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Abstract

Aqueous solutions or gels of polyampholytes attract interest for more than half a century due to their several attractive properties.
We present here thermally healable hydrophobically modified physical polyampholyte (PA) hydrogels based on oppositely
charged 2-acrylamido-2-methylpropane-1-sulfonic acid sodium salt (AMPS) and (3-acrylamidopropyl) trimethylammonium
chloride (APTAC) monomers. PA hydrogels were prepared via micellar polymerization technique in the presence of the hydro-
phobic monomer n-octadecyl acrylate (C18A) in aqueous sodium dodecyl sulfate (SDS) solutions. Charge-balanced PA
hydrogels containing 60-90% water exhibit a high tensile strength and stretchability of up to 202 kPa and 1239%, respectively.
Above 7 mol% C18A, swollen hydrogels containing around 90% water exhibit much better mechanical properties as compared
with the corresponding as-prepared ones because of the stronger hydrophobic interactions in the absence of SDS micelles. Cut-
and-heal tests conducted at 50 °C reveal a complete healing efficiency with respect to Young’s modulus for all as-prepared PA

hydrogels within 1-4 h.

Keywords Hydrogels - Polyampholytes - Hydrophobic interactions - Mechanical properties - Temperature-induced healing

Introduction

Polyampholytes, polymers carrying opposite charges, attract
interest for more than half a century due to their several inter-
esting properties such as their similarity to proteins and

* Physical polyampholyte hydrogels are prepared via micellar
polymerization technique.

* Incorporation of hydrophobes within the gel network provides their
water stability.

« The hydrogels containing 60-90% water exhibit a high stretchability of
up to 1239%.

 They exhibit a complete healing efficiency at 50 °C within 1-4 h.
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antipolyelectrolyte and isoelectric effects in aqueous solutions
[1-9]. Among them, hydrophobically modified
polyampholytes containing hydrophobic moieties at the side
chain or in the polymer backbone are able to self-assemble
into micelles, vesicles, lamellar aggregates, and so on [10, 11].
They have found several application areas including enhanced
oil recovery, immobilization of metal catalysts, wax inhibitor,
pour point depressant, drug/gene/protein delivery, and cryo-
preservation of living cells. Water-swollen cross-linked
polyampbholytes, i.e., polyampholyte (PA) hydrogels, also ex-
hibit unique features such as their sensitivity against pH and
salt concentration variations, low toxicity, good biocompati-
bility, and similarity to many biological systems and hence,
they have a variety of applications including antibacterial,
anti-fouling, and saline-resistant materials [12—22]. For in-
stance, PA cryogels exhibit stimuli-responsive behavior and
catalytic properties when metal nanoparticles are immobilized
within the cryogel network [23].

PA hydrogels are mainly synthesized by free-radical copo-
lymerization of cationic and anionic monomers in the pres-
ence of a chemical cross-linker [12—-22]. However, such chem-
ically cross-linked PA hydrogels exhibit poor mechanical per-
formances such as a low modulus and tensile strength limiting
their load-bearing applications. Hydrophobically modified
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physical PA hydrogels with shape-memory function were re-
cently synthesized by terpolymerization of acrylamide, acrylic
acid, and a cationic surfmer (polymerizable surfactant) [24].
Gong et al. synthesized high-strength charge-balanced physi-
cal PA hydrogels with self-healing function via random copo-
lymerization of cationic and anionic monomers at a high con-
centration [25, 26]. Formation of ionic bonds of various
strengths due to the random distribution of charges along the
polymer chains provided the formation of both permanent
(strong) and sacrificial (weak) ionic bonds creating an effec-
tive energy dissipation that prevents crack propagation [25].
Physical PA hydrogels via hydrophobic and hydrogen bond-
ing interactions were recently prepared by our group via
terpolymerization of N,N-dimethylacrylamide, acrylic acid,
and 4-vinylpyridine under solvent-free condition [27]. The
hydrogels containing 80-92% water exhibit Young’s moduli
between 18 and 58 kPa and sustain tensile strains up to 560%.

