-

View metadata, citation and similar papers at core.ac.uk brought to you by .i CORE

provided by Ghent University Academic Bibliography

Conformational properties of biocompatible poly(2-ethyl-2-oxazoline)s in phosphate buffered
saline

Alexander S. Gubarev?, Bryn D. Monneryb, Alexey A. Lezov?, Ondrej Sedlacek®<, Nikolai V.
Tsvetkov?, Richard Hoogenboom®", Sergey K. Filippov®

Abstract: Inspired by the increasing popularity of poly(2-ethyl-2-oxazoline) (PEtOXx) for biomedical
applications, this study reports the complete and thorough solution analysis of the homologous series
of biocompatible PEtOx samples in a very broad range of molecular weights ranging from 11.2 x
103, g/mol up to 260 X 103, g/mol. The main focus of the research was on the determination of
conformational properties of PEtOx macromolecules at the temperature of 37°C in phosphate buffered
saline (PBS) buffer simulating the parameters of physiological media. The polymers were studied in
PBS solutions by analytical ultracentrifugation, dynamic light scattering (DLS), translational
diffusion, and intrinsic viscosity measurements in a temperature range from 15 °C up to 72 °C. The
complete set of Kuhn-Mark-Houwink-Sakurada scaling relations revealed linear trends over the whole
range of the studied molar masses, while the determined scaling indices at 37 °C correspond to the coil
conformation in a thermodynamically good solvent ([n] = 0.045 x M°%2 s, = 0.010 x M%4® and
D, = 1750 x M~%5%), Based on the intrinsic viscosity values (most sensitive characteristic to the size
variations of polymer coils, [n] ~73), it was demonstrated that PEtOx macromolecules in PBS
solutions undergo a transition from swollen polymer coils with gradual deterioration of
thermodynamical quality of solutions within the temperature range of 15-45°C, reaching 6-conditions
at 55°C with further precipitation at 62-72°C. Also, to our best knowledge, the conformational
parameters (equilibrium rigidity/the Kuhn segment length and the diameter of polymer chain) of
PEtOx macromolecules were evaluated in physiological conditions for the first time and constitute
A=18 £03nm and d = 0.7 + 0.4 nm. These equilibrium rigidity values classify PEtOx as a
flexible macromolecule with similar rigidity to poly(ethylene glycol). For the first time we were able
to demonstrate a direct influence of thermosensitivity on the rigidity of biocompatible polymer: PEtOX.
The Kuhn segment length is undoubtedly decreasing when approaching the LCST transition
temperature.
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Poly(2-ethyl-2-oxazoline)s (PEtOx) nowadays are very promising candidates for substitution of
classical biocompatible homopolymers such as poly(ethylene glycol) (PEG), poly(N-vinylpyrrolidone)
(PVP) or poly(hydroxypropyl methacrylate) (PHPMA).: 2 To design polymer therapeutics based on
PEtOx, a detailed knowledge of the conformational properties of the polymer chains is required in
physiological conditions. The polymer chain conformation is of primary importance for the fate of a
macromolecule in drug delivery issue. Flexible polymers have higher glomerular permeability and
thus a shorter blood circulation half-life compared to more rigid polymers of the same size. On the
other hand, more flexible polymers diffuse more efficiently in the tumor tissue, which leads to their
increased tumor accumulation.® # The importance of the chain conformation of several biologically
relevant macromolecules such as actin® or DNA® on their functionality has been reported in literature
as well. DNA compaction is, probably, the most spectacular example of conformation changes as the
DNA persistence length strongly decreases after complexation with mono or divalent ions.
Conformational analysis can be performed by a combination of rigorous hydrodynamic methods such
as analytical ultracentrifugation, translational diffusion, and intrinsic viscosity measurements through
Kuhn-Mark-Houwink-Sakurada (KMHS) scaling relations.”*® A broad range of molecular weights
and low dispersity is mandatory for such a study. Therefore, such in depth knowledge on the
conformational properties of PEtOx is absent as for many years high molar mass defined poly(2-
oxazoline)s were synthetically inaccessible due to the sensitivity of the cationic ring-opening
polymerization to nucleophilic impurities in combination with unavoidable intrinsic chain transfer side
reactions (CROP).! Recently, some of us developed an improved synthetic methodology that now
allows the preparation of high molar mass poly(2-oxazoline)s by a combination of rigorous
purification, change of solvent and lower temperature allowing in depth analysis of the conformational
properties of PEtOx in solution.? Recently, related work was published on solution properties of
PEtOX, but in depth conformational analysis and its temperature dependence was not addressed.

