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ABSTRACT: Hydrogels formed by polyelectrolyte complex-
ation (PEC) of oppositely charged biopolymers, free of any
chemical additives, are promising biomaterials. In this work,
the mechanical behavior of hydrogels consisting of positively
charged chitosan and negatively charged sodium hyaluronate
(HA) at balanced charge composition is investigated. These
hydrogels exhibit strong tensile strain and strain rate
dependence. They are elastic-like, independent of the strain
rate at small strain, but exhibit plastic-like behavior above the
yield point by showing a monotonous decrease of the stress.
The cyclic tensile test demonstrates that these hydrogels
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exhibit small and quickly recoverable hysteresis in the elastic-like region but large and partially recoverable hysteresis above the
yield point. The stress relaxation experiment shows a plateau in the reduced stress followed by an abrupt fracture, and the time
to failure decreases exponentially with increasing applied step strain. Such elastic-to-plastic-like transformation of the
biopolymer PEC gels is quite different from the behaviors of PEC hydrogels formed by oppositely charged vinyl-type synthetic
polyelectrolytes due to the difference in flexibility, charge density, and ionic bond strength of these polymers.

1. INTRODUCTION

Hydrogels formed by the chemically or physically cross-linked
polymers with mechanical properties adjustable over a wide
range are the most promising materials for artificial tissue and
organs due to their low modulus and high water content.'™®
The recently developed polyampholyte hydrogels (PA gels)
provide a strategy to develop a new class of physically cross-
linked networks characterized by high toughness, recover-
ability, and self-healing ability.”~'® The tough PA gels were
synthesized by one-step free radical copolymerization of high
concentration solutions of oppositely charged ionic monomers
at compositions close to charge balance. After dialysis of small
ions in water, the PA gels form reversible intra- and interchain
ionic bonds resulting in high toughness and self-healing
properties of these materials. An alternative molecular design is
polyelectrolyte complex hydrogels (PEC gels),'” which were
also called polyion complex (PIC) gels, formed from
oppositely charged polyelectrolytes.'>° The PEC hydrogels
were synthesized by the sequential homopolymerization of
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cationic and anionic monomers

or formed by directly
mixing the oppositely charged polyelectrolytes.'” In spite of
the primary polymer structure of PEC gels being very different
from the primary structure of PA, these PEC gels also form
reversible interchain ionic bonds, leading to high toughness
and self-healing properties.'® ™’

The similarities of polyampholyte and polyelectrolyte
complex hydrogels suggest a general approach of developing
tough and self-healing gels with reversible ionic bonds. This
general scheme leaves the freedom in the choice of polymers—
as long as they are charged they can be either synthetic or
natural. Charged biopolymers, such as polysaccharides,”"**
polypeptides,”” and DNA** can, in principle, form self-healing
hydrogels based on the polyelectrolyte complex formation
mechanism. The physical hydrogels from the biopolymers
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without any chemical additives are promising candidates for
biomedical applications because they are biocompatible and
eco-friendly. In this work, the mechanically strong polyelec-
trolyte complex hydrogels from a pair of oppositely charged
biopolymers—positive chitosan and negative sodium hyaluro-
nate (HA)—were synthesized by tuning the composition of
the hydrogels. From the tensile and stress relaxation measure-
ments, we found that the HA/chitosan hydrogels exhibit quite
different mechanical properties in comparison to the properties
of hydrogels formed by complexation of oppositely charged
synthetic polyelectrolytes. The synthetic PEC hydrogels,
formed either by two-step polymerization or by simple mixing
of the oppositely charged synthetic polyelectrolytes, are highly
viscoelastic materials over a wide range of strain rates even at
small deformation. They exhibit yield but sustain large
deformation after yield. No flow occurs even at fracture, and
strong finite chain extensibility effects have been observed in
synthetic PEC hydrogels.'"*™*° By contrast, HA/chitosan
hydrogels are elastic-like at small strains, almost independent
of the strain rate, but become plastic-like at large strains,
exhibiting yield, flow, and fracture that are delayed at high
strain rates. The transformation of HA/chitosan hydrogels
from elastic to plastic-like and their difference from synthetic
PEC are related to the difference in charge density and chain
flexibility between biological and synthetic hydrogels. We
demonstrate that PEC hydrogels have rich mechanical
properties that can be tuned by adjusting their structure.

2. EXPERIMENTAL SECTION

2.1. Materials. Sodium hyaluronate (HA) (molecular weight
1,900,000 g/mol) was purchased from Kiccoman Biochemifa Co. Ltd.
Chitosan (molecular weight ~100,000 g/mol) was purchased from
Junsei Chemical Co. Ltd. Both hydrochloric acid and sodium chloride
were purchased from Wako Pure Chemical Industries Ltd. All the
chemicals were used without further purification.

The chemical structures of HA and chitosan are shown in Scheme
1. The degree of deacetylation of chitosan was determined by NMR

Scheme 1. Molecular Structures of Sodium Hyaluronate
(HA) and Chitosan
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to be 76% (see the Supporting Information for details). From the
molecular weight and degree of deacetylation, the number of repeat
units m (2-acetamido-2-deoxy-p-glucopyranose) and n (2-amino-2-
deoxy-D-glucopyranose) in chitosan were estimated as 140 and 444,
respectively. One repeat unit of HA has two saccharides. The length !
= 1.02 nm of the repeat unit** and the distance d = 1.02 nm between
charges in HA are larger than the corresponding distances in chitosan
(I'=0.55 nm® and d = 0.72 nm). The two polymers have similar
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ranges of persistence lengths I, (5.3—11.5 nm for HA*"*® and 4—15
nm for chitosan®™>'). In addition, HA has a much longer contour
length (L, = 4,800 nm) than chitosan (L. = 320 nm). Both individual
polymers have a large number of Kuhn segments, indicating that they
behave as flexible chains in a salt solution. The structure parameters of
the two polymers are summarized in Table 1.

