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Editorial on the Research Topic

Synthesis of Novel Hydrogels With Unique Mechanical Properties

Hydrogels are wet polymeric or supramolecular networks showing properties of both solid and
liquid. They are promising materials for a broad range of applications, including cell culturing
(Caliari and Burdick, 2016), tissue engineering (Vedadghavami et al., 2017), wound dressing
(Ghobril and Grinstaff, 2015), controlled drug release (Li and Mooney, 2016), flexible electronics
(Yang and Suo, 2018), and soft robotics (Liu et al., 2020), just to name a few. In many of these
applications, the mechanical properties of hydrogels play an important role and have gathered
increasing attention. However, despite considerable progress and increasing numbers of papers
published in recent years, it remains challenging to formulate hydrogels with controlledmechanical
properties to meet diverse applications.

To provide a forum to discuss the latest researches in this field, we created a Research Topic
on “Synthesis of Novel Hydrogels with Unique Mechanical Properties.” In this Research Topic, we
have published 13 papers, including 12 research articles, and one review. These papers highlight
several emerging trends in this direction.

First, biomacromolecules are widely used as the building blocks to modulate the mechanical
properties of hydrogels (Li et al., 2020). For example, Xiang et al. showed that photo-hardening and
photo-weakening hydrogels can be engineered using a visible light-cleavable fluorescent protein,
PhoCl, designed by the Campbell group (Zhang et al., 2017). The mechanical properties of the
hydrogels are altered based on photo-induced bond rupture and the subsequent unfolding of
the proteins. Lu et al. reported that hydrogels with high mechanical strength can be prepared by
incorporating albumin in the hydrogel network. They introduced a heat-processing approach to
partially unfold and aggregate albumin, which added abundant physical crosslinks to the chemically
crosslinked hydrogels. The hybrid crosslinking mechanism is responsible for the high compressive
and tensile strength of the resulting hydrogels. Another interesting example is the work by Cui et al.
It is shown that hybrid hydrogels made of DNA and synthetic polymers can serve as recyclable gene
carriers for cell-free protein synthesis. To achieve optimal production yield, the hydrogels should
be neither too soft nor too hard. Soft hydrogels are easily damaged by the shaking forces during
protein production. On the other hand, hard hydrogels exhibited dense network structures, which
slowed down the diffusion of the reactants and lowered the efficiency of protein production.
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Second, crosslinking chemistry is emphasized for hydrogel
preparation. To incorporate new building blocks, such as
proteins, novel hydrogel-crosslinking methods have been
developed. Camp et al. reported an optimized ruthenium-
catalyzed photo-crosslinking strategy to trigger the formation
of dityrosine in artificial proteins in a controllable fashion,
yielding hydrogels of predictable mechanical strength. Using
the same catalyst, Farajollahi et al. showed that the ruthenium-
mediated photoreaction led to unexpected disulfide metathesis in
minicollagen. The obtained hydrogels were crosslinked by redox
sensitive disulfide bonds and their mechanical properties were
modulable and reconfigurable. In parallel to the photo-chemistry
approach, enzyme mediated crosslinking is also biocompatible
and controllable, making the resulting hydrogels suitable for
biomedical applications. Shen et al. reported a novel dual
enzyme strategy to fabricate hydrogels of tunable strength. They
employed a dual enzyme system, HRP@GOx, with distinct
catalytic activities for orthogonal reactions. In a fast reaction,
tyrosine-modified chondroitin sulfate was crosslinked to form
the first network. In a slow polymerization of various monomers,
a second network was formed. Temporally decoupling the
two-reaction kinetics allowed the hydrogel to be easily fabricated
using 3D printing while further polymerization allowed for
tuning the mechanical properties. This new technique is
expected to find broad biomedical applications.

Third, it is increasingly realized that hydrogel network
topology, other than the specific crosslinking chemistry, is
important for the mechanical properties of hydrogels. Grad et al.
showed that the same crosslink can lead to distinct viscoelastic
behaviors, depending on the structure and organization of
the polymer to be crosslinked. A self-assembled semi-flexible
fibrous network displayed a relaxation time almost two orders
of magnitude slower than a flexible random-coil network of
four-armed polyethylene glycol. It is proposed that the distinct
stress-relaxation behaviors of the two systems are determined by
their different network topologies. In the random-coil network,
crosslink dissociation causes immediate relaxation while in the
fibrous network multiple bonds need to dissociate to allow
network relaxation. This shows that it is possible to decouple
the microscopic and macroscopic dynamics of hydrogels using
different network topology.

Fourth, computational studies can provide tremendous
insights. Using molecular dynamics simulations, Zidek et al.
investigated hydrogels made of linear chain connected micelles.
It was shown that the micelles transform into fibrils upon
deformation and that such evolution largely depends on strain
rates. Their model also suggested a set of conditions in which the

micelle-to-fibril transition is favorable, which may inspire future
experimental studies. Moreover, simulations using mesoscopic
models can bridge the conformational change of polymer chains

at the microscopic level to the deformation of hydrogel at
the macroscopic level. To this end, Lei et al. constructed
coarse-grained bead-springmodels for hydrogelsmade of a single
network of polyacrylamide. They studied the strain and fracture
behavior using dissipative particle dynamics. It is shown that
the simulations adequately replicate the hyperelasticity and the
viscoelasticity of the hydrogels observed experimentally. It was
further possible to predict the fracture stretch, based on the
fracture stretch of C-C bonds. It is interesting to see whether
this model can be used to also predict the mechanical behavior
of more complex network structures.

Last but not least, the connection of diverse mechanical
properties with specific applications has been exemplified in
numerous systems. Malik et al. optimized chitosan/xanthan gum
hybrid hydrogels for antiviral drug delivery. Kong et al. reported
the synthesis of alginate fibroid hydrogels crosslinked by dynamic
ionic interactions. These hydrogels were suitable for the removal
of heavy metal ions in water. Zhang et al. demonstrated that
metal ion crosslinked organohydrogels can be fabricated in
water-cryoprotectant binary solvent. The hydrogels exhibited
high toughness and function properly at extreme temperatures as
low as −20◦C and −45◦C. They are promising for applications
in harsh temperature conditions. The mechanical properties of
hydrogels are obviously important for tissue engineering. Bao
et al. summarized the recent development of hydrogels made of
natural polymers for cartilage repair and regeneration. Clearly,
the mechanical properties of the hydrogels played a pivotal role
in this direction.

In summary, this Research Topic highlights the importance of
mechanical properties for the development of specific hydrogel
applications and provides experimental methods and theoretical
frameworks to design hydrogels with controllable and predictable
mechanical properties.
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Design and synthesis of environmentally friendly adsorbents with high adsorption

capacities are urgently needed to control pollution of water resources. In this work, a

calcium ion-induced approach was used to synthesize sodium alginate fibroid hydrogel

(AFH). The as-prepared AFH has certain mechanical strength, and the mechanical

strength is enhanced especially after the adsorption of heavy metal ions, which is very

convenient for the recovery. AFH exhibited excellent adsorption performances for Cu2+,

Cd2+, and Pb2+ ions and displayed very high saturated adsorption capacities (Qe)

of 315.92 mg·g−1 (Cu2+), 232.35 mg·g−1 (Cd2+), and 465.22 mg·g−1 (Pb2+) with

optimized pH values (3.0–4.0) and temperature (303K). The study of isotherms and

kinetics indicated that adsorption processes of heavy metal ions fitted well with the

pseudo-second-order kinetics model and the Langmuir model. Pb2+ was found to have

the strongest competitiveness among the three heavy metal ions. Thus, AFH has great

application prospects in the field of heavy metal ions removing from wastewater.

Keywords: fibroid hydrogel, sodium alginate, heavy metal ions removal, adsorption kinetics, adsorption isotherms

INTRODUCTION

With rapid global development, water contamination caused by industrialization and a growing
population has been an urgent problem that must be solved. Toxic heavy metal ions in wastes
derived from the emission load of industry are the most harmful contaminants to human beings
(Chen et al., 2009). Heavy metal elements are generally highly toxic, refractory, and tend to
accumulate over time, causing great harm to human health. For instance, trace amounts of
cadmium (Cd2+) in the human body eventually accumulate and causes various diseases related
to the lungs, bone, kidneys, liver, immune system, and reproductive organs (McDowell, 2003).
Because of its importance in enzyme synthesis, bone and tissue development Copper (Cu)
is an indispensable trace element in the human body. However, divalent copper (Cu2+) ion
is carcinogenic and toxic, resulting in a variety of complications and liver cirrhosis once it
accumulates in the viscera (Bilal et al., 2013). Lead (Pb2+) is non-biodegradable and tends to
accumulate in living tissues, leading to various kinds of disorders and diseases (Chen et al., 2010).
Thus, it is urgent to solve the problem of heavy metal ions contamination of water.

To date, four common methods (including physical, chemical, physiochemical, and biological)
have been developed to remove heavy metal ions from wastewater (Wang et al., 2003; Kurniawan
et al., 2006; Wang and Chen, 2009; Fu and Wang, 2011; Chukwuemeka-Okorie et al., 2018).
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Physical methods include evaporation and dilution. Chemical
methods mainly contain chemical precipitation method and
electrolysis method. Biological methods are those in which
microorganisms are used for degradation. Physicochemical
methods are processes like adsorption, ion reduction, and ion
exchange. Adsorption has the advantages of low cost, easy to
obtain, availability, and environmentally friendly, thus, it has
been widely applied in industrial effluent treatments. Hence,
many kinds of adsorbents have been designed and synthesized
(including silica, magnetic particles, grapheme, and hydrogel) to
meet the demands for water treatment (Liu et al., 2013; Wang
et al., 2015; Hayati et al., 2017; Zhao et al., 2017; Alizadehgiashi
et al., 2018; Qi et al., 2019).

Hydrogel is one of the excellent adsorbents that has three-
dimensional (3D) hydrophilic polymer networks and is capable
of absorbing ions and retaining water within their networks.
Removal of heavy metal ions using hydrogel involves the
adsorption through interactions with functional groups dangling
on polymer chains such as carboxyl, hydroxyl and amino
groups (Kaşgöz et al., 2003; Zhou et al., 2018). Luo reported
a tough polyampholyte/graphene oxide hydrogel adsorbent for
the removal of Pb2+ (216.1 mg·g−1) and Cd2+ (153.8 mg·g−1)
ions (Zhou et al., 2016). Wang reported a freeze-thaw method
to synthesize PVA/CMC hydrogels with a high degree of
crosslinking, and the hydrogels showed excellent adsorption
capacities for heavymetal ions including Ag+ (8.4mg·g−1), Cu2+

(5.5 mg·g−1), Ni2+ (6.0 mg·g−1), and Zn2+ (5.3 mg·g−1) (Wang
and Wang, 2016). Though lots of efforts have been made to
prepare various hydrogel-based composites for the removing of
heavy metal ions, facile design, and synthesis of environment
friendly hydrogels with high adsorption capacities are still
urgently needed.

For this purpose, we developed a calcium ion (Ca2+)-
induced crosslinking approach to fabricate sodium alginate
fibroid hydrogel (AFH). AFH was used for the removal of
Cd2+, Cu2+, and Pb2+ ions and the effects of temperature,
adsorption time, pH values, and interfering ions on the
adsorption capacity and removal ratio were systematically
investigated. The optimized conditions of AFH for adsorption
behaviors were analyzed via adsorption kinetics and adsorption
isotherms. AFH was capable of efficiently removing heavy
metal ions and had very high saturated adsorption capacities
(Qe) for Cu2+ (315.92 mg·g−1), Cd2+ (232.35 mg·g−1),
and Pb2+ (465.22 mg·g−1) ions. The easily prepared AFH
with high adsorption performances for various heavy metal
ions has great potential in the controlling pollution of
water resources.

MATERIALS AND METHODS

Materials
Sodium hydroxide (NaOH), calcium sulfate (CaSO4), lead nitrate
[Pb(NO3)2], cupric nitrate [Cu(NO3)2•3H2O], calcium nitrate
[Cd(NO3)2•4H2O], Sodium alginate (SA), and hydrochloric acid
(HCl) were obtained from Aladdin Reagent. All these chemicals
were used without further purification.

Methods
Preparation of Alginate Fibroid Hydrogel
In a typical synthesis of AFH, 5.0 g of SA was added to 95.0mL
of deionized water at room temperature and stirred for 5 h to
produce a polymer solution. A 10mL injection syringe (816mm)
was then used to inject the as-prepared dispersion of SA into a
super-saturated solution of CaSO4. After 30min of crosslinking,
the product was rinsed three times with deionized water to form
the desired hydrogel. The prepared hydrogels were dried at 40◦C
for 24 h before the adsorption of heavy metal ions.

Preparation of Heavy Metal Ions Stock Solutions
Stock solutions of each heavy metal ions of 1,000 mg•L−1

were prepared. Exact amounts of 2.744 g of Cd(NO3)2•4H2O,
3.802 g of Cu(NO3)2•3H2O, and 1.599 g of Pb(NO3)2 were each
dissolved in 1,000mL of Milli-Q water, respectively. Solutions
with certain required concentrations could be obtained by
diluting the as-prepared stock solution.

Characterizations
Morphologies of the as-prepared materials were investigated
using a field-emission scanning electron microscope JSM-7000F
(FE-SEM, JEOL, Japan). Thermal gravimetric analysis (TGA)
of the production was carried out on an SDT-Q600 (TA
instruments, USA) under Ar atmosphere from 25◦C to 800◦C
with a heating rate of 10◦C•min−1. ICP-OES was carried out on
Optima 8000 (PerkinElmer, USA). A tensile tester (SHIMADZU
AGS-X) with a 500N load cell was used for the tensile test. The
cylindrical hydrogel samples with or without heavy metal ions
adsorbed were selected for all tests. The upper clamp was pulled
by the load cell at a constant velocity of 50 mm/min.

Adsorption of Heavy Metal Ions
Adsorption of metal ions by AFH were carried out as follows: A
certain quantity of as-prepared dried hydrogels was added into
the heavy metal aqueous solution with a certain concentration.
After a specified time of adsorption reaction, aliquots of the
solutions were collected to test the adsorbed heavy metal ions
concentration using ICP-OES.

The equilibrium adsorption capacity (Qe, mg·g−1) is defined
as the amount of heavy metal adsorbed per gram of dried gel at
equilibrium. Qe can be obtained by Equation (1) (Zhang et al.,
2018):

Qe =
(C0 − Ce)V

M
(1)

where C0 and Ce (mg·L−1) are the initial and equilibrium
concentrations, respectively, for each metal ion in solution; V (L)
is the solution volume andM (g) is themass of the dried hydrogel.

The removal ratio (R) for each metal ion in solution at a
specific time can be calculated by Equation (2)

R =

(C0 − Ct)

C0
× 100% (2)

where Ct(mg·L−1) is the concentration of each metal ion at a
specific time.
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Adsorption Kinetics
The main rate-limiting factor can be determined through
adsorption kinetics. Equations (3) and (4) represent the first-
order kinetics and second-order kinetics, respectively (Li et al.,
2016).

lg (Qe − Qt) = lgQe −
K1t

2.303
(3)

t

Qt
=

1

K2Q2
e

+

t

Qe
(4)

where Qe (mg·g−1) and Qt (mg·g−1) are the equilibrium
adsorption capacities and the adsorption capacities at specific
time t (h), respectively. t (h) is the reaction time, K1 (h

−1) is the
first-order kinetics rate constant, and K2 (g·(mg·min)−1) is the
second-order kinetics rate constant.

Adsorption Isotherms
The adsorption behaviors of AFH can by described by the
Langmuir and Freundlich isotherm models (Zhang et al., 2017).
The Langmuir isotherm model can be represented by Equations
(5) and (6):

Qe =

QmKLCe

1+ KLCe
(5)

Ce

Qe
=

Ce

Qm
+

1

KLQm
(6)

where, Ce (mg·L−1) is the equilibrium concentration for each
metal ion, Qe (mg·g−1) is the equilibrium adsorption capacity,
Qm (mg·g−1) is the theoretical saturation adsorption capacity and
KL is the Langmuir isotherm model constant.

In the Langmuir isotherm adsorption process, the separation
factor (RL) can be used to evaluate the pros and cons
of an adsorption system (linear, irreversible, favorable and
unfavorable) (Meena et al., 2005). RL was calculated according
to Equation (7):

RL =

1

1+ KLC0
(7)

Freundlich isotherm model can be written by Equations (8)
and (9):

Qe = KFC
1
n
e (8)

logQe = logKF +
1

n
logCe (9)

where Ce (mg·L−1) is the equilibrium concentration for each
metal ion, Qe (mg·g−1) is the equilibrium adsorption capacity,
KF is the Freundlich isotherm constant and n is the Freundlich
isotherm constant and the adsorption process is favorable when
the value of n is between 1 and 10.

Competitive Adsorption
The adsorption competitiveness of different metal ions can be
written as Equations (10) and (11) (Yan et al., 2011):

Kd =

Qi
Ci

Q1
C1

+
Q2
C2

+ · · ·

Qj

Cj

(10)

α =

Kd(T)

Kd(I)
(11)

where Kd is the partition coefficient of a certain metal ion, i
= 1, 2.. j, and j = 1, 2,. . . , Qi (mg·g−1) and Ci (mg·g−1) are
the equilibrium adsorption capacity and initial concentration of
a certain metal ion. α is the selectivity coefficient of a certain
metal ion. Kd(T) is the partition coefficient of ions with stronger
competitiveness, and Kd(I) is the partition coefficient of ions with
weaker competitiveness. In the adsorption system, the sum of
the partition coefficient values is 1, and the larger the value, the
stronger the competitiveness of the ions.

RESULTS AND DISCUSSION

Natural sodium alginate (SA) was used as a macromolecule and
Ca2+ served as crosslinker for fabricating AFH (Xie et al., 2012;
Basu et al., 2017; Wang et al., 2019). Figure 1 shows a schematic
illustration for the preparation of AFH and its adsorption process
for heavy metal ions. With optimized concentrations of SA (52.7
mg·ml−1) and CaSO4 (2.5 mg·ml−1) and continuous injection of
SA solution into the CaSO4 solution, fibrous-shaped hydrogels
with a diameter of 1mm were obtained after crosslinking for
30min. The as-prepared hydrogel contains a lot of adsorption
sites that can interact with heavy metal ions (Mahou et al., 2015).

