Polymer Journal
https://doi.org/10.1038/541428-024-00902-z

ORIGINAL ARTICLE

Predicting the effects of degradation on viscoelastic relaxation time

using model transient networks

Ryunosuke Kobayashi' - Mitsuru Naito®? - Kanjiro Miyata'? - Takamasa Sakai'> - Ung-il Chung'* -

Takuya Katashima'

Received: 16 December 2023 / Revised: 7 February 2024 / Accepted: 8 February 2024

© The Author(s) 2024. This article is published with open access

Abstract

In this study, we utilized tetra-armed polyethylene glycol (Tetra-PEG) slimes, which are model transient networks with well-
controlled structures, to predict the effects of long-term degradation on the viscoelastic properties of liquids. Viscoelastic
liquids, such as sodium hyaluronate, are frequently used in biomedical applications within the human body. However,
precisely controlling the viscoelastic properties of these liquids in the long-term is challenging, as the main chains of the
liquids undergo stochastic degradation. To establish a predictable model for studying long-term degradation effects, we
employed Tetra-PEG slime, and modifications were performed to introduce specific cleavage sites in areas with connections.
The Tetra-PEG slimes were characterized by single relaxation modes, and these modes were independent from the degree of
degradation, which was determined by hydrolyzing the cleavage sites. Overall, this work provides a universal design for

viscoelastic liquids with precisely-controllable degradation.

Introduction

Viscoelastic liquids, including entangled polymer solutions,
suspensions, and emulsions, exhibit intermediate properties
between elasticity and viscosity, such as time-dependent
mechanical characteristics. As the mechanical properties of
these compounds and soft tissues are similar, these compounds

Supplementary information The online version contains
supplementary material available at https://doi.org/10.1038/s41428-
024-00902-z.

P4 Takuya Katashima
katashima@g.ecc.u-tokyo.ac.jp

Department of Bioengineering, Graduate School of Engineering,
The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-
8656, Japan

Department of Materials Engineering, Graduate School of
Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-
ku, Tokyo 113-8656, Japan

Department of Chemistry and Biotechnology, Graduate School of
Engineering, The University of Tokyo, 7-3-1, Hongo, Bunkyo-
ku, Tokyo 113-8656, Japan

Center for Disease Biology and Integrative Medicine, Graduate
School of Medicine, The University of Tokyo, 7-3-1, Hongo,
Bunkyo-ku, Tokyo 113-8656, Japan

Published online: 05 March 2024

are used for biomaterial applications within the human body,
including mucous membrane protuberance agents, filler mate-
rials for cosmetic surgery, and surgical aids [1-5]. Natural
polymer solutions are commercially manufactured for this
purpose; one example is sodium hyaluronate, an entangled
polymer solution. Inside the body, these biomaterials undergo
chemical and biological degradation processes, including
hydrolysis and enzymatic reactions. Therefore, it is necessary
to examine how biomaterial degradation impacts viscoelasti-
city. However, this task remains challenging because degra-
dation stochastically causes the scission of main chains, leading
to a broader molecular weight distribution and disentangle-
ment; as a result, qualitative predictions of viscoelastic prop-
erties are hindered [6-10].

To overcome the difficulties related to controlling viscoe-
lasticity over time, we developed tetra-armed polyethylene
glycol (Tetra-PEG) slime, a model viscoelastic liquid system
with a regular network structure [11, 12]. Tetra-PEG slime is
formed by coupling phenylboronic acid-terminated PEG (tetra-
PEG-FPBA) with glucono-delta-lactone-terminated PEG
(tetra-PEG-GDL) through reversible boronic ester bonds,
which produce transient reconfigurable networks; these net-
works are generally characterized by static and dynamic het-
erogeneities. Static heterogeneities include structural defects,
such as dangling chains, loop structures, and branch number
distributions  [13-16], whereas dynamic heterogeneities
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Fig. 1 Schematic illustration

showing the degradation of
Tetra-PEG slime via the
cleavage of specific units

boronic acid

Mgw
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represent mixed components with slow and fast dynamics, such
as micelles, unimers, and low-molecular-weight crosslinkers.
The heterogeneities of transient networks increases the diffi-
culty in elucidating molecular processes that occur during
viscoelastic relaxation. In contrast, Tetra-PEG slimes synthe-
sized from symmetric four-armed precursors with a narrow
distribution minimize the number of structural heterogeneities.