2.2. Preparation of Polyelectrolyte Complex Hydrogels.
Chitosan and HA were separately dissolved in 1 M acetic acid
aqueous solutions under magnetic stirring, yielding 7 wt % chitosan
and 1 wt % HA solutions, respectively. At the next step sodium
chloride was added to the above two solutions to reach 1 M
concentration in each solution, and finally, we mixed these two
solutions in different weight ratios to get a homogeneous but slightly
turbid mixture. The prepared solution was cast onto a glass plate and
immersed in ethanol, a poor solvent for these two biopolymers, to
induce phase inversion. The glass plate was then immersed in water to
dialyze the co-ions and counterions of the charged polymers. The
water was changed every day for 7 days until transparent hydrogels
were obtained. The resulting hydrogels were used in the mechanical
studies.

The pK, of chitosan is 6.17—6.51 taking into account the degree of
deacetylation ~76%,”> and therefore it is partially ionized in pure
water (pH ~ 7.0). The pK, of HA is about 2.9, and the carboxyl
groups are fully ionized in pure water.*® Although the formation of
ion complexes could promote the protonation of chitosan and
deprotonation of HA, we only calculated the nominal charge ratio in
the gels from the carboxyl groups of HA and the —NH, groups of
chitosan taking into account its degree of deacetylation.

2.3. Characterizations of the Hydrogels. The dry polymer
weight was measured after water evaporation by heating hydrogels
and weighing the remaining solids, since NaCl was almost completely
removed by dialysis. The wet hydrogel was weighed, and its weight w,
was typically larger than 0.5 g which allowed us to achieve higher
measurement accuracy. Then the gel was buried under a large amount
of dry sea sand and heated to 120 °C to remove all water from the
sample. Finally, the sample was cooled to room temperature and
weighed again (w;). The polymer weight fraction, c,, was calculated
by c, (wt %) = Z—; X 100%.

Uniaxial Tensile Test. The uniaxial tensile test was performed by a
tensile-compressive tester (Tensilon RTC-1310A, Orientec Co.) on
dog-bone-shaped samples with thickness 0.2 mm and with the
standard JIS-K6251-7 size (gauge length 12 mm (L), width 2 mm
(w)), as shown in Scheme 2. The dog-bone-shaped samples were cut
from the hydrogels after dialysis using a cutter driven by an air
compressor. The measurements for various tensile velocities were
conducted at 25 °C. All the mechanical measurements were
performed in pure water to avoid drying of the samples. The strain
rates were 0.014, 0.028, 0.069, 0.14, 0.42, and 0.69 s~'. Unless
specified otherwise, the stress in this work refers to the engineering
stress, o, defined as the tensile force divided by the cross-section area
of the undeformed sample. The strain rate in this work, &, refers to the
engineering strain rates, defined as the tensile velocity divided by the
gauge length L = 12 mm of the undeformed sample (see Scheme 2).

Cyclic Tensile test. Samples of the same shape and size as for uniaxial
tensile tests were used for the cyclic tensile test under two engineering
strain rates of 0.14 and 0.69 s™'. The hydrogels are clamped tightly by
the metal plates to prevent them from slipping during the cyclic test.
First, the lower clamp stretched the sample to a predetermined strain
€ at a prescribed engineering strain rate, and then the clamp returned
to its original position at the same strain rate without stopping at the
peak stretched strain &, completing the first tensile cycle, after which
the sample was held at this position for a waiting period, t,. Next, it
was stretched to the same strain ¢ at the same strain rate and returned
to the original position again, completing the second cycle.
Subsequent tensile cycles were performed for various waiting times
t, between two adjacent cycles. The stress recovery ratio, #,,,s is
defined as the ratio of the maximum achieved stress o,,,, during the
second tensile cycle to that of the first cycle.
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Table 1. Structure Parameters of Individual HA and Chitosan Chains

mol wt, M  mass of repeat unit, no. of repeat

length of repeat

polymer (g/mol) m (g/mol) units, n unit, [ (nm)

HA 1,900,000 401 4,700 1.02

chitosan 100,000  203,% 161;" 140; 444° 0.55;% 0.557
av 171¢

distance between persistence contour length,  no. of Kuhn

charges, d (nm) length, I, (nm) L. (nm) segments, Ny
1.02 5.3-11.58277% 4,800 210—456
0.72 4-1577% 320 11-40

“The repeat unit of 2-acetamido-2-deoxy-D-glucopyranose in chitosan. “The repeat unit of 2-amino-2-deoxy-D-glucopyranose in chitosan. “The
average molar mass of repeat unit for chitosan taking into consideration the degree of deacetylation (76%). The number of repeat units , contour
length of polymers L., and the number of Kuhn segments N, are expressed as M/m, I'n, and L./21,, respectively. The distance between charges of
chitosan is the average taking into consideration the degree of deacetylation (76%).