As shown in Figure 2a, the freshly prepared AFH are colorless
and transparent, and the color turns blue after the adsorption of
Cu2+ ions. However, AFH with Cd2+ and Pb2+ are light colored.
SEM images in Figure 2b display that the AFH contain lots of
voids, and these voids could result in more adsorption channels
for heavy metal ions including Cu2+, Cd2+, and Pb2+. Both the
heavy metal ion-adsorbed and non-adsorbed AFH have certain
toughness and strength, and this is very convenient for recovery
after adsorption of heavy metal ions. It is worth noting that
AFH exhibits enhanced mechanical strength after the adsorption
of heavy metal ions (Figure 2c). Thermal gravimetric analysis
(TGA) can be used to analyze the weight loss of dried hydrogel
material with temperature. As shown in Figure 2d, there are three
stages during the thermal decomposition of blank AFH. The first
stage (room temperature to about 190◦C) can be attributed to
dehydration, and the weight loss is about 12 wt.% (Shamshina
et al., 2014). The second stage (∼200 to 280◦C) is due to the
breakdown of alginate polymer chains and has a weight loss
of about 30.1 wt.%. The third stage (654–700◦C) is due to the
evaporation of CO2 and formation of carbonized materials, and
the weight loss is about 12.5 wt.% (Narayanan and Han, 2017;
Dipankar et al., 2018). Due to the combination of adsorbed heavy
metal ions and functional groups in the hydrogel, AFH with
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FIGURE 1 | Schematic illustration of the AFH preparation process and their adsorption for heavy metal ions. SA solution is injected into a super-saturated solution of

CaSO4, AFH is formed after crosslinking for 30min. The adsorbent, AFH, is then added into an aqueous solution of heavy metal ions to remove toxic ions.

FIGURE 2 | (a) Optical images of AFH without and with heavy metal ions adsorbed, (b) SEM image of AFH, (c) strain–stress curves of AFH with Cu2+/Cd2+/Pb2+ ion

adsorbed, (d) TGA curve of without and with heavy metal ions adsorbed.
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FIGURE 3 | Effects of pH values on (A) equilibrium adsorption capacities and (B) removal ratios; effect of temperature on (C) equilibrium adsorption capacities and

(D) removal ratios of Cd2+, Cu2+, and Pb2+ ions.

heavy metal ions adsorbed show less weight loss compared with
blank AFH, and they also have lower stable temperature.

To study the adsorption performances, previously dried
hydrogel samples were used to remove heavy metal ions.
Figures 3A,B illustrate the effect of pH values on the adsorption
capacity and removal ratios of Cd2+, Cu2+, and Pb2+ ions by
AFH. C0 is 40 mg·L−1, V0 is 20mL, M is 30mg, t is 24 h, and
T is 30◦C. The Qe values first increased and then decreased
with an increase in pH values from 2.0 to 7.0. At lower pH, the
concentration of hydrogen ions in SA chains is higher, and thus
hydrogen ions compete more strongly for the electrons pair than
the heavy metal ions. As a result, the removal of Cd2+, Cu2+, and
Pb2+ ions is not effective. As the pH increases, protonation of
the carboxyl group decreases gradually, more and more carboxyl
groups can chelate with heavy metal ions resulting in enhanced
adsorption (Wu and Li, 2013; Li et al., 2016; Wahab et al., 2019).
However, the increasing concentration of OH− as pH increases
to 7.0 can causes some of the heavy metal ions to precipitate.
Thus, removal of Cu2+ and Pb2+ ions is not satisfactory at pH
of 7.0 (Panchan et al., 2018). The optimal pH values are 4.0 for
Cd2+ and Pb2+ ions, and 3.0 for Cu2+ ions, respectively. Also,
the corresponding removal ratios (R%) for each heavy metal ion
is more than 80%.

Figures 3C,D illustrate the effect of temperature on the
removing of Cd2+, Cu2+, and Pb2+ ions, in which C0 was
40 mg·L−1, V0 was 20mL, M was 30mg, t was 24 h, and pH
was 4.0. The equilibrium adsorption capacities (Qe) can be
analyzed in three stages. In the first stage (i) from 5 to 20◦C, Qe

increases slightly with temperature. In the second stage (ii) from
20 to 30◦C, the adsorption capacity has a significant augment.
Whereas, in the third stage (iii) from 30 to 40◦C, the adsorption
capacities and removal ratios have only slight changes. In general,
the adsorption capacities and removal ratios of heavy metal
ions become a little larger at higher temperature. There are
two possible reasons for this. One is that the higher degree of
crosslinking at higher temperature can result in an increasing
number of pores in AFH, which further increases the number
of adsorption active sites. Another one can be attributed to the
decrease in boundary layer thickness of the adsorbent, causing
a lower mass transfer resistance of adsorbate (Kalagasidis Krušić
et al., 2012).

Many kinds of metal ions always coexist in the sewage. To
better understand effects of other ions on the removal of heavy
metal ions, Na+ and Ca2+ ions were selected as interfering ions
for adsorption experiments, and the effects of the concentration
ratios of interfering ions to heavy metal ions (1:1, 2:1, and 3:1)
were also studied. As shown in Figure 4, the order of influence
for the three heavy metal ions in this study is Cd2+ > Cu2+

> Pb2+. Na+ ions had only a slight effect on the adsorption
capacities and removal ratios even when the concentration of
Na+ was high. Among the three heavy metal ions, the adsorption
for Pb2+ is almost unaffected by the presence of Na+ and Ca2+

ions, indicating its good anti-interfering absorbability of Pb2+.
However, the removal ratio of Cd2+ decreased from 82.91 to
54.30% with an increasing concentration of Ca2+ ions. This is
because Ca2+, as interfering ions in solution, may combine with
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FIGURE 4 | Effects of interfering ions on adsorption capacities and removal ratios (A,B) Na+ ion, (C,D) Ca2+ ion. Concentration ratios of interfering ions to heavy

metal ions are 1:1, 2:1, and 3:1.

FIGURE 5 | (A,B) Effects of initial concentrations on the adsorption capacities of Cd2+, Cu2+, and Pb2+ ions, the equilibrium isotherm analysis using the (C) Langmuir

and (D) Freundlich models.
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adsorption sites inside AFH, and thus, Ca2+ has a competitive
relationship with the adsorption of heavy metal ions. The ability
of sodium alginate to bind with divalent cations is in the order of
Pb2+ > Cu2+ > Cd2+, so Cd2+ is affected the most (Zhou et al.,
2018). In addition, when interfering ions with high ionic strength
coexist with heavy metal ions, the large concentration difference
reduces the porosity and effective adsorption sites of hydrogel,
and thus affect adsorption of heavy metal ions (Yang and Jiang,
2014).

Figures 5A,B illustrate the effects of different initial
concentrations of heavy metal ions on the adsorption by
AFH. The experimental conditions were 24 h of adsorption
at 303K with 30mg of AFH. The initial heavy metal ion
concentrations were found to have a significant effect on the
adsorption capacities. At relatively low ion concentrations
(0–300 mg·L−1), the adsorption capacities increased very quickly
with the increasing of initial ion concentrations. They then reach
an equilibrium adsorption capacity when the concentrations are
very high (1,000–10,000 mg·L−1). There are two explanations for
this phenomenon. First, the quality of the hydrogel is constant

throughout the adsorption process. When the ions concentration
increases, the chance of collision between heavy metal ions
and the hydrogel increases, and this results in an increase in
equilibrium adsorption capacity. Second, the number of active
adsorbed sites on AFH is definite, and it meets the adsorption
requirement when the ion concentration is low. In contrast, the
active sites gradually saturate as an increasing amount of heavy
metal ions react with them, and this means that the adsorption
can reach saturation (Zhang et al., 2018).

To better understand the adsorption isotherms, Langmuir and
Freundlich models were applied to simulate experimental results.
Figures 5C,D show the fitting curves for the adsorption of Cu2+,
Cd2+, and Pb2+ ions using Langmuir and Freundlich models,
respectively. As displayed in Table 1, the correlation coefficients
(R2) calculated using Langmuir model are 0.993 (Cd2+), 0.974
(Cu2+), and 0.974 (Pb2+), which are higher than the R2 values
obtained using the Freundlich model. Therefore, the adsorptions
of Cd2+, Cu2+, and Pb2+ fit the Langmuir isotherm model
better than the Freundlich isotherm model. In addition, the
adsorption of each of these heavy metal ions is a monolayer

TABLE 1 | Langmuir and Freundlich isotherm parameters of the heavy metal ions adsorption.

Metal ions Langmuir isotherm Freundlich isotherm

R2 KL (L·mg−1) Qm(mg·g−1) RL R2 KF (mg1-1/n
·L1/n

·g−1) n

Cu2+ 0.993 0.016 315.92 0.059–0.862 0.877 5.76 1.862

Cd2+ 0.974 0.030 232.32 0.032–0.769 0.773 6.30 1.920

Pb2+ 0.974 0.031 465.22 0.031–0.763 0.893 4.35 1.565

FIGURE 6 | (A) Effects of adsorption time on the capacities of AFH for Cu2+, Cd2+, and Pb2+ ions, the plots of pseudo-first-order and pseudo-second-order kinetics

models for (B) Cu2+, (C) Cd2+ and (D) Pb2+.
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adsorption process. The separation factors (RL) for Cu
2+, Cd2+,

and Pb2+ ions are 0.059–0.862, 0.032–0.769, and 0.031–0.763,
respectively. All of the separation factors were between 0 and
1, indicating that the adsorption processes are very favorable
(Yan et al., 2011). The saturated adsorption capacities calculated
using the Langmuir isotherm model are 232.35 mg·g−1 (Cd2+),
315.92 mg·g−1 (Cu2+), and 465.22 mg·g−1 (Pb2+), and these are
quite close to the experimental results (Figure 5B). As shown in
Table S1, the saturated adsorption capacities of the as-prepared
AFH were very competitive compared with other adsorbents.

Adsorption kinetic is also one significant aspect of an
adsorption system that must be studied including the mass
transport and chemical reaction processes. Figure 6A illustrates
the effects of reaction time on the adsorption capacities of Cd2+,
Cu2+, and Pb2+ within 72 h at 303Kwith an initial concentration
of 70mg L−1. Three stages are observed during the adsorption
process. In the first adsorption stage (0–5 h),Qe increases rapidly,
Qe then gradually decreases in the second stage (5–12 h), and
in the third stage (12–72 h) reaches an equilibrium. The Qe

values for Cd2+, Cu2+, and Pb2+ ions at 12 h are 37.8, 27.2, and
24.2 mg·g−1, respectively, and the corresponding R values are
91.8, 87.4, and 81.1%, respectively (as shown in Figure S1). The
pseudo-first-order and pseudo-second-order kinetics models
were applied to explore the kinetics processes of heavy metal
ions adsorption. The plots are shown in Figures 6B–D, and the
calculated corresponding parameters are displayed in Table S2.
From the fitting data using the pseudo-second-order kinetics
equation, R2 is higher than that obtained by the pseudo-
first-order model. Also, the theoretical equilibrium adsorption
capacities (Qe,2) is quite close to the experimental results (Qe,exp).
As mentioned, the results suggest that the main rate-limiting
factor is chemisorption in the adsorption process (Yan et al.,
2011; Li et al., 2016). The rate constants reflect the speed at
which the heavy metal ions to reach adsorption equilibrium. As
K2 increased, the time required to reach equilibrium is shorter.
Therefore, the adsorption rate order of AFH for these three heavy
metal ions is: Cu2+ > Cd2+ > Pb2+.

Many kinds of heavy metal ions always coexist in the
waste water, and so it is essential to study the adsorption
competitiveness among different metal ions. The experimental
conditions were 24 h of adsorption at 303K with an initial heavy
metal ion solution concentration of 40 mg·L−1, and 30mg of
AFH. The partition coefficient (Kd) and selectivity coefficient
(α) were used to characterize the competitiveness of a certain
heavy metal ion. Table S3 shows that Pb2+ has the strongest
competitiveness when the three ions coexisted. The adsorption
capacity between heavy metal ions and AFH is mainly related
to the electronegativity and hydration radius of heavy metal
ions. The electronegativities of Cu2+, Cd2+, and Pb2+ are 1.90,
1.69, and 2.33, respectively. The stronger electronegativity of
a heavy metal ion induces the enhanced adsorption ability.
Furthermore, the ion with the smaller hydration radii has
stronger competitiveness, and Pb2+ ions has the smallest
hydration radii among the three heavy metal ions (Cu2+: 4.19 Å,
Cd2+: 4.26 Å, and Pb2+: 4.01 Å; Volkov et al., 1997).

CONCLUSION

In summary, sodium alginate fibroid hydrogels are prepared
through a Ca2+ ion-induced crosslinking method, and their
application in the adsorption of heavy metals is investigated.
AFH has a network structure and shows excellent potential in
the treatment of wastewater including Cu2+, Cd2+, and Pb2+.
And the enhanced mechanical strength after the adsorption of
heavy metal ions will be very convenient for its recovery. The
adsorption capacities are pH-sensitive, especially for Cu2+ and
Pb2+. With an increase in temperature, the adsorption capacities
and removal ratios are enhanced. The coexistence of Na+ barely
affects the adsorption of heavy metal ions, but the coexistence
of Ca2+ leads to the reduced removal of Cd2+. The adsorption
process fits the Langmuir isotherm model and pseudo-second-
order kinetic, and the main rate-limiting factor is chemisorption.
Pb2+ has the strongest competitiveness when the three ions
coexist. It is noteworthy that the saturated adsorption capacities
of AFH for Cu2+, Cd2+, and Pb2+ are as high as 315.92, 232.35,
and 465.22 mg·g−1, respectively. These values are comparable
to that of reported absorbents, suggesting AFH is an effective
adsorbent and has great potential applications in the treatment
of heavy metal ions contaminated wastewater.
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Minicollagens from cnidarian nematocysts are attractive potential building blocks for

the creation of strong, lightweight and tough polymeric materials with the potential for

dynamic and reconfigurable crosslinking to modulate functionality. In this study, theHydra

magnipapillata minicollagen-1 isoform was recombinantly expressed in bacteria, and

a high throughput purification protocol was developed to generate milligram levels of

pure protein without column chromatography. The resulting minicollagen-1 preparation

demonstrated spectral properties similar to those observed with collagen and polyproline

sequences as well as the ability to self-assemble into oriented fibers and bundles.

Photo-crosslinking with Ru(II)(bpy)3
2+ was used to create robust hydrogels that were

analyzed by mechanical testing. Interestingly, the minicollagen-1 hydrogels could be

dissolved with reducing agents, indicating that ruthenium-mediated photo-crosslinking

was able to induce disulfide metathesis to create the hydrogels. Together, this work is

an important first step in creating minicollagen-based materials whose properties can be

manipulated through static and reconfigurable post-translational modifications.

Keywords: minicollagen-1, hydrogel, cysteine rich domain, disulfide crosslinking, photo-crosslinking, polyproline

INTRODUCTION

Marine organisms have proven to be a rich resource for the discovery of biomaterials with
unique properties that hold promise for the creation of new advanced materials, such as strong,
lightweight polymers, adhesives and biophotonic structures (Crookes et al., 2004; Degtyar et al.,
2014; Petrone et al., 2015). The phylum Cnidaria includes sea anemones, corals as well as jellyfish,
and members of this phylum possess specialized stinging cells, termed nematocysts, used for prey
capture, defense and locomotion (Ozbek et al., 2009). Upon stimulation, the nematocyst undergoes
explosive release of a stylet within 700 ns, generating an acceleration of 5,400,000 x g (Nuchter
et al., 2006). The rapid deployment of the piercing structure is enabled due to the high osmotic
pressure (150 bars) stored in the nematocyst capsule (Weber, 1989), which is generated by the
accumulation of polyglutamic acid and ions within the capsule (Weber, 1990). In addition to the
stylet, a tubule is everted from the nematocyst for the delivery of venom (Ozbek et al., 2009). The
nematocyst capsule is composed of outer and inner walls, where the function of the outer wall is
proposed to direct organization and assembly of the inner wall (Engel et al., 2002). It has been
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demonstrated by specific proteolytic digestion of the outer wall
that the inner wall is sufficient for the containment of the high
nematocyst osmotic pressure (Kurz et al., 1991). High resolution
microscopy showed that the inner wall is made up of oriented
fibrils that display a striated pattern reminiscent of banding
patterns observed with collagen fibers (Holstein et al., 1994).
Screening of a Hydra magnipapillata capsule wall cDNA library
indicated the presence of small molecular weight structural
proteins, termed minicollagens, consisting of a central domain
made up of collagen-like Gly-X-Y repeats, where the X and Y
positions are high in proline (Kurz et al., 1991). Flanking the
central collagen-like domain are two proline-rich domains that
are in turn flanked by cysteine-rich domains (CRDs) at the
amino and carboxy termini of the protein (Kurz et al., 1991).
Like long collagens, minicollagens form a complex made up
of three polypeptide chains where the polyproline regions and
terminal CRDs are thought to splay out from a rigid, trihelical
rod-like collagen center (Engel et al., 2001). InH. magnipapillata,
21 minicollagen isoforms were identified through proteomic
analysis, and members of the minicollagen family were found
as components of the inner capsule wall as well as the venom
delivering tubule (Kurz et al., 1991; Engel et al., 2001; Adamczyk
et al., 2008; Balasubramanian et al., 2012). The key domains
involved in assembly of nematocyst structures are thought to
be the CRDs, which have been identified in other nematocyst
proteins in addition to the minicollagens (Kurz et al., 1991;
Engel et al., 2002; Balasubramanian et al., 2012). The CRDs are
proposed to perform two functions in the creation of nematocyst
structures. First, they function as multimerization domains that
control organization and self-assembly of higher order protein
complexes (Meier et al., 2007; Tursch et al., 2016). Second, they
contain stored intrachain disulfide bonds that are mobilized
at the right time to create interchain crosslinks that stabilize
the protein complexes (Meier et al., 2007; Beckmann et al.,
2015). Thus, it is proposed that compaction and hardening
of minicollagen oriented fibrils occurs through disulfide bond
isomerization of the cysteines contained in the terminal cysteine
rich domains (Engel et al., 2001). In this model, minicollagens
represent a “brick-and-mortar” approach to the creation of
strong, bio-based materials, where individual multimeric units
can be patterned and enzymatically or chemically crosslinked
into tough, resilient final materials.

Such a material could be leveraged as a protein-based
hydrogel, a class of material that has found extensive use in
tissue engineering due to inherent biocompatibility (Zhang and
Khademhosseini, 2017). Collagen-based hydrogels (particularly
Type I) are popular substrates for cell culturing and tissue
engineering due to the abundance of collagen in natural
extracellular matrices (Antoine et al., 2014, 2015). In recent years,
to enhance hydrogel tunability and mechanical strength, collagen
has been functionalized or additional crosslinkers have been
added which compromise the biocompatibility of the resulting

Abbreviations: CRD, cysteine rich domain; IMAC, immobilized metal affinity

chromatography; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel

electrophoresis; DTT, dithiothreitol; EF-P, elongation factor P; CRB, chelating

reducing buffer.

hydrogels (Antoine et al., 2015; Li et al., 2018). One simple
method to create tunable protein-based hydrogels has been
established via controlling the level of disulfide crosslinking
in keratin-based gels where intramolecular disulfide bonds
from cysteine side chains were reduced and later oxidized
to forms intermolecular disulfide bonds to construct keratin-
based hydrogels (Cao et al., 2019). Minicollagen-1 as a potential
material for protein-based hydrogels may possess both the
biocompatibility of collagen and tunability of keratin by disulfide
crosslinking of its cysteine rich domains.