Micellar polymerization technique first reported by Candau
and co-workers is a versatile method for the copolymerization
of hydrophilic and hydrophobic monomers leading to copol-
ymers with a block-like structure [28—32]. By this technique,
the micelle-solubilized hydrophobic monomer is
copolymerized with a hydrophilic monomer in an aqueous
solution by a free-radical mechanism. Due to the accumula-
tion of the hydrophobic monomers within the surfactant mi-
celles, they incorporate into the copolymer chains as blocks.
This distinctive feature of micellar polymerization provides
strengthening of hydrophobic interactions between the poly-
mer chains as compared with those formed by random copo-
lymerization. This technique is however limited to the hydro-
phobic monomers with alkyl side chains of less than 16 car-
bon atoms because larger hydrophobes cannot be solubilized
within micelles [33]. Recently, it was shown that the solubili-
zation of large hydrophobes such as n-octadecyl acrylate
(C18A) can be achieved when, instead of monomeric mi-
celles, worm-like micelles were used during the micellar po-
lymerization [33]. For instance, although C18A is insoluble in
aqueous 7 w/v % sodium dodecyl sulfate (SDS) solution, it
can be solubilized if NaCl is included into the micellar solu-
tion which leads to micellar growth. This solubilization meth-
od provided strong hydrophobic interactions between
hydrophobically modified hydrophilic chains leading to the
formation of mechanically strong physical hydrogels with
self-healing and shape-memory functions [33-37].

Here, we describe, for the first time to our knowledge,
preparation of hydrophobically modified physical PA
hydrogels via micellar polymerization in aqueous solutions
of worm-like SDS micelles. 2-Acrylamido-2-methylpropane-
1-sulfonic acid sodium salt (AMPS) and (3-
acrylamidopropyl) trimethylammonium chloride (APTAC)
were used as anionic and cationic monomers, respectively
(Scheme 1). As will be seen below, micellar copolymerization
of charge-balanced AMPS and APTAC in the presence of the
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hydrophobic monomer C18A without a chemical cross-linker
leads to physical PA hydrogels with several unique features.
The hydrogels containing 60—90% water sustain a high tensile
strength (up to 202 kPa) and exhibit a high stretchability (up to
1239%). What is more, above 7 mol% C18A, swollen
hydrogels containing around 90% water exhibit much better
mechanical properties as compared with the corresponding as-
prepared ones. Cut-and-heal tests conducted at 50 °C reveal a
complete healing efficiency with respect to Young’s modulus
for all as-prepared PA hydrogels.

Experimental
Materials

The anionic and cationic monomers, 2-acrylamido-2-
methylpropane-1-sulfonic acid sodium salt (AMPS, 50 wt%,
Sigma-Aldrich) and (3-acrylamidopropyl)
trimethylammonium chloride (APTAC, 75 wt%, Sigma-
Aldrich), respectively, the hydrophobic monomer n-
octadecyl acrylate (C18A, Sigma-Aldrich), sodium dodecyl
sulfate (SDS, Sigma), sodium chloride (NaCl, Merck), chem-
ical cross-linker N,N'-methylenebis (acrylamide) (BAAm,
Merck), and initiator 2-oxoglutaric acid (Merck) were used
as received.

Hydrogel preparation

Two sets of hydrogels were prepared by free-radical copoly-
merization of AMPS and APTAC under UV light in the pres-
ence of 2-oxoglutaric acid initiator (0.25 mol% with respect to
the monomers). In the first set, the reactions were carried out
via micellar copolymerization of equimolar AMPS and
APTAC monomer mixture in the presence of the hydrophobic
monomer C18A. Both the amount of C18A in the monomer
mixture and the total monomer concentration C, were varied
between 1 and 25 mol% and between 1.0 and 2.5 M, respec-
tively. An aqueous solution of SDS in 0.5 M NaCl was used as
the micellar solution due to the significant solubilization pow-
er of the resulting worm-like SDS micelles [33, 35, 36]. SDS
concentration was 7 and 14 w/v % for C18A contents below
and above 10 mol%, respectively. Typically, to prepare
hydrophobically modified hydrogels with 20 mol% C18A at
C,=1.0 M, C18A (0.65 g) was first dissolved in 4.00 mL
0.5 M NaCl solution containing 1.40 g SDS at 35 °C for 2 h
to obtain a homogeneous solution. The aqueous solutions of
50 wt% AMPS (2.29 g) and 75 wt% APTAC (1.38 g) were
then added to the micellar solution of C18A and stirred for
30 min. After addition of 2-oxoglutaric acid (4 mg), the solu-
tion was transferred into plastic syringes of 4.6 mm in diam-
eter to conduct the polymerization reactions at 23 + 2 °C under
UV light at A =360 nm for 24 h.
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Scheme 1 (a) Structures of 2-acrylamido-2-methyl-1-propanesulfonic
acid sodium salt (AMPS), (3-acrylamidopropyl) trimethyl ammonium
chloride (APTAC), and n-octadecylacrylate (C18A) repeat units of

