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a b s t r a c t

This paper studies a polymer network in which crosslinks are degradable but polymer chains are
not. We show that entanglements markedly enhance the mechanical properties of the polymer
network before degradation and slow down degradation. We synthesize polyacrylamide hydrogels
with disulfide crosslinks. In a precursor of a low water-to-monomer molar ratio and low crosslinker-
to-monomer molar ratio, the monomers are crowded and the resulting polymer chains are long, so
that the entanglements greatly outnumber crosslinks. The as-synthesized hydrogels are submerged
in pure water to swell to equilibrium. We show that entanglements enhance the swell resistance of
the hydrogel, as well as stiffen and toughen the hydrogel. We further show that entanglements slow
down degradation when the hydrogel is submerged in an aqueous solution of cysteine. This work
demonstrates that entanglements substantially expand the properties space of degradable polymers.

© 2023 Elsevier Ltd. All rights reserved.
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Degradable polymers have been under development as sutures
1–4], drug-delivery carriers [5–8], and environment-friendly ma-
erials [9–11]. This paper focuses on a class of degradable polymer
etworks in which crosslinks degrade in response to a trigger,
ut polymer chains do not. For example, when a polyacrylamide
etwork crosslinked by disulfide is submerged in an aqueous
olution of cysteine, the disulfide and cysteine undergo a thiol–
isulfide exchange reaction, and the polyacrylamide network dis-
olves into a polyacrylamide solution [12,13]. In this class of
egradable polymers, polymer chains need not degrade, so that
any well-established polymer networks can be repurposed as
egradable polymers using degradable crosslinks [14–16].
We have recently shown that a polymer of dense entangle-

ents and sparse crosslinks, called a tanglemer, has exceptional
echanical behavior, characterized by low hysteresis, high elastic
odulus, high strength, and high toughness [17]. When such a
olymer network is submerged in a solvent, the dense entangle-
ents enhance the swell resistance of the network. When the
olymer network is stretched, the dense entanglements stiffen
he network. Furthermore, before a polymer chain breaks, ten-
ion is transmitted along its entire length and to many other
ntangled polymer chains. Breaking of a single bond on the poly-
er chain dissipates enormous energy stored in both the chain
nd the entangled chains, which toughens the polymer network.
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Tanglemers expand the properties space of polymer networks
through topology, not chemistry.

We hypothesize that tanglemers can also expand the prop-
erties space of degradable polymers. To test this hypothesis,
we prepare polyacrylamide hydrogels of disulfide crosslinks of
various densities of entanglements. The precursor contains four
species of molecules: monomer, water, crosslinker, and initiator.
The composition of a precursor is specified by three molar ra-
tios: water-to-monomer molar ratio W, crosslinker-to-monomer
molar ratio C, and the initiator-to-monomer molar ratio I. A
recursor of low values of C and I results in a polymer network
f long polymer chains. All polymer networks in this work are
repared with precursors of a fixed ratio I/C = 0.4, but of
arious values of W and C. Compare two precursors of a fixed
ow value of C, but different values of W. In both cases, the low
alue of C leads to polymer networks of long polymer chains. In
he precursor of high W, the monomers are sparse, resulting in
sparsely entangled polymer network (Fig. 1a). In the precursor
f low W, by contrast, the monomers are crowded, resulting in
highly entangled polymer network (Fig. 1b). The two polymer
etworks have the same average length of chains, but different
opologies of networks.

We synthesize hydrogels using one type of monomer, acry-
amide, but two types of crosslinkers, N,N’-Methylene-
isacrylamide (MBAA) and N,N’-Bis(acryloyl)cystamine (BACA)
Fig. 2a). In an aqueous solution of cysteine, the polyacrylamide
hains and the MBAA crosslinks do not degrade, but the BACA
rosslinks degrade by a thiol–disulfide exchange reaction (Fig. 2b).
The as-prepared hydrogels are then submerged in pure water
o swell to equilibrium. Both MBAA-crosslinked hydrogels and
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Fig. 1. Densify entanglements by using a precursor in which monomers are
crowded. (a) In a precursor of a high water-to-monomer molar ratio, monomers
are sparse, resulting in a sparsely entangled polymer network. (b) In a precursor
of a low water-to-monomer molar ratio, monomers are crowded, resulting in a
highly entangled polymer network. The two precursors have the same value of
the crosslinker-to-monomer molar ratio.