In this study, the H. magnipapillata minicollagen isoform,
minicollagen-1, is expressed and purified from an E. coli
expression system. Secondary structure analysis is carried
out to determine how the recombinant minicollagen isoform
compares to collagen and polyproline sequences in response
to environmental perturbations. Electron microscopy is also
employed to study how self-assembly of the minicollagen from
the prokaryotic expression system compares to minicollagen
preparations synthesized in mammalian cell culture systems.
Finally, taking advantage of the relatively high levels of
minicollagen afforded by bacterial expression, hydrogels are
created and studied for their mechanical properties.

MATERIALS AND METHODS

All reagents were obtained from Sigma-Aldrich and were used as
received, unless otherwise mentioned. All solutions were made
using water with resistivity recorded at 18.2 M�·cm obtained
from a Barnstead GenPure system. Corning pH meter 430 was
used to adjust the pH of stirred solutions by dropwise addition of
either acid or base as required.

Expression, Purification, and Staining of
Recombinant recMinicollagen-1 in
Escherichia coli
A codon optimized minicollagen-1 isoform coding sequence
was synthesized (GenScript, Piscataway, NJ) and cloned into
a pST44 expression vector (Tan et al., 2005) under ampicillin
selection. The resulting pST44-minicollagen-1 or pST44-EFP-
minicollagen-1 construct was then transformed into E. coli BL21
DE3 cells. Four liters of autoclaved LB media was inoculated and
cells were grown at 37◦C using with continuous air sparging
of the media. Once cell cultures reached an optical density
(OD600nm) of 0.6–0.8, expression of the minicollagen-1 was
induced with 0.4mM isopropyl β-D-1-thiogalactopyranoside
(IPTG obtained from GOLDBio) for 18 h at 25◦C. Bacterial
cultures were then centrifuged and then re-suspended with lysis
buffer (50mM Tris pH 8, 100mM NaCl, 100µg/mL lysozyme)
followed by sonication. Lysed cells were then heat treated
at 80◦C, for 30min followed by cooling in an ice bath for
another 30min. Denatured contaminant proteins were removed
by centrifugation and the supernatant was adjusted to a pH of
3.5 using 1M HCl followed by centrifugation. The supernatant
was then adjusted to pH of 8.5 with 1M NaOH, followed by
lyophilization to dryness. The resulting protein powder was
dissolved in 25ml of deionized water and treated with equal

Frontiers in Chemistry | www.frontiersin.org 2 January 2020 | Volume 7 | Article 95019

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Farajollahi et al. Bacterial Expression of Hydra Minicollagen-1

volume of saturated ammonium sulfate with continuous stirring.
The precipitate was removed by centrifugation and re-suspended
in 10mL of deionized water. Ten milliliters of absolute ethanol
was then added and the sample cooled at −20◦C for 1 h
before centrifugation. The supernatant was mixed with 10mL of
saturated ammonium sulfate and shaken vigorously followed by
centrifugation in a swinging bucket rotor. The top organic phase
containing the expressed minicollagen-1 was then removed and
evaporated to dryness. The powder was re-suspended in 10mL
deionized water followed by dialysis in deionized water 24 h. The
minicollagen-1 sample was then lyophilized to dryness, weighed
and the purified protein powder stored at−80◦C until use.

Minicollagen-1 samples were run on 12% polyacrylamide
gel and fixed in 20% glacial acetic acid and 15% methanol for
30min. The gels were then stained in solution of 20% glacial
acetic acid, 15% methanol and 0.1% Coomassie R-250 for 24 h
at room temperature.

Circular Dichroism Spectra of
Recombinant Minicollagen-1
Circular dichroism spectra were collected on a Jasco J-815CD
spectrometer from 300 to 180 nm at a scan rate of 20 nm/min
and averaged over 3 repetitive scans using a quartz cuvette with a
1 cm pathlength. Minicollagen-1 was prepared at a concentration
of 1.4µM in water and treated with select agents. CD spectra
were collected and subtracted from the corresponding reference
spectrum of water, or the treatment agent only. Temperature
studies were performed using a peltier controlled cuvette holder.
CD spectra were collected for minicollagen-1 during heating at
25◦C, 50◦C, 70◦C, and 90◦C.

Transmission Electron Microscopy of
Recombinant Minicollagen-1
To prepare samples for TEM, 4 µl of either undiluted (1 mg/ml)
or diluted (0.1 mg/ml) minicollagen-1 was applied to a 400
mesh copper grid supporting a thin carbon film. The sample was
allowed to adhere for 1min before staining with Uranyl-less stain
for 3min, washing, then blotting to dryness with Whatman #1
filter paper. Samples were imaged on a Ceta camera on a Thermo
Fisher Scientific Talos TEM operating at 200 kV and using a
40µm objective aperture.

Ellman’s Reagent Assay
Quantification of free sulfhydryl on bacterially expressed
minicollagen-1 protein was obtained by using cysteine
hydrochloride monohydrate as a standard for the Ellman’s
reagent assay (ThermoScientific). The reaction buffer contains
0.1M sodium phosphate buffer solution (pH 8.0), and 1mM

ethylenediaminetetraacetic acid (EDTA). The reagent solution
were prepared by dissolving 4mg of Ellman’s reagent in

1ml of reaction buffer. Various concentrations of standard

was prepared by dissolving cysteine-HCl in reaction buffer.
Minicollagen-1 protein then dissolved in reaction buffer to
final concentration of 1 mg/ml. For the assay, 15 µl of each

sample was mixed with 150 µl of Ellman’s reagent solution and
incubated at room temperature for 15min. Then the absorbance
at 412 nm was obtained using the plate reader (SpectraMax M3,
Molecular Device).

Photo-Crosslinking of Recombinant
Minicollagen-1 Hydrogels
Solutions of minicollagen-1 in water were photo-chemically
crosslinked to form hydrogels using tris(2,2-bipyridyl) dichloro
ruthenium (II) hexahydrate (Ru(II)(bpy)3

2+) as the catalyst
and ammonium persulphate (Bio Rad) as the electron
acceptor. Hydrogel cylinders for mechanical testing were
prepared from a 17 wt% minicollagen-1 solution containing
37mM ammonium persulfate and 2.2mM Ru(II)(bpy)3

2+.
The mixture was transferred into cylinders cut out of a
small transfer pipette bulb (1.5ml) and photo-crosslinked
under white lamp light within 5min. Post crosslinking,
the hydrogels were transferred into 20mM EDTA and
10mM EGTA for removal of the photo-crosslinker catalyst.
The crosslinked cylinders are 2.5mm in diameter and 3–
4mm in height. To evaluate effect of reducing agent on
the hydrogels, 10 wt% of rhodamine labeled minicollagen
hydrogel was made at the bottom of an Eppendorf tube cap
(dome shaped hydrogel) using the above photo-crosslinking
protocol. Hydrogels were then submerged in solutions of
DTT (10mM), CRB (10mM EDTA, 1mM EGTA, 1%
β-mercaptoethanol), βME (1% β-mercaptoethanol) and
10mM EDTA/1mM EGTA for 3 h to analyze the effect of the
reducing reagents.

Determination of Equilibrium Swelling
Degree
The swelling capacity of minicollagen-1 hydrogels was
determined by incubating them in deionized water at room
temperature for 2 days and then drying the hydrogels at
room temperature until no change in dimensions of hydrogel
was observed. The swelling degree was calculated using the
following equation:

Swelling degree =
Vs− Vd

Vd
× 100

WhereVs andVd are, respectively, volume of hydrogel in swollen
and dried state.

Mechanical Testing
Compressive modulus of 17 wt% minicollagen-1 hydrogel was
performed using CellScale Microsquisher (Microtester G2). In
this setup, a tungsten microbeam of 0.5588mm in diameter is
fixed on one end to a vertical actuator and on the other end
to a 4 × 4 mm2 compression platen, which was tracked by
a camera to record the displacement. As the beam moved to
compress the hydrogel, deflection was measured in real time by
the relative position of the beam at the camera and at the motor.
Force was calculated by the Microsquisher software using the
following equation:

Force =

Deflection× 3× BeamModulus× Beam Area Moment of Intertia

Beam Length3

Where

Beam Area Moment of Intertia =

π×radius4

4
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Each gel was sequentially compressed to final strains of 5, 10, and
15% within 50 s, held for 1 s followed by recovery within 50 s. The
compressive elastic modulus was calculated as the slope of the
linear portion of the stress versus strain curve and reported for
each final strain as an average of measurements obtained from
three different gels.

RESULTS

Previous studies have identified the minicollagens as a major
component of the nematocyst capsule inner wall (Kurz et al.,
1991; Holstein et al., 1994). Up to now, there have been no
studies of minicollagen mechanical properties from hydrogels
made of the isolated protein. In order to determine how a
crosslinked minicollagen network may function to form an
elastic material capable of withstanding extreme pressures,
we have synthesized the coding region for minicollagen-1
from H. magnipapillata and subcloned it into a bacterial
expression vector for large scale production in E. coli. The
H. magnipapillata minicollagen-1 has been well-studied and
represents the canonical form of the minicollagen family with
a central collagen-like set of 14 Gly-X-Y repeats immediately
flanked at both ends with polyproline regions and cysteine
rich domains at both the amino and carboxyl termini
(Figure 1A). Thus, proline is the most abundant amino acid
in minicollagen primary structures. In minicollagen-1, prolines
occupy the Y position of 86% of the three amino acid
repeats and at both the X and Y positions in 36% of the
repeats (Supplementary Figure 1). Both hexa-histidine tagged
and untagged versions of minicollagen-1 were created for
bacterial expression in E. coli, where the hexa-histidine tagged
form of minicollagen-1 was initially used for screening of
bacterial expression. Western blotting of His-minicollagen-
1 isolated using IMAC yielded a dominant polypeptide
with a 25–30 kDa apparent molecular weight that cross
reacted with an anti-hexa-histidine antibody (Figure 1B). When
expression was carried out at a larger scale, the net yields of
recombinant minicollagen-1 were poor. This was likely due to
the consecutive proline stretches before and after the collagen-
like domain that are known to cause translational stalling
in other proteins (Doerfel et al., 2013; Ude et al., 2013).
To mitigate this, a bicistronic construct was created where
the E. coli translation elongation factor EF-P was expressed
with the His-tagged minicollagen-1 (Supplementary Figure 2).
EF-P was previously reported to increase expression of
proteins that contain stretches of more than two consecutive
prolines by limiting ribosomal stalling that occurs when a
third consecutive proline is being translated (Doerfel et al.,
2013; Ude et al., 2013). One observation that assisted in
the identification of purified, recombinant minicollagen-1
by SDS-PAGE was that it stained metachromatically with
Coomassie R-250, a phenomenon observed with mammalian
collagens and other proteins with high proline content
(Hattori et al., 1996). Metachromatic staining results in purple
rather than the blue staining observed with most other
orthochromatically stained proteins and gives strong support
to the conclusion that the purified material is minicollagen-1
(Supplementary Figure 2A). E. coli was transformed with

minicollagen-1 constructs either without or with co-expressed
EF-P and eight colonies of each were analyzed for minicollagen-
1 expression by Coomassie R-250 metachromatic staining
(Supplementary Figures 2B,C). The results indicated that co-
expression with EF-P did result in increased expression
of minicollagen-1 by ∼3 fold (Supplementary Figures 2B,C).
Therefore, all future large scale expressions of recombinant
minicollagen-1 were carried out with co-expressed EF-P.

Although the hexa-histidine tag would allow for column
purification of the recombinant minicollagen-1, a purification
protocol was developed where the tag would not be needed
so that non-tagged versions of recombinant minicollagen-
1 could also be purified in large amounts without column
chromatography (Materials and Methods). The final step in the
optimized minicollagen purification protocol is lyophilization
which produces an off white, cotton-like protein sample that
demonstrates good solubility in water, easily dissolving at
concentrations up to 10 wt% (Figure 1C). As was observed with
the initial Western blotting of the recombinant minicollagen-1,
SDS-PAGE analysis of the purified His-tagged and non-tagged
variants, followed by Coomassie R-250 staining indicated an
abnormally high apparent molecular weight for the monomeric
form of the protein (between 30 and 35 kDa) that stained
metachromatically (Figure 1D). This apparent molecular weight
is likely due to the particular characteristics of the minicollagen-1
protein in terms of its ability to bind SDS, as mass spectrometry
analysis indicated a peak with good agreement to the predicted
mass of the monomeric protein (Supplementary Figure 3).
The lack of additional orthochromatically stained proteins
on the gel, even at high levels of protein loading, indicated
that the recombinant minicollagen-1 preparations were largely
free of contaminating proteins. The net yield of purified,
recombinant minicollagen-1 was estimated at ∼18mg per
liter of culture. One additional characteristic that makes
analysis of recombinant minicollagen-1 expression difficult
using SDS-PAGE is its tendency to diffuse out of the gel
during fixing and staining. This greatly reduces the ability
to see low levels of protein using SDS-PAGE, however the
presence of a hexa-histidine tag decreases the diffusion of
recombinant minicollagen-1 out of the gel compared to the non-
tagged version of the protein (Figure 1D). Together the data
indicate that E. coli is able to heterologously express Hydra
minicollagen-1 in milligram quantities. Furthermore, we have
developed an easily scalable columnless purification protocol
that yields recombinant minicollagen-1 with near homogenous
protein purity.

The cnidarian minicollagens are unique in that they
contain both G-X-Y collagen-like repeats as well as flanking
polyproline stretches. Many studies have looked into secondary
structure characterization of both of these proline-rich sequences
individually (Tiffany and Krimm, 1972; Gutierrez-Cruz et al.,
2001; Whittington et al., 2005; Lopes et al., 2014). Thus,
secondary structure of the purified, recombinant minicollagen-
1 was compared to the secondary structure of a high
molecular weight collagen. For this, circular dichroism (CD)
spectroscopy was performed on the recombinant minicollagen-
1 and purified type I bovine dermal collagen. The CD spectrum
for type I bovine collagen demonstrated a strong negative
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FIGURE 1 | (A) Schematic of the minicollagen-1 domain structure with the individual domains labeled. (B) Western blot analysis of extracts from bacteria transformed

with empty vector or a vector containing the hexa-histidine tagged minicollagen-1. The blot was probed with an anti-hexa-histidine antibody and the position of the

tagged recombinant minicollagen-1 is indicated. (C) Purified, lyophilized recombinant minicollagen-1 (30mg) is shown (left panel) with a 10 wt% solution of

recombinant minicollagen-1 in water (right panel). (D) SDS-PAGE of the hexa-histidine-tagged and non-tagged recombinant minicollagen-1 expressed and purified

from bacteria after staining with Coomassie R-250. The amount of protein loaded in each lane is indicated at the top.

ellipticity at 198 nm and a pronounced positive ellipticity
at 222 nm (Figure 2A). These absorbances are hallmarks of
the extended polyproline II helix found in the trihelical
quaternary structure of the long collagens and are in good
agreement with numerous other collagen CD spectra published
previously (Tiffany and Krimm, 1972; Lopes et al., 2014). CD
spectroscopy of the recombinant minicollagen-1 demonstrated
a clear negative ellipticity at 207 nm, with a small hump
often observed below 200 nm, and a minor positive ellipticity
seen at 222 nm similar to type I bovine collagen (Figure 2B).
The presence of the hexa-histidine tag had little effect on
the recombinant minicollagen-1 spectrum, with the spectra
for the two recombinant minicollagen-1 forms being nearly
identical (Supplementary Figure 4). The CD spectra for both
forms of the recombinant minicollagen-1 are similar to those
observed for polyproline sequences which adopt an extended
polyproline II secondary structure (Tiffany and Krimm, 1972;
Gutierrez-Cruz et al., 2001; Whittington et al., 2005; Lopes
et al., 2014). However, it does not appear that the recombinant
minicollageni is adopting a trihelical quaternary structure
(see Discussion).

TEM analysis of the nematocyst inner capsule wall indicates
an ordered array of striated structures that are reminiscent of
ordering observed with the long collagens (Starborg et al., 2013).
Additionally, minicollagen-1 expressed in a human cell line
forms rod like structures that self-organize into oriented bundles
(Engel et al., 2001). Therefore, the ability of the recombinant

minicollagen-1 to self-assemble into ordered structures was
analyzed by TEM. A dilute solution (0.1 mg/ml) of the non-
tagged recombinant minicollagen-1 was dropped cast onto a
TEM grid and analyzed after staining (Supplementary Figure 5).
The resulting micrographs showed a predominance of small
lightly stained globular structures throughout the visual field
with no indication of higher ordered structuring. When the non-
tagged recombinant minicollagen-1 sample was concentrated 10
fold (1 mg/ml) and the TEM analysis repeated, significant self-
assembly was observed (Figure 3). Bundles of fibrils could be
seen with various levels of organization. In some fields, small
fibril bundles were observed with chains of globules (Figure 3A).
In other fields, fibrils were seen coming together to form
small (Figure 3B) or large (Figure 3C) bundles where the fibrils
appear both globular and defined in certain areas of the bundle.
Some oriented structures were observed to be very compact,
demonstrating a striated appearance that indicates a tighter
packing of the fibrils (Figure 3D). When a high concentration of
the hexa-histidine tagged version of minicollagen-1 was analyzed
by TEM, self-assembly appeared to occur, but the resulting
structures were less oriented demonstrating a more chaotic
organization (Supplementary Figure 6). This lack of oriented
self-assembly may explain why the hexa-histidine tagged form of
recombinant minicollagen-1 fixes well in the gel after SDS-PAGE
compared to the non-tagged version of the protein. Together,
the data suggest that recombinant minicollagen-1 self assembles
into highly oriented fiber bundles in response to increasing
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FIGURE 2 | Circular dichroism (CD) spectroscopy performed on (A) 90 nM type I bovine dermal collagen and (B) Solution of 1.4µM of purified, bacterially expressed,

non-tagged recombinant minicollagen-1.

FIGURE 3 | (A–D) TEM analysis of concentrated (1 mg/ml), non-tagged

recombinant minicollagen-1 purified from bacteria. The scale bar distance is

indicated on the figure.

protein concentration and that this ordering is disrupted with
hexa-histidine modification of the amino terminus.