In the second set of experiments, instead of C18A, the
chemical cross-linker BAAm was used to prepare chemically
cross-linked PA hydrogels. The amounts of BAAm and C,
were fixed at 1.25 mol%, with respect to the monomers, and
1.0 M, respectively, while AMPS mole fraction in the mono-
mer mixture (xapps) Was varied. Typically, to prepare
hydrogels at C,=1.0 M and xapps = 0.50, the solutions of
50 wt% AMPS (2.29 g) and 75 wt% APTAC (1.38 g) were
mixed in a glass vial and then, BAAm (20 mg) was dissolved
in this solution at 35 °C under stirring. After adding distilled
water to complete the solution volume to 10 mL followed by
bubbling nitrogen gas for 10 min, 2-oxoglutaric acid (4 mg)
initiator was added and the solution was transferred into plas-
tic syringes of 4.6 mm in diameter to conduct the polymeriza-
tion reactions under UV light as described above.

Hydrogel characterization

Hydrogels after preparation were cut into specimens of ap-
proximately 5 mm in length and placed in water at 23 +2 °C
for at least 1 week during which water was refreshed every
day. After attaining swelling equilibrium, they were freeze-
dried and the gel fraction W,, equilibrium weight swelling
ratio my oq With respect to the as-prepared state, and the water
content (W) of swollen hydrogels were calculated as follows:

(1a)

mdry
mo Wm

W, =

physical polyampholyte hydrogels. (b, ¢) Scheme showing before (b)
and after (c) gelation of the monomers via micellar polymerization
method

mg

(1b)

Myreleq =
mgy

W% = 102<1 - WM—Wg) (1c)

Myel

where mgy, m,, and m are the masses of hydrogels in dry, as-
prepared, and equilibrium swollen states, respectively, and wy; is
the mass fraction of the monomers in the reaction solution with-
out SDS and NaCl. Water content W of as-prepared hydrogels
was calculated from the composition of the reaction solutions.

Rheological tests were carried out on a rheometer system
(Gemini 150, Bohlin Instruments) equipped with a Peltier
device for temperature control and a solvent trap to prevent
water evaporation. Hydrogel specimens in their as-prepared
states were cut into slices of about 3 mm in thickness and
20 mm in diameter. They were then introduced between the
parallel plates of the rheometer and the spacing was set to
2950+ 150 um. The dynamic moduli of the hydrogels were
recorded at 25 °C and at a strain amplitude ~, of 1% over the
frequency range 0.3 to 135 rad s .

The mechanical tests were carried out at 23+2 °C on a
Zwick Roell Z0.5 TH test machine with a 500-N load cell.
Cylindrical hydrogel specimens of 4.6 mm in diameter were
subjected to uniaxial compression and elongation measure-
ments at a strain rate of 1 min ', as detailed before [27]. The
nominal oy, and true stresses oyye (= A 0pom) Were recorded,
which represent the forces per cross-sectional area of the un-
deformed and deformed specimen, respectively, and A is the
deformation ratio (deformed length/initial length). For the
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strain ¢, the change in the length of the specimen with respect
to its initial length was calculated as e=A—1 and e=1- )\,
for elongation and compression, respectively. Young’s modu-
lus E was calculated from the slope of the nominal stress-
strain curves between 5 and 15% deformation. The compres-
sive strength o was calculated from the maxima in true stress-
strain curves, as detailed before [38]. Cyclic tensile experi-
ments were conducted at a strain rate of 5 min ' to a maximum
strain €, 0f 200 or 600%, followed by immediate retraction
to zero displacement and a waiting time of 1 min and 2 min,
respectively, until the next cycle of tensile. The mechanical
parameters and the water contents of as-prepared and swollen
hydrogels are compiled in Table 1.