Scheme 2. Geometry of the Tensile Test Sample

d=*2
4—/'4— L= 1‘2 mm ——|—¥

Stress Relaxation. Samples of the same shape and size as in uniaxial
tensile tests were used for the stress relaxation test. Samples were
stretched to a prescribed strain & at an engineering strain rate of 0.69
s™" and then were held at this constant strain &, while the changes in
stress were recorded. The stress relaxation measurements were
conducted for different strain magnitudes &;: 0.2, 0.3, 0.4, and 0.5.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1. Formation of Polyelectrolyte Complex Hydrogel.
Figure la shows the appearance of the as-mixed solution at a

Figure 1. Photos of as-mixed HA/chitosan solution (a), the gel
membrane formed in ethanol (b), and the gel membrane dialyzed in
pure water (c). The HA/chitosan feeding mass ratio was 2.0 (nominal
charge ratio of 1.09).

mass ratio of 2.0. The solutions were slightly turbid, with no
apparent changes in viscosity in comparison to the HA
solutions, indicating that the two polymers at the strong acidic
condition of high ionic strength do not form hydrogels. Within
a very narrow mass ratio of HA/chitosan (1.8—2.2 (w/w)),
corresponding to a nominal charge ratio (anion/cation) in the
range 0.98—1.20, the solution casted on the glass substrate
formed opaque gel membranes in ethanol (Figure 1b), a poor
solvent for both polymers (Table 2). The gel membranes
became transparent after immersion in pure water (Figure 1c).
During this process, the counterions and co-ions of the HA
and chitosan were removed by the dialysis, and complexation
of HA and chitosan resulted in the formation of polyelectrolyte
complex hydrogel (PEC gel). The final polymer concentrations
of hydrogels from this narrow range of HA/chitosan mass
ratios (1.8—2.2 (w/w)) are quite similar, ca. 23—25 wt %. We
also found that the obtained hydrogels dissolved completely
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Table 2. Composition Dependence of the Gelation for the
HA/Chitosan Mixture”

mass ratio in feed (w/w) (HA/chitosan)

1.6 1.8 2.0 2.1 22 2.3
nominal charge 0.87 0.98 1.09 1.14 120 125
ratio (—/+)
polymer conc of ~ —* 23 25 23 24 =P
gel (wt %)
mechanical very weak  strong  weak  weak very
property weak weak

“The nominal charge ratio was estimated from the ratio of carboxyl
groups and amino groups after taking into consideration the
incomplete deacetylation of chitosan determined by NMR (Support-
ing Information). “Samples were too weak to perform quantitative
measurements.

when they were reincubated for several hours in 1 M acetic
acid aqueous solutions containing 1 M NaCl, indicating the
reversibility of the ionic bonds. The PEC hydrogel at a feeding
mass ratio of 2.0, corresponding to a nominal charge ratio of
1.09, was mechanically strong, while samples with mass ratios
1.8, 2.1, and 2.2 were relatively weaker. For mass ratios 1.6 and
2.3, the samples were very fragile and easily broke into small
pieces during the dialysis process (Table 2). Given its highest
mechanical strength, the PEC hydrogel at a feeding mass ratio
of 2.0 is expected to have a true charge ratio closest to the
charge balance. Because of their weak polyelectrolyte nature,
the charges on the amino groups of chitosan and carboxyl
groups of HA are not fixed but are adjustable depending on the
local environment. If the carboxyl group of HA is close to the
chitosan backbone at a particular location, the protonation of
the amino group of chitosan is expected to occur more often.
The self-adjustable properties of charges lead to a balanced
charge for the sample with a nominal charge ratio of 1.09
(Table 2). This composition was chosen for all the subsequent
studies because it results in the strongest hydrogels.

3.2. Tensile Properties. The hydrogels, stretched at a low
strain rate (= 0.014 s™'), broke in a relatively brittle manner
(Movie S1). With the increase of the strain rate (= 0.69 s™),
the gels sustained a large deformation and became fiber-like
materials before breaking (Movie S2). The hydrogel, stretched
by hand at a very high strain rate, turned into a single thin fiber
(Movie S3). Thus, the PEC hydrogels change their behavior
from brittle to ductile with increasing strain rate.

Figure 2a shows the images of the fractured sample stretched
at various strain rates. The tensile curves of the sample
stretched at different strain rates are shown in Figure 2b. At the
low strain rate, the stress increases with increasing strain,
reaches a maximum, and then abruptly decreases, indicating a
brittle fracture. The stress—strain curves at high strain rates
exhibit a bell-like shape. After reaching the maximum (yield)

point, the stress gradually decreases to a low level. Upon
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Figure 2. Mechanical behaviors of HA/chitosan polyelectrolyte complex (PEC) hydrogel at the nominal charge ratio of HA/chitosan of 1.09. (a)
Images of fractured sample stretched at various strain rates. (b) Tensile stress—strain curves (6—¢) of the sample at different strain rates. (c) Strain

rate & dependence of yield stress 6, and yield strain &,.

continuous stretching, the sample transforms into a thin fiber
before breaking, as shown in Movie S2. Although the fractured
sample quickly shrinks after fracture, one can still observe some
fiber-like structures in the images of the samples after the
fracture in Figure 2a.