In this work, we have investigated the conformation and solution properties of thermoresponsive
biocompatible PEtOx homopolymers in PBS to study the equilibrium rigidity and other parameters as
a function of temperature. The determined molar masses of the suited PEtOx are determined to be in
range from 11.2 x10° g/mol up to 260 x10% g/mol (Table 1). These absolute values of the molar
masses together with sedimentation coefficients, and Gralen constants were evaluated by the classical
sedimentation-diffusion analysis as described in section S2 of the electronic supporting information
(ESI). The intrinsic viscosity values were determined from viscometry measurements, whereas
diffusion coefficient value was obtained from both isothermal diffusion and DLS experiments (ESI).

The comparison of the hydrodynamic characteristics of PEtOx with different molar masses allows
to establish the classical KMHS scaling relationships. In general they can be written as follows:

P; = Ki;F, 1)

where P; is one of the hydrodynamic characteristics and P; is another hydrodynamic characteristic or
the molar mass.

The corresponding KMHS plots are presented in Figure 1 and the parameters of the scaling indices are
given in Table S4 (Supporting Information).



Next, the experimental errors associated with the determination of the scaling indices and the known
relations connecting the scaling indices can be taken into account with:

|bpl = (1 +by)/3, |bp| + bs =1 )

Table 1. The intrinsic viscosity [nA, diffusion Do and sedimentation coefficients so, Gralen constants
ks, hydrodynamic invariants Ag and fs, molecular weights Msp and Mw, polydispersity indexes B, the
rellattl_ve CO{%%E; length L/A and the end-to-end distance determined for PEtOx $amples in PBS
solutions a :
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Figure 1.The KMHS relationships for intrinsic viscosity (1) sedimentation coefficients (2)
and diffusion coefficients (3) of PEtOx samples in PBS solutions at 37 °C (a); the
demonstration of sensitivity of scaling indexes b, on the temperature in PBS solutions
(temperature is presented next to the dependences) (b); Fixman-Stockmayer and Cowie-
Bywater extrapolation procedures at 37 °C (c); the Gray-Bloomfield-Hearst theory
application to obtained hydrodynamic data at 37 °C (d).

Then, the behavior of PEtOx macromolecules in PBS buffer at 37 °C in the studied range of molar
masses could be described by the following KMHS relationships:

[n] = 0.045 x M°%62 s, = 0.010 x MO4®
and
D, = 1750 x M~0-54

The insignificant deviations of hydrodynamic scaling indexes from the value of |0.5] suggest that the
studied system of PEtOx in PBS at 37 °C is in a thermodynamically good solvent and the deviations
are attributed to the occurrence of excluded volume effects.

The conformational parameters, including equilibrium rigidity - A (statistical segment length/Kuhn
segment length) and the transversal dimension of the polymer chain — d (diameter of the polymer
chain), were calculated as the next step.

Usually, the initial evaluations of unperturbed dimensions of polymer chains found in
thermodynamically good solvents are accomplished with the following extrapolation procedures:# 15
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MLPD"A‘;: = (MiL) x [1 +0.28 (%) MO'S], (4)
where M; = M, /A is the molar mass per unit chain length, A is the projection of a monomer unit to the
direction of fully extended polymer chain, M, is the molar mass of a monomer unit. In order to solve
these equations, the M, value must be known. We have calculated the M, value to be equal to 2.62 x
10° g/(mol cm) on the basis of the value of 2 = 3.78 x 1078 cm and the known molar mass of the
monomer unit - M, = 99.13 g/mol.