These methods are advantageous because the network
structure and viscoelastic properties are directly correlated,
which enables highly controllable and predictable material
characteristics. Tetra-PEG slime exhibits single relaxation
modes with distinct relaxation times, and these times are
uniquely determined by network parameters, such as the
polymer concentration, network strand length, and network
connectivity [17, 18].

The aim of this study was to construct a predictable
model for describing the long-term viscoelastic properties
of transient networks. For this purpose, Tetra-PEG slimes
were modified to integrate specific cleavage sites within the
glucoamide groups of tetra-PEG-GDL units, which
undergo hydrolysis to gluconolactone in aqueous solution
[18]. We accurately measured the degradation rates of
glucoamide in the prepared Tetra-PEG slime and aqueous
solution and investigated the degradation mechanism
(Fig. 1). The findings of this work can facilitate the design
of biomaterials that must maintain viscoelastic properties
over long periods for internal body applications.

Experimental

Tetra-PEG-FPBA and tetra-PEG-GDL (M,, =4.0 x 10*g
mol ') were purchased from Xiamen Sinopeg Biotech Co.,
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Ltd. (China). Tetra-PEG slimes were prepared by mixing
equal amounts of tetra-PEG-FPBA and tetra-PEG-GDL,
which were dissolved in a phosphate buffer solution (pH =
8.0, 200mM). The polymer concentration (cpgg) Wwas
maintained at 20, 40, or 90 gL~ over 24 h. For compar-
ison, we also prepared a tetra-PEG-GDL solution in the
aforementioned phosphate buffer. To ensure that the sam-
ples remained undisturbed at specific temperatures (7 = 30,
40, and 50°C), the thermal environment was precisely
regulated through a thermostatic chamber (NCB 1210B;
Eyela).

To measure the dynamic viscoelasticity of the fabri-
cated slimes, a stress-controlled rheometer (MCR302;
Anton Paar, Graz, Austria) equipped with a cone-plate
fixture (diameter: 25 mm, cone angle: 4°) was utilized. The
angular frequency dependences (0.1-100rads™") of the
storage (G’) and loss (G”) moduli were established at
25°C. Before the measurements, the oscillatory shear
strain amplitudes were confirmed to be within the linear
viscoelasticity range.

Results and discussion

The loss and storage moduli of Tetra-PEG slime (PEG
concentration (cpgg) = 40 g-L_l) depended on the angular
frequency, which underwent time-dependent changes, as
shown in Fig. 2. With increasing incubation time, the
absolute values of G’ and G” decreased, and the terminal
relaxation process accelerated. The observed decrease was
more pronounced at higher temperatures. The dashed
lines in the plots represent the fitting results obtained
using the Maxwellian model, which is expressed as
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Fig. 2 Angular frequency ()
dependence of the storage (G,
top) and loss (G”, bottom)
moduli of Tetra-PEG slime
(cpeg =40 g~L’1) incubated at
various temperatures. The
dashed lines represent the fitting
results obtained using the
Maxwellian model
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Here, AG, w, and 7, are the plateau modulus, angular
frequency, and viscoelastic relaxation time, respectively.
The predictions of Eqgs. (1a) and (1b) corresponded well
with the experimental data, suggesting that the relaxation
process, not the degree of degradation, was consistent. The
experimental and theoretical values corresponded under all
the experimental conditions, as shown in Section
“Experimental” of the Supplementary Information. Nota-
bly, the deviation from the predicted value at higher fre-
quencies was pronounced at longer degradation times,
which was attributed to the Rouse modes of the dangling
chains. The relaxation time is a “terminal relaxation time”
and was estimated using the data at the low-frequency
limit.

100 0.1 1 10

50°C

100 0.1 1 10 100

< -1
w/rads w/rads

As the incubation time (f) increased, the terminal
relaxation time (7ys,) decreased, indicating a reduction in
network connectivity (p) [18]. According to our previous
study [18], the relationship between 7, and p follows a
power law. To evaluate the change in p due to degradation,
the relationship between 7y, and p was determined for
Tetra-PEG slime with controlled network connectivity,
which was produced by mixing two polymer solutions at
various stoichiometric proportions (s). p can be estimated
from the ratio of the FPBA concentration to the GDL
concentration using the following equation:

1

P :{1 " {[FPBAJ, 1 [GDL] O)Keq}

12 (2)
1

-1

- (1 " {FPBAL, T [GDL]O)Keq>

where [X], represents the initial molar concentration of
Compound X (FPBA or GDL) and K4 is the equilibrium
constant of boronic ester (Koq = 5.67 x 10? at pH = 8.0 and
25°C and K. =6.08 x 10? at pH = 8.0 and 30 °C) [12].
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Figure 3 shows the relationship between 7, and p, which
was determined for various polymer concentrations. The
obtained relationships follow the power law 7yico = Ap®.
Using these curves, we experimentally determined p from
the viscoelasticity.