BACA-crosslinked hydrogels reach equilibrium in pure water, in-
dicating that they do not degrade in pure water. We subject
the equilibrium hydrogels to various tests. Consider hydrogels
prepared with precursors of a fixed value of C = 1 × 10−4. A
recursor of low W leads to an as-prepared hydrogel with a high
ensity of entanglements, so that the equilibrium hydrogel has a
igh polymer content (Fig. 3a) and high stiffness (Fig. 3b).
The toughness of the hydrogels is insensitive to W (Fig. 3c).

n principle, the toughness depends on both the polymer chain
 2

2

length and the polymer content [18,19]. Recall that all these
hydrogels have a fixed value of C, and therefore a similar av-
rage length of polymer chains. The toughness scales with the
olymer content Γ ∼(polymer content)2/3 [18]. As the polymer
ontent varies from 2.5% to 15% when W varies from 25 to 2, the
oughness is expected to change by a factor of ∼3. The measured
oughness of the hydrogels varies somewhat with W. However,
oughness scatters by a factor of ∼2, so that we do not study the
caling relation between toughness and polymer content.
Next, we fix W = 2 and vary C in the precursors, in which

he monomers are crowded. The as-prepared hydrogels are sub-
erged in pure water to swell to equilibrium. We measure the
olymer content, elastic modulus, and toughness of the equilib-
ium hydrogels as functions of C (Fig. 3d–3f). When C < 1 × 10−5,
he as-prepared hydrogel swells excessively and becomes a vis-
ous liquid, so the material properties are not measured. When C
xceeds a critical value, ≈ 1 × 10−5, the amount of crosslinks
s high enough to hold elasticity, and the hydrogels are solid-
ike. When 1 × 10−5 < C < 1 × 10−3, the polymer content
nd elastic modulus both plateau, suggesting that many entan-
lements exist for each polymer chain between two crosslinks.
hen C > 1 × 10−3, the polymer content and elastic modu-

us increase with C, indicating that the number of crosslinks is
omparable to or greater than that of entanglements. That is,
ach chain has entanglements equivalent to C = 1 × 10−3. The
umber of monomers between adjacent entanglements can be
pproximated by the number of monomers between adjacent
rosslinks at C = 1 × 10−3. As two crosslinks form a chain and
ne crosslink connects four chains, the number of monomers
etween adjacent crosslinks is (2C)−1, which corresponds to the
ntanglement molecular weight of 35,000 g/mol.
Our estimated entanglement molecular weight of the poly-

crylamide hydrogel can be compared with the entanglement
olecular weight of polyacrylamide melt, which is 9,100 g/mol

20]. We synthesized hydrogels with precursors with different
alues of W. When W is high, monomers are dilute and the en-
anglements are sparse. When W is low, monomers are crowded
nd the entanglements are dense. The lowest W in this study is

, which corresponds to about 50% of the mass fraction of water
Fig. 2. Hydrogels with non-degradable crosslinks and degradable crosslinks. (a) Acrylamide is used as the monomer for all hydrogels in this work. N,N’-
Bis(acryloyl)cystamine (BACA) is used as the degradable crosslinker, and N,N’-Methylenebisacrylamide (MBAA) is used as the non-degradable crosslinker. (b) In
an aqueous solution of cysteine, the disulfide crosslink dissociates by a thiol–disulfide exchange reaction.
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Fig. 3. Degradable hydrogels before degradation (red) and non-degradable hydrogels (blue) have comparable properties. (a–c) The hydrogels are prepared with
precursors of C = 1 × 10−4 and various values of W. (d–f) The hydrogels are prepared with precursors of W = 2 and various values of C. All hydrogels are swollen
n pure water to equilibrium before being tested. The data for the non-degradable hydrogels are from literature [17]. (For interpretation of the references to color
n this figure legend, the reader is referred to the web version of this article.)
a
h
s
c
h
f

f
m
s
o
W
c
C
b
a
o
t
F
W
h
e
d
w
b

s
o
p
t
a
i
o
d

n the precursor. Therefore, the entanglement molecular weight
ill be higher than that of pure melt of linear polyacrylamide
W = 0).

The toughness of the hydrogel decreases as C increases. The
oughness varies about 102 times while C varies 104 times and a
lear scaling relation is observed despite the scatter. According to
he Lake–Thomas model, toughness Γ scales with l1/2, in which
is the length of the polymer chain [19]. As the number of
onomer units per polymer chain is (2C)−1, l ∼ C−1 and Γ ∼
−1/2 . At C = 1 × 10−5, the polymer content ≈ 13%, the modulus
100 kPa, and the toughness ≈ 1,000 J/m2.
The hydrogels of the degradable crosslinker BACA synthe-

ized in this work are compared to those of the non-degradable
rosslinker MBAA synthesized in previous work [17] (Fig. 3). For
he given values of W and C, the two types of hydrogels have
ear-identical properties. The polymer content and modulus are
overned by the entropic elasticity of the polymer networks.
heir values are almost the same for the hydrogels of two types of
rosslinks, indicating that the two types of crosslinkers have sim-
lar reaction efficiency. This similarity is unsurprising, given the
imilarity in the chemical structures of the two types of crosslink-
rs. The two types of hydrogels have near-identical toughness
lso, even though the two types of crosslinkers have different
onding energies, 215 kJ/mol for S–S and 345 kJ/mol for C–C [21].
t is likely that the difference in the bonding energies is small
ompared to the scatter in the toughness.
We confirm that the cysteine dissociates BACA and does not

egrade polyacrylamide. We prepare MBAA-crosslinked hydro-
els and BACA-crosslinked hydrogels using precursors of W = 25
nd C = 1 × 10−4. The as-prepared hydrogels are first submerged
n pure water to swell to equilibrium, and then submerged in
n aqueous solution of cysteine of a concentration of 0.1 M.
hereas the MBAA-crosslinked hydrogel maintains the shape for
2 h (Fig. 4a), the BACA-crosslinked hydrogel dissolves within 4 h
Fig. 4b).
 f

3

Next, we synthesize a hydrogel of degradable crosslinks using
precursor of W = 2 and C = 1 × 10−4. The as-prepared
ydrogel is submerged in pure water to swell to equilibrium. The
wollen hydrogel is then submerged in an aqueous solution of
ysteine of a concentration of 0.1 M at room temperature. The
ydrogel swells further 1.4 times by mass in 24 h and does not
ully degrade over 72 h (Fig. 4c).

We prepare fresh samples of the three hydrogels to quantify
urther the effects of the degradable crosslinker and entangle-
ents. The as-prepared hydrogels are submerged in pure water to
well to equilibrium, and then submerged in an aqueous solution
f cysteine of a concentration of 0.1 M at room temperature.
hen a hydrogel degrades by cysteine, the disassociated polymer

hains dissolve in the solution from the surface of the hydrogel.
onsequently, the hydrogel becomes inhomogeneous and the
oundary of the hydrogel becomes unclear. Therefore, it is not
ppropriate to characterize the degradation by using the degree
f swelling or rheology properties. Instead, we measure the elas-
ic moduli of the three hydrogels as functions of time (Fig. 4d).
or the hydrogel prepared using a precursor with MBAA and

= 25, the elastic modulus does not change over time. For the
ydrogel prepared using a precursor with BACA and W = 25, the
lastic modulus drops as the crosslinks degrade, and the hydrogel
issolves within 4 h. For the hydrogel prepared using a precursor
ith BACA and W = 2, the elastic modulus decreases over time,
ut the hydrogel does not fully dissolve for 160 h.
We prepare hydrogels of degradable crosslinks using precur-

ors of W = 2, 5, 10, and 15. All precursors have the value
f C = 1 × 10−4. The as-prepared hydrogels are submerged in
ure water to swell to equilibrium at room temperature. The final
hicknesses of hydrogels in equilibrium are comparable. We then
ccelerate degradation by submerging the equilibrium hydrogels
n the 0.1 M cysteine solution at 65 ◦C, and observe the change
f the hydrogels with time (Fig. 5). The time required to fully
egrade the hydrogels is about 19 days for W = 2, 14 days

or W = 5, and 3 days for W = 10 and 15. Recall that a
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u

Fig. 4. Three types of hydrogels submerged in a cysteine solution. (a). A hydrogel prepared using a precursor with MBAA (non-degradable crosslinks) and W = 25
does not degrade over time. (b). A hydrogel prepared using a precursor with BACA (degradable crosslinks) and W = 25 degrades over time. (c). A hydrogel prepared
sing a precursor with BACA and W = 2 degrades slowly. The dimension of the grid is 6 mm × 6 mm. (d). The moduli of the three hydrogels as functions of time.
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hydrogel prepared with a precursor of a low value of W is highly
entangled. These observations confirm that the highly entangled
hydrogels degrade slower than the regular hydrogels. After the
as-prepared hydrogels are submerged in pure water to swell to
equilibrium, the highly entangled hydrogel has higher polymer
content than the regular hydrogels. Furthermore, the swelling in
pure water does not degrade crosslinks, and therefore, does not
disentangle polymer chains. Is the slow down of degradation due
to the polymer content or entanglement density? This question
is not studied in the present work, because the polymer content
and entanglement density are not independent variables, but are
both set by the value of W.

We further prepare hydrogels using precursors of W = 2, 5,
10, and 15 without crosslinks (C = 0). The average molecular
weight of the polymer chains can be estimated from the number
of initiators. Under UV light, an initiator triggers polymerization
and becomes one end of the growing chain. The growing chain
can be terminated by either disproportionation or combination
pathway. In the case of combination, two initiators form a single
chain. Assuming the fraction of combination is comparable to or
greater than that of disproportionation, the number of monomers
per chain is estimated as 1/(2I). The estimated molecular weight
of the polymers is 888,000 g/mol. We then submerge the as-
prepared hydrogels in pure water at 65 ◦C, and observe their
changes over time (Fig. 6). A hydrogel prepared with a pre-
cursor of low W dissolves slower than the hydrogel prepared
4

with a precursor of high W. This observation confirms a well-
established fact. Even for a polymer solution with no crosslinks,
entanglements by themselves retard the migration of polymer
chains. Also observe that the dissolution of the hydrogels without
crosslinks in pure water is much faster than the dissolution of
the hydrogels with degradable crosslinks in the cysteine solution.
Both the crosslinks and entanglements retard degradation.

The degradation involves three kinetic processes: migration of
cysteine from the external solution into the hydrogel, the thiol–
disulfide exchange reaction to break the disulfide bonds, and
migration of polymer chains from the hydrogel to the external
solution. We estimate the time scales of the three kinetic pro-
cesses as follows. The diffusion coefficient of small molecules like
cysteine in an aqueous environment is estimated by the Stokes–
Einstein relation D = kBT /(6Πηr), where kBT is the temperature
n the unit of energy, r is the radius of the molecule and η is
he viscosity of water [22]. Taken r ≈ 10−10 m, η = 10−3 Pa
, and kBT = 4 × 10−21, the estimated diffusivity is D ≈ 10−9

2/s. When the thickness of the hydrogel layer is H ≈ 10−3 m,
he time scale of the migration of cysteine is on the order of
2/D ≈ 103 s. In the thiol–disulfide exchange reaction, a cysteine
olecule RSH and a disulfide crosslink R’SSR’’ react, producing
R’’SH group on one polymer chain and a RSSR’ group on the
ther polymer chain: RSH + R’SSR’’ ⇆ RSSR’ + R’’SH. The rate
onstant of the forward reaction is k = 0.8 M−1s−1, where k
s defined by d[R’SSR’’]/dt = -k[RSH][R’SSR’’] [23]. At a constant
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Fig. 5. Degradation of hydrogels with degradable crosslinks depending on the value of W. The value of C is 1 × 10−4 in all cases. The as-prepared hydrogels are
submerged in an aqueous solution of 0.1 M cysteine at 65 ◦C. The dimension of the grid is 6 mm × 6 mm.
Fig. 6. Dissolution of uncrosslinked hydrogels depending on the value of W. For all cases, C = 0 and I = 4 × 10−5 . The as-prepared hydrogels are submerged in
ure water at 65 ◦C. The dimension of the grid is 6 mm × 6 mm.
o

oncentration of the cysteine [RSH], the kinetic equation is a
irst-order ordinary differential equation for the concentration of
he disulfide crosslinks [R’SSR’’], giving a time scale of reaction
k[RSH])−1. Take the concentration of the cysteine to be the same
s that in the external solution in our experiment, [RSH] = 0.1 M,
nd the time scale of the forward reaction is on the order of 101

. The reverse reaction has the rate constant of the same orders
f magnitude, suggesting that the reaction reaches equilibrium
n the time scale of 101 s. The polymer chains also migrate by
diffusion, whose rate can be estimated by the following scaling
analysis [24]. The Rouse model provides the diffusivity of the
unentangled polymer chains DRouse≈kB T /(Nηb), where b is the
ize of the repeating unit of the polymer chain and N is the
umber of repeating units. The Rouse model has been modified
y the reptation model to include the effect of entanglements and
5

solvent, giving Drep ∼DRouse(Ne/N)φ−7/3, where Ne is the number
f the repeating units between adjacent entanglements, φ is the

volume fraction of the polymers, and the solvent is a theta-
solvent. Taking kBT = 4 × 10−21 J, η = 4×10−4 Pa s at 65 ◦C,
b = 4 × 10−10 m, N = 5,000, Ne/N = 0.1, and φ = 0.15, we
obtain that Drep≈ 10−11 m2/s. The above estimates indicate that
the reaction is much faster than the migration of cysteine, and
the migration of cysteine is much faster than the migration of
polymer chains.

We next compare these theoretical considerations to the ex-
perimentally observed times of degradation. For uncrosslinked
hydrogels, the time for degradation is on the order of 104 s when
W = 2, and on the order of 102 s whenW = 15 (Fig. 6). According
to our measurement, for these two hydrogels of W = 2 and 15,
φ is different by a factor of three and N is different by a factor
e
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f about ten because the number of repeating units scales with
−1. Therefore, Drep is expected to be different by a factor of 102,
hich corresponds to the measured times of degradation. These
bservations illustrate the significance of W on the time scale of
he migration of polymers.

For disulfide-crosslinked hydrogels, the time for degradation
s on the order of 106 s when W = 2, and on the order of
05 s when W = 15 (Fig. 5). A comparison between Figs. 5

and 6 shows that crosslinks slow down degradation. How can
a fast reaction slow down the migration of polymer chains?
We interpret this observation as follows. Disassociated poly-
mer chains stay in the network for times much longer than
the reaction time. The reaction reaches the equilibrium locally
and the reverse reaction re-crosslinks the polymer chains. The
thiol–disulfide exchange reaction has an equilibrium constant
of [R’’SH][RSSR’][RSH]−1[R’SSR’’]−1

= 0.43 [23]. Consequently,
when the cysteine concentration is 0.1 M, 0.3% of crosslinks
remain bonded. Given that there are about 102 crosslinkers per
polymer chain, the reverse reaction may slow down the migration
of polymer chains. We are unaware of a quantitative model of this
synergy between reaction and migration of polymers.

In summary, we have synthesized polymers of degradable
crosslinks, and show that entanglements greatly improve the
mechanical properties before degradation and substantially slow
down degradation. Both mechanical properties and degradation
rate are important objects in the development of degradable poly-
mers. By varying the composition of precursors, one can prepare
polymer networks of the same chemistry but different topologies.
Since the effect of the topology is general, the improvement of the
mechanical properties and the delay of degradation are expected
in other polymer networks, unless entanglements can readily slip
and de-concentrate the tension. The density of entanglements
provides an additional parameter to expand the properties space
of degradable polymers.

Experimental Section

Materials
Acrylamide (AAm, A8887) is used as a monomer

and 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone
(Irgacure 2959, 410896) is used as a photoinitiator. N,N’-Bis
(acryloyl)cystamine (BACA, A4929) is used as a degradable
crosslinker, and N,N’-Methylenebisacrylamide (MBAA, 146072)
is used as a non-degradable crosslinker. L-Cysteine
(168149) is used as a trigger of degradation. All chemicals are
purchased from Sigma-Aldrich.

Synthesis
The monomer and crosslinker are dissolved in water, and the

photoinitiator is dissolved in ethanol. The three solutions are
then mixed to prepare a precursor of certain values of W, C,
and I. The precursor is mixed using a vortex mixer (VWR digital
vortex mixer 120V), and is put in an ultrasonic bath (Bransonic
CPX1800H) for 3 mins to get rid of bubbles. The precursor is
poured into a rectangular mold (89 mm × 51 mm × 0.8 mm),
and then covered with a glass sheet and clamped with clips. The
precursor is cured under an ultraviolet lamp (1.5 mW/cm2, 10 ea,
Sankyo Denki, F8T5BL) for 3 h. The as-prepared hydrogel is peeled
off the mold.

The mass of the as-prepared hydrogel m0 is measured right af-
ter curing. The as-prepared hydrogel is submerged in pure water
for over 24 h to swell to equilibrium. The mass of the equilibrium
hydrogel m is measured. The swelling ratio is defined by R =

m/m0. The thickness of the equilibrium sample is calculated by
multiplying R1/3 to the thickness of the as-prepared hydrogel.
The polymer content is the mass ratio of the polymer to the
equilibrium hydrogel.

Measurement of mechanical properties
6

The equilibrium hydrogel is then cut into a rectangular shape
(89 mm × 38 mm). Two sides of the sample are glued with
grippers made of acrylic sheets (8560K257) using Krazy glue.
The size of the testing area is 89 mm × 12.7 mm. Each sample
is pulled using a tensile tester (Instron 5966) to fracture at a
stretch rate of 0.0079s−1, and the force is recorded as a function
of displacement. The elastic modulus is measured using samples
without a pre-crack, and is 3/4 times the initial slope of the
stress–stretch curve. To measure the toughness, a crack of a
length of 12.7 mm is introduced by a razor blade to the edge of
a sample. The experiment records the critical stretch when the
sample fractures, λc . The toughness of the hydrogel is calculated
by w(λc)H, where w(λ) is the energy density of the uncracked
sample and H is the height of the sample.

Degradation
In one set of experiments, the equilibrium hydrogel is cut

and glued with grippers in the same way used for the elastic
modulus measurements. Then the sample is immersed in an
aqueous solution of 0.1 M L-cysteine at room temperature. The
elastic modulus is measured as a function of time. In another
set of experiments, the equilibrium hydrogel is cut into a disk,
immersed in the aqueous solution of 0.1 M L-cysteine, and stored
in an oven at 65 ◦C. The shapes of the sample are recorded over
time.
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