The existence of the G-X-Y collagen-like repeats and
the stretches of polyproline present in the minicollagen-1
primary structure raised the question of how similar the
properties of recombinant minicollagen-1 were to those of
polyproline sequences and the high molecular weight collagens.
The sensitivity of the long collagens to temperature is well
documented (Tiffany and Krimm, 1972; Lopes et al., 2014),
therefore the thermal stability of the recombinant minicollagen-
1 secondary structure was measured by CD spectroscopy
while exposed to increasing temperatures ranging from 25

to 90◦C (Figure 4). The secondary structure of recombinant
minicollagen-1 demonstrated remarkable thermal stability as
evidenced by minor changes in the negative elipticity at 207 nm
as well as the minor hump below 200 nm. These ellipticities
decreased somewhat as the temperature increased from 25◦C
to 90◦C. Heating the recombinant minicollagen-1 solution to
70◦C showed a 20% decrease of the negative ellipticity observed
at 207 nm (Figure 4, inset), whereas mammalian collagen has
been reported to undergo significant denaturation at higher
temperatures (Tiffany and Krimm, 1972). The thermal stability
of recombinant minicollagen-1 is a useful tool in its purification
from soluble bacterial extracts, as it remains in solution after
heat treatment of the extracts at 80◦C, while a majority
of the bacterial contaminating proteins precipitate. The CD
spectrum of recombinant minicollagen-1 was also measured in
the presence of 1M urea, a chaotrope that has been shown to
significantly affect the secondary structure of collagen (Lopes
et al., 2014). In contrast to the thermal stability observed earlier,
the recombinant minicollagen-1 CD spectrum demonstrated
significant changes in the presence of urea, with the negative
ellipticity at 207 nm being completely abrogated in the presence
of the chaotrope (Supplementary Figure 7). The only signature
peak remaining in the spectrum displayed a small negative
ellipticity at 218 nm. In total, this indicates an increase in random
conformational states, and potential urea resistant aggregation of
recombinant minicollagen-1.

The presence of the CRDs at the amino and carboxy termini
of the minicollagens distinguishes them from the other collagens
and suggests that their structure may be modulated by the
redox state of the sulfhydryl side chains. In order to measure
the oxidation state of the cysteine sulfurs in the purified,
recombinant minicollagen-1, a colorimetric assay was performed
using Ellman’s reagent, where a chromophore is produced
upon reduction of the reagent’s disulfide bonds in the presence
of reducing free sulfhydryl groups from an analyte (Ellman,
1959). For comparison, a calibration plot was created using
reduced cysteine to indicate the absorbance generated from
Ellman’s reagent per reducing equivalent present in the reaction
(Figure 5A). There are 12 cysteines present per minicollagen-1
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FIGURE 4 | CD spectroscopy of non-tagged recombinant minicollagen-1

(1.4µM) with increasing temperatures. The temperatures are indicated on the

figure. The ellipticity measured at 207 nm as a function of temperature is

plotted (inset).

monomer, so the theoretical positions of all potential reducing
equivalents (in groups of two) from the assayed 21.5 nmoles of
recombinant minicollagen-1 were indicated on the calibration
plot (Figure 5A). When the recombinant minicollagen-1 (21.5
nmoles) was reacted with Ellman’s reagent, the resulting
absorbance was less than the theoretical value for the presence
of one reducing equivalent, indicating that all of the cysteine
sulfurs in the recombinant minicollagen-1 were oxidized as
disulfides. This is consistent with the idea that minicollagens
store disulfide bonds intra-molecularly to be mobilized for the
creation of mechanically robust materials (Engel et al., 2001).
To test the role of the disulfide bonds in the structure of
recombinant minicollagen-1, its CD spectrum was determined
in the presence of 1mM DTT. Similar to the results obtained
with urea, the presence of DTT strongly decreased the negative
elipticity observed at 207 nm, while leaving a small negative
ellipticity at 218 nm (Figure 5B). In contrast, long collagen
structure, as determined by CD spectroscopy, has been shown to
be unaffected by DTT concentrations up to 5mM (Lopes et al.,
2014). Furthermore, the reduction of recombinant minicollagen-
1 leads to increased migration on SDS-PAGE, suggesting that
disulfide bond reduction alters the conformation of the protein
(Supplementary Figure 8). The data indicate that disulfide
bonding between sulfhydryls in the cysteine rich domains is
a significant factor in stabilizing the secondary structure of
recombinantminicollagen-1, consistent with the proposed role of
these domains in regulating the material properties of the inner
nematocyst wall.

Mobilization of minicollagen cysteine disulfide bonds is
proposed to be a key mechanism in the formation and
sclerotization of the nematocyst inner wall (Engel et al., 2001).
To date, the natural mechanism of disulfide metathesis in the
nematocyst inner wall is unknown, so an artificial stimulus
to induce disulfide bond rearrangement was sought in order
to create recombinant minicollagen-1 hydrogels. The photo-
catalyst Ru(II)(bpy)2+3 can create protein hydrogels through

sulfate radical chemistry and the formation of dityrosine
crosslinks (Fancy and Kodadek, 1999; Elvin et al., 2005). Other
studies have utilized sulfate radical chemistry to create hydrogels
crosslinked with disulfide bonds that are degradable with
reducing agents (Gaulding et al., 2012). Therefore, Ru(II)(bpy)2+3
mediated photo-crosslinking was tested for its ability to initiate
disulfide metathesis and inter-chain crosslinking of recombinant
minicollagen-1 to create hydrogels. By photo crosslinking
(as described in Materials and Methods), the recombinant
minicollagen-1 solution demonstrated clear gelation and could
be cast into different shapes (cylindrical shape for mechanical
testing and dome shape for evaluating effect of reducing
reagents) as well as immersed in aqueous salt solutions without
dissolving (Figure 6). To test the stability of the hydrogels in the
presence of a reducing environment, small 20 µl recombinant
minicollagen-1 hydrogels were created with a small amount of
rhodamine labeled recombinant minicollagen-1 added to more
easily visualize the resulting hydrogels once the photo-initiator
was removed. After chelation of the Ru(II)(bpy)2+3 , a water stable
pink hydrogel was observed (Figure 6B, lower panel). However,
when a reducing agent (β-mercaptoethanol) was added to the
chelation mix (CRB), the recombinant minicollagen-1 hydrogels
dissolved (Figure 6B). The dissolution of photo-crosslinked
recombinant minicollagen-1 hydrogels was also observed when
β-mercaptoethanol was added alone or when a different reducing
agent (DTT) was added. Thus, Ru(II)(bpy)2+3 mediated photo-
crosslinking can create hydrogels of recombinant minicollagen-
1, at least in part, through the metathesis of disulfide bonds
present in the terminal cysteine rich domains. In order to
measure mechanical properties, cylindrical hydrogels were cast
from 17 wt% aqueous solution of minicollagen-1 as described
(Materials and Methods). The equilibrium swelling degree of 17
wt% minicollagen-1 hydrogel was calculated as 5.24 ± 0.85 in
deionized water. The compressive elastic modulus was measured
using a CellScale Microtester G2 (Figure 7). The minicollagen-
1 hydrogels were found to have nearly linear stress response up
to the maximum measured strain of 15% and to unload with
minimal hysteresis (Figure 7). The compressive elastic modulus
was found to be 9.3 ± 0.4 KPa. Previously, it was shown
that the marine sandworm protein, Nvjp-1, could be made
into hydrogels through photo-crosslinking with Ru(II)(bpy)2+3
or crosslinking with horseradish peroxidase (Chou et al., 2017;
Gupta et al., 2018). Nvjp-1 hydrogel creation with these reagents
occurs through the formation of dityrosine crosslinks (Fancy
and Kodadek, 1999; Partlow et al., 2014). The compressive
elastic modulus of photo-crosslinked minicollagen-1 hydrogels
compared favorably with that of horseradish peroxidase catalyzed
Nvjp-1 hydrogels (Supplementary Figure 9). These data show
that minicollagen-1 crosslinking through disulfide metathesis is
able to create robust hydrogels whose mechanical properties
are comparable to protein hydrogels created with irreversible
covalent crosslinks.

DISCUSSION

In this study, the heterologous expression and purification of
recombinant minicollagen-1 in E. coli at milligram levels is
demonstrated for the first time, and the ability to express
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FIGURE 5 | (A) Calibration curve of Ellman’s reagent reduction with the assayed amounts of reduced cysteine indicated. The measured absorbance of 21.5 nmoles

minicollagen-1 assayed with Ellman’s reagent is indicated as a red dot on the calibration curve. The theoretical absorbance expected for Ellman’s reagent reduction by

the indicated number of recombinant minicollagen-1 free sulfhydryls based on the 21.5 nmoles of the recombinant minicollagen-1 assayed (yellow arrows). (B) CD

spectroscopy of non-tagged recombinant minicollagen-1 (1.4µM) in the absence (blue line) and presence (red line) of 1mM DTT.

FIGURE 6 | (A) Top view (left) and side view (right) of same free-standing, photo-crosslinked non-tagged recombinant minicollagen-1 (17 wt%) hydrogels that was

used for mechanical testing. The scale bars are 1 cm. (B) Photo-crosslinked dome shaped hydrogels of 10 wt% minicollagen (doped with rhodamine labeled

recombinant minicollagen-1 before removal of Ru(II)(bpy)2+3 (upper) and immediately after submersion in the indicated treatment solutions (t = 0 h), or after 3 h in the

indicated solutions. DTT (10mM), CRB (10mM EDTA, 1mM EGTA, 1% β-mercaptoethanol), βME (1% β-mercaptoethanol), and 10mM EDTA/1mM EGTA are

indicated on the figure.

and purify relatively large amount of the protein has enabled
the creation of hydrogels that can be mechanically tested.
However, there are difficulties that heterologous expression of
recombinant minicollagen-1 presents, and yields will need to
be increased if recombinant minicollagens are to be used for
practical applications. The culture conditions were important
in increasing the yield of minicollagen-1, where induction at
low temperatures (25◦C) and constant oxygenation through
air sparging were found to increase expression levels. The low
net yields of minicollagen-1 may be due to losses experienced
during purification, but are also likely due to poor expression
resulting from ribosomal stalling at the long stretches of prolines
that flank the central collagen-like domain. Earlier studies
showed that the bacterial translation elongation factor, EF-P,

is responsible for mediating expression of transcripts coding
for stretches of proline longer than two residues (Doerfel
et al., 2013; Ude et al., 2013). A bicistronic construct co-
expressing EF-P with the His-tagged recombinant minicollagen-
1 was created and tested for His-recombinant minicollagen-1
expression. Although co-expression of EF-P with recombinant
minicollagen-1 increased expression levels, it is possible that
expression can be further increased. EF-P is post-translationally
modified with a β-lysyllysine that is essential for function (Park
et al., 2012). Thus, it is possible that the over-expressed EF-P is
sub-stoichiometrically modified and therefore not operating at
full functionality. The gene product YjeK is responsible for the
isomerization reaction that creates the β-lysine from α-lysine,
and YjeA is the ligase that attaches the β-lysine moiety to a lysine
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FIGURE 7 | Stress vs. strain curve for compression and then recovery of a 17

wt% recombinant minicollagen-1 photo-crosslinked hydrogel obtained by

sequential 5, 10, and 15 % compression. The table on top of the graph

summarizes the mean compressive modulus that was calculated from

mechanical testing of three hydrogels. The inset image shows the recombinant

minicollagen hydrogel under compression using the Microtester G2.

side chain on EF-P (Yanagisawa et al., 2010). Future attempts
at expression optimization will create a polycistronic construct
where the EF-P modifying enzymes, YjeK and YjeA, will be co-
expressed with the EF-P and recombinant minicollagen-1. This
approach will hopefully create a system whereby proteins and
peptides with high proline content can be efficiently produced in
a prokaryotic system.

A key question related to recombinant minicollagen-1 is
whether it forms the trimeric quaternary structure observed
for the long collagens as well as minicollagens heterologously
expressed in mammalian cell culture platforms (Engel et al.,
2001). Proline hydroxylation is a post-translational modification
that has been implicated in the stabilization of the extended
collagen triple helix, and previous studies indicate that the
minicollagens also contain hydroxyproline (Lenhoff et al., 1957;
Engel et al., 2001). The heterologously expressed recombinant
minicollagen-1 is expected to contain no proline hydroxylation,
as is known for the bacterial collagens (Mohs et al., 2007).
This combined with the short collagen-like region contained
in recombinant minicollagen-1 suggests that formation of the
triple helical quaternary structure would be unfavorable. This is
supported by the CD spectra of the recombinant minicollagen-1,
which does not contain the positive ellipticity at 222 nm observed
in the long collagens (Figure 2). Recent studies have suggested
that this absorbance is a better indicator of proper collagen
structure than the negative ellipticity at ∼200 nm (Lopes et al.,
2014). Comparing the TEM micrographs from the recombinant
minicollagen-1 to those obtained previously for minicollagen-
1 expressed and purified from a mammalian culture system is
informative. Expression of minicollagen-1 in a mammalian cell-
line yielded short, aligned rod like structures that had dimensions
consistent with those expected from a trihelical collagen-like
central structure (Engel et al., 2001). Additionally, amino acid

analysis indicated that ∼20% of the proline residues were
hydroxylated. TEM micrographs of recombinant minicollagen-
1 show bundles of oriented fibrils with no small rod-like
structures evident (Figure 3). In fact, the structures formed by
recombinant minicollagen-1 are more similar to those observed
with cnidoin, a silk-like protein found with the minicollagens
in the inner wall of the nematocyst (Balasubramanian et al.,
2012; Beckmann et al., 2015). Like the minicollagens, cnidoin
contains CRDs at the amino and carboxy termini of the protein
and mammalian cell line expressed forms of cnidoin have shown
a propensity to self-assemble into oriented fibrillar bundles
(Beckmann et al., 2015). In addition, cnidoin has been shown to
have elastomeric properties and adopts an extended disordered
structure found in other elastomeric proteins (Beckmann et al.,
2015). In the future, it will be interesting to see if the self-assembly
into fibrillar bundles observed with cnidoin and recombinant
minicollagen-1 are mediated by the terminal CRDs. Together,
the data suggest that recombinant minicollgen-1 is not forming
ordered secondary structures in solution, and does not form the
trihelical quaternary structure observed with the long collagens
or minicollagens expressed from metazoan sources. This is likely
due, at least in part, to the inability of the E. coli expression system
to proline hydroxylate recombinant minicollagen-1. Systems
have been developed in bacteria to hydroxylate heterologously
expressed collagen on proline (Ramshaw et al., 2019), so future
studies will look at the role of proline hydroxylation in the
self-assembly and stability recombinant minicollagen-1.

Regardless of whether recombinant minicollagen-1 adopts
a trihelical structure, the protein demonstrates interesting
properties that may make it useful in material applications, even
in an unmodified form. The combination of CRDs, polyproline
stretches and the short collagen-like central region make the
minicollagen family a potentially unique material additive.
Previous studies have shown that polyproline sequences can
be distinguished from collagen-like sequences by environmental
conditions, such as increased temperature and the existence of
chaotropes (Tiffany and Krimm, 1972; Gutierrez-Cruz et al.,
2001; Whittington et al., 2005; Lopes et al., 2014). The negative
ellipticity demonstrated by the CD spectrum of minicollagen-
1 is very heat stable (Figure 4), which is a property shared
by polyproline peptides, but not collagen (Tiffany and Krimm,
1972; Gutierrez-Cruz et al., 2001). Alternatively, the negative
ellipticity observed in recombinant minicollagen-1 CD spectra
was very sensitive to the presence of urea, which is a
property shared by collagen (Lopes et al., 2014). However,
recombinant minicollagen-1 appears to be significantly more
sensitive to urea than what has been reported for long collagen
(Supplementary Figure 7). In contrast to what was observed
with recombinant minicollagen-1, urea has been shown to
increase the polyproline II helical structure of polyproline
sequences (Gutierrez-Cruz et al., 2001; Whittington et al., 2005).
Interestingly, the presence of DTT had a strong effect on the
recombinant minicollagen-1, abrogating the negative ellipticity
observed at 207 nm as was observed with urea treatment
(Figure 5B). This is consistent with SDS-PAGE analysis where
recombinant minicollagen-1 is observed to migrate faster when
run under reducing conditions compared to the migration of
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the non-reduced protein (Supplementary Figure 8). The latter
observations likely reflect the reduced ability of recombinant
minicollagen-1 to bind SDS as compared to the more globular
protein molecular weight standards, and indicate a change in
protein conformation between oxidized and reduced states. The
sensitivity of recombinant minicollagen-1 to reducing agents is
distinct from what is observed with polyproline and collagen
sequences, which demonstrate little to no change in secondary
structure in the presence of reducing agents (Lopes et al.,
2014). Therefore, recombinant minicollagen-1 appears to adopt
a disordered conformation but has unique properties compared
to other proline rich sequences, and can be distinguished by
its sensitivity to reducing agents. This sensitivity may present
a useful handle for the tuning of properties in recombinant
minicollagen-1 based materials.

The above observations point to a dominant role of the
terminal CRDs in the stabilization of recombinant minicollagen-
1 secondary structure. The CRDs are present in numerous
proteins involved in nematocyst biosynthesis and function
(Ozbek et al., 2009; Balasubramanian et al., 2012). Recently,
it was shown that the CRDs facilitate multimerization of
proteins through direct interaction with each other, and that
certain CRD sequences enable a higher interaction valency
than others (Tursch et al., 2016). The dynamic nature of the
CRD disulfide bonds has been demonstrated in the creation
of re-codable surfaces where surface chemistry of a substrate
can be written and re-written using the reversible nature of
the CRD disulfide bonds (Gegenhuber et al., 2017). In the
current study, the ability to utilize photocrosslinking in the
creation of recombinant minicollagen-1 hydrogels through the
mobilization of the CRD stored disulfides is a demonstration
of how these domains may be used to create structured
materials. Mechanical testing of the minicollagen-1 hydrogels
yielded a compressive elastic modulus in the KPa range,
comparable to the mechanical properties measured in other
protein-based hydrogels created with irreversible covalent
crosslinking (Supplementary Figure 9) (Partlow et al., 2014).
This is important since the reversible nature of disulfide
crosslinking allows for controlled degradation as well as the
potential for dynamic reconfiguration. It is also significant that
the recombinant minicollagen-1 demonstrates the ability to self-
assemble into fibrils and fibril bundles with periodic spacing

(Figure 3). Therefore, the recombinant minicollagen-1 presented
in this study may be looked at as a naïve material precursor,
with the potential for scalable expression and the ability to
form hydrogels whose properties can be programmed with
posttranslational modifications.
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Hydrogels with photo-responsive mechanical properties have found broad biomedical

applications, including delivering bioactive molecules, cell culture, biosensing, and

tissue engineering. Here, using a photocleavable protein, PhoCl, as the crosslinker

we engineer two types of poly(ethylene glycol) hydrogels whose mechanical stability

can be weakened or strengthened, respectively, upon visible light illumination. In the

photo weakening hydrogels, photocleavage leads to rupture of the protein crosslinkers,

and decrease of the mechanical properties of the hydrogels. In contrast, in the photo

strengthening hydrogels, by properly choosing the crosslinking positions, photocleavage

does not rupture the crosslinking sites but exposes additional cryptical reactive cysteine

residues. When reacting with extra maleimide groups in the hydrogel network, the

mechanical properties of the hydrogels can be enhanced upon light illumination. Our

study indicates that photocleavable proteins could provide more designing possibilities

than the small-molecule counterparts. A proof-of-principle demonstration of spatially

controlling the mechanical properties of hydrogels was also provided.

