second versus seconds), which later was processed using
NanoAnalyze software, version 3.12.5 (TA Instruments, Waters,
New Castle, DE, USA) to yield the heat associated with each
injection. Data analysis was performed with the above software,
and a single set of identical sites (SSIS) binding model was
used to calculate the thermodynamic parameters: binding
constant (Kd), reaction stoichiometry (n), enthalpy (DH), and
entropy (DS).

Chart 1 Chemical structures of PCPP (linear homopolymer), PCPP-MEEP
(linear copolymer) and PCPP-PEG (graft copolymer).
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Dynamic light scattering (DLS)

DLS studies of the polymer–protein interactions were con-
ducted using a Malvern Zetasizer Nano ZS instrument. The
data were recorded and analyzed using Malvern Zetasizer 7.10
software (Malvern Instruments Ltd, Worcestershire, U.K.). Sam-
ples were filtered using Millex 0.22 mm filters prior to analysis.

Cryogenic electron microscopy (cryoEM)

An aliquot of aqueous polymer solution was deposited on holey
carbon film TEM grids (Q3100CR1.3–2 nm, Electron Micro-
scopy Sciences, Hatfield, PA), which were pre-treated with
plasma using glow discharge PELCO EasiGlow (Ted Pella Inc.,
Redding, CA). The sample-containing grids were then double-
blotted on the Vitrobot (Vitrobot Mark IV, FEI, Hillsboro, OR)
and vitrified in liquid ethane. The visualization was conducted

using 200 kV Talos Arctica (FEI, Hillsboro, OR) equipped with
FEI Falcon3EC direct electron detector. Imaging was performed
at a temperature of about 90 K at an acceleration voltage of
200 kV. The data were collected using EPU software and
processed in CryoSPARC 4.2.1 (Structura Biotechnology Inc.,
Toronto, Canada).

Results and discussion
Effect of the steric arrangement of repulsive ethylene oxide
groups – graft vs. linear topology

The affinity of polyphosphazenes to lysozyme was achieved
utilizing anionic benzoate side groups of PCPP (Chart 1) as
protein binding moieties. Structural modification of the PCPP-
based polyacids with sterically repulsive ethylene oxide moi-
eties was realized by exploiting two distinctly different
approaches (Chart 1 and Fig. 1a). First, the PCPP-PEG2 graft
copolymer was synthesized via covalent attachment of oligo-
meric PEG chains (5 kDa) to a polyphosphazene backbone.
Second, short methyl-capped ethylene oxide dimers were uti-
lized as polymer side groups, thereby maintaining the linear
topology of the resulting PCPP-MEEP copolymer. Both macro-
molecules were designed to contain approximately 70% (mol)
of ethylene oxide groups, which corresponds to 2% (mol) of
PEG graft chains in the PCPP-PEG copolymer (Table 1). The
ability of these polymers to bind a model protein, lysozyme, was
evaluated by isothermal titration calorimetry (ITC) and bench-
marked against that of a linear PCPP homopolymer. The
quantitative label-free ITC method allows for examination of

Table 1 Polymer characterization data

Polymer
PEG
(%, mol)

EOa

(%, mol)
EOa

(%, w/w)
MWb

(kDa)
Diameterc

(nm) PDId

PCPP 0 0 0 800 53 0.29
PCPP-PEG2 2 70 38 360 52 0.33
PCPP-PEG4 4 83 56 165 67 0.42
PCPP-PEG20 28 98 91 —e 12 0.40
PCPP-MEEP — 71 39 600 40 0.27

a Ethylene oxide (EO) groups. b Molecular weight as determined by AF4.
c Z-average hydrodynamic diameter as determined by DLS. d Polydis-
persity index as determined by DLS. e The molecular weight of PCPP-
PEG20 was not determined due to strong non-specific interactions
during the analysis.

Fig. 1 (a) Schematic of copolymers containing ethylene oxide and benzoate groups (graft PCPP-PEG2 and linear PCPP-MEEP) and homopolymer
containing solely benzoate groups – PCPP. (b) Dissociation constants of lysozyme complexes with PCPP, PCPP-PEG2 and PCPP obtained by ITC, and
(c) thermodynamic patterns of interactions between lysozyme complexes and polymers – PCPP, PCPP-PEG2 and PCPP-MEEP (DH – enthalpy change,
DS – entropy change; favourable contributions are shown in green, unfavourable in red, ITC titration of polymers with the protein: 0.125 mg mL�1

polymer, 4.0 mg mL�1 protein, 50 mM phosphate buffer, pH 7.5).

Soft Matter Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 8

/1
3/

20
25

 2
:4

9:
23

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm01254b


This journal is © The Royal Society of Chemistry 2025 Soft Matter, 2025, 21, 418–426 |  421

both binding isotherms and thermodynamics of interactions,
from which the nature of protein–polymer complexation can be
explored.1,41

The ITC results demonstrate that, despite the relatively high
content of sterically repulsive moieties, both copolymers were
able to spontaneously self-assemble with lysozyme in aqueous
solutions (Fig. S2–S4, ESI†). However, the dissociation con-
stants (Kd) of complexes formed by both copolymers (Fig. 1b)
were over ten-fold higher than that of a PCPP-lysozyme system
(2 � 10�8 M), which is in line with previous findings for that
system.29,32 Somewhat surprisingly, only a minor difference was
detected in the stability of complexes formed by graft and linear
copolymers – with Kd values equal to 9� 10�7 M and 7� 10�7 M,
correspondingly. This suggests that ethylene oxide moieties
embedded into linear polymer chains can be as effective as graft
PEG architectures in suppressing the interactions that are char-
acteristic for the PCPP homopolymer (2 � 10�8 M).

Analysis of the thermodynamic patterns (Fig. 1c) reveals a
noticeable distinction in the mechanism of protein complexa-
tion displayed by the two topologically different polymers.
As seen from the figure, the protein complexation in all studied
systems was characterized by the compensation of an enthalpic
gain, which is a driving force for the process, through an
unfavorable change in the entropy. The observed thermo-
dynamic profile is consistent with those generally reported
for protein–polymer assembly processes driven by electrostatic
forces.1,42 In interactions with the cationic lysozyme, PCPP
predictably demonstrated the highest enthalpy gain compared
to both copolymers, and the PCPP-MEEP interactions were
characterized by the least favorable change. The above results
can be interpreted by considering the differences in the linear
charge distribution in these polymers. A homopolymer (PCPP)
presents an uninterrupted sequence of carboxylic acid groups
(Fig. 1a). The PCPP-PEG2 copolymer retains lengthy blocks of
charges that are interrupted by only 2% (mol) of 5 kDa PEG
grafts, which are responsible for the 70% (mol) content of
ethylene oxide groups in this copolymer (Table 1). In contrast
with PCPP-PEG2, the same 70% (mol) of ethylene oxide groups
in the linear PCPP-MEEP copolymer are randomly distributed
along the backbone, causing a dramatic reduction in the charge
density and its distribution (Fig. 1a and Table S1, ESI†). There-
fore, it can be concluded that the higher density and blocky
distribution patterns of the ionic groups in the polymers
promote stronger electrostatic protein–polymer interactions.
This is in line with the previously reported phenomena of
cooperativity and associative charging,43,44 as well as the effects
of charge density8 resulting in most favorable energetic con-
tributions to self-assembly processes.

The comparison of entropic losses for the PCPP-PEG and
PCPP-MEEP interactions with lysozyme reveals that the enthal-
pic benefits resulting from the blocky distribution of ionic
groups in a graft copolymer are accompanied with entropic
penalties (Fig. 1c). Although entropic contributions are generally
less important than energetic ones for interactions involving
weak polyelectrolytes,44 changes in the entropy, which are
usually associated with the release of counterions from the

vicinity of macromolecules41,45 should not be overlooked. The
lower charge density of PCPP-MEEP, which is already noted
above for the less favorable energetic contribution, is expected
to weaken the counterion–polymer binding.44 Therefore, the
linear copolymer is more susceptible to the release of counter-
ions. This provides some compensation to the overall unfavor-
able entropy contribution in the case of PCPP-MEEP, which is
seen in Fig. 1c.

To complement the analysis of interactions in such systems,
solution characteristics and morphology were also reviewed.
Dynamic light scattering (DLS) studies reveal that the titration
of PCPP and PCPP-MEEP with lysozyme is characterized by a
sharp phase transition (Fig. 2a). In contrast, the protein self-
assembly with PCPP-PEG2 may be described as a slow increase
in the size of agglomerates, which still maintain a relatively
narrow unimodal distribution (Fig. 2a and b). CryoEM images of
PCPP-PEG2 and its complexes with lysozyme in their vitrified
state show a transition from a coil-like chain of the polymer to
micelles (Fig. 2c and d and Fig. S5, ESI†). This phenomenon was
not observed for PCPP and PCPP-MEEP systems, and should be
attributed to the stabilizing effect of graft PEG chains.

Effect of the PEG graft density

The effect of varying the graft density was studied using PCPP-
PEG copolymers containing 2%, 4% and 20% (mol) of PEG
chains (Table 1). Similar to PCPP-PEG2, the PEGylated copoly-
mer contains 4% (mol) of PEG grafts, and was capable of binding
lysozyme in aqueous solution (Fig. S6, ESI†). The complex
dissociation constants determined by ITC (Fig. 3a) increase in
the following series: PCPP 4 PCPP-PEG2 4 PCPP-PEG4, which
is in line with the anticipated growth in a steric barrier due to the
increasing density of the PEG chains. No protein–polymer inter-
actions were observed by ITC for high graft density PCPP-PEG20.
A schematic shown in Fig. 3b outlines the multi-fold increase in
the PEG density in PCPP-PEG copolymers, and provides an
illustration for the potential steric challenges faced by protein
molecules in accessing the anionic side groups located near the
backbone of the highly grafted copolymer. However, the compact
structure of PCPP-PEG20 revealed by DLS and its unusual
behavior in AF4 analysis (Table 1) obscure further analysis of
the interactions in this system.

The thermodynamic patterns of interactions (Fig. 3c) reveal a
progressive increase in the unfavorable losses in entropy when
the graft density increases from 0% to 4% (mol). Since entropic
changes in such systems are typically attributed to the release of
counterions, it is reasonable to assume that the higher graft
density promotes the association of small ions with the polymer.
This may be explained by their retention through the well-known
phenomenon of association of metal ions with ethylene oxide-
containing molecules.46 Accordingly, no entropy gain can be
expected, as the released counterions still remain associated
with the polymer, although henceforth through their complex
formation with PEG grafts. Another potential explanation can
stem from the experimentally observed smaller dimensions of
protein–polymer complexes in the PCPP-PEG4 system under
the same overall conditions (Fig. 3d). These morphological
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Fig. 3 (a) Effect of the PEG graft density on the dissociation constants of lysozyme complexes with PCPP-PEG copolymers and PCPP. (b) Schematic
showing a multi-fold increase in the PEG density in PCPP-PEG copolymers. (c) Thermodynamic signatures of protein–polymer interactions (DH –
enthalpy change, DS – entropy change; favorable contributions are shown in green, unfavorable in red, ITC titration of polymers with the protein,
0.125 mg mL�1 polymer, 4.0 mg mL�1 protein, 50 mM phosphate buffer, pH 7.5) and (d) hydrodynamic diameter of polymers upon titration with lysozyme
(DLS, z-average diameters shown, 0.5 mg mL�1 polymer, 50 mM phosphate buffer).

Fig. 2 (a) Hydrodynamic diameter of polymers upon titration with lysozyme (DLS, z-average diameters shown, 0.5 mg mL�1 polymer, 50 mM phosphate
buffer), (b) DLS profiles of PCPP-PEG2 and its mixture with lysozyme, and cryoEM images of (c) PCPP-PEG2 and (d) PCPP-PEG2 – lysozyme
(0.25 mg mL�1 polymer, 0.55 mg mL�1 protein, 50 mM phosphate buffer, pH 7.5).
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differences in the system can potentially lead to a smaller ionic
core size in PCPP-PEG4 complexes, leading to higher spatial
charge density and stronger retention of counterions.

The analysis of the protein-binding properties of PCPP-PEG
systems cannot be completed without reviewing the potential
effect of intramolecular bond formation in these graft copolymers.
This prerequisite stems from the previously observed ability of
PCPP to form hydrogen bonded interpolymer complexes with
poly(ethylene oxide) at near physiological conditions.47 To that
end, interactions between PCPP and 5 kDa PEG, which was used
in the synthesis of PCPP-PEG copolymers, were studied by ITC.
Although the formation of the complex was detected (Fig. S7,
ESI†), the dissociation constant (4 � 10�4 M) was found to be
orders of magnitude higher than those observed for lysozyme–
polymer complexes (Fig. 1b and 3a). Furthermore, the presence of
unbound PEG in the PCPP – lysozyme titration system did not
have a noticeable effect on the dissociation constant of the
protein–polymer complex (Fig. S8, ESI†). It is noteworthy that
the entropy loss in the PCPP-PEG mixture titrated by lysozyme was
minimized compared to PCPP in the absence of PEG (Fig. S8c,
ESI†). This can indicate the release of PEG from a PCPP-PEG
complex in a PEG-lysozyme ligand exchange reaction. The results
confirm that the intermolecular interactions in PEGylated poly-
ions cannot be neglected. However, the increase in entropy losses
with increasing PEG graft density observed above (Fig. 3c) is not
associated with such phenomenon.

Ionotropic nanogels of graft copolymers and their interactions

Ionic cross-linking of polyelectrolytes is a well-established
approach to engineer hierarchical (three-dimensional) supramole-
cular structures, which find utility in a variety of life sciences and
industrial applications.48–51 To that end, ionic polyphosphazenes
present an attractive opportunity due to their ability to form
hydrogels by undergoing cross-linking in the presence of physio-
logically benign multivalent cation – spermine.33,52 The resulting
assemblies can be formed into nanoparticles of various architec-
tures for use in the areas of drug delivery and theragnostics.34–36

However, the effect of such hierarchical assembly on the ability of
the polymer to form complexes with proteins has not yet been

elucidated. Ionotropic gelation of PCPP-PEG2 in the presence of
spermine is manifested in some changes in DLS profiles and the
formation of nano-sized gels, which are clearly seen in the images
of vitrified samples (Fig. 4 and Fig. S9, ESI†). The cryoEM method
is especially effective in illustrating a striking transition from the
coil-like chains of PCPP-PEG (Fig. 2c) to the discrete and compact
assemblies formed by this polymer upon addition of spermine
(Fig. 4c and Fig. S9, ESI†).

The ability of such sterically constraint nanostructures to
interact with lysozyme was investigated by ITC at two concentra-
tions of the crosslinker (0.1% and 0.2% spermine – nanogels NG-
01 and NG-02, correspondingly), and was benchmarked against
soluble PCPP-PEG2. An approximately three-fold increase in the
dissociation constant of the complex with the protein was
detected for a lightly cross-linked NG-01 nanogel when compared
to a water-soluble polymer (Fig. 5a and Fig. S10, ESI†). Further-
more, a complete loss of the protein-binding ability was uncov-
ered when the cross-linking density was increased by only two-
fold. The assessment of a number of available protein-binding
sites (N), when calculated per a single chain of PCPP-PEG2, shows
that the spatial limitations caused by light crosslinking resulted in
their approximately 40% decrease (Fig. 5b). Thermodynamic
profiles of the interactions reveal (Fig. 5c) that the enthalpy
contribution remains practically the same for both concentrations
of spermine, which suggests that the observed effect is not
associated with weakened ionic interactions due to a change in
the overall polymer charge introduced by a cross-linker. Instead,
the main impact of cross-linking was associated with the less
favorable entropy change observed for nanogels (Fig. 5c). This
may be explained by a more compact matrix of the crosslinked
system, resulting in a higher density of negative charges and
enhanced retention of counterions. It is noteworthy that substan-
tial changes in both reactivity and structural characteristics of the
cross-linked polymer revealed by ITC and cryoEM methods man-
ifested only in subtle variations detected by DLS.

Ion effects on interactions of a PEGylated polymer

As discussed above, many observations and trends made on the
structure–protein binding activity relationship were associated

Fig. 4 (a) Schematic of the formation of spermine cross-linked PCPP-PEG2 nanogels – NGs, (b) DLS profiles of PCPP-PEG2 and PCPP-PEG2
crosslinked with spermine – NG (1 mg mL�1 PCPP-PEG2, 1 mg mL�1 spermine, 50 mM phosphate buffer, pH 7.4) and (c) cryoEM images of PCPP-PEG2
cross-linked with spermine (1 mg mL�1 PCPP-PEG2, 1 mg mL�1 spermine, 50 mM phosphate buffer, pH 7.4).
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with changes in entropy, and attributed to the specifics of
counterion release-retention mechanisms in the system. To
confirm the validity of such assumptions, we explored the
effect of ionic strength on the stability of lysozyme-PCPP-
PEG2 complexes and thermodynamic patterns of interactions
in the presence of various concentrations of potassium chloride
(Fig. 6 and Fig. S11 and S12, ESI†).

As seen from Fig. 6a, the dissociation constants gradually
increase when the salt concentration increases in the 0–100 mM
range. The decrease in the beneficial change in enthalpy is
observed at higher concentrations of salt (Fig. 6b). This is expected
for reactions driven by electrostatic interactions, which are pro-
gressively screened at higher concentrations of potassium chlor-
ide. No protein–polymer interactions are observed when the
concentration of the added salt reaches 500 mM. The most
dramatic effect is observed for entropy changes, which is reversed
from unfavorable (no added potassium chloride) to favorable at
100 mM of salt (Fig. 6b). This is in line with the above suggested
assumptions and literature data, indicating that entropy changes
are driven mainly by a counterion release that is facilitated by the
higher ionic strength.1,41,53,54 The high sensitivity of the system to
the effects of the ions also emphasizes the need to undertake the
evaluation of protein–polymer interactions at the ionic strength
dictated by the needs of the specific application.

Conclusions

Structurally diverse polyions engineered on the basis of an
inorganic phosphorus and nitrogen skeleton offer a convenient
tool for investigating the effect of molecular topology on protein–
polymer interactions. A side-by-side comparison of the protein
binding by graft (PCPP-PEG) and linear (PCPP-MEEP) copolymers
with identical chemical composition is a representative example
of the insights that polyphosphazenes can potentially provide.
Somewhat unexpectedly, in our study performed by an ITC
method, polyanions with either graft or main chain localization
of sterically repulsive ethylene oxide groups formed complexes,
which showed comparable stability. Despite similar dissociation
constants of such protein–polymer assemblies, the thermodynamic
patterns of the interactions displayed significant differences.
In both cases, the compensation of an enthalpic gain by an
unfavorable change in the entropy was observed. In contrast
with the graft copolymer, the interactions of a linear macro-
molecule were characterized by a smaller energy contribution.
However, this was favorably offset by a significantly lower
entropy loss. Mechanistically, these topology-driven changes
can be associated with a shifting balance between the contribu-
tions of electrostatic interactions of macromolecular partners

Fig. 5 ITC titration of spermine cross-linked PCPP-PEG2 nanogels with lysozyme: (a) dissociation constants, (b) number of protein molecules bound to
a single PCPP-PEG2 chain and (c) thermodynamic patterns of interactions (0.125 mg mL�1 nanogel; 2.5 mg mL�1 protein; NG-01 and NG02: 1 and
2 mg mL�1 spermine, correspondingly; 50 mM phosphate buffer; pH 7.5).

Fig. 6 ITC titration of PCPP-PEG2 with lysozyme in the presence of
added potassium chloride: (a) dissociation constants and (b) thermody-
namic patterns of interactions (0.125 mg mL�1 PCPP-PEG2; 2.5 mg mL�1

protein; 50 mM phosphate buffer; pH 7.5).
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and counterion expulsion in the system. In future studies, it
may be interesting to investigate whether the observed mecha-
nistic differences can have an impact on the stability of com-
plexes in solutions of various ionic strength, and especially, in
the complex protein-rich physiological environment.

Another practically important result is in the demonstrated
rapid drop in the polymer protein-binding capacity upon its
ionic cross-linking and transformation to a nanogel. Further
studies can shed light on whether this apparently disappoint-
ing outcome can be turned to an advantage by the gelation of
the already-formed protein–polymer complex. It can be envi-
sioned that such approach will lead to a superior stability of
complexes in a protein-rich environment, in which undesirable
competitive exchange reactions are expected. Lastly, the impor-
tance of the multi-method approach for studying protein–
polymer interactions needs to be emphasized. It is evident that
a combination of ITC and cryoEM techniques in the analysis of
the cross-linked system was critical in providing information,
on which the commonly used DLS characterization was essen-
tially silent.

Overall, multifunctional polyions containing sterically repul-
sive ethylene oxide moieties remain some of the most attractive
choices for the non-covalent modification of proteins. They
have been intensively researched in the areas of protein stabili-
zation, purification, cellular uptake and long-circulating stealth
biotherapeutics. The technology can potentially offer desirable
dynamic protection of the protein, simple ‘‘mix-and-match’’
formulation approaches, reduction in manufacturing costs and
streamlining regulatory processes. However, the pathway
toward a successful commercial development is critically
dependent on the researcher’s ability to effectively control the
stability of the resulting assemblies in the environment dic-
tated by a specific biomedical or biotechnological application.
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M. Bouché, A. K. Andrianov, E. J. Delikatny and
D. P. Cormode, Adv. Healthcare Mater., 2024, 13, 2303018.

35 R. Cheheltani, R. M. Ezzibdeh, P. Chhour, K. Pulaparthi, J. Kim,
M. Jurcova, J. C. Hsu, C. Blundell, H. I. Litt, V. A. Ferrari,
H. R. Allcock, C. M. Sehgal and D. P. Cormode, Biomaterials,
2016, 102, 87–97.

36 P. Chhour, N. Gallo, R. Cheheltani, D. Williams, A. Al-Zaki,
T. Paik, J. L. Nichol, Z. Tian, P. C. Naha, W. R. Witschey,
H. R. Allcock, C. B. Murray, A. Tsourkas and D. P. Cormode,
ACS Nano, 2014, 8, 9143–9153.

37 A. K. Andrianov, Y. Y. Svirkin and M. P. LeGolvan, Bioma-
cromolecules, 2004, 5, 1999–2006.

38 A. K. Andrianov, J. R. Sargent, S. S. Sule, M. P. Le Golvan,
A. L. Woods, S. A. Jenkins and L. G. Payne, J. Bioact. Compat.
Polym., 1998, 13, 243–256.

39 A. K. Andrianov, A. Marin, A. P. Martinez, J. L. Weidman and
T. R. Fuerst, Biomacromolecules, 2018, 19, 3467–3478.

40 A. K. Andrianov and M. P. L. Golvan, J. Appl. Polym. Sci.,
1996, 60, 2289–2295.

41 X. Wang, K. Zheng, Y. Si, X. Guo and Y. Xu, Polymers, 2019,
11, 82.

42 J. Walkowiak, Y. Lu, M. Gradzielski, S. Zauscher and
M. Ballauff, Macromol. Rapid Commun., 2020, 41
1900421.

43 V. S. Rathee, A. J. Zervoudakis, H. Sidky, B. J. Sikora and
J. K. Whitmer, J. Chem. Phys., 2018, 148, 114901.

44 V. S. Rathee, H. Sidky, B. J. Sikora and J. K. Whitmer, J. Am.
Chem. Soc., 2018, 140, 15319–15328.

45 S. Yu, X. Xu, C. Yigit, M. van der Giet, W. Zidek, J. Jankowski,
J. Dzubiella and M. Ballauff, Soft Matter, 2015, 11,
4630–4639.

46 K. Li, S. R. Galle Kankanamge, T. K. Weldeghiorghis,
R. Jorn, D. G. Kuroda and R. Kumar, J. Phys. Chem. C,
2018, 122, 4747–4756.

47 A. K. Andrianov, A. Marin and T. R. Fuerst, Heliyon, 2016,
2, e00102.

48 H. H. Tønnesen and J. Karlsen, Drug Dev. Ind. Pharm., 2002,
28, 621–630.

49 L. Cao, W. Lu, A. Mata, K. Nishinari and Y. Fang, Carbohydr.
Polym., 2020, 242, 116389.

50 M. Szekalska, A. Puciłowska, E. Szymańska, P. Ciosek and
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