To quantify the healing efficiency of the hydrogels, cut-
and-heal tests were carried out on gel specimens in cylindrical
forms of 4.6 mm in diameter and 1 cm in length. The gel
specimens were first cut in their middle and then, the two
gel parts were merged within a plastic syringe (of the same
diameter as the gel sample) by slightly pressing the piston
plunger at 50 °C for various healing times between 1 and
24 h. The efficiency of healing was calculated from the ratios
of Young’s modulus and fracture stress of the healed samples
to those of the virgin ones.

Results and discussion

Hydrophobically modified polyampholyte (PA) hydrogels
were prepared using equimolar amounts of AMPS and
APTAC monomers without a chemical cross-linker via micel-
lar polymerization in the presence of the hydrophobic mono-
mer C18A (Scheme 1). Before highlighting the extraordinary
properties of hydrophobically modified PA hydrogels, we first
present the behavior of the classical, chemically cross-linked
PA hydrogels prepared at various mole fractions of AMPS in
the comonomer feed. In the following subsections, we discuss

Table 1
various C18A contents

the properties of the physical PA hydrogels prepared at various
hydrophobic monomer contents.

Chemically cross-linked polyampholyte hydrogels

Chemically cross-linked PA hydrogels were prepared from
oppositely charged AMPS and APTAC monomers at various
mole fractions xnps 0f AMPS between 0 and 1 in the como-
nomer feed. They were synthesized at a total monomer con-
centration Cy; of 1.0 M in the presence of 1.25 mol% BAAm
cross-linker. Figure 1 (a) shows the equilibrium weight swell-
ing ratio My q, and the gel fraction W, of the hydrogels plot-
ted against xsmps. W, equals to 0.66 and 0.9 in the absence
and presence of AMPS, respectively, whereas it becomes uni-
ty at xapmps = 1. The increase in the gel fraction after incorpo-
ration of AMPS segments into the gel network could be at-
tributed to the formation of hydrogen bonds between the poly-
mer chains contributing to the cross-link density of the
hydrogels [39]. As expected, visual observation showed that
the hydrogels assume their most compacted state at xanps =

0.5 (Fig. 1(b)). At this state, the degree of swelling #,ej ¢q Of
the hydrogel is 14- and 11-fold smaller than that formed at
xamps = 0 and 1, respectively, due to the charge balance of the
comonomer units.

All as-prepared hydrogels were too brittle in tension and
hence, they cannot be subjected to uniaxial tensile tests.
Therefore, uniaxial compression tests were performed at a con-
stant strain rate of 1 min ' (Fig. S1). Figure 1 (c) shows
Young’s modulus £ and compressive fracture stress oy of the
hydrogels as a function of xsnpps. At xanmps = 0.5, the modulus
E attains a maximum value (63 =3 kPa) while the fracture
stress oy exhibits a minimum, i.e., below 2 MPa, due to the
ionic bonds between AMPS and APTAC segments acting as
cross-links in addition to the chemical BAAm ones, as well as
low amount of water in the charge-balanced hydrogel. The
results thus reveal poor mechanical properties of PA hydrogels

Water content (W %), Young’s modulus £, tensile strength oy, and elongation at break e¢ of as-prepared and water-swollen PA hydrogels at

C18A mol% W % E/kPa o/kPa e %
As- Swollen As- Swollen As- Swollen As- Swollen
prepared prepared prepared prepared
1 71 (3) soluble 14 (3) - 34 (1) - 1403 (155) -
2 71 (2) 88(2) 22 (3) 2(1) 40 (1) 8 (1) 1239 (162) 464 (49)
5 70 (3) 90 (1) 23 (1) 9(Q2) 40 (1) 68 (14) 910 (47) 523 (27)
7 69 (3) 88 (1) 31(2) 19 (2) 59 (10) 103 (9) 921 (3) 484 (36)
10 64 (2) 90 (1) 45 (6) 65 (7) 75 (5) 112 (13) 929 (146) 490 (50)
15 63(2) 86 (1) 64 (7) 76 (2) 99 (10) 122 (20) 779 (45) 331 (34)
20 61 (1) 87 (1) 99 (8) 97 (11) 145 (15) 213 (27) 662 (16) 257 (14)
25 60 (1) 87 (1) 103 (7) 174 (25) 172 (9) 202 (24) 608 (11) 137 (22)
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Fig. 1 (a) The equilibrium weight
swelling ratio 771, ¢, and the gel Mretea {a} Wy E I_kPa {} o,I-MPa
fraction W, of the hydrogels 100 1.0 60 ]
plotted against xapps. (b) —4 10
Young’s modulus £ and com- 80 0.8 ]
pressive fracture stress oy of the d 8
hydrogels shown as a function of 60 0.6 40 E
Xamps- (¢) Images of water- -6
swollen polyampholyte hydrogels 40 0.4 .
with various AMPS contents 20 24
2
I IS W B

0.00 0.25 0.50 0.75 1.00

Xamps Xamps
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because of the absence of an effective energy dissipation mech-
anism in the chemically cross-linked PA network. In the fol-
lowing, we fix the comonomer composition at xayps=0.5,
whereas no chemical cross-linker was used the gel preparation.

Hydrophobically modified physical polyampholyte
hydrogels

Instead of the chemical cross-linker BAAm producing brittle
PA hydrogels, the hydrophobic monomer n-octadecyl acrylate
(C18A) was incorporated into the backbone of PA chains to
create hydrophobic associations between alkyl side chains of
CI18A units. We observed that even the addition of a small
amount of C18A leads to gel formation. For instance, the im-
ages in Fig. 2 (a) and (b) show charge-balanced physical
hydrogels formed at various monomer concentrations Cyy with-
out and with 2 mol% C18A in the comonomer feed, respec-
tively. With C18A, a physical gel could be obtained at the
lowest monomer concentration Cy; of 1.0 M, while, without
C18A, no gel forms below Cy;=2.5 M. The appearance of
opacity in hydrophobically modified polyampholyte hydrogels
reveals existence of submicro-sized domains of hydrophobic
associations. To investigate in detail, we fixed the monomer

Fig.2 Images of charge-balanced
PA hydrogels at various monomer
concentrations Cy; without (a)
and with (b) 2 mol% C18A

concentration Cy; at 1.0 M and varied the amount of C18A in
the comonomer mixture between 5 and 20 mol%.

Figure 3 shows angular frequency (w) dependences of the
storage modulus (G"), loss modulus (G"), and loss factor (tan
0) of charge-balanced hydrogels in their as-prepared states,
formed at Cyy=1.0 M and at various C18A contents. The
dynamic moduli and tan § of the hydrogel without C18A are
shown by the open symbols and dashed line, respectively.
Incorporation of C18A into the hydrogel leads to an increase
of G' from Pa to kPa level and its frequency dependence
decreases. For instance, G’ at 10 rad s ' is 0.4 kPa in the
absence of C18A, while around two orders of magnitude in-
creases at 25 mol% C18A (31 kPa). Moreover, tan ¢ remains
above 0.1 for all hydrophobically modified PA hydrogels re-
vealing the existence of dynamic cross-links and hence their
viscous character. The physical gels formed above 1 mol%
C18A were insoluble in water, similar to their chemically
cross-linked analogs as discussed in the previous section.
Figure 4 (a) shows the equilibrium swelling ratio 1, cq, and
the gel fraction W, of the hydrogels plotted against their
hydrophobe contents. W, is above 0.8 and it increases with
increasing C18A content from 2 to 25 mol%. Moreover, the
swelling ratio of hydrophobically modified PA hydrogels is
2.5+0.4 and almost independent on the amount of C18A, as
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Fig. 3 Storage modulus G', loss G’ 25 G" tan & 10
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compared with 6.1 +0.2 for chemically cross-linked PA hy-
drogel at the same AMPS mole fraction (Fig. 1(a)). The lower
swelling ratio after hydrophobic modification is attributed to
the increased hydrophobicity of the resulting hydrogels.
Another characteristic feature of hydrophobically modified
PA hydrogels was their unusual swelling kinetics in water, as
shown in Fig. 4(b). The swelling ratio m,, of the hydrogels first
increases up to a maximum value (e max) Within 1 day, while
at longer swelling times, they start to deswell until attaining
their swelling equilibrium after 10 days. Moreover, the lower
the C18A content, the higher iS 71, max 0f the hydrogel. Similar
swelling kinetics was reported before for non-ionic polyacryl-
amide hydrogels prepared via micellar polymerization in aque-
ous SDS solutions [33]. The present hydrophobically modified
PA hydrogels are charge-balanced and hence, their polymer
networks are also non-ionic. However, they behave as ionic
ones when immersed in water due to the existence of Na*
counterions of the surfactant SDS inside the gel network.
Because of the osmotic pressure of SDS counterions, they sig-
nificantly swell in water, as seen during the 1st day of the
swelling time (Fig. 4(b)). However, as SDS is extracted from
the hydrogels, they gradually turn into non-ionic ones so that
their swelling ratio decreases at longer times. As will be seen
below, the cross-link density (v,.) of the hydrogels decreases
with decreasing amount of C18A (Fig. 6(b)). Thus, at a low
cross-link density, the diffusion of water inside the gel network
m