Keywords: photocleavable protein, tunable mechanical properties, hydrogel, spatially control, artificial

extracellular matrices, on-demand, drug delivery

INTRODUCTION

Photo-switchable proteins have been widely used in many fields, including super resolution
imaging, optogenetics, fluorescent sensors, and recently as switchable crosslinkers for the
engineering of photo-responsive hydrogels (Christie, 2007; Rogan and Roth, 2011; Shcherbakova
et al., 2012, 2015; Nienhaus and Nienhaus, 2014; Guntas et al., 2015; Koetting et al., 2015; Niopek
et al., 2016; Coquelle et al., 2018). Comparing to other environment-responsive hydrogels, photo-
responsive hydrogels have drawn considerable interest (Murphy et al., 2007; Yuan et al., 2008;
Gillette et al., 2010; Patterson and Hubbell, 2010; Davis et al., 2011; Yoshikawa et al., 2011; Burdick
and Murphy, 2012; Stowers et al., 2015; Abdeen et al., 2016; Han and Lin, 2016), because their
mechanical properties can be remotely and non-invasively controlled upon light illumination
(Kloxin et al., 2009; Guvendiren and Burdick, 2012; Rosales et al., 2015; Kim et al., 2019; Nowak and
Ravoo, 2019; Wu et al., 2019). Generally, most photo-responsive hydrogels are based on the switch
between oligomeric and monomeric states of proteins upon light illumination. For example, the
reversible change between tetramers and monomers of Dronpa145N can lead to photo-controlled

29
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gel-sol transition or reversible change of the stiffness of the
hydrogels (Lyu et al., 2017; Xin et al., 2017). Similarly, the
switch between dimeric and monomeric states of cyanobacterial
phytochrome 1 can lead to the reversible softening and
strengthening of the hydrogels, which allowed dynamic control
of the migration of immune cells and mechanotransduction of
stem cells (Hörner et al., 2019). The change between dimeric
and monomeric states of UVR8-1 led to the design of hydrogels
for photo-controlled protein delivery and cell separation (Zhang
et al., 2015). Green light induced tetrameric to monomeric
transition of the C-terminal adenosylcobalamin binding domain
(CarHC) can cause the dissolution of the hydrogels for the stem
cell/protein release (Wang et al., 2017). Recently, it was shown
that the photo-induced conformational change of LOV2 domains
can be used to dynamically control the mechanical properties
of the corresponding proteins (Liu et al., 2018). This method is
unique in that it does not involve oligomeric photo-switchable
proteins but utilize the change of crosslinker length. It is desirable
to explore new operation mode of photo-controllable hydrogels
based on photo-responsive proteins.

Here, we report two new types of photo-controllable hydrogels
based on photo cleavable fluorescent protein PhoCl. PhoCl
protein was engineered by Campbell group in 2013 (Zhang et al.,
2017). Upon the illumination of violet light (∼400 nm), the
chromophore undergoes a β-elimination reaction, leading to the
cleavage of the polypeptide backbone. The two fragments of the
protein then spontaneously dissociate and become unstructured.
We envisioned that this reaction can lead to two effects: (i)
photo-induced cleavage of the PhoCl and (ii) exposure of reactive
sidechains inside the barrel structure of the protein. Based
on these two effects, we design two types of hydrogels whose
mechanical stability can be lowered or elevated upon photo
illumination, respectively. We anticipate that these hydrogels can
be used as artificial extracellular matrices for cell culture and as
cargos for on-demand drug delivery.

MATERIALS AND METHODS

Gene Construction
PhoCl and its sequences have been reported. The gene encoding
Pho-Weak and Pho-Strong proteins (Supplementary Figure 1)
were purchased from Genscript and cloned into the pQE80L
vector between BamHI and KpnI restriction enzyme sites. To
produce the pQE80L::Pho-Weak-(GB1)2 and pQE80l::Pho-
Strong-(GB1)2, two GB1 (MDTYKLILNGKTLKGETTTEA
VDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTERS)
fragments cut by BamHI and KpnI restriction enzymes were
inserted between BglII and KpnI sites of pQE80L::Pho-Weak and
pQE80l::Pho-Strong, respectively. All genes bear a N-terminal
6×His tag sequence from the pQE80L vector to facilitate affinity
purification of expressed proteins.

Protein Expression and Purification
All proteins were expressed in Escherichia coli strain BL21. The
bacterial cells were grown at 37◦C in LB medium supplemented
with 100µg·mL−1 ampicillin to an OD600 of 0.5 followed
by adding 240µg·mL−1 isopropyl β-D-1-thiogalactopyranoside

to induce protein expression overnight at 25◦C. The E. coli
cells were harvested by centrifugation and the 6×His-tagged
proteins were purified using Ni2+-NTA protein resin (GE
healthcare, Shanghai, China). The purified proteins were dialyzed
against phosphate-buffered saline (PBS) buffer (10mM, pH7.4,
containing 137mM NaCl and 2.7mM KCl) and stored at 4◦C
before use.

Characterization of PhoCl Mutants
All the photoconversion for ultraviolet-visual (UV-Vis)
spectroscopy measurements and fluorescence spectra
measurements were performed with a light emitting diode
(LED) lamp (M405L3c, THORLABS, USA). Absorbance
spectra were acquired with V-550 UV/VIS Spectrophotometer
(JASCO). Fluorescence spectra were acquired with FP-6500
Spectrofluorometer (JASCO). Circular dichroism spectra
were acquired with J-815CD Spectrometer (JASCO) at room
temperature.MALDI-TOFMass spectra of PhoClmutants before
and after N-methylmaleimide labeling were recorded using an
autoflex TOF/TOF mass spectrometer (Bruker Daltonics).

Preparation of PhoCl-PEG Hydrogels
To prepare Pho-Weak-PEG hydrogels, the Pho-Weak and 4-
armed-PEG-Mal (Mw: 20 k, Laysan Bio, Inc) were first dissolved
in PBS buffer and then were quickly mixed at a molar ratio
of 2:1. To prepare Pho-Strong-PEG hydrogels, the Pho-Strong
and 4-armed-PEG-Mal solutions were mixed at a molar ratio
of 1:2. After preparing the gels at room temperature, they were
incubated at 37◦C for at least 2 h in dark conditions to ensure the
hydrogels were stable.

Characterization of PhoCl-PEG Hydrogels
The photoconversion for rheology measurements was performed
with the same LED lamp (M405L3c, THORLABS, USA) as
the spectral experiments. Light intensity was 468.6mW·cm−2

in all experiments as measured by an optical power meter
(PM100USB, THORLABS, Gemany) with thermal power sensor
(S405C, THORLABS, Gemany). The rheological properties of
PhoCl-PEG hydrogels measurements were carried out using a
HAAKE RheoStress 6000 (Thermo Scientific) at 25◦C.

RESULTS AND DISCUSSION

Design of Photo-Controllable Hydrogels
In wild-type PhoCl, there are two buried (Cys28 and Cys98)
but no solvent exposed cysteine residues. Photocleavage takes
place at His231 (Supplementary Figure 1), which is part of
the chromophore after maturation. In order to incorporate the
PhoCl proteins into the hydrogel network, we designed two
PhoCl mutants named as Pho-Weak and Pho-Strong proteins,
respectively. Each of these two mutants contains two additional
solvent exposed cysteine residues that are ready to react with
maleimide containing polyethylene glycol (PEG) to formed
hydrogels (named as PhoCl-PEG hydrogels hereafter). In the
Pho-Weak mutant, one of the cysteine residues is at the
54th position, while the other is attached to the C-terminal
end (Figure 1A and Supplementary Figure 1). Photocleavage of
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FIGURE 1 | Design of PhoCl mutants. (A) Schematic of the design of Pho-Weak. Two solvent exposed cysteines at 54 and 250 positions (colored in yellow) were

introduced to wild type PhoCl for crosslinking with maleimide groups in PEG to form hydrogels. The photocleavage reaction leads to the rupture of the linkage

between the two crosslinking sites. (B) Schematic illustration of the dissociation process. (C) MALDI-TOF before and after Pho-Weak photocleavage excited at

(Continued)
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FIGURE 1 | 405 nm. Two N-Methylmaleimide (Mw:111.1) reacted with Pho-Weak in the dark and the rupture of the linkage between the two crosslinking sites.

(D) Schematic of the design of Pho-Strong. Photocleavage does not break the linkage between the two crosslinking sites (Cys39 and Cys 54) but expose two cryptic

cysteine residues (Cys28 and Cys98, colored in gray). (E) Schematic illustration of the light-induced exposure of additional cysteine residues. (F) MALDI-TOF of

Pho-Strong. Two N-Methylmaleimide crosslinked with Pho-Strong in the dark and more crosslinking sites were formed due to the light-induced exposure of additional

cysteine residues.

Pho-Weak proteins causes the rupture of the sequence between
the two cysteine residues (Figure 1B). To confirm this design,
we used MALDI-TOF mass spectroscopy to characterize the
reactivity of the cysteine residues and the photolysis products.
A small maleimide containing molecule, N-methylmaleimide,
was used for labeling and the mass gain after reaction is
111.1 Da (1). The MALDI-TOF experiments confirmed that
the solvent exposed cysteines of Pho-Weak can successfully
react with N-methylmaleimide leading to a mass gain of ∼2
× 1 (Figure 1C). After photocleavage, the increase of the
mass of the larger fragment was ∼1 × 1, suggesting that the
cleavage site was in between the two labeled cysteine residues.
In the Pho-Strong mutant, the two solvent exposed cysteine
residues are introduced at the 39 and 54th positions (Figure 1D
and Supplementary Figure 1). Even after photocleavage, the
two cysteine residues are still attached to the same fragment
(Figure 1E). Similarly, this design was confirmed by the MALDI-
TOF experiments (Figure 1F). Before photolysis, the mass
gain after labeling was ∼2×1; after photolysis and further
reacting with extra N-methylmaleimide, the mass gain was ∼3.2
× 1, indicating that some of the originally buried cysteine
residues were exposed and reacted with maleimide. Therefore,
the crosslinking density increased after photocleavage of Pho-
Strong mutants.

The hydrogels whose mechanical properties can be enhanced
and decreased upon light illumination were prepared based on
Pho-Weak and Pho-Strong proteins, respectively. The solvent
exposed thiol groups of the two proteins can react with
maleimide functionalized 4-armed polyethylene glycol (4-armed-
PEG-Mal) to form hydrogel networks (Figure 2A). In the photo-
weakening hydrogel, the ratio of maleimide and solvent exposed
thiol groups is 1:1 and there were no additional maleimide
groups available to react with the freshly exposed Cys28 and
Cys98 (Figure 2B). Photocleavage reaction leads to the decrease
of the mechanical stability or even gel-sol transition of the
corresponding hydrogels. In the photo-strengthening hydrogel,
the ratio of maleimide and the total thiol groups (including both
the solvent exposed and the buried ones) is 1:1. Photocleavage of
Pho-Strong does not cause the decrease of crosslinking density,
as the two photocleavage site is outside the crosslinking sequence
(Figure 2A). Moreover, because there are additional maleimide
groups available from the hydrogel network, new crosslinking
sites are readily formed with the exposed cysteine residues
(Cys28 and Cys98) after the dissociation of the cleaved fragment
(Figure 2C). This results in the elevation of the mechanical
stability of the hydrogels after photocleavage. In order to quantify
the amount of thiol reacted with maleimide in the hydrogel
network, we used a model system by replacing 4-armed PEG-
Mal with linear PEG-Mal (only a single maleimide group at the

end of each PEG polymer) and analyzed the amount of reacted
proteins based on the SDS-PAGE (Supplementary Figure 2).
The yields for the Pho-Weak and Pho-Strong were 54 and 65%,
respectively. Note that, some cysteine residues may have already
formed disulfide bonds before reacting with maleimide groups in
the hydrogels, which can also serve as the crosslinks.

Characterization of the Photocleavage of
PhoCl Mutants
To make sure that the photocleavage properties of the proteins
were not affected by the introduction of cysteine mutations,
we first characterized their photocleavage properties in solution.
The solution of Pho-Weak protein showed characteristic green
fluorescence of PhoCl (Figure 3A) (Zhang et al., 2017). After
irradiated at 405 nm light for 30min, the color of Pho-Weak
solution changed to brown, consistent with the color change
of wild type PhoCl (Zhang et al., 2017). Similarly, UV-vis
Spectroscopy of Pho-Weak was also changed and showed a
broad absorbance from ∼400 to 500 nm after photocleavage
(Figure 3B). The fluorescence of Pho-Weak was greatly dimmed
after photocleavage (Figure 3C). Using fluorescence change as
the indicator, we can estimate the photocleavage kinetics. Pho-
Weak was completely cleaved in ∼20min (Figure 3D). The
structural change of Pho-Weak was confirmed by the CD
spectra. The major negative peak at ∼215 nm corresponding
to the β sheet structure was greatly reduced after cleavage
(Figure 3E). To further confirm that Pho-Weak was cleaved by
light illumination, we used SDS-PAGE to characterize the size of
photolyzed samples. Because the short fragment is too small to
be resolved in SDS-PAGE, we flanked two GB1 proteins as the
tag to the C-terminus of Pho-Weak. Clearly, after photocleavage,
two additional peaks corresponding to the two fragments
appeared (Figure 3F). This indicated that the peptide linkage
was completely ruptured.We also performed the characterization
of Pho-Strong protein. It showed the same properties as the
Pho-Weak protein (Figures 4A–F). The photocleavage kinetics
of Pho-Strong was a bit slower than Pho-Weak proteins (t1/2
of ∼120 s for Pho-Weak and ∼270 s for Pho-Strong proteins,
respectively). Note that, the photocleavage rates of both Pho-
Weak and Pho-Strong proteins were faster than that of wild type
PhoCl (t1/2 of ∼500 s) (Zhang et al., 2017). The photocleavage
reaction involves a violet light -induced β-elimination on the
conjugated chromophore and the subsequent cleavage of the
polypeptide chain. Although the cysteine mutants were distant
from the chromophore, they can still affect the photocleavage
kinetics. In some of the mutants we tried, the cysteine mutants
lost the photocleavage properties because the cysteine mutation
sites were at the same loop of the photocleavage site.
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FIGURE 2 | Design of PhoCl-PEG hydrogels. (A) Chemical structure of 4-armed-PEG-Mal. The maleimide-terminated end of each arm can react with thiol groups of

cysteines when they are solvent exposed. (B) Schematic illustration of the Pho-Strong-PEG hydrogel in dark (left) and the photo-switching process of the hydrogel

(right). (C) Schematic illustration of the Pho-Weak-PEG hydrogel in dark (left) and the photo-switching process of the hydrogel (right).

Mechanical Properties of PhoCl-PEG
Hydrogel
To form the Pho-Weak-PEG hydrogels, Pho-Weak and 4-arm-
PEG-Mal were mixed at a molar ratio of 2:1 (solvent exposed
thiol:Mal = 1:1) at dark to form Pho-Weak-PEG hydrogel.
Thanks to the quick reaction between thiol and maleimide, the
hydrogels were formed in <5min. Rheological measurement
showed that the storage modulus G′ of the hydrogels was
constantly higher than the loss modulus G′′ over a broad
frequency range, confirming that a gel network was formed
(Figure 5A). With the increase of the protein concentrations,
both G′ and G′′ increased accordingly. When the hydrogel was
irradiated by 405 nm light (468.6mW·cm−2) for 30min, both G′

and G′′ were greatly reduced, confirming the photo-weakening

property of the hydrogels. We also monitored the change of

the rheological properties of the Pho-Weak-PEG hydrogels at
different photo illumination time. A continuous decrease of G′

was observed, indicating that the crosslinking density of the
hydrogels were decreased. When 30mg·mL−1 of Pho-Weak was
used, the G′ was dropped even lower than G′′ after ∼1,000 s,
indicating that the hydrogel was completely converted to liquid
(Figures 5B,C). Note that due to the high concentrations of
proteins in the hydrogel, the photocleavage efficiency for Pho-
Weak proteins was much lower than that in solution. The
efficiency was also inversely correlated with the thickness of
the hydrogels.

To form the Pho-Strong-PEG hydrogels, Pho-Strong and
4-armed-PEG-Mal were mixed at a molar ratio of 1:1 (total
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FIGURE 3 | Characterization of Pho-Weak. (A) Photographs of Pho-Weak solutions before and after light illumination. (B) UV–vis absorbance changes after

photocleavage. (C) Fluorescence spectra before and after photocleavage excited at 405 nm. (D) Kinetics of dissociation, as determined by the decrease of green

fluorescence after illumination. (E) Circular dichroism spectra before and after photocleavage. (F) SDS-PAGE analysis of Pho-Weak-(GB1)2 before and after

photocleavage. The band at ∼ 13 kDa corresponds to the fragment containing (GB1)2.

FIGURE 4 | Characterization of Pho-Strong. (A) Photographs of Pho-Strong solutions before and after light illumination. (B) UV–vis absorbance changes after

photocleavage. (C) Fluorescence spectra before and after photocleavage excited at 405 nm. (D) Kinetics of dissociation, as determined by the decrease of green

fluorescence after illumination. (E) Circular dichroism spectra before and after photocleavage. (F) SDS-PAGE analysis of Pho-Strong-(GB1)2 before and after

photocleavage. The band at ∼ 13 kDa corresponds to the fragment containing (GB1)2.

thiol: Mal = 1:1) at dark to form Pho-Strong-PEG hydrogels,
so that parts of PEG arms of the 4-armed-PEG-Mal were
still free without participating in the hydrogel network
(Figure 2C). When the hydrogels were illuminated at 405 nm
light (468.6mW·cm−2) for 40min, the mechanical properties
of the hydrogels became higher (Figure 5D). The constant
increase of the mechanical properties of the hydrogels upon
photo illumination were observed for the Pho-Strong-PEG
hydrogels, further confirming the successful design of the

photo-strengthening hydrogels (Figure 5E). Moreover, in the
photo-strengthening process, there were no protein aggregation
or dehydration effects observed (Figure 5F), suggesting that
the increase of the mechanical stability was mainly due to
the formation of thiol-maleimide adducts with newly exposed
cysteine residues.