The top panel of Fig. 4 shows the time evolution of 7y,
for Tetra-PEG slime incubated with different PEG con-
centrations at 30 °C. With the p value estimated from 7,
the fraction of remaining glucoamide in slime (Rgjye),
which is the ratio of the molar concentration of glucoamide
groups to that in the initial state, can be quantitatively
estimated via the following formula:

4Keq - Zp + \/(4Keqund - Zp)z + 16K26quend(Pz — Zp)

-1
2Keqund (p2 — 2p)

(3)

Rgjime =

where N.,q represents the molar concentration of all end
groups of tetra-PEG-FPBA and tetra-PEG-GDL and K,
denotes the equilibrium constant for the reaction involving
boronic ester bonds. The bottom panel of Fig. 4 shows that
Rgime consistently decreased during incubation, while the
degradation rate increased with decreasing polymer con-
centration. On a semilogarithmic plot, the linear relation-
ships became more evident, particularly over shorter time
spans. Assuming that the degradation reaction involved
pseudo-first-order kinetics, the apparent degradation rate
constant for the glucoamide cleavage reaction (kgeg app) Was
estimated at each temperature using the following fitting
function:

Rgiime = eXP(*kdegapp t)' (4)
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Fig. 3 Relationship between terminal relaxation time (yis,) and
p (cppg = 20 (black), 40 (red), and 90 (blue) g L™'; M, = 40kg mol ™).
The dashed lines represent the power law fitting results
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Figure 5 shows the estimated kgeg, 4pp plotted as a func-
tion of the inverse absolute temperature (7~'). The degra-
dation data generated for the tetra-PEG-GDL precursor
solution obtained via high-performance liquid chromato-
graphy (HPLC) are also presented; details are provided in
Section “Introduction” of the Supplementary Information.
As T increased, kgegsapp linearly decreased according to
the semilogarithmic plot, indicating that the reaction fol-
lowed an Arrhenius-type activation process described by the
following equation:

Eq
kde&app =A exXp (— ﬁ), (5)
90 gL
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Fig. 4 Terminal relaxation time (7js,) and Rg;ne plotted as functions
of the incubation time (f) at various polymer concentrations and 30 °C.
The dashed lines represent the fitting curves assuming a first-order
reaction
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Fig. 5 Apparent degradation rate constant of the cleavage reaction
plotted as a function of the inverse temperature (T "). The circles and
squares represent the data obtained for the tetra-PEG-GDL solution
and Tetra-PEG slime, respectively. The dashed lines represent the
fitting lines obtained using the Arrhenius equation
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where A and E, represent the frequency and activation
energy of the degradation reaction, respectively. R is the gas
constant, and T is the temperature. The dashed lines in
Fig. 5 are the fitting lines obtained using Eq. (5). The slopes
of these lines are consistent across the solution and network
states at different polymer concentrations, suggesting that
the hydrolysis of amide bonds in Tetra-PEG slime changes
the viscoelasticity of the material. Moreover, the absolute
values were more than ten times lower in the network state
than in the solution state, and their difference increased with
increasing PEG concentration. These results indicate that
the formation of boronic ester bonds reduces the frequency
of glucoamide cleavage.

To elucidate the mechanism by which boronic ester bonds
inhibit glucoamide degradation, a process that combines the
reversible reaction between tetra-PEG-FPBA  and
tetra-PEG-GDL and hydrolysis of tetra-PEG-GDL should
be considered. In the equilibrium state, glucoamide, which
contains amide bonds at its termini, exhibits two different
conformations, one with minor cyclic structures and one
with major linear structures. According to a previous study
[19], the cyclic conformation is preferentially hydrolyzed,
leading to its cleavage. FPBA binding primarily involves the
linear structure, which inhibits the formation of the cyclic
conformation; as a result, the overall degradation rate
decrease. Considering the reversible reaction of boronic ester
bonds and hydrolysis of cyclic tetra-PEG-GDL, the kinetic
equations for each reaction can be written as follows.

dNgpL
dr

= kaNrpBA-GDL — KaNGDLNFPBA — KnyaNGDL-

(6)

dnN, _
% = —k,Nrpea—cpL + kaNGpLNFPBA - (7)

Considering the law of mass conservation for each
functional group, the following equation is obtained:

NrepBA-GDL + NGDL + Ndegraded—GDL = NFPBA—GDL
+ Nrpea = Co,

(8)

where Nrppa, NGDL,> Naegraded-GpL» a0d Nrppa-gpL are the end
group concentrations of tetra-PEG-FPBA and tetra-
PEG-GDL and the molar concentrations of the degraded
gluconolactone and boronic ester bonds, respectively. k,
(=3.5x10° d""'mol~' L at 30 °C) and k4 (=5.8 x 10> d " at
30 °C) are the rate constants of the binding and dissociation
processes measured via surface plasmon resonance in our
previous study [12]. kyyq (=0.129 d~'at 30 °C) is the rate of
glucosamine hydrolysis in tetra-PEG-GDL measured via
HPLC.

According to Egs. (6)—(8), NgpL and Rgne can be
numerically derived as functions of 7. By fitting the time
dependence of the simulated Ry, via Eq. (4), a relationship
between the theoretical Kgeg app and cpgg Was obtained (see the
solid line in Fig. 6; details of the fitting procedure are described
in Section “Experimental” of the Supplementary Information).
The predicted kgegqpp value decreased with increasing cpgg
values and asymptotically approached the experimental curve
at the low cpgg limit. Thus, the concentration dependence of
kgegapp qualitatively agreed with the experimental data repre-
sented by the squares. Compared to the experimental values,
the theoretical values were approximately five times larger.
Therefore, the numerical solution obtained at kyyq=0.3-
kiyappLc 18 plotted as a dashed line in Fig. 6, which more
accurately predicts the experimental results.

The apparent delay of the hydrolysis process indicates that
the binding between boronic acid and “cyclic” glucoamide
suppresses the hydrolysis reaction, as shown in Fig. 7.
Although the corresponding constant is lower than that of
binding reactions between boronic acid and linear glucoamide,
boronic acid in the tetravalent state easily binds to sugars, such
as glucose and ribose, which are widely utilized in glucose
sensors [20-25]. The reaction between the hydroxyl group of
cyclic glucoamide and boronic acid prevents an amino group
from forming, further delaying the cleavage reaction.

Conclusion

In summary, we explored the time-dependent nature of the
viscoelastic properties of Tetra-PEG slime as a model
transient network. We found that the viscoelastic behavior
of Tetra-PEG slime corresponds with a Maxwellian model
that is characterized by a single relaxation mode indepen-
dent from the degree of degradation. As the incubation time
increased, the terminal relaxation time decreased, which
was primarily attributed to the hydrolysis of glucoamide
groups. However, compared to that in aqueous solution, the

1()0 T T

limit in absence of FPBA

numerical solution
when kiyg=0.3Knyq, Hpic

-3 1 1

10° 10' 10° 10°
-1
cpeg /gL
Fig. 6 Comparison of the theoretical and experimental kyeg qpp Values.
The solid line represents the numerical solution of Egs. (6)—(8), and

the rectangular symbols denote the experimental data obtained at
30 °C. The dashed line represents the numerical solution obtained at

kiya = 0.3knya HpPLC

SPRINGER NATURE



R. Kobayashi et al.

OH
OH OH ©
HO\/'\/g\/”\ —_— HO
—_—
H}': Ho
OH OH
0, o OH o} o OH
B—OH B-OH
Y OH T \OH
F F
HO
o HO
Q & OH O HO
'b\q; g > I\ .
! HO O\ . N
F H H H
OH OH

OH

—~— HO

N
N HO
oH] ¢ oY,
OH

+ HZN;:‘_,
%

(0]

Fig. 7 A schematic of the equilibrium reactions between tetra-PEG-FPBA and tetra-PEG-GDL

degradation rate of these groups in Tetra-PEG slime was
more than ten times lower, which was influenced by the
concentration of reactive groups. The obtained results imply
the hydrolysis of glucoamide groups is inhibited when the
groups bind to phenylboronic acid in linear and cyclic
states. This study suggested that Tetra-PEG slimes can be
used as biomaterials to control viscoelasticity in the long-
term by tuning the degradation of associative points.
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