Fig.4 (a) The equilibrium weight releq

is faster than the extraction of SDS from the hydrogel so that the
hydrogels with low C18A contents exhibit high maximum
swelling ratios My max-

In contrast to the chemically cross-linked PAs presented in
the previous section, all hydrophobically modified PAs were
highly stretchable and the stretch ratio at break varied depend-
ing on the C18A content, and on the gel state during the tensile
tests. Figure 5 (a) and (b) show tensile stress-strain curves of as-
prepared and water-swollen hydrogels, respectively. The results
of the water-soluble hydrogels with <2 mol% C18A are shown
by the dashed curves in Fig. 5(a). Young’s modulus E, tensile
strength oy, and elongation ratio at break e¢ of the hydrogels are
compiled in Fig. 5(c) and Table 1 as a function of C18A mol%.
The modulus £ and tensile strength or increase with increasing
hydrophobe content for both as-prepared and swollen
hydrogels and they become 175 =25 and 202 + 24 kPa, respec-
tively, for swollen hydrogels with 25 mol% C18A. The open
circle in Fig. 5(c) representing the modulus E of the chemically
cross-linked charge-balanced PA hydrogel in the as-prepared
state reveals that, above 10 mol% C18A, hydrophobically mod-
ified physical PA hydrogels are much stiffer than the chemical
hydrogel in both as-prepared and swollen states. The stretch at
break (gy) is a decreasing function of C18A content and varies
between 137 and 1400%.

An interesting point from Fig. 5(c) and Table 1 is that the
swollen hydrogels at high C18A contents are stiffer than in

mml

(b)

swelling ratio 7, oq, and the gel
fraction W, of the physical
hydrogels plotted against C18A
mol %. (b) The weight swelling
ratio my plotted against the time
of swelling of the hydrogels with
various C18A contents

10
C18A mol %
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their as-prepared states. This finding is unexpected as swelling
of the hydrogels increases their water contents and hence de-
creases the number of elastically effective cross-links in a unit
gel volume. For instance, at 25 mol% C18A, although the
water content of the hydrogel increases from 60 to 87+ 1%
upon swelling in water (Fig. 6(a)), its modulus E also in-
creases from 103 to 175 kPa. This behavior is attributed to
the presence of surfactant in as-prepared hydrogels. Surfactant
micelles are known to weaken hydrophobic interactions due to
their solubilization effect and hence, they decrease the lifetime
of hydrophobic associations [33]. This results in a decrease in
the effective cross-link density of the hydrogels formed via
micellar polymerization [34]. To verify this hypothesis, the
effective cross-link density v, of the hydrogels, i.e., the num-
ber of network chains per volume of dry cross-linked polymer,
was calculated using the theory of elasticity as [40, 41]

2/3

E =30 RT ()" (1) (2)

where /9 and v, are the volume fractions of cross-linked
polymer at the state of gel preparation and during the mechan-

Fig. 5 (a, b) Tensile stress-strain

ical tests, respectively, R is the gas constant and 7 is the abso-
lute temperature. Using the water contents (W) shown in Fig.
6(a), 19 and v, of the hydrogels were calculated as d,{1 1=

W) where d,, is the polymer density which was taken as the
density of PAMPS (1.44 g mL ™" [42]). Figure 6 (b) shows the
calculated cross-link densities v, of PA hydrogels in their as-
prepared and swollen states plotted against C18 A mol%. v, of
swollen hydrogels containing > 10 mol% C18A is higher than
that in their as-prepared states reflecting the strengthening of
hydrophobic interactions in the absence of surfactants.

In addition to the C18 A amount, the mechanical properties
of hydrophobically modified PA hydrogels can also be tuned
by varying the monomer concentration Cy; at the gel prepara-
tion at a fixed C18 mol%. For instance, with increasing Cy
from 1.0 to 2.0 M at 2 mol% C18A, both £ and o increased
from 2 to 16 =2 kPa and 8 to 89 = 13 kPa, respectively, where-
as the stretch at break was slightly reduced from 1100 to 900%
(Fig. S2). The 8-fold increase in the modulus by doubling the
concentration Cy, reveals the increasing extent of hydrophobic
interactions between hydrophobically modified PA chains at
high concentrations.

(a) (b)

curves of hydrophobically modi- 250 F -
fied physical PA hydrogels in as- C - C18A mol % =
prepared (a) and water-swollen C o ——
(b) states at various C18A con- 200 C - ——— 1
tents. (c) The modulus E, tensile © o L
strength o, and elongation ratio at & 150 - — 2
break e of the hydrogels plotted ~ C C — 5
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Temperature-induced healing behavior

Because hydrophobically modified PA hydrogels have poly
(AMPS-co-APTAC) chains interconnected by non-covalent
bonds, one may expect that they all have the ability to self-
heal after damage. Cut-and-heal tests indeed revealed the

healing behavior of all as-prepared hydrogels at an elevated
temperature, whereas those prepared via chemical cross-linker
BAAm described in the first subsection cannot be healed.
Cyclic mechanical tests are a mean to understand the nature
and reversibility of the intermolecular bonds in the hydrogels.
Figure 7 (a) and (b) show typical cyclic tensile stress-strain

Fig. 7 (a, b) Five successive Onom / kPa

cyclic tensile test results

conducted on a gel specimen with :

20 mol% C18A in its as-prepared |

(a) and swollen (b) states. I

Loading and unloading steps are 100

shown by solid and dotted curves, i

respectively. Waiting time be- i

tween cycles = 1 min. (c) .
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ergy (triangles) plotted against L
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Fig. 8 (a, b) Stress-strain curves (c)
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curves of a gel specimen with 20 mol% CI18A in its as-
prepared and swollen states, respectively. During the tensile
tests, the specimens were first stretched to 200% elongation at
a fixed strain rate of 5 min~' and then unloaded at the same
rate to zero stress. These loading and unloading steps shown
in the figures by solid and dotted curves, respectively, were

C18A mol %

repeated 4 times with a waiting time of 1 min between the
cycles.

A negative deviation of all unloading curves from the load-
ings is seen in the figures reflecting the occurrence of damage
in the intermolecular bonds during stretching. The hysteresis
energy Unys, 1.€., the area surrounded by the loading and

Fig. 9 Images of healed hydrogel
specimens with 5 (a) and

20 mol% (b) C18A during
stretching. Healing time at 50 +

2 °C =24 h. Healed areas, indi-
cated by blue arrows, were col-
ored with a dye for clarity. The
locations of the fracture points are
indicated by red dashed circle,
and red arrow for (a) and (b),
respectively
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unloading curves, is much larger in the as-prepared state as
compared with that in the swollen state, and it decreases with
the cycle number, as seen in Fig. 7(c). This reveals that a much
larger number of bonds are broken in as-prepared hydrogels
which is attributed to their weakness because of the surfactant
micelles. Similar to the surfactant micelles, ethanol is a good
solvent for C18A segments able to solubilize their associa-
tions. We also conducted successive cyclic tensile tests on
the hydrogel with 20 mol% CI18A equilibrium swollen in
ethanol (Fig. S3). We found that Uy significantly increases
when measured from ethanol-swollen hydrogels as compared
with both as-prepared and water-swollen hydrogels, thus
supporting our finding. The fraction of energy dissipated per
loading energy fqiss is 40-57% and 6% for the as-prepared and
swollen hydrogels, respectively, revealing that the hydrogels
containing surfactant have a much more effective energy dis-
sipation mechanism as compared without surfactant (Fig.
7(c)). This also predicts that only PA hydrogels in their as-
prepared states will have the ability to heal after damage.
Another feature of the hydrogels is their excellent self-
recoverability in a short period of time after deformation.
For instance, Fig. 7 (d) shows images of a gel specimen with
5 mol% C18A during stretching to 500% deformation and just
after unloading. The specimen recovers its initial length within
seconds. This also highlights good elastic behavior of the
hydrogels due to the existence of dual intermolecular interac-
tions, namely ionic interactions between AMPS and APTAC
segments and hydrophobic interactions between the polymer
chains via C18A associations.

To highlight the healing behavior of PA hydrogels, cut-and-
heal tests were conducted at 50+2 °C and at various healing
times between 1 and 24 h. As expected from the cyclic tensile
test results, no healing could be detected in water-swollen
hydrogels due to the existence of strong ionic and hydrophobic
interactions. However, they could easily be healed in their as-
prepared states. Figure 8 (a) and (b) show stress-strain curves of
virgin and healed as-prepared hydrogels containing 5 and
20 mol% C18A, respectively, after various healing times. The
recovery of the original modulus after cut-and-heal tests was
complete within 1-4 h for both hydrogels. However, the
healing with respect to ultimate properties required longer
healing times. For instance, after 1 day of healing, the healing
efficiency with respect to the tensile strength is 100 and 56 +
6% for hydrogels with 5 and 20 mol% C18A, respectively. In
Fig. 8(b), the modulus £ and tensile strength o of virgin and 1-
day healed hydrogels together with the healing efficiencies are
shown as a function of C18A mol%. Independent on the
hydrophobe content, the healing efficiency with respect to the
modulus £, i.e., the stiffness of the hydrogels, is complete,
revealing recovery of the virgin network structure and the
cross-link density. However, recovery of tensile strength oy
continuously decreases with increasing C18A content and re-
duces to 40% at 25 mol% C18A.

@ Springer

Different healing behaviors of the initial and ultimate me-
chanical properties of as-prepared PA hydrogels suggest that,
although the virgin microstructure is recovered after healing,
some weak points remain in the gel specimens leading to
crack propagation at lower strains. It was found that these
weak points locate at or in the vicinity of the cut regions of
the healed hydrogels. For instance, Fig. 9 (a) and (b) show
images of 1-day healed hydrogels with 5 and 20 mol% C18A,
respectively, during stretching up to their fracture points. The
healed cut regions are indicated by the blue arrows. 5 mol%
C18A hydrogel sustaining up to around 1200% strain and
exhibiting a complete healing efficiency fractured at any loca-
tion in the middle of the gel specimens, as indicated by red
circle. In contrast, the fracture of 20 mol% C18A hydrogel
occurred at the healed region, as indicated by a red arrow,
revealing the existence of microcracks at the cut surfaces.

Conclusions

PA hydrogels exhibit unique features such as sensitivity
against pH and salt concentration variations, low toxicity,
good biocompatibility, and similarity to many biological sys-
tems and hence, they have a variety of applications including
antibacterial, anti-fouling, and saline-resistant materials.
However, PA hydrogels generally exhibit poor mechanical
properties such as a low modulus and tensile strength limiting
their load-bearing applications. We presented here thermally
healable hydrophobically modified physical PA hydrogels
based on oppositely charged AMPS and APTAC monomers.
PA hydrogels were prepared via micellar polymerization tech-
nique in the presence of n-octadecyl acrylate (C18A) as the
hydrophobic monomer in aqueous solutions of SDS micelles.
Charge-balanced PA hydrogels containing 60-90% water sus-
tain a high tensile strength (up to 202 kPa) and exhibit a high
stretchability (up to 1239%). Above 7 mol% C18A, swollen
hydrogels containing around 90% water exhibit much better
mechanical properties as compared with the corresponding as-
prepared ones because of the stronger hydrophobic interac-
tions in the absence of surfactant micelles. Cut-and-heal tests
conducted at 50 °C reveal complete recovery of Young’s mod-
ulus of all as-prepared hydrogels within 1-4 h. However,
healing of ultimate properties such as tensile strength was
incomplete and required longer healing times due to some
weak points remaining in the healed hydrogels. The present
results thus show that the incorporation of hydrophobic C18A
blocks into PA backbone via micellar polymerization in-
creases the mechanical performance of the resulting PA
hydrogels and creates temperature-induced healing behavior.
One may think that a blockwise distribution of charges along
the PA backbone would further enhance the mechanical per-
formance of hydrophobically modified PA hydrogels. This
could be achieved if one of the oppositely charged monomers
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has hydrophobic groups so that it could be dissolved in sur-
factant micelles together with C18A.
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