It is worth mentioning that both Pho-Weak-PEG and Pho-
Strong-PEG hydrogels used in these experiments were not under
swelling equilibrium. The swelling of the hydrogels in PBS
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FIGURE 5 | Rheological properties and photo-conversion of PhoCl-PEG hydrogels. (A) Frequency sweep of hydrogels with different Pho-Weak concentrations before

and after photocleavage. (B) Real-time monitoring the photo-weakening of hydrogel by rheology (Frequency: 1Hz). (C) Optical photographs of Pho-Weak-PEG

hydrogels: pristine (left, gel) and after photo illumination (right, viscous liquid). (D) Frequency sweep of hydrogel with different Pho-Strong concentrations before and

after photocleavage. (E) Real-time monitoring the photo-weakening of hydrogel by rheology (Frequency: 1Hz). (F) Optical photographs of Pho-Strong-PEG hydrogels:

pristine (left) and after photo illumination (right). The legend next to (B) applies to (A, B, D, E).

FIGURE 6 | Spatially Control the Mechanical Properties of PhoCl-PEG hydrogels. (A) Schematic diagram of the experiment. (B) The letters of “NJU” were printed on a

Pho-Weak-PEG hydrogel by photo illumination at 405 nm for 40min through a mask. (C) The letters of “NJU” were printed on a Pho-Strong-PEG hydrogel by photo

illumination at 405 nm for 40min through the same mask.

buffers can also the mechanical properties. The swelling ratios
of the Pho-Weak-PEG and Pho-Strong-PEG hydrogels before
photolysis were 154 and 196%, respectively, after immersing
in PBS buffer for 24 h. Nonetheless, the photo-weakening and
photo-strengthening trends of the hydrogels were not affected by
the swelling of the hydrogels.

Spatially Control the Mechanical
Properties of PhoCl-PEG Hydrogels
We next explore the use of light to control the mechanical
properties of PhoCl-PEG hydrogels in 2D. Both Pho-Weak-
PEG and Pho-Strong-PEG hydrogels were prepared in plastic
petridishes of∼ 1mm thick. Then the hydrogels were covered by
an alumina foil mask with different patterns (Figure 6A). After
illumination under 405 nm light for 40min, a clear pattern at
the light exposed area can be formed (Figures 6B,C). Note that,
because the Pho-Weak-PEG hydrogel was partially converted
to liquid, the liquidized part was mobile and slowly diffused to
the surroundings (Figure 6B). We envisioned that this type of

hydrogels can be used for protein/cell delivery in the future.
In contrast, the edge of the patterns on the Pho-Strong-PEG
hydrogel was much sharper (Figure 6C). It is worth mentioning
that as the photocleavage causes the detachment of the C-
terminal fragment, peptide or protein release function can be
also implement in the Pho-Strong-PEG hydrogels without the
dissolution of the hydrogels. This may be even advantageous
for long-term on-demand release of functional proteins directly
linked to the C-terminal of Pho-Strong protein upon light
irradiation. The light convertible mechanical properties also
make the hydrogels ideal candidates for the study of the
effect of mechanical cues on cell migration, spreading, and
differentiation in vitro.

CONCLUSION

In summary, here we demonstrated the use of a photocleavable
protein, PhoCl, as crosslinkers, and multiple-armed PEG
as backbones to prepare photo-responsive hydrogels. We
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engineered two exposed cysteine residues to PhoCl to specifically
react with the maleimide group at each end of the PEG arms to
form the hydrogels. By choosing proper crosslinking positions,
we were able to rationally weakening or strengthening the
mechanical properties of the hydrogels upon light illumination.
We envision that the release of functional protein/peptide
fragments or the expose of bioactive cell binding ligands
can be realized simultaneous along with the change of
mechanical properties upon light illumination. Therefore, it
can be used as an indispensable tool to study the effect of
mechanical and chemical cues on stem cell differentiation, cell
migration, and so on. Moreover, as the crosslinking density
of the hydrogels is greatly changed, it can also be used
as a platform for cell capture or cell release. Exploring the
biomedical applications of the PhoCl-PEG hydrogels will be our
next endeavor.
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Polymer hydrogels are ideal bioprinting scaffolds for cell-loading and tissue engineering

due to their extracellular-matrix-like structure. However, polymer hydrogels that are easily

printed tend to have poor strength and fragile properties. The gradually polymerized

reinforcement after hydrogel printing is a good method to solve the contradiction

between conveniently printed and high mechanical strength requirement. Here, a

new succinct approach has been developed to fabricate the printable composite

hydrogels with tunable strength. We employed the HRP@GOx dual enzyme system

to initiate the immediate crosslinking of chondroitin sulfate grafted with tyrosine

and the gradual polymerization of monomers to form the composite hydrogels.

The detailed two-step gelation mechanism was confirmed by the Fluorescence

spectroscopy, Electron paramagnetic resonance spectroscopy and Gel permeation

chromatography, respectively. The final composite hydrogel combines the merits of

enzymatic crosslinking hydrogels and polymerized hydrogels to achieve adjustable

mechanical strength and facile printing performance. The dual-enzyme regulated polymer

composite hydrogels are the promising bioscaffolds as organoid, implanted materials,

and other biomedical applications.

Keywords: enzymatic crosslinking, enzymatic polymerization, composite hydrogel, 3D printing,

adjustable-strength

INTRODUCTION

Hydrogels with three-dimensional networks have received wide attention due to their successful
applications in tissue engineering (Yue et al., 2015; Mohamad et al., 2018; Qu et al., 2018, 2019;
Edri et al., 2019; Feng et al., 2019), biocatalysis (Diaz et al., 2010), biosensor (Wang et al., 2019),
cell culture (Lou et al., 2017; Luo et al., 2019), drug delivery (Gao et al., 2018; Xu et al., 2019), bio-
medicines (Liow et al., 2017), wound healing (Ahmed et al., 2017), and 3D printing (Censi et al.,
2011; Pataky et al., 2012; Malda et al., 2013; Li et al., 2015; Loebel et al., 2017; Lin et al., 2019). In
general, hydrogels formed by natural polysaccharides are suitable for 3D printing and encapsulating
biomolecules. However, they generally have poor elasticity and weak mechanical properties. The
covalently bonded crosslinked network (polymeric hydrogel) is elastically deformable, and still
maintains strong mechanical properties (Sun et al., 2012; Zhang X. N. et al., 2018). However, they
generally lack a suitable porous structure to diffuse biomolecules, and it is difficult to obtain a good
viscidity window for extruded 3D printing, which are important factors in tissue-repair and 3D
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printing. An effective way to ensure these two advantages
is to use a polysaccharide hydrogel in combination with a
polymeric material.

Free radical polymerization (Hume et al., 2011) is the
most common technique used to prepare polymer hydrogels.
Utilization of enzyme to catalyzes the polymerization of
monomers is a suitable method for constructing a biomimetic
material, due to enzymatic polymerization has the advantages
of high efficiency, high specificity, controllable activity, mild
reaction conditions and no toxic residues compared with
traditional polymerization. As early as 1950, researchers used
xanthine oxidase for catalytic reactions (Kalckar et al., 1950).
Our group and other researchers have explored several
oxidoreductases to catalyze electron transfer reactions and
produce free radicals that can initiate the formation of polymer
hydrogels (Wei et al., 2016; Zhang et al., 2017; Zhang Q. et al.,
2018). For the typical HRP/laccase initiation system, reductive
acetylacetone is catalytically oxidized to form carbon radicals
and initiate polymerization by hydrogen peroxide or oxygen,
respectively (Tsujimoto et al., 2001; Kohri et al., 2012). Enzyme-
catalyzed tyrosine-modified polysaccharides and proteins are
a very effective strategy for the preparation of injectable and
printable hydrogels, which are a free radical-induced cross-
linking process. We note that the HRP/GOx/Glucose system can
also initiate in situ free radical polymerization of small molecular
monomers beyond the radical-crosslinking of tyrosine. This
may provide an inspiring approach for designing the printable
composite hydrogel with tunable mechanical strength.

Despite the success in the design of composite hydrogels,
the use of hard hydrogels for 3D printing to generate

FIGURE 1 | (A) Schematic of the preparation of Gel I and Gel II; (B) Enzymatic reaction illustration of HRP@GOx system; (C) Optical image of Gel II under

compression; (D) Optical image of Gel II under stretching [Gel II in (C,D) have different diameter, which cause different colors to be reflected under the same shooting

conditions].

complex structures remains a huge challenge. Therefore,
we report a concise dual enzyme HRP/GOx-mediated redox
initiation to achieve crosslinking of modified polysaccharides
and further co-polymerized with monomers to achieve
high toughness composite hydrogel. The crosslinkable
polysaccharide hydrogel with lower mechanical strength
can be printed in a 3D structure due to the printable viscidity
window and fast crosslinking. Under the action of time,
the dual-enzyme and tyrosine of the polysaccharide system
further initiate polymerization of the various monomers.
The co-polymerization with the double bond grafted
polysaccharide gradually increases the toughness of the
hydrogel to obtain a composite hydrogel which has good
mechanical properties.

There are two processes in designing of composite
hydrogels (Figure 1A): (i) crosslinkable hydrogel (Gel I)
and (ii) polymeric/crosslinked hydrogel (Gel II). The entire
hydrogel precursor solution consists of horseradish peroxidase
(HRP), glucose oxidase (GOx), glucose, grafted tyrosine and
double bond chondroitin sulfate (GMA-CS-Ph-OH), acrylamide
monomers and deionized water. First, GOx catalyzes the
oxidation of glucose to gluconic acid and H2O2, then HRP
and H2O2 oxidize tyrosine-modified chondroitin sulfate to
immediately form Gel I. Then, tyrosine form α-carbon radical
under the oxidation of the HRP@GOx system to gradually
initiate polymerization of the monomer and crosslink with
the polysaccharide grafting double bond to form Gel II. The
α-carbon radicals from tyrosine molecules were detected
by electron paramagnetic resonance (EPR) measurements
(Figure 6B).
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MATERIALS AND METHODS

Materials
Acrylamide (AAm), tyramine hydrochloride were purchased
from Aladdin Industrial Corporation. N, N-Dimethyl
Acrylamide (DMAA), N-isopropyl acrylamide (NIPAM)
were purchased from Tokyo Chemical Industry Co., Ltd.
Poly (ethylene glycol) methacrylate (PEGMA) was purchased
from Sigma-Aldrich (Shanghai) Trading Co., Ltd. Glycidyl
methacrylate (GMA), N-hydroxysuccinimide (NHS), 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC-HCl), and deuteroxide (D2O) were purchased from
Energy Chemical. Hydrochloric acid (HCl), D-(+)-Glucose
were purchased from Sinopharm Chemical Reagent Co., Ltd.
Chondroitin sulfate (CS, Molecular weight: 5 × 104 KD),
Horseradish peroxidase (HRP, ≥300 U/mg), Glucose oxidase
(GOx, 239 U/mg) and dialysis bag were purchased from
Shanghai Baoman Biotechnology Co., Ltd. Deionized water was
used to prepare the solution throughout the experiments unless
otherwise stated.

Methods
Synthesis of GMA-CS
2.00 g of chondroitin sulfate was added to 50ml of deionized
water, stirred until the chondroitin sulfate was completely
dissolved in room temperature, and pH was adjusted to 3.5
with HCl. Then, 521.2mg of GMA was added, and the system
was stirred at 50◦C for 24 h. After completion, it was dialyzed

in deionized water for 3 days with a dialysis bag which has
a molecular weight of 3,500 to remove impurities, and the
dialyzed liquid was placed in a freeze dryer to remove water to
obtain GMA-CS.

Synthesis of GMA-CS-Ph-OH
2.00 g of GMA-CS was added to 50ml of deionized water,
stirred until the GMA-CS was completely dissolved in room
temperature. Then, 695.4mg of tyramine hydrochloride,
1151.6mg of EDC-HCl and 691.4mg NHS were added, and
the reaction was stirred at room temperature for 12 h. After
completion, it was dialyzed in deionized water for 3 days
with a dialysis bag which has a molecular weight of 3,500
to remove impurities, and the dialyzed liquid was placed in
a freeze dryer to remove water to obtain tyrosine modified
GMA-CS (GMA-CS-Ph-OH).

Preparation of Functionalized Chondroitin Sulfate

Crosslinking Hydrogel (Gel I) and Composite

Hydrogel (Gel II)
GMA-CS-Ph-OH, monomers, HRP (20 mg/ml), and GOx (20
mg/ml) were completely dissolved in deionized water at room
temperature to prepare a precursor solution. Subsequently,
100mM Glucose was quickly added to the precursor solution
and stirred uniformly. After a period of standing, the GMA-
CS-Ph-OH in the precursor solution immediately formed a
crosslinking hydrogel (Gel I) under the oxidation of the
HRP@GOx system. After forming the crosslinking hydrogel, the

FIGURE 2 | (A) Optical image of Gel II composed of different monomers (including AAm, DMAA, NIPAM, and PEGMA); (B) Compressive tests of Gel II composed of

different monomers (including AAm, DMAA, NIPAM, and PEGMA). (C) The conversion of AAm in Gel II is calculated using the 1H-NMR spectra.
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HRP@GOx system in Gel I will continue to oxidize tyrosine,
causing tyrosine to generate α-carbon free radicals, gradually
initiating polymerization of the monomer to form composite
hydrogel (Gel II).

Characterization
The mechanical properties of the hydrogel were characterized
via utilizing an electronic universal testing machine. 1H-NMR
was used to characterize conversion rates of GMA-CS-Ph-OH
and monomers. The network structure inside the hydrogel was
characterized by using Scanning Electron Microscopy (SEM).
The frequency sweep tests of the hydrogel were characterized
via using a rheometer (Rheometer). The tyrosine/di-tyrosine
structure of precursor solution/Gel I were characterized by
utilizing F-7000 FL Spectrophotometer. The detection of carbon
free radicals were performed via using the Bruker Electron
Paramagnetic Resonance (EPR). The degree of polymerization
of the Gel I and Gel II were tested by using Gel Permeation

Chromatography (GPC). The crosslinking hydrogel (Gel I) was
printed via GeSim bioscaffold 3.2 3D printer.

RESULTS AND DISCUSSION

The preparation of the composite hydrogel is straightforward
and requires no additional initiator. First, GMA-CS-Ph-OH was
oxidized under the catalysis of dual enzyme catalytic system
HRP@GOx to form α-carbon radicals (Figure 1B). Subsequently,
a GMA-CS-Ph-OH hydrogel with three-dimensional network
structure (Gel I, Figure 1A) was immediately formed via
crosslinking reaction. Due to the strong steric-hindrance
effect of crosslinked GMA-CS-Ph-OH, GMA-CS-Ph-OH
with α-carbon radicals presented in the system won’t occur
crosslinking reaction after Gel I formation. Finally, the
acrylamide monomers were polymerized under the initiation
of α-carbon radicals, and gradually formed composite hydrogel

FIGURE 3 | Frequency sweep tests of Gel II contains (A) 10 wt% AAm, (B) 15 wt% AAm, and (C) 20 wt% AAm when the reaction time were 1min, 30min, and 3h;

(D) The value of G’ in Frequency sweep tests of Gel II contains 10 wt% AAm, 15 wt% AAm, 20 wt% AAm, respectively, when the reaction time was 3 h. Each bar

represents the mean (n = 22) ± SD.
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FIGURE 4 | Compression tests of Gel II contains (A) 10 wt% AAm, (B) 15 wt% AAm and (C) 20 wt% AAm when the reaction time were 10min, 1, 3, 5 h, 1 d, and 3d

(D) Compression tests of Gel II contains 10, 15, and 20 wt% AAm, respectively, when the reaction time was 3 d; Tensile test of Gel II contains (E) 15 wt% and (F) 20

wt% AAm when the reaction time was 1, 2, and 3 d; (G) Cyclic compression test of Gel II contains 20 wt% AAm; (H) Cyclic tensile test of Gel II contains 15 wt% AAm.
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FIGURE 5 | SEM images of Gel I (A) and Gel II (B).

(Gel II) with a semi-interpenetrating network structure with Gel
I (Figure 1A). Therefore, the composite hydrogel can be formed
by simply mixing the reaction solution and maintaining it at
room temperature.

Subsequently, we investigated the polymerization reaction of
a number of acrylamide monomers catalyzed by HRP@GOx.
As shown in Figure 2A, AAm, DMAA, NIPAM, and PEGMA
can be all polymerized under the catalysis of HRP@GOx, and
form Gel II with a semi-interpenetrating network structure with
Gel I. Its mechanical properties are determined by the intrinsic
properties of the monomer, such as the molecular structure
(Figure 2B). The reason for this phenomenon is that GMA-
CS-Ph-OH generates α-carbon radicals under the catalysis of
HRP@GOx, and then non-selective α-carbon radical can initiate
in situ polymerization of acrylamide monomers without the need
for additional initiators.

The acrylamide (AAm) was experiment as a template
molecule. The gelation process was monitored via 1H-NMR
(25◦C). After 5 h, the intensity of the characteristic peak of the
double group of AAm began to decrease significantly. After 3
days, the double group of AAm were saturated quantitatively
(Figure 2C), which corresponded to the formation of Gel II,
whereas the gelator conversion test showed that 94.9 ± 1.2%
(mean ± SD) of AAm participated in the polymerization
reaction. In order to evaluate the effect of quantity of AAm in the
crosslinking process, a series of composite hydrogels containing
different amounts of AAm (10, 15, 20 wt%) were prepared
for comparison of mechanical properties. Gel II containing
different concentrations of AAm all reached optimal mechanical
properties within 3 days of reaction. Figures 3A–D revealed
the results of frequency-dependent sweep measurements at a

constant strain of 0.03%. The values for both storage modulus
(G′) and loss modulus (G′′) increased gradually with an increase
in the amount of AAm. When the amount of AAm was 20
wt%, the G’ of Gel II reached 1.95×106 Pa. the G’ of Gel II was
0.37×106 Pa when the amount of AAm is 10 wt%. Whether
the amount of AAm is 10 or 20 wt%, the values of storage
modulus (G′) always much higher than loss modulus (G′′),
which confirmed inherent high elastic properties of Gel II. In
the compression test, the fracture stress and the elastic modulus
also increased as the amount of AAm increased (Figures 4A–D).
When the amount of AAm is 15 wt%, the tensile properties were
optimal (Figures 4E,F) (Gel II can be stretched 2.7 and 2.3 times,
respectively, with 15 and 20 wt% AAm, and cannot be stretched
with 10 wt% AAm). According to the above discussion, Gel II
with different mechanical properties can be obtained by change
the amount of AAm. The compression cycle and the tensile cycle
test were, respectively, performed on Gel II contains 20 and 15
wt% AAm. Even after 50 cycles, the compression and tensile
curves were almost coincident, indicating that Gel II formed
under the catalysis of HRP@GOx without additional initiators
has excellent stability (Figures 4G,H).