The stress—strain curves at different strain rates almost
coincide with each other at small strains, demonstrating the
elastic-like behavior of the sample. However, both yield stress
(maximum  stress ¢,) and yield strain &, increase with
increasing strain rate, as shown in Figure 2c. The yield stress
increases linearly with the yield strain (Figure S1). The strain
rate dependence of the yield strain and the yield stress is
logarithmic in the observation range, as shown in Figure 2c,
and can be expressed as

g, =&, In(¢/€%) (1)
6, =0, In(é/&") )

where €, = 0.23, 6,4 = 7.6 kPa, and &* = 0.004 s”! are the
characteristic yield strain, yield stress, and strain rate,
respectively. The results suggest that the yield occurs above
the critical strain rate & > €*. The inverse of &* corresponds to
a characteristic time, 7% ~ 250 s. The elastic behavior at small
strains (~20%) suggests that the ionic bonds in PEC hydrogel
cannot relax and thereby behave as quasi-permanent cross-
links at observation times ¢t = 1/& < 7. Furthermore, given
the fact that the sample does not show flow behavior after
being stored in water for several months, one can conjecture
that the relaxation time of the PIC gel is much longer than the
characteristic time 7* for the sample to yield under a finite
stress. The yield behavior and stress decay at large strains
indicate the tension-induced bond ruptures. The fiber-like
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elongation suggests stress-induced “flow” with almost no
effective strong “permanent” bonds at the final stage of the
yield process.

To quantify the elastic-like behavior, we analyze the tensile
behavior using the Mooney—Rivlin equation that describes the
elasticity of rubbers:**

o

1
o= —— =2C, +2C,~
red ﬂ—ﬂ_z 1 2/1

(3)

Here ¢ and 0,4 are the nominal engineering and the reduced
stress, respectively, A is the elongation ratio that is related to
the strain € by A = 1 + ¢, and C, and C, are materials constants.
The 2C,; is related to the shear modulus G, while 2C,, the slope
of 0,4 as a function of 1/, is related to the strain softening (C,
> 0) or strain hardening (C, < 0). The strain softening is
usually due to entanglements and/or breaking of weaker ionic
bonds, while the strain hardening is traditionally attributed to
the finite extensibility of network chains.”* The Mooney—
Rivlin plots (4! dependence of 6,.4) for different strain rates
are shown in Figure 3a. The reduced stress exhibits a quasi-
plateau with a strain softening before the abrupt stress decrease
at large elongation (small 1/4). Mooney—Rivlin coefficients C;
and C, are estimated for various applied strain rates from the
Mooney—Rivlin plots in the quasi-plateau regions before yield
(Figure 3b). The coefficient C, is almost constant, ~6 kPa,
except at low strain rate and can be attributed to some strong
cross-linking structure that does not break during the
observation time at small strain, which gives shear modulus
of G = 2C; ~ 12 kPa. The coefficient C, is positive (strain
softening) with a roughly constant value (ca. 23 kPa)
independent of strain rate. The coefficient C, could be related
to either entanglements or the breaking of weak ionic bonds
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Figure 3. Mechanical behaviors of HA/chitosan polyelectrolyte complex (PEC) hydrogel at the nominal charge ratio of HA/chitosan of 1.09. (a)
Mooney—Rivlin curves 6.4 = 6/(4 — 47%) as a function of 1/4 at various strain rates. (b) C; and C, calculated from the Mooney—Rivlin plot in the
range of A = 1.2—1.7. (c) Stretching time dependence of the reduced stress 6,.q4 = 6/(4 — A72) at various strain rates &. (d) Time to failure ()

determined from (c) as a function of strain rate (&).

upon hydrogel deformation. Given its strain rate independ-
ence, the coefficient C, is most probably related to the
entanglements. In this case, the entanglement modulus G, is
estimated ~46 kPa from the 2 times the coefficient C,, which is
a reasonable value for a polymer solution at 25 wt %
concentration,”*

Upon continuous stretching, no strain hardening but
substantial strain softening was observed before the onset of
the flow, suggesting that the strong cross-linking structure at
small strain breaks before the buildup of the significant tension
in the polymer strands by stretching.

To analyze the dependence of the time to failure on the
strain rate, we plot the dependence of the reduced stress on the
stretching time in Figure 3c. The reduced stresses correspond-
ing to different strain rates almost overlap with each other in
the plateau region at short stretching times and with small
strains. The reduced stress abruptly decreases after the plateau
at the time we called “time to failure”, #; (Figure 3d and Figure
S2). The time to failure is much shorter than the characteristic
time 7* (= 250 s) obtained from the yield behavior and
decreases with increasing strain rate ¢, following a power law £
~ ¢%7 (Figure 3d), except for the very low strain rate (<0.028
s71). Therefore, failure strain, & corresponding to the near
breaking of sample increases as the power law of the strain rate
(Figure S3):

g = tfé — (é/é**)0.43

(4)
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where %% = 0.09 s! is the characteristic strain rate,
corresponding to a characteristic time, 7** ~ 11.3 s. This
result is different from the yield strain that follows a
logarithmic relation with the strain rate. Furthermore, the
characteristic time 7%* ~ 11.3 s is much shorter than the value
7#(= 250 s) estimated from the yield behavior. The critical
yield strain and failure strain are almost the same at low strain
rate (<0.14 s7'). At higher strain rate the failure strain
increases faster with strain rate than the yield strain (& > &)
(Figure S3).

3.3. Cyclic Tensile Tests. The tensile results presented
above suggest that HA/chitosan PEC hydrogel exhibits elastic-
like properties for small strains and plastic-like properties
under large strains, and the gel exhibits brittle-to-ductile
transformation with increasing strain rate. To further confirm
these observations, we performed cyclic tests with different
strains and strain rates.