Thus, the equilibrium rigidity value was calculated both from the rotational 4; = 1.5 + 0.1 nm and
translational friction experiments Ar = 2.7 + 0.1 nm using Eq. (3) and (4), correspondingly. The
obtained values for equilibrium rigidity A correspond to flexible polymer chains that lay in the
following range: 1.5 < A,nm < 2.7.

Further, we have performed more accurate determination of the equilibrium rigidity value using the
Grey-Bloomfield-Hearst theory which describes the dependence of sedimentation coefficient of a
wormlike necklace and also encounters for both long-range interactions and draining effects (the finite
quantity of the polymer chain diameter).'® In the region L/A > 2.3 there is a linear dependence set by
the following equation:

3 MO g2, PoML
e s acor MUTPE 2 Ind/d — d/34 - ¢(o)],

()

where @(&) = 1.431 + 2.635 € + 4.709¢2 and ¢ is the parameter characterizing thermodynamic
quality of a solvent. The parameter & can be assessed from the scaling indexes of KMHS equations:

[sINsPy =

e = (2b, — 1)/3 = (2|bp| - 1. 6)

Assuming the equivalency of a macromolecular size in experiments involving rotational and
translational motion of a polymer chain it is possible to use the substitute ([s]PoN, = (M?®,/[n])*/3
in Eq. (19).1” The dependences of [s]P,N, and M2®,/[n]*/? as a function of M(~/2 are shown in
Figure 1c,d. The slopes of the corresponding dependence will eventually lead to the values of the
equilibrium rigidity, whereas the intercept allows to estimate the values of the diameter of the polymer
chain. Consequently, the following values of A and d were found: A = 2.08 + 0.07 nm, df =
1.1 £ 0.3nmand4, = 1.51 + 0.01nm,d, = 0.2 £ 0.1 nm forthe translational frictional (Ay)
and viscometric (4,)) data respectively. The slight difference between A; and A, values is attributed
to certain disagreements between the theories describing translational and rotational friction for the
chain molecular models, which was widely discussed in literature.*® *® The obtained equilibrium
rigidity values, (Af) and (A4,), are in a good agreement, therefore we used further their averaged
value: < A >= 1.8 + 0.3 nm. The found value of A correlates well with ones determined for
contiguous water-soluble flexible macromolecules: PNIPAM A = 3.0 nm, PHPMA A =17+
0.1nm,PEGandPEIA = 1.9nmand PVP A = 2.0 + 0.4 nm indicating similar rigidity for PEtOx
(Table 2).% Y

The indirect estimations of Kuhn segment length was previously reported by Sung and Lee for
PEtOXx fractions with moderate dispersity in THF solutions showing ambiguous scaling indexes data.?°



Nevertheless the earlier found value is in a good agreement with the value obtained in our study for
PEtOx in PBS at 37 °C.

Additionally, the diameter of the polymer chain can also be estimated from the value of the partial
specific volume using the following relationship:%

a= [ )

The calculated value of 0.69 nm is is in agreement with the values determined based on the sedimention
and viscosity data, which, in turn, provides the appropriate level of trust to the determined values and
finally allows to reach the desired one < d >= 0.7 + 0.4 nm.

Table 2. Kuhn segment length value of some biocompatible water soluble macromolecules.

Polymer A solvent Method of Ref.
nm Kuhn length
determination
PEG 19+ Water; Viscometry <

0.1 water +
(2 x 0.45 M
0.93) K2SO4 N
PNIPAM 3.0 Water Coo 43
PVP 1.7+ Water + Viscometry H
0.1 0.1M (SF)
2.4 + sodium  Sedimentation
0.1 acetate
PHPMA 1.7+ Methanol, Viscometry, <4
0.1 DMF Stockmayer-
Fixman (SF)
PEtOx 1.4 THF Viscometry, v
Bushin-
Bohdanecky

After determination of the chain conformation characteristics of PEtOx in PBS at 37 °C, we
focused our attention on the effect of temperature as PEtOx is known to undergo a lower critical
solution temperature (LCST) phase transition in aqueous solution (without salt added), at least
when having a molar mass above 10 kg/mol.?>?" All PEtOx samples studied here show
thermoresponsivity in PBS solution with a cloud point temperature (62 — 72 °C) (Figures S5
and S6, Suyporting Information). That is in agreement with data reported in literature
previously.=®

Furthermore the viscosity measurements were accomplished in a wide temperature range
from 15 °C to 55 °C), which is almost up to the cloud point temperature (Figure S1,
Table S1, Supporting Information). The intrinsic viscosity values decreased upon increasing
the temperature indicating that the thermodynamic quality of the solvent was gradually getting
worse. Similar trends of the intrinsic viscosity values with increasing temperature were
observed for all studied PEtOx macromolecules. Another evidence of the gradual deterioration
of thermodynamic quality of solutions is the increase of the Huggins constants, which were
determined for all samples and averaged for the studied temperatures: k’: 0.41 (15 °C), 0.42
(25 °C), 0.48 (37 °C), 0.59 (45 °C) and 0.71 (55 °C).?® Further analysis of the viscometry
measurements was performed based on the determination of the scaling indices b, in the
KMHS relationships obtained at the studied temperature range (Table S4). Thus, b, gradually
decreased and passed the transition from swollen polymer coils with the gradual deterioration
of the thermodynamical quality of the PBS solution for PEtOx within the temperature range of
15 — 45 °C and reaching #-conditions at 55°C. Based on the latter, the coefficient ¢ that
characterizes the thermodynamic quality of the solution was calculated (Figure 2). The obained



values of ¢ allow to estimate the Flory coefficients a of linear coil swelling according to the
following equation:*°
a’-1
&€= 5a%2-3 (8)
For the studied PEtOXx series in PBS solution the following values of a were found: 1.6 (15 °C),
1.49 (25 °C), 1.27 (37 °C), 1.17 (45 °C) and 1.0 (55 °C).
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Figure 2. The dependence of parameter € and the
coefficients of linear coil swelling a obtained for the PEtOXx series as function of
termperature in PBS solutions.

Our final step was to investigate the equilibrium rigidity dependence as a function of
temperature, where the most sensitive hydrodynamic parameter — intrinsic viscosity — was
obtained. For that reason Eq.(3) and the Sharp-Bloomfield theory are applied.3 The Sharp-
Bloomfield theory is written for worm-like necklace and accounts for the excluded volume
effects based on the ¢ value:

(3-3¢)/2
1] = = M+39/2 (9)

M; % (1+5¢/6+£2/6)3/2
where @ (&) = 2.86 x 10%3(1 — 2.63¢ + 2.86£2).%2

The resultant graphs are shown in Figure 3 from which the values of equilibrium rigidity were
estimated. The found values of equilibrium rigidity at 37°C correspond well to the values
obtained from the rotational friction experiments. At the same time, both of the used theories
predict the similar trend of a slow decrease of equilibrium rigidity value with increasing
temperature. This result seems reasonable and it is determined by the fact that the value of
rotational hindrance of neighbored chemical bonds in a polymer chain is decreasing with the
raise of the temperature.
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Figure 3. The Fixman-Stockmayer (a), Sharp-Bloomfield (b) extrapolations and the
resultant values of equilibrium rigidity (c), where the set of data points (1) is based on (a)
and (2) — (b) subplot. At the (a) and (b) plots the numbers correspond to the temperatures,
where the current set of intrinsic viscosity values were determined.

To conclude, the complete and thorough analysis gives a direct prove of conformational
similarity of biocompatible PEtOx to already known biocompatible polymers such as PEG,
PHPMA, and PVP. To our best knowledge, the conformational parameters (equilibrium
rigidity/the Kuhn segment length and the diameter of polymer chain) of PEtOx macromolecules
were evaluated in physiological conditions for the first time and constitute A = 1.8 + 0.3 nm
and d = 0.70 £+ 0.4 nm. Such value of equilibrium rigidity classifies PEtOx as a flexible
macromolecule with similar rigidity to poly(ethylene glycol). Such findings justify the choice
of PEtOx as prospective analogue of PEG in future. For the first time we were able to prove a
direct influence of thermosensitivity on the rigidity of biocompatible polymer: PEtOx. The
Kuhn segment length is undoubtedly decreasing with approaching to LCST.
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