Scanning Electron Microscopy (SEM, Figure 5) confirmed
that Gel II had a similar porous network structure as Gel I, but
with smaller pore size and closer network structure. The SEM
image of Gel I (Figure 5A) exhibited entangled irregular fibers
structure, which was the matrix of Gel II (Figure 5B) had a
different morphology with fibers that were tightly crosslinked to
each other and intertwined with Gel I. It is proved that the density
of nanofibers in Gel II is higher than that of the Gel I network,
which proves that the crosslinking process of GMA-CS-Ph-OH
promotes the formation of Gel II.
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FIGURE 6 | (A) Fluorescence Spectroscopy spectrum of GMA-CS-Ph-OH with and without HRP@GOx; (B) EPR spectrum of the DMPO radical adduct formed in

HRP@GOx, GMA-CS-Ph-OH, and AAm reaction system at 30min (black line) and 3 h (red line); (C) The GPC spectrum of Gel I (black line) and Gel II (red line); (D)

Mechanism illustration of catalytic oxidation of tyrosine via HRP@GOx system.

Fluorescence Spectroscopy, Electron paramagnetic resonance
(EPR) spectroscopy, and Gel Permeation Chromatography
(GPC) were performed to verify the gelation mechanism. When
the excitation wavelength is 300 nm, Tyrosine has a characteristic
fluorescence emission peak at 360 nm, while di-tyrosine has a
characteristic fluorescence emission peak at 425 nm. Therefore,
fluorescence spectroscopy was used to characterize the reaction
process. As shown in Figure 6A, GMA-CS-Ph-OH exhibited
a characteristic fluorescence emission peak of tyrosine at ca.
360 nm. When the HRP@GOx catalytic system was presented,
not only the characteristic fluorescence emission peak of di-
tyrosine occurs at 438 nm, but also the characteristic fluorescence
emission peak belonging to tyrosine appears at 348 nm. This
may be attributed to the steric-hindrance effect of the GMA-
CS-Ph-OH crosslinking reaction, which results in the presence
of a portion of unbound GMA-CS-Ph-OH in the system. The
characteristic fluorescence emission peaks of tyrosine and di-
tyrosine were both shifted, which may be attributed to the
influence of the molecular structure of the enzyme. EPR was
utilized to detect radicals in the system at different reaction
times. Dimethyl pyridine N-oxide (DMPO) was employed to
trap the unstable and short-lifetime free radicals to form a

long-lived nitroxide for EPR characterization. As shown in
Figure 6B (black line), no carbon radicals were detected at
the reaction for 30min, which was belonged to the fact that
the GMA-CS-Ph-OH molecules were oxidized to immediately
form a dimer via the combination of α-carbon radicals. When
the reaction is carried out for 3 h, the EPR spectrum of
the reacted system demonstrated a sextet signal (red line)
with a g value of 2.005, AN = 1.67 mT, AH = 2.38 mT,
which were coincident with the values of a DMPO trapped
carbon centered radical (Buettner, 1987), it is attributed to the
completion of the crosslinking reaction of GMA-CS-Ph-OH, and
remaining carbon radicals in the reaction system will initiate
the polymerization of AAm. The EPR results confirmed our
hypothesis that there is a process of gradual polymerization
of AAm after GMA-CS-Ph-OH immediate crosslinking. The
molecular weight distribution of the Gel I and Gel II formed
after crosslinking and polymerization were measured by GPC
(Figure 6C). The number-average molecular weight (Mn) of Gel
I and Gel II were 1.67 × 103 and 1.63 × 106, which proves
the polymerization of AAm in polysaccharide network. Based on
the above results, the gelation mechanism is proposed: as shown
in Figure 6D, tyrosine of GMA-CS-Ph-OH generates α-carbon
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FIGURE 7 | (A) The printed shape “button” with several layers; (B) The printed shape “ears” with several layers; (C) The printed 3D shape “button” (up) and enhanced

3D shape “button” (bottom); (D) Compressive test of enhanced 3D shape “button”; (E) cyclic compression test of enhanced 3D shape “button”.

radicals under catalytic oxidation of the HRP@GOx system.
In solution environment, α-carbon radicals tend to react with
each other to initiate crosslinking reaction of the GMA-CS-Ph-
OH. When GMA-CS-Ph-OH was crosslinked and then obtained
a highly viscous network structure, α-carbon radicals were
difficult to react with each other due to steric-hindrance effect,
resulting in α-carbon radicals tending to induce polymerization
of acrylamide monomers.

Gel II can retain its shape even under compression and tensile
relative to the weaker Gel I. As shown in Figure 4C, Gel II
can resist over 57% compression and has an 86.73 KPa Young’s

modulus, whereas Gel I only has a 3.29 KPa Young’s modulus.
Furthermore, the cylindrical composite hydrogel has well

compression performance (Figure 1C) and could be stretched
to about 4 times its initial length without collapse (Figure 1D).
Because of these properties (such as in situ formation and
enhancedmechanical properties of Gel II), the precursor solution
was used for 3D printing. First, we imported the designed

3D model into the printer, selected the appropriate printing
pressure and speed, and then quickly injected the configured
precursor solution into the print cylinder for printing. The
shapes of “button” (Figure 7A) and “ears” (Figure 7B) with
several layers were 3D printed. The printed 3D model was
statically cured (Figure 7C) and then subjected to compression
test (Figure 7D) and cyclic compression test (Figure 7E), and the
3D model exhibited greater compression performance even after
cyclic compression 16 times. This result demonstrates that the
composite hydrogels could be used as novel printable scaffold
materials with enhanced mechanical properties.

CONCLUSION

In summary, we have developed a new strategy for the
mild preparation of polymer composite hydrogels for 3D
printing via using the dual enzyme HRP@GOx systems. The
preparation process of polysaccharide-polymer composite
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hydrogel comprises two steps: (1) GMA-CS-Ph-OH is
immediately crosslinked to form a polysaccharide hydrogel
with weak mechanical strength but printable; (2) The gradual
polymerization form composite hydrogel of adjustable strength
after immediate crosslinking. The monomer conversion of
the composite hydrogel was detected to be 95% via 1H-NMR.
Composite hydrogels have adjustable strength from 3.29 to 86.73
KPa along with various type and concentration of monomers.
The mechanism analyses confirmed the immediate cross-linking
at diluted solution and gradually polymerized reinforcement
within viscous polysaccharide network. Therefore, our polymer
composite hydrogels have denser pore and nanoscale network
relative to only polysaccharide hydrogels. With excellent
biocompatible and mechanically adjustable abilities, the
composite hydrogel is particularly interesting for 3D printing
to fabricate precision structures for tissue repairing and
tissue engineering.
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This study investigated the use of pure polymer chitosan (CS), xanthan gum

(XG), monomer 2-acrylamido-2-methylpropane sulfonic acid (AMPS) and initiator

potassium persulfate (KPS) as drug carrier system crosslinked through N′ N′-methylene

bis-acrylamide (MBA) for controlled drug delivery of acyclovir (ACV). ACV is highly

effective and selective antiviral drugs used for prophylaxis and treatment against herpes

simplex viruses (HSV) infections. Present oral marketed formulations are associated with

number of side effects and shortcomings which hampered its clinical effectiveness.

Hydrogels (FCX1-FCX9) composed of CS, XG, AMPS, MBA, and KPS were prepared

by free radical polymerization technique and characterized through FTIR, PXRD, thermal

analysis and SEM. Swelling dynamics and drug release behavior was also investigated.

FTIR studies confirmed that ACV was successfully encapsulated into hydrogel polymeric

network. SEM revealed porous structure whereas thermal analysis showed enhanced

thermal stability of polymeric network. PXRD indicated amorphous dispersion of

ACV during preparation process. Swelling dynamics and ACV release behavior from

developed hydrogels was dependent on pH of the medium and concentration of pure

reactants used. Korsmeyer-Peppas model was best fit to regression coefficient. The

present work demonstrated a potential for developing a pH sensitive hydrogel for an

antiviral drug ACV by using pure polymers CS, XG, and monomer AMPS.

Keywords: chitosan, xanthan gum, acyclovir, AMPS, hydrogel, pH- sensitive

INTRODUCTION

Acyclovir (ACV), an antiviral drug, is a purine nucleoside analog, used against viruses of the herpes
group (Nair et al., 2014). Currently it is available in the market as topical ointment, as capsules in
the strength of 200mg and as tablets in strength of 200mg, 400mg and 800mg (Kubbinga et al.,
2015). The mean plasma half-life of the drug is 3 h (Naik and Raval, 2016). In conventional drug
delivery system, administration of ACV is required five times a day which results in undesirable
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side effects associated with high dose (Gandhi et al., 2014).
Furthermore, the present marketed formulations are related
to variety of disadvantages after oral administration (Naik
et al., 2014). The adsorption of ACV from gastrointestinal
tract is carrier mediated, so elevation of dose of ACV
has caused saturation of carrier system, dose related side
effects and reduced bioavailability (Malik et al., 2017a,b). All
above short comings associated with marketed products have
placed the need of different approaches like polymeric drug
delivery system.

Polymeric drug delivery systems such as hydrogels have
presented one of the most compelling areas of research and
remarkable scope for researchers in drug delivery system. Among
several approaches in the design and development of polymeric
drug delivery systems, a pH responsive hydrogel for controlled
release of ACV is desirable. As ACV undergoes absorption from
small intestine, a pH responsive hydrogel could contribute to
improve absorption and enhance bioavailability of the ACV by
demonstrating pH dependent swelling dynamics and drug release
behavior (Luengo et al., 2002; Zhang et al., 2014).

Hydrogels have been classified as three-dimensional
insoluble hydrophilic polymeric networks (Hoffman, 2012).
They can absorb huge quantity of aqueous solution, thus
causing them to swell. The swelling behavior of hydrogel is
due to presence of hydrophilic groups whereas mechanical
strength is due to physical or chemical network cross-
linking. Hydrogels have a tendency to become rubbery soft
and exhibit excellent resemblance with living tissues when
they are in swollen state (Caló and Khutoryanskiy, 2015).
However, conventional hydrogels are usually associated with
inherent critical limitations in morphology and properties e.g.,
morphological inhomogeneity, weak mechanical strength,
limited swelling at equilibrium and poor response to
stimuli (Hamidi et al., 2008). Hence, an elegant strategy to
overcome these inherent drawbacks and to impart desired
features and characteristics on to hydrogels is to fabricate
hydrogels by utilizing novel characteristics and combined
properties of two different biodegradable and biocompatible
polymers which possess essential abilities for chemical
modification (Annabi et al., 2014).

In particular, hydrogels prepared in this way are considered
as promising candidates for controlled release of encapsulated
products in drug delivery systems. Moreover, these hydrogels
possess an added advantage of tuneable physical properties,
good mechanical strength, desirable swelling dynamics,
enzymatic resistance, non-toxicity, and preservation of polymers
biocompatible characteristics (Li and Mooney, 2016).

Chitosan (CS) has been the subject of increasing interest
since the last few years as a polymeric carrier for drug delivery
systems due to its biocompatibility, biodegradability and non-
toxic nature (Van Vlierberghe et al., 2011). It is a copolymer
of glucosamine and N-acetylglucosamine connected by (1–
4) linkage (Bhattarai et al., 2010). It is regarded as one of
the most widely used biomaterials and only unique polymer
with cationic character which enables its binding to negatively
charged materials such as anionic polymers, nucleic acids

and enzymes (Bernkop-Schnürch and Dünnhaupt, 2012). It
can be used efficiently to synthesize hydrogels with favorable
physicochemical properties by utilizing its –NH2 and –OH
functional groups for graft polymerization reaction (Berger et al.,
2004; Elgadir et al., 2015).

Xanthan gum (XG) is an anionic, extracellular polysaccharide
secreted by the microorganism Xanthomonas campestris.
An anionic character is due to presence of both glucuronic
acid and pyruvic acid groups in the side chain (Petri,
2015). It has attained considerable attention as one of the
most successful hydrocolloids due to its high functionality,
predominantly in critical environments such as acid, high
salt and high shear stress (Kang et al., 2019). Besides, it
offers a potential utility as drug carrier due to its ability
to conjugate with other polymers, proteins, peptides and
non-peptides where these conjugates exhibit stability
toward degrading enzymes, inertness, biocompability, and
efficient solubility. XG affinity for water enhances the
solubility of drugs or carriers which are hydrophobic in
nature (Benny et al., 2014; Kumar et al., 2018). Moreover,
relatively small amount of xanthan gum can be used
to retard in vitro drug release and provide zero-order
release kinetics (Shalviri et al., 2010).

2-Acrylamido-2-methylpropanesulfonic acid (AMPS) is a
hydrophilic monomer with both ionic and non-ionic moieties
(Kabiri et al., 2011). This amide monomer demonstrates strong
resistance to salts and better stability against hydrolysis due
to the presence of sulfonic functional group in its structure
(Mahmood et al., 2016).When AMPS is cross-linked with natural
polymers, this ionizable sulfonate groups in AMPS imparts
characteristic pH-sensitive behavior to the developed polymeric
network (Sohail et al., 2015).

This work aimed at establishing a novel approach for the
synthesis of pH dependent hydrogel for ACV through non-
covalent grafting of AMPS on to polymeric network of XG
and CS. Crosslinking and ionic interactions between the amino
groups of chitosan and carboxyl groups of xanthan gum was
carried out to develop hydrogels. Graft copolymerization of
monomer AMPS was done on to CS-XG backbone utilizing
sulfonate group of AMPS. CS, a cationic polymer, is chosen as
polymeric carrier due to its biocompatibility, biodegradability
and non-toxic nature. XG, an anionic hydrophilic polymer
enhances the solubility of drugs or carriers which are
hydrophobic in nature. Moreover, monomer AMPS impart
pH-sensitive swelling characteristics to the developed hydrogel.
This enables the hydrogel to release ACV through specific
targeting to the absorption site in small intestine and enhances
bioavailability of drug.

Therefore, a new approach of conjugating a cationic
polymer CS with anionic polymer XG has been reported
in our study to obtain hydrogel with desired properties. By
optimizing the formulation parameters and composition,
xanthan–chitosan hydrogel with different crosslinking
densities were prepared with desired mechanical strength,
pH-sensitive swelling behavior and drug release properties of
hydrogel network.
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MATERIALS AND METHODS

Materials
ACV was obtained from Brooks Pharmaceuticals (Pvt) Ltd.
Karachi, Pakistan. The pure polymers xanthan gum (XG)
and chitosan medium molecular weight, Mw 190–310 kDa,
degree of deacetylation 75–85%, viscosity 200-800cP] were
purchased from Sigma-Aldrich (UK). Monomer 2-acrylamido-
2-methylpropane sulfonic acid (AMPS) and cross linker N′ N′-
methylene bis-acrylamide (MBA) were procured from Sigma-
Aldrich (USA). Fluka (Denmark) supplied the analytical grade
initiator potassium persulfate (KPS).

Synthesis of Hydrogel Formulations
Hydrogels (FCX1-FCX9) with different content of chitosan (CS),
xanthan gum (XG), 2-acrylamido-2-methylpropane sulfonic
acid (AMPS), N′ N′-methylene bis-acrylamide (MBA) and
potassium persulfate (KPS) were prepared by using free radical
polymerization technique. First of all, a pre weighted amount
of pure polymer, CS has been dissolved in 1% aqueous solution
of acetic acid at 25◦C. The dissolved oxygen has been removed
from reaction mixture by purging nitrogen gas from it for
20min. XG was dissolved in 25mL of distilled water at 40◦C.
The two prepared polymer solutions were blended and stirred
for 2 h at 250 rpm. This reaction mixture was later placed
in a thermostatic water bath and temperature was increased
up to 50◦C. An initiator i.e. KPS was added with constant
stirring to above reaction mixture to generate free radicals.
On the other hand, monomer AMPS and crosslinking agent
MBA were dissolved separately in distilled water at 25◦C.
After dissolving and homogenizing the mixture of AMPS and
MBA, it was added to above prepared reaction mixture of
polymers and initiator. Distilled water was used for adjustment
of final volume. The final solution was stirred at 5,000 rpm
for 6 h while maintaining the temperature of 65◦C and inert
atmosphere until clear, homogeneous solution was produced.
The resulting solution mixture was transferred to dried glass
test tubes and positioned in water bath for 12 h. After removal,
prepared hydrogels were cut into uniform size i.e., 8mm and
then washing was carried out using ethanol water mixture
(70:30) to eliminate species which are unreacted. A stable
value of pH of washing solution indicated complete removal
of unreacted components. The discs were further dried in
lyophilizer −55◦C till drying equilibrium. Table 1 indicated
hydrogels (FCX1-FCX9) developed using different concentration
of reactants.

Drug Loading
Drug loading was carried out by immersing dried hydrogels
in ACV 1% solution at 25◦C. The drug solution of specific
concentration was prepared using 0.2M phosphate buffer
solution, maintained at pH 7.4. Developed hydrogels were kept
in ACV solution for drug loading until they attain constant
weight. After removal fromACV solution, hydrogels were further
subjected to freeze drying on lyophilizer.

TABLE 1 | Hydrogels (FCX1-FCX9) using different concentration of reactants.

Sample code Polymer Monomer Initiator Crosslinking agent

g/100 g g/100 g g/100 g g/100 g g/100 g

CS XG AMPS KPS MBA

FCX1 8 2 25 0.5 0.6

FCX2 8 2 35 2 0.6

FCX3 4 1 35 0.5 0.6

FCX4 8 2 35 0.5 1.2

FCX5 12 2 35 0.5 0.6

FCX6 8 3 35 1.5 0.6

FCX7 8 2 35 0.5 0.6

FCX8 8 2 15 0.5 0.6

FCX9 8 2 35 0.5 1.8

Fourier Transform Infrared Spectroscopy
(FTIR)
For recording FTIR spectra of the reactants and ACV loaded
hydrogels, crushing of samples were done using KBr at a pressure
of 600 kg/cm2 to obtain desired pallets. A range between 4,000
and 600 cm−1 was selected for spectral scans by employing
Bruker FTIR (Tensor 27 series, Bruker Corporation, Germany)
instrument, using attenuated total reflectance (ATR) technology
accompanying software OPUS data collection.