Figure 4 displays results for two different applied strain
amplitudes: small strain (¢ = 0.5) below the yield point and
large strain (& = 1.0) above the yield strain (sy = 0.66) at a
relatively low strain rate of 0.14 s™' according to the tensile
results of Figure 2b. Small hysteresis with a small residual strain
is observed even at the small strain (¢ = 0.5), below the yield
point (Figure 4a). The small hysteresis indicates that a small
amount of energy is dissipated during the tensile stretching.
The dissipation can be attributed to the breaking of weak ionic
bonds. The subsequent loading cycles after various waiting
times (from 1 min to 2 h) always start from the state of zero
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stress and strain, which means that the small residual strain
disappears within 1 min of waiting time. However, it takes
about 20 min waiting time for the hysteresis curve to fully
recover to the first loading—unloading curve. This indicates
that some structures with long relaxation times maintain the
elasticity allowing the gel to quickly recover the deformation,
but the ruptured weak ionic bonds need more time to re-form
their original pairs.

A large hysteresis, together with a large residual strain (& ~
0.7), is observed after experiencing a large strain amplitude (&
= 1), above the yield point (Figure 4b). After waiting for 2 h, a
residual strain of 0.2 still exists, and the hydrogel can be
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stretched by a very true stress, corresponding to a small stress
~2.5 kPa corrected by the decrease of the cross-sectional area.
This means that the slippage between the polymer chains
occurs during stretching. This is consistent with the
observation that the hydrogel sample can be stretched into a
very long thin fiber. These results indicate the quasi-elastic
behavior and small energy dissipation below the yield point
and the chain flow with large energy dissipation above the yield
point for low strain rate.

The cyclic tensile tests were also conducted at a high strain
rate of 0.69 ™, at which the sample exhibited yield strain of €,
= 1.2. Four different strain amplitudes were investigated: small
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Figure 6. Waiting time t,, dependence of the stress recovery ratio #,, at various applied strains ¢ and strain rates &. (a) € = 0.5 and 1.0, &£ = 0.14
s75(b) £=0.5,1.0,1.2 and 1.5, £ = 0.69 s (c) € = 0.5, £ = 0.14 and 0.69 s7'; (d) & = 1.0, & = 0.14 and 0.69 s™". 77, is defined as the ratio of

maximum stress of the second cycle to that of the first cycle.

strain (& = 0.5), strain below yield (¢ = 1), strain at yield (& =
1.2), and strain above yield (¢ = 1.5). The cyclic stress—strain
behavior at small strain amplitude (¢ = 0.5) and high strain
rate (Figure Sa) is similar to the behavior observed at low
strain amplitude and low strain rate (Figure 4a), except that
the curves coincide with each other at much shorter waiting
time (~2 min) in comparison with that of the former case
(~20 min). The hysteresis increases at large strain amplitude
of & = 1, and it takes about 15 min for the full recovery (Figure
Sb). At strain amplitude & = 1.2 corresponding to the yield
point, the sample can still fully recover after a cycle, but only
after a long waiting period of 1 h (Figure Sc). For strain
amplitude € = 1.5, above the yield point, the cyclic curves
could not fully recover even after 10 h waiting (Figure 5d),
indicating that irreversible chain slip occurred above the yield
point.

It is interesting to observe that even at a small strain below
the yield point the sample starts to “flow” if a subsequent
stretching is performed after a relatively short waiting period,
before the full recovery. For example, for strain amplitude & =
1.0, the sample starts to flow if the waiting time is 2 min or less
(Figure Sb). At the yield point of € = 1.2, the flow occurs after
S min or shorter waiting period (Figure Sc). These results
indicate that if the loading history is not completely erased,
and the broken weak ionic bonds have not yet been rebuilt
between the primary partners, the irreversible flow of the
chains is easier to occure even below the yield point.

The results in Figures 4 and S show that compared with the
bond breaking time upon loading, much longer waiting times

are required for the recovery. During the loading and
unloading process of self-healing materials, the reversible
physical bonds are broken and re-formed repeatedly. The
dynamic process of bond breaking and re-forming is well
described by the proposed self-healing theories.”>*® When the
deformation is applied, the initial physical bonds, termed the
primary bonds, break, and chains quickly reattached to other
chains to form temporary bonds with partners different from
their original ones. The newly formed temporary bonds carry
the load and break if further deformation is imposed on the
sample after their formation. Such a bond breakage and re-
formation process is repeated during the loading stage. During
the recovery stage, the rubber elasticity is the driving force
toward reconnecting the primary pairs, while temporary bonds
are formed and broken repeatedly before the original primary
bonds are re-formed and the sample fully recovers its initial
state. Thus, the recovery time is the accumulation of all these
bond breaking and re-formation times during the process of
polymer strands shrinking back to their initial conforma-
tion.”**> Accordingly, the recovery time of the bulk materials is
much longer than the bond reassociation time.

The above results show that the recovery ability strongly
depends on the loading history, which includes the applied
strain and strain rate. To describe the recovery process, we plot
the dependence of the stress recovery ratio #,,,, ¢ on the waiting
periods t,, under various strains € and strain rates ¢ in Figure 6.
Here, the stress recovery ratio #,,,,¢ corresponds to the ratio of
the maximum achieved stress o,,,, during the second tensile
cycle to that of the first cycle. It has been shown that the longer
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Figure 7. (a) The log—log plots of the reduced stress relaxation profiles 6,.4(t) at varied step strains &, (b) The semilog plot of step strain
dependence of the time to failure (f,—¢,) obtained from the onset of the abrupt stress reduction in (a). The step strain was applied at a strain rate of
0.69 s, and the step strains (&, = 0.2—0.5) are lower than the yield strain (8y = 1.2) at the given strain rate. The numbers in (a) are the values of

step strain applied.

waiting periods increase the probability of broken bonds to re-
form and thus are beneficial to the recovery process. At the
same strain rate, the increase of applied strain ruptures more
bonds and delays the recovery process (Figure 6a,b). As a
result, much longer waiting periods are required to achieve the
same recovery ratio at the higher applied strain. At the same
applied strain, the stress is much lower at lower strain rates,
and the recovery slows down after lower applied strain rates
(Figure 6¢,d). As the time required to load the sample is much
longer at lower applied strain rate, more initial primary bonds
are broken and more temporary bonds are formed between
different pairs of chains. Thus, longer time for the healing of
the broken primary ionic bonds is required.

In summary, the hydrogel can experience a transformation
from elastic to plastic-like behavior by (1) increasing strain for
a fixed strain rate (from Figure 4a to 4b or Figure Sc to 5d),
(2) by decreasing the strain rate (from Figure Sb to 4b), and
(3) by performing the sequential stretching before the full
recovery (Figures Sb and Sc).

3.4. Stress Relaxation. Because the behavior of the
hydrogel exhibits the transformation from elastic to plastic-like
upon subsequent stretching before its full recovery, we expect
failure of these hydrogels at a fixed strain even below the yield
point. To confirm this, we conducted the stress relaxation test.
The dog-bone-shaped sample was stretched to an assigned
strain under a relatively high strain rate of 0.69 s™' and then
was held at that strain and the time dependence of the stress
was recorded until the sample failure. Figure 7a presents the
time ¢ dependence of the reduced stress 6,.q = 6/(4 — A72) for
various initial step strains &, lower than the yield strain (e, =
1.2) at the given strain rate of 0.69 s™'. For each strain, the
reduced stress first gradually decreases with the loading time
and then decreases abruptly. This abrupt decrease in the stress
is related to the rupture of the hydrogel, as shown by the
movies of the stress relaxation tests (Movies S4 and SS). The
decreases in the reduced stress (eq 3) for different strains
almost overlap with each other, indicating that the stress
relaxation process before the sample rupture is independent of
applied strain, which is consistent with the condition that the
applied strain is below the yield point. The onset time of the
abrupt decrease of the reduced stress, denoted as the time to
failure, t, decreases exponentially with the increase of the
applied strain &
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tS

= exp(—es/e*)
()

where £,y = 7,260 s (2 h) and &* = 0.078 are the characteristic
fracture time and strain, respectively, for the observation step
strain window from 0.2 to 0.5. The exponential relationship of
eq S is like eq 2 for the yield point obtained from the tensile
test, but with much longer characteristic time (~2 h). This
characteristic time corresponds to a long relaxation time of the
sample.

Note that the sample does not show flow behavior without
applying a stress even after being stored in water for several
months. This indicates that the bio-PEC hydrogels are in a
solid-like state with a very long lifetime of ionic bonds. While
the strain rate dependence of the yield behavior shows a
characteristic time of 7* = 250 s (Figure 2c), the stress
relaxation experiment shows a long relaxation time of 2 h. This
means that once a finite strain is applied, the structures are
easily ruptured, exhibiting catastrophic failure, and therefore
we observe a relatively short characteristic times (from minutes
to hours) for the samples to yield or to fail.

s,0

4. PROPOSED MOLECULAR STRUCTURE OF BIO-PEC
GELS

Below we propose a molecular structure of the HA/chitosan
PEC gel. HA and chitosan chains form the double-stranded
structure by the polyion complexation. From the molar mass
and length of repeat units of individual HA and chitosan
chains, the molar mass per unit length, m,, of the double strand
is about 700 g/(mol nm). For a solid filament, the persistent
length [, increases markedly with their cross-section area A as [,
~ A7 Because of the charge mismatching, HA and chitosan
chains bind loosely with each other; we can assume that the
bending modulus of the double strand is in the range of 1 or 2
times higher than the modulus of the individual strands.
Therefore, the corresponding persistence length I, of the
double strand is in the range 10—30 nm, 1 or 2 times larger
than the persistence length of the individual chains.

From the entanglement modulus G, = 2C, ~ 46 kPa in
Figure 3b, the number-average molar mass of the double
strand between the entanglement M, is ~1.5 X 10* g/mol
according to the relationship of flexible chain model G, =
¢pRT/M,,** where p is the mean mass density of HA and
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chitosan (~1.67 g cm™), ¢ is the volume fraction of polymer
(~0.17) that was determined from their weight fraction, R is
the universal gas constant (= 8.314 J K™' mol ™), and T is the
absolute temperature (= 300 K). Therefore, the corresponding
contour length L, between entanglements is about ~20 nm,
which is comparable to their persistence length (10—30 nm).
Such a result indicates that the double strands between the
entanglements behave as semiflexible strands although the
flexible chain model was used for the estimation of the
structure. To verify whether or not the L, estimated from the
flexible chain model makes sense, we further use a semiflexible
chain model to calculate the contour length L, between
entanglements. For the semiflexible polymer network,**” the
plateau modulus (& entanglement modulus) can be described

1 2
as the function G, = 6pkaT#, where py is the filament line

density calculated from the polymer weight fraction and
molecular weight of double strand to be 6.3 X 10" m™2. The
contour length L, of double strand between the entanglements
is estimated from the semiflexible chain model to be 6.8—14
nm, which is shorter than but not significantly different from
the estimation based on the flexible chain model. This result
confirmed that the double strands of PEC gels behave as
semiflexible polymer chains that are subject to the topological
interactions (entanglements) on the length scale comparable
to their persistence length.

Furthermore, the ratio of C,/C; ~ 4 obtained from Figure
3b indicates the ratio of the contributions to gel modulus from
entanglements and from strong cross-links that do not break at
small strains. Note that the modulus of semiflexible gels scales
with the contour length between cross-links as L,%; a factor of
4 in the modulus can come from a factor of 1.6 in their contour
lengths.sg’39 These structural parameters of HA/Chitosan
hydrogels are summarized in Table 3.

Table 3. Structural Parameters of HA/Chitosan Hydrogels
(Parameters Are for Double Strand of the Polyion
Complexation)

molar density ratio
mass per of entanglement  contour length
length, m“  persistence  entanglement molecular between
(g/mol- length, 1, to strong weight, M, entanglements,
nm) &m) cross-links (g/mol) L. (nm)
700 10-30 ~1 L5 x 10*° 20"
4.8 x 10°— 6.8—14°
1.0 x 10*¢

“Double-strand chains. “From the flexible chain model. “From the
semiflexible chain model.

Because the polymer chains are much longer than the
entanglement length, each polymer chain associates with
different oppositely charged chains, forming bridges between
the double strands. Such bridges correspond to the strong
cross-links since they are held by the double strands.

We propose a network structure of the HA/chitosan PEC
hydrogel (see Figure 8) based on the above analysis. HA and
chitosan form double-stranded semiflexible chains by charge
binding. Each ionic bond between HA and chitosan chain is
weak due to a mismatch in charge distance (d) between HA
and chitosan. However, the probability to simultaneously break
all of the bonds to separate the double strand is very low
because the rigidity of polysaccharide chains leads to
cooperative ion bonding over the length scale of their

8895

N

~

N
a4

\

ps

A

—
Le

Figure 8. A simplified illustration representing the molecular structure
of HA/chitosan hydrogel: a double-stranded network of oppositely
charged biopolymers. The entanglements between double strands and
chain exchanges (bridges indicated by gray arrows) serve as cross-
links, contributing to the modulus of the hydrogel. The blue and red
lines represent oppositely charged chains.

persistence lengths. The long double-stranded chains are
entangled with each other because they heavily overlap at high
concentration of PEC gels with the contour length between the
entanglements comparable to the persistence length of the
double strands. Besides, each polymer chain associates with
different oppositely charged chains forming bridges between
the double strands. As a result, a continuous double-stranded
network is formed. As the bridges connecting double strands
do not break without breaking of the double strands, they serve
as the strong cross-links that do not break at small strain.

This molecular picture can explain the experimentally
observed unusual properties of bio-PEC gel: the gel is
elastic-like only at small strains but softens and becomes
plastic-like when the strain is above the yield strain. At a very
small strain, the double strands do not break but deform and
orient along the stretch direction, so the gel exhibits the strain-
rate-independent, elastic response. At higher strains, the
double-strands are strongly oriented in the stretch direction.
The unzipping of individual ionic bonds begins to dominate at
these strains, causing propagation of the ionic bond
dissociation and the flow of the sample. Such failure is
initiated at the bridging sections of chains that bear a large load
after the orientation of the double strands.

5. A COMPARISON OF SYNTHETIC AND BIO-PEC
GELS

The mechanical properties of the HA/chitosan hydrogel are
very different from the PEC hydrogels form by oppositely
charged vinyl-type polyelectrolytes. We distinguish two ways of
preparing these synthetic vinyl-type PEC hydrogels: by mixing
oppositely charged polyelectrolytes or by two-step polymer-
ization—first of polymers with one sign of charges followed by
polymerization of oppositely charged polymers. Our prelimi-
nary study has shown that the synthetic vinyl-type PEC
hydrogels formed by simple mixing of oppositely charged
polyelectrolytes exhibited essentially similar but slightly
inferior mechanical strength to hydrogels formed by two-step
polymerization.'*™*° As the latter system is well studied, we
compare below the HA/chitosan hydrogels with the synthetic
PEC hydrogels from poly(3-(methacryloylamino)propyl-
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trimethylammonium chloride) (PMPTC) and poly(sodium p-
styrenesulfonate) (PNaSS) formed by the two-step polymer-
ization."**® The synthetic PEC hydrogels exhibit highly
viscoelastic response even to the small tensile deformations
over a wide range of applied strain rates. They also show yield
with yield stress increasing with the strain rate, but the yield
strain is almost independent of the applied strain rate.
Furthermore, they sustain large deformation after yield and
exhibit strong finite chain extensibility effects without any sign
of flow at fracture. In addition, Young’s modulus and fracture
stress of synthetic PEC hydrogels are approximately several
MPa, and their fracture strain is 600%—900%, which is much
higher than the fracture strain of the biopolymer PEC gel
presented above. These results indicate that the synthetic PEC
hydrogels contain relatively weak ionic bonds that have a very
short lifetime which leads to higher viscoelasticity even before
yield. These synthetic PEC hydrogels also contain relatively
strong ionic bonds with a very long lifetime which causes the
finite chain extensibility effect before rupture. The dynamic
rheology in the frequency window of 1075—10° rad/s exhibits a
very broad tan & relaxation peak in the range 107>—10° rad/s,
indicating that the minimum lifetime of the ionic bonds is on
the order of milliseconds.”” Because of the larger multivalent
section of the size of persistence length, the HA/chitosan
hydrogels have a relatively stronger multiple ionic bonds than
the synthetic PECs. In the observation time window, the
multiple ionic bonds of HA/chitosan hydrogels hold the
double strands together and do not relax, so that these gels
behavior elastically below the yield stress. From the fact that
the HA/chitosan gel does not exhibit finite chain extensibility
effect before rupture, the tension to rupture these bonds is
much lower than that in synthetic PEC hydrogels.

The difference in the mechanical behavior of synthetic and
bio-PEC hydrogels is related to their structural differences.
Using the same data analysis method as we utilized for the bio-
PEC hydrogels, the structural parameters of individual
PMPTC and PNaSS chains and of the corresponding double
strands in synthetic PEC gels™® were calculated, and the results
are summarized in Tables S1 and S2. The main structural
difference is the charge density. The distance between the
neighboring charged groups d in the synthetic vinyl-type
homo-polyelectrolytes is about 0.25 nm,*’ which is 4 and ~3
times higher than the charge density of HA and chitosan
(Table 1), respectively. In addition, the same charge
spacing of the two synthetic polyelectrolytes gives good charge
matching, while the HA and chitosan have a charge density
mismatch. Therefore, the linear density of the ionic bond of
the bio-PEC gels is much lower than that of the synthetic PEC
gels. Another structural difference is the persistence length 1.
The I, of vinyl-type polyelectrolytes is ~1 nm, while [, of HA is
in the range 5.3—11.5 nm,””** and for chitosan it is in the
range 4—15 nm™” ™" in dilute high salt solutions. The upper
bound of multiple bonds strength is related to the ratio of
persistence length to the distance between neighboring
charged groups.”' This ratio is ~4 in the synthetic PEC gels
(1 nm/0.25 nm) and is 4—15 in the bio-PEC gels (4 nm/1.0
nm to 15 nm/1.0 nm). In principle, this ratio could be 4 times
larger in bio-PEC gels in comparison to synthetic PEC gels.
Thus, to separate oppositely charged sections, one needs to
simultaneously break several ionic bonds, making the strength
of the whole persistence length section (rather than of the
individual ionic bond) higher in bio-PEC gels. Although the

ratio of bonds strengths is likely to be overestimated due to the
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charge mismatch in the bio-PEC gels, the shortest lifetime of
multiple bonds in the current biopolymer system could be
significantly longer than that in the vinyl-type polyelectrolyte
systems. Therefore, the longer persistence length of the HA/
chitosan gel overcompensates the lower density of ionic bonds
along the double strands of these biopolymers, resulting in the
higher strength of the multiple ionic bonds than that of the
vinyl-type polyelectrolytes.

This explains why the synthetic PEC gels do not possess
purely elastic region while the bio-PEC gels do. The strong
strain rate dependence even below the yield point of synthetic
PEC gels comes from their weak ionic bond strength (or short
bond lifetime) in comparison with that of the bio-PEC gels.

From the structural parameters of double strands, we found
that the contour length between entanglements in the vinyl-
type PEC gels is ~41 nm (see Table S2), which is about 20
times longer than the persistence length of the double strands,
indicating that the double-strand chains in synthetic PEC gels
behave as flexible chains that can be deformed. This property is
very different from the deformability of the bio-PEC
semiflexible double strands that can be easily orientated
along the stretch direction but are ruptured by a relatively
small yield stress due to charge mismatch. The above results
suggest that the ionic bond density is related to the charge
density while the ionic bond strength is related to the ratio of
persistence length to the spacing between neighboring charges
along the chain.

Reversibility was also observed in recent experiments of
layer-by-layer deposition of polyelectrolytes with lower charge
density.”

6. CONCLUSIONS

The chitosan and sodium hyaluronate form mechanically
stable polyelectrolyte complex hydrogels containing 75 wt %
water near their charge balance composition. The hydrogels
change their behavior from brittle to ductile with increasing
strain rate. They exhibit quasi-elastic behavior at small strains
(<20%) independent of the strain rate in the interval from 1.4
X 1072 to 6.9 X 107" s7' as measured by tensile tests.
Furthermore, these hydrogels exhibit plastic-like behavior
above the yield point that increases with the strain rate. The
transformation between quasi-elastic and plastic-like properties
depends on not only the applied strain and strain rate but also
on the waiting period needed for the broken structure to
recover. The hydrogels showed delayed fracture under step
strain, which was accelerated for the increased strain. This
behavior is qualitatively different from that of golyelectrolyte
complex hydrogels from synthetic polymers.'®*’ The unique
features of the biopolymer hydrogels are likely due to the
rigidity of the polysaccharide molecules and the large charge
mismatch between the oppositely charged biopolymers. The
double-stranded complexes of HA and chitosan form semi-
flexible network structures by entanglements and chain
exchanges/bridges between double strands.
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Movie S3: stretching of the hydrogel by hand (AVI)
Movies S4: stress relaxation tests at step strain of 0.2
(AVI)

Movies SS: stress relaxation tests at step strain of 0.5
(AVI)

Figure S1: dependence of yield stress on yield strain;
Figure S2: determination of time to failure from
stretching time dependence of reduced stress at a strain
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