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Water-soluble polymers are extensively studied materials in the
field of biomedical chemistry research. This study investigates the
behavior of methacrylamide-based homopolymers and copoly-
mers with linear, two-arm, and star-like structures in aqueous
solutions. The research focuses on how the polymer structure
affects its solution behavior. The study uses intrinsic and shear vis-
cosity measurements to examine the influence of these structures
on solution behavior at both molecular and macroscopic levels.

Introduction

Water-soluble polymer carriers designed to deliver active moi-
eties to a tumor or inflammatory tissue have been extensively
investigated in the last few decades.”” Some of the most
studied polymer materials belonging to this group are poly-
mers based on N-(2-hydroxypropyl)methacrylamide (HPMA).>~°
HPMA-based polymer materials take advantage of their bio-
compatibility, excellent non-fouling properties with biological
materials, structural variability, and excellent water-solubility.
The high hydrophilicity and water-solubility of HPMA-based
polymers are important properties that make them highly
functional materials in drug delivery and in vitro diagnostics
(tvp).”?

The solution behavior of macromolecules is strongly related
to the compactness and shape of the polymer coil. These pro-
perties, determined at the molecular level, significantly impact
the material’s behavior at the macroscopic scale. From an
application perspective, the solution behavior determines the
potential use of macromolecules in human medicine or
related fields. One issue is related to production and troubles
arising from the formulation processes, such as the dis-
solution rate and the viscosity properties of stock solutions.
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Secondly, it emphasizes the biological availability of active
pharmaceutical ingredients (APIs), where the compactness of
polymer coils can affect their availability towards enzymatic
reactions and nonspecific noncovalent interactions. Therefore,
we studied in detail the solution behavior of linear and star-
like polymers and the influence of their molecular weight and
structure on solubility in aqueous buffers.

Intrinsic viscosity is the most relevant variable for describ-
ing the behavior of a polymer solution at the molecular level.
This is because intrinsic viscosity reflects the true viscosity
properties of a polymer molecule independently of its concen-
tration in solution.'® It is used in various industries to describe
a product’s storage stability and quality. Intrinsic viscosity is
also a relevant testing parameter in the pharmaceutical indus-
try (e.g., for the molar mass determination of products such as
sodium hyaluronate). As such, it is listed in several mono-
graphs of the EU Pharmacopoeia and US Pharmacopeia.™!

Shear viscosity is one of the transport coefficients of liquids
and describes the current of transverse momentum.'?
Provided that it governs the macroscopic flow of liquids, it
plays an essential role in treating flows in chemical engineer-
ing and other fields. In addition, the shear viscosity of a solu-
tion is often regarded as a measure of the rates of dynamic
processes of solutes dissolved in the solvent. It is, therefore,
important and interesting to understand the shear viscosity of
liquids in terms of microscopic structure and intermolecular
interaction.

Results and discussion

HPMA-based homopolymers and copolymers with N-(tert-
butoxycarbonyl)-N'-(6-(methacryloylamino)hexanoyl )hydrazine
(Ma-Acap-NHNH-Boc), featuring linear and star structures,
were synthesized within the range of 8 to 1350 kg mol™" using
previously described methods.”*™"® The physicochemical
characteristics, such as molar mass, dispersity, and intrinsic
viscosity of the synthesized samples, along with their struc-
tures, are detailed in the SI (Tables S1-S4, Fig. S1-S5). All
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synthesized polymers contained identical chain end groups to
eliminate the influence of those functional groups on solution
behavior. The primary aim of the study was to determine the
effects of molecular weight and structure, along with the
varying concentration of polymers, on solution behavior at
both the molecular and macroscopic levels (Fig. 1). Size exclu-
sion chromatography (SEC) with viscometric, MALS, and dRI
detectors was employed to measure the intrinsic viscosity of
dilute polymer solutions, while a rotational rheometer was
used to assess the shear viscosity of semi-concentrated
polymer solutions, both physiological solutions.

Intrinsic viscosity

To confirm the suitability of PBS buffer for the measurements
with HPMA polymers, we plotted a conformation plot, depen-
dence of RMS radius on molar mass, for linear polymers with
molar masses above 100 kg mol™'; see Fig. 2.'® The slope of
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Fig. 1 Graphical representation of the studied polymer properties at
the molecular and macroscopic levels, where we used intrinsic viscosity
measurements for molecular level behaviour in diluted samples and
rheology for macroscopic observation of solution behaviour at higher
concentrations.
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Fig. 2 Conformation plot showing the dependence of the RMS radius
of linear HPMA-based homopolymers on molecular weight. Orange -
curve from the MALS detector; black — the fitted curve.
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the fitted curve was calculated as 0.51, proving that the
polymer coil behaves like a random coil through the entire
molar mass range.

We investigated the relationship between intrinsic viscosity
and molar mass, along with the Mark-Houwink plots (MHPs),
for all synthesized materials (see Fig. 3A). The solution behav-
ior of HPMA homopolymers and copolymers containing
6 mol% of comonomer units based on Ma-Acap-NHNH-Boc,
regardless of being protected or deprotected, was found to be
similar to that of HPMA homopolymers (refer to SI Fig. S6).
The calculated slopes of the Mark-Houwink plots for homo-
and copolymers yielded a precise value of 0.65, confirming a
random coil conformation for the copolymers as well."” The
consistent behavior of the HPMA copolymers suggests that
they can maintain their solution behavior even when func-
tional groups suitable for the attachment of biologically active
molecules are present.

The random coil conformation behavior changes were not
observed when the aromatic linker was employed in the two-
arm structure (see the red dot in Fig. 3B). However, significant
changes were observed when the polymer’s structure was
changed from linear to star-like.

Importantly, the star-like polymer structures with at least
four arms exhibit different solution behavior than linear poly-
mers of the same molecular weight. For details, see SI Tables
S3 and S4. The number and length of the polymer arms
strongly impact the solution behavior of the star-like polymers.
The intrinsic viscosity of four-armed star-like HPMA polymers
becomes independent of molecular weight, and the solution
behavior of the material is close to that of a solid sphere for
which the slope of the MHP acquires zero value. Nevertheless,
the slope values for 4-armed star-like polymers with M, <
100 kg mol™" were slightly positive, being dependent on arm
length, 0.14 for SC-SA (18 kg mol™" polymer arms) and 0.18 for
SC-LA (37 kg mol™"), respectively (see Fig. 3B). As the molar
mass of the star-like polymers increases above 100 kg mol™,
the slope value changes to zero for both SC-SA and SC-LA (see
Fig. 3C).

Based on the observation that linear fits work well for both
linear and star-like polymers (SI Fig. S7), their size increases
proportionally with molar mass, but at a slower rate for star-
like structures compared to linear polymers. To determine the
compactness of the polymer molecule, we can use the Ry/Ry,
ratio, which indicates shape and compactness. For linear poly-
mers, this ratio is above one, indicating elongated particles.
For both SC-SA and SC-LA polymers, this ratio is significantly
below 0.77, which corresponds to a particle with a dense core
decorated by long, sparse chains. Please refer to SI Fig. S8 for
further details.

Understanding changes in the conformation of polymer
molecules in solution is crucial for the in vivo application of
the polymer and interpreting results from biological experi-
ments. A few years ago, Etrych et al. published a paper describ-
ing the elimination rate of polymer carriers dependent on
polymer molar mass and architecture.'® Based on the results,
HPMA-based carriers are eliminated from the organism via the

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Mark—Houwink plots. Intrinsic viscosity of HPMA-based polymers with different molar masses and architectures. Linear homopolymers (LH,

black), linear two-arm polymers (DH, red), star-like polymers with 18 kg mol™* polymer arms (SC-SA, green) and star-like polymers with 37 kg mol~

1

polymer arms (SC-LA, blue). (A) Mark—Houwink plot for all synthesized types of polymers — LH, DH, SC-SA, and SC-LA. The orange and grey colored
areas in graph A are zoomed in on (B) and (C), respectively. In (B) and (C), slope values a are calculated separately for each group of polymer.

kidneys up to molar fractions of 69 kg mol™" in the case of
linear polymers and up to molar fractions of 53 kg mol™" in
the case of star-like carriers. Also, the cumulative urinary elim-
ination of linear conjugates was two times higher than that of
star-like polymers. These findings suggest that the flexibility
and conformation of the polymer chain may play a crucial role
in its suitability for biomedical applications.

Shear viscosity

The above-mentioned study examined solution behavior at the
molecular level in highly dilute solutions. The rheological be-
havior of four homopolymers and one star-like copolymer with
a molecular weight of 464 kg mol™" was studied in dilute and
semi-concentrated solutions (10-45 wt%). The solutions’ vis-
cosity was measured. The homo-polymers had molecular
weights ranging from 10 to 65 kg mol™'. Polymers with a
molar mass of about 50 kg mol™" are restricted to a concen-
tration below 35%.

The rheological behavior of the polymer solutions has been
studied in a steady shear mode. All solutions prepared from
polymers with different molecular weights show Newtonian be-
havior, i.e., the viscosity values are independent of the shear
rate applied in the whole measured range. Flow curves of solu-
tions containing the polymer with a higher molecular weight
of 64.3 kg mol " are displayed in Fig. 4.

The absence of shear thinning implies that there are no
intertwinings of polymer chains in the solutions. A small vis-
cosity increase at high shear rates was observed in some
measurements, particularly those at higher concentrations.
This effect is caused by the evaporation of water during the
measurement, and thus, it is considered a measurement arte-
fact. The reproducibility of the measurements was very good,
with differences between individual measurements lower than
10%.

To evaluate the effects of molecular weight and concen-
tration on solution viscosity, values at a shear rate of 50 s
were selected. Fig. 5 shows these values on a log-log scale,
which is commonly used to differentiate between dilute and

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Flow curves of polymer solutions with M,, = 64.3 kg mol™! at
25 °C at various solution concentrations (10—35 wt%). Experiments were
performed in duplicates (empty and filled marks).

M,, [kg-mol']
O 98 (LH1)
O 178 (LH2)
1024 A 336 (LH5)
i O 643 (LH8)
@© Y 464.4  (SC60)
o
E
>
= 1074
[o]
[
(7]
S
©
2 4o
%)
Ic N
1 erit
10° T T T T T

20 0
Concentration [wt.%)]

Fig. 5 Concentration dependence of shear viscosity for polymer solu-
tions with different molecular weights (the straight lines are linear fits of
the experimental values on a log—log scale).
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semi-concentrated solutions. As anticipated, the viscosity of
the solutions increases with polymer concentration and mole-
cular weight. For linear polymers at lower concentrations, the
dependencies can be accurately described by a linear function,
with coefficients of determination R*> exceeding 0.99. At
polymer concentrations greater than 25 wt%, the dependen-
cies become significantly steeper. In this concentration range,
linear fits still show reasonable accuracy, with R*> values
between 0.96 and 0.99.

A critical concentration c., at which the linear macro-
molecules in the solution begin to interact and thus cause a
more significant increase in shear viscosity with concentration,
was determined from the extrapolated linear fits of both con-
centration ranges. The critical concentration was close to
24 wt%, independent of the molecular weight of the dissolved
linear polymers. This can be explained by the fact that in the
given polymer-solvent system, the macromolecules at the
same concentration occupy the same total hydrodynamic
volume regardless of their size. However, the molecular weight
of the dissolved polymer affects how the shear viscosity
increases with concentration. At lower concentrations of up to
20 wt% of the polymer, where no or minimal interactions
between polymer coils are expected, the viscosity increases
more rapidly as the molecular weight rises. This can be seen in
Fig. 6, where the slopes of the linear fits describing the con-
centration dependencies of viscosity are plotted as a function
of polymer molecular weight. In contrast, no clear trend is
observable at concentrations above the critical concentration,
and viscosity increases similarly for all studied molecular
weights of linear polymers.

Besides polymers with a linear structure, a polymer with a
star-like architecture and a molecular weight of 400 kg mol™*
has been studied. In this case of the star-like polymer, no tran-
sition can be identified in the concentration dependence of
shear viscosity. All measured data up to 35 wt% of the
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Fig. 6 The slopes of the linear fits describing the concentration depen-
dence of viscosity as a function of polymer molecular weight (a star rep-
resents the value for solutions of star-like polymers). The grey column
shows the theoretical slope value for a linear polymer with a molar mass
corresponding to that of the star-like polymer.
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polymer, higher concentrations cannot be prepared due to
insufficient solubility, correspond to a linear fit with R* = 0.97
(Fig. 5).

Although the fit quality is somewhat poorer than that of
linear polymers, the critical concentration of the star-like
polymer, at which polymer molecules begin to interact in the
solution, is shifted to higher values well above 30 wt%. This
finding is expected because star-like macromolecules occupy
smaller hydrodynamic volumes compared to linear ones (¢f.
Fig. S7 in the SI). The impact of different architectures of dis-
solved polymer chains is also illustrated in Fig. 6. The viscosity
of solutions of a star-like polymer as a function of concen-
tration increases with a slope of 3.83, which is significantly
lower than expected for a linear polymer with the same mole-
cular weight. The determined slope of 3.83 for the star-like
polymer with 464.4 kg mol ™" actually corresponds to that of a
linear polymer with a molecular weight of approximately
142 kg mol ™. For a linear polymer with the corresponding
molar mass (464 kg mol™"), the theoretical slope value should
be 8.6 (¢f Fig. 6, grey column). This finding reinforces the con-
clusion that the concentration dependence of shear viscosity
sensitively reflects the hydrodynamic volume of dissolved
polymer chains.

Conclusions

This study describes consistently and deeply the solution be-
havior of HPMA-based polymers with different architectures at
both molecular and macroscopic levels for the first time. The
MHP shows that linear or two-arm structures maintain a flex-
ible conformation of a random coil with a slope value of 0.65.
Conversely, starting with four arms, star-like structures adopt a
solid sphere conformation, even when relatively long polymer
arms are attached to the core. The intrinsic viscosity value of
star-shaped polymers with a molecular weight of less than
100 kg mol ™" is dependent on their molar mass, with a value
of a = 0.14. However, the intrinsic viscosity value becomes
independent of molar mass for polymers with higher mole-
cular weights. Intrinsic viscosity measurements can reveal
differences in the shape or conformation of polymer carriers,
which can aid in predicting their behavior. For instance, the
polymer molecule’s stretchability or flexibility could be a
crucial property of the material being investigated in biological
systems.

Rheological measurements confirmed that the concen-
trated solution up to 45 wt% exhibited Newtonian behavior.
The viscosity values remained independent of the applied
shear rate throughout the measuring range. The highly con-
centrated solutions can be stored and utilized immediately
after dilution to the experimental concentration, making them
advantageous for infusion applications. The critical concen-
tration of the shear viscosity slope, calculated to be approxi-
mately 24 wt% for linear polymers, regardless of their mole-
cular weight in the biologically relevant molar masses, was
determined solely for linear polymers.

This journal is © The Royal Society of Chemistry 2025
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