Scanning Electron Microscopy (SEM)
Structural morphology of hydrogels was investigated using
SEM images. Powdered samples were sputtered with gold
and placed on aluminum stub. JEOL analytical scanning
electron microscope (JSM-6490A, Tokyo Japan) was used to
conduct scanning.

Thermal Analysis
Thermal analysis of polymers, monomer and the hydrogel
sample were done on thermal analysis system (TA instrument
Q2000 Series, West Sussex, UK). For conducting thermal
analysis, samples were heated at the heating rate of 10◦C
/min with a flow rate of 20 mL/min up to 500◦C in a
nitrogen atmosphere.

Powder X-Ray Diffraction (PXRD) Analysis
Powder X-ray diffraction (PXRD) was used to investigate nature
of the synthesized hydrogels. Samples were investigated using
X-ray diffractometer (x-Pert, PAN analytical, The Netherlands).
The angle of diffraction was varied from 10 to 50◦.

Swelling Studies
For investigating swelling dynamics of developed hydrogel
formulation, simulated gastric fluid (SGF) and simulated
intestinal fluid (SIF) were used as swelling media. Initially, the
developed hydrogels were soaked in simulated media maintained
at 37◦C. After specified time period, hydrogels have been
removed and blotted off cautiously to get rid of any liquid
droplets adhered on the surface. Hydrogels in swollen state were
weighed on an electronic measuring balance. They were then
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subject to drying until achievement of constant weight in a
lyophilizer. The swelling index was calculated as mentioned in
Equation (1).

Swellingindex (Q) =
Ms

Md
(1)

Where Ms indicates mass of swollen hydrogels at predetermined
time interval and Md represents the weight of dried hydrogels.

Determination of Drug Entrapment
Efficiency (DEE)
Estimation of drug entrapment efficiency was carried out by
crushing ACV loaded hydrogels of known weights carefully in
mortar and pestle. They were then soaked in 100mL of phosphate
buffer solution having pH 7.4 for 24 h. After that, sonication

was carried out for 20min to carry extraction of ACV. Further
removal of polymeric debris was done by centrifugation at 300
rpm. Fresh solvent has been used to extract polymeric debris
for any adhered drug. Analysis of clear supernatant solution
was done for ACV by UV-Visible Spectrophotometer at λ max
value of 256 nm. Estimation of drug entrapment efficiency of the
developed hydrogels has been done by using following formula
as mentioned in Equation (2).

% Entrapment efficiency =
% Actual loading

% Theoratical loading
× 100 (2)

In vitro Drug Release Studies and Drug
Release Kinetics
In-vitro release study of ACV from different formulations of
hydrogels was designed in simulated gastrointestinal (GIT)

FIGURE 1 | FTIR Spectra of ACV, AMPS, CS, XG and Hydrogel.
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conditions to investigate drug release behavior in different parts
of GIT. For this purpose, simulated gastric fluid (SGF, 0.1MHCl,
pH 1.2), followed by the simulated intestinal fluid (SIF, 0.2M
potassium dihydrogen phosphate, pH 7.4) have been used.
The experiment has been conducted using a USP dissolution
apparatus II (Curio; DL-0609) coupled with six baskets. The
speed of stirring was kept at 50 rpm. Sample was weighed and
added in 900mL of media, which was kept at 37◦C. The ACV
concentration was determined spectrophotometrically using
UV–Visible Spectrophotometer at the λ max value of 256 nm.
Release data for various developed hydrogels was evaluated by
computing various kinetic models.

Oral Acute Toxicity Study of Hydrogel
On the basis of maximum drug entrapment efficiency and
in-vitro cumulative drug release, one hydrogel formulation
was chosen for safety evaluation via acute oral toxicity study.
Toxicity study was performed according to the Organization for
Economic Co-operation and Development (OECD) guidelines.
Ten healthy adult albino rats of wistar strain (procured from
Animal Facility Center of Faculty of Pharmacy and Alternative
Medicine, The Islamia University of Bahawalpur, Pakistan) with
weight ranged approximately 2.5 g ± 10 were used to conduct
study. They were divided in to two groups, with each group
having five animals. Acute oral toxicity was conducted using

FIGURE 2 | TGA curve of ACV, AMPS, CS, XG, and Hydrogel.

FIGURE 3 | DSC curve of ACV, AMPS, CS, XG, and Hydrogel.
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maximum tolerance dose method (MTD). Animals transient
room (room temperature: 25 ± 2◦C, relative humidity: 65 ±

5%, 12 h light/dark cycle) was used for housing animals. All
rats were provided with water ad libitum and balanced diet.
Group A was used as control and has been administered ACV
in suspension form by adding ACV powder to normal saline.
Group B was used as treatment group and has been given
hydrogel powder dispersion (in deionized water) through oral
gavage. Both control and treatment groups were given a total
dose of 5 g/kg bodyweight of their respective formulation. Rats
were monitored for general conditions (the activity, energy,
hair, feces, behavior pattern and other clinical signs), change in
body weight, morbidity and mortality. After 14 days, rats were
sacrificed by cervical dislocation. Blood sample was collected
and preserved in ethylene diamine tetra acetic acid (EDTA)
tubes for hematology and biochemical blood analysis. Vital
organs (heart, liver spleen, kidney, stomach, and lung) were
removed and weighed. All organs were preserved in 10% buffered
formaldehyde, embedded in paraffin, and then segmented.
The paraffin segments were stained with haematoxylin-eosin
for histopathologic-examination.

The experimental protocol used in this study was reviewed
and approved by Pharmacy Research Ethics Committee (PREC)
of The Islamia University of Bahawalpur, Pakistan (23-
2016/PREC).

Statistical Analysis
Results are indicated as Mean ± Standard error of mean (SEM).
IBM SPSS Statistics 20 program was used for statistical analysis
of acute oral toxicity study results. The difference between
two groups was determined by one-way analysis of variance
(ANOVA) with Tukey test. A value of p < 0.05 was regarded
statistically significant.

RESULTS AND DISCUSSION

FTIR Spectroscopy
FTIR spectra of ACV, XG, CS, AMPS and developed hydrogel are
shown in Figure 1. CS showed absorption band at 3,358 cm−1

represented overlapping of –OH and symmetric N–H stretching
vibrations. The bands observed at 1,644, 1,605, and 1,375
cm−1 are due to carbonyl stretching vibration (amide-I), N–H
stretching vibration (amide-II) and the C–N stretching vibration
(amide-III) of pure chitosan, respectively. Another characteristic
band at 1,028 cm−1 indicated presence of C–O stretching
vibration. The pure polymer, XG showed hydrogen bonded OH
groups via absorption band at 3,277 cm-1. The COO− groups
was represented at 1,605 cm−1, whereas bands at 1,417 and
1,021 cm−1 represent C–H bending andO–Hbending vibrations,
respectively. AMPS revealed peaks at 2,987 cm−1 representing
the C–H stretching frequency of CH2, while peaks around 1,666
and 1,613 cm−1 were due to C=O stretching and N–H2 bending,
respectively. Symmetric and asymmetric –SO2 stretching bands
were observed at 1,077 and 1,234 cm−1 respectively. In case
of ACV, peaks at 3,438 and 3,178 cm−1 represented N–H and
O–H stretching vibrations. Moreover, peaks at 2,688 and 1,707

cm−1 indicated presence of aliphatic C–H stretching vibrations
and C=O stretching vibrations, respectively. Another prominent
peak at 1,630 cm−1 was attributed due to N – H bending.

The FTIR spectrum of synthesized hydrogel exhibited some
new peaks, with slight shifting, overlapping and disappearance of
some of the characteristic peaks of pure components in polymeric
network, which is an indication of formation of new hydrogel
structure. Accordingly, 3,358, 1,644, 1,604, 1,375, and 1,028 cm−1

bands of CS, 3,277, 1,605, 1,417, and 1,021 cm−1 bands of XG,
2,987, 1,666, 1,613, 1,077, and 1,234 cm−1 bands of AMPS and
3,438, 3,178, 2,687, 1,707, and 1,630 cm−1 bands of ACV are
shifted to 3,299 cm−1, 2,920, 1,647, 1,541, 1,173, and 1,019 cm−1

regions in developed polymeric network.
The stretching vibration of OH and NH2 at 3,358 and 3,277

cm−1 shifts to 3,299 cm−1 and becomes broad, indicating
formation of polyelectrolyte complexes between chitosan and
xanthan gum. A band observed at 2,920 cm−1 indicated shifting
of sulfonic acid band from 2,987 cm−1, to new position,
representing CH stretching frequency of CH2 in sulfonic acid.
The asymmetric and symmetric bands of SO2 were shifted to
new position of 1,173 and 1,019 cm−1 from 1,234 and 1,077
cm−1, respectively, representing sulfonic acid participation in
hydrogel formulation. In addition, absorption band noted at
1,647 cm−1 was due to carbonyl functional group, representing
shifting of carbonyl stretching of CS, XG, AMPS, and ACV
to new position of 1,647 cm−1. The absorption bands at
1,644 and 1,605 cm−1 due to stretching of amide group of
chitosan have been shifted to new position of 1,541 cm−1, thus
indicating chitosan have participated in cross linking during
hydrogel formation.

All of these shifting and overlapping has suggested non-
covalent grafting of monomer onto polymeric network through
intermolecular rearrangement, electrostatic interaction between
components such as hydrogen bonding and alteration in
positions of functional groups of CS, XG, AMPS, and ACV
in the developed hydrogel structure (Ray et al., 2008; Yang
et al., 2013). Hence formation of new grafted polymeric network
and successful entrapment of model drug ACV into developed
hydrogel structure is evident (Liu et al., 2010).

FIGURE 4 | SEM images of ACV loaded hydrogel (A) At 200µm (B) At

100µm.
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Thermal Analysis
Figure 2 shows the TGA thermogram of developed hydrogel
and individual reactants representing loss of weight at different
temperature ranges. The TGA thermogram of the pure polymer
chitosan (CS) represents weight loss at two stages i.e., initially due
to loss of bound water at about temperature 91◦C and later 35%,
representing decomposition of its major structure at temperature
range of 317◦C. At temperature range of 355◦C, chitosan
also shows a residue mass of about 17%. Moreover, during
decomposition of chitosan glycosidic bonds are broken leading
toward production of a series of lower fatty acids and further
degradation. TGA curve of XG shows 10 and 74% mass loss at
about 93 and 360◦C, respectively. AMPS demonstrated two-step
decomposition in temperature range of 206 and 262◦C with 2
and 49% weight loss, respectively. In TGA thermogram of ACV
initial moisture loss was indicated at 99◦C. Loss of site chain from
guanosine rings was indicated at 269◦C. Residual guanosine mass
which was further degraded at higher temperatures of 306◦C.
In developed hydrogel, the initial weight loss started at 89◦C
which sustained up to 341◦C, representing 13 and 28% weight
loss, respectively. Later decomposition phase began at 370◦C
and continued up to 427◦C, representing 40.94 and 49% weight
loss, respectively, owing to melting point temperature. The
decomposition at 440◦C representing 62% weight loss and final
decomposition of cross-linked polymeric network. However, the
mass of left-over hydrogel at this temperature is still about
38%. The thermal profile of hydrogels with elevated residual
weight indicates that developed polymeric matrix represented
enhanced stability against thermal degradation than reactants
over the entire studied range of temperature. Moreover, due
to enhanced strength and interaction between the polymer
and monomer, degradation for developed hydrogel starts at
elevated temperature with slower weight loss rate as compared
to the individual reactants (Azmeera et al., 2012). This enhanced
thermal stability with shifting of endothermic peaks to elevated
temperature and formation of rigid network represents higher
stability (Ma et al., 2011).

TABLE 2 | Drug entrapment efficiency (%DEE) and percentage drug release at pH

1.2 and pH 7.4.

Formulation code Drug entrapment

efficiency

(%DEE)

Percentage release of ACV

(for 24h period)

pH 1.2 pH 7.4

FCX1 79.34 30.25 85.43

FCX2 80.65 29.01 88.22

FCX3 84.99 36.45 91.02

FCX4 78.43 29.94 83.57

FCX5 83.12 35.52 90.08

FCX6 87.64 42.65 96.49

FCX7 86.12 39.25 93.49

FCX8 76.83 27.46 82.64

FCX9 80.99 32.04 88.15

Figure 3 shows the DSC thermogram of developed hydrogel
and individual reactants. Model drug acyclovir showed a
small band at 91◦C and a sharp endothermic band at
270◦C, representing an initial moisture loss followed by its
melting point temperature. XG thermogram demonstrated two
endothermic peaks at about 90 and 225◦C, respectively. The
DSC curve of AMPS represents a sharp endothermic peak at
230◦C and a small peak at 342◦C. CS decomposition occurs
in the temperature range of 229–341◦C with endothermic
peaks representing degradation of its amino and N-acetyl
residue. Shifting toward higher glass transition temperature of
hydrogel formulation than parent components indicates higher
compatibility between the individual components and formation
of rigid network structure (Tummala et al., 2015), due to
higher intermolecular hydrogen bonding (Gandhi et al., 2014).
Thus, indicating higher thermal stability of developed polymeric
network (Dey et al., 2013).

Scanning Electron Microscopy (SEM)
SEM micrographs confirmed porous structure of developed
hydrogel as shown in Figure 4. Porous structure might also be
due to presence of ionic and hydrophilic group in developed
polymeric network i.e., AMPS and XG (Khalid et al., 2018).
Therefore, incorporating the hydrophilic component in the
hydrogel structure have increased the system hydrophilicity and
subsequently porosity of hydrogels (Malik et al., 2017b). This
porous architecture and connectivity of pores in developed
hydrogel is highly beneficial and plays a crucial role in its swelling
and deswelling kinetics. Moreover, solvent or buffer molecules

FIGURE 5 | PXRD pattern of (A) ACV, (B) CS, (C) XG, (D) ACV unloaded

Hydrogel, and (E) ACV loaded Hydrogel.
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FIGURE 6 | Mean swelling index of hydrogels (FCX1 to FCX9) at pH 1.2 and pH 7.4. (A) Swelling index of hydrogels formulations FCX at pH 1.2. (B) Swelling index of

hydrogels formulations at pH 7.4. (C) Mean swelling index of hydrogels (FCX1–FCX9) at pH 1.2 and pH 7.4.

could enter or leave the hydrogel through interconnected pores
by convection, thereby facilitating the entrapment and ultimately
release of incorporated ACV from them (Mukhopadhyay et al.,
2014). It is obvious from Table 2 that the most optimized
hydrogel formulation FCX6 have exhibited entrapment efficiency
of 90.64% and have released 87.57% of drug at pH 7.4,
indicating high swelling rate and porous structure of developed
polymeric network. Furthermore, freeze drying method might
have contributed toward enhanced porosity of hydrogel as drying
procedure had remarkable influence on preserving the porous
structure of hydrogel (Kabiri and Zohuriaan-Mehr, 2004).

Powder X-Ray Diffraction (PXRD) Analysis
The PXRD spectra recorded for (a) ACV (b) CS (c) XG (d)
placebo hydrogel and (e) ACV-loaded hydrogels have been
shown in Figure 5. The sharp and intense peaks at 2 θ = 18.50◦,
21.50◦ and 30.50◦ are characteristic of ACV and indicated highly
crystalline nature of drug. Owing to the hydrogen bonding
between hydroxyl group of chitosan, PXRD analysis of polymer
revealed a crystalline structure representing a strong diffraction
peak at around 13.06◦ and at 17.56◦, respectively. XG was
characterized by the presence of two prominent peaks visible at 2
θ= 21.5◦ and 28.5◦. However, in PXRD analysis of drug unloaded
hydrogel, the sharp, and characteristic peaks of pure component
were substituted by dense peaks, representing decrease in
crystallinity. This decrease in crystallinity of developed hydrogel
might be due to conjugation of monomer AMPS with pure
polymer chitosan utilizing cross linker MBA and KPS, thus
representing increase in fraction of amorphous phase. Moreover,

FIGURE 7 | Swollen hydrogel at pH 1.2 and pH 7.4.

the PXRD analysis of ACV loaded hydrogel disc also indicated
lack of characteristic or prominent peaks of drug into polymeric
matrix. The analogy in diffractogram of both ACV unloaded
and ACV loaded hydrogel discs representing dispersion of drug
in amorphous form into polymeric network (Stulzer et al.,
2009).

Swelling Dynamics
Effect of pH on Swelling Behavior
It can be assumed that swelling behavior of developed hydrogels
depends upon the presence of functional groups that could
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be ionized or protonated, hydrophilic-hydrophobic interactions
and relaxation of polymeric chain. It was found that developed
hydrogels showed high swelling dynamics at pH 7.4 but swelling
degree was less at pH 1.2. This behavior might be due to
protonation of functional group of CS and AMPS at pH 1.2 and
deprotonation at pH 7.4.

An AMPS is a hydrophilic monomer and has both ionic
and non-ionic moieties. When AMPS is grafted on CS-XG
backbone, the ionizable sulfonate groups in AMPS impart
pH dependent behavior to the developed polymeric network.
The pKa value of monomer AMPS is 2. Sulfonate groups
of monomer AMPS undergo ionization or deprotonation
at pH value of 7.4, which is higher than the pKa value
of AMPS. Presence of ionized sulphonate groups increases
charge density on polymeric network, thus creating strong
electrostatic repulsion among its ionized –SO3– groups and

producing greater expansion of the polymeric network (El-
Hag Ali, 2012). This leads toward reduction or loss of
intermolecular hydrogen bonding and consequently increasing
the swelling dynamics of synthesized hydrogel structure (Bao
et al., 2011).

At pH 1.2, which is lower than the pKa value of monomer,
the sulfonate anions are protonated and associated, therefore
provide strength to the hydrogen-bonding and producing strong
physical interaction among hydrogel. All these factors have led
toward additional strength, physical crosslinking and decrement
in swelling dynamics of developed hydrogel. Thus, a significant
decrease in swelling ratio has been observed with decrease in pH
(Atta, 2002; Khalid et al., 2018).

CS is a weak polyelectrolyte with a pKa around 6.5. The
primary NH2 group of the polymer CS undergoes protonation
at pH 1.2 and deprotonation at pH 7.4, respectively. At

FIGURE 8 | Effect of different concentration of CS, XG, AMPS, KPS, and MBA on swelling index of hydrogels.
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pH 1.2, the primary amino groups of the polymer are
protonated by hydrogen ions to form NH+

3 groups. However,
due to crosslinking of chitosan within polymeric network,
number of free NH2 groups in polymeric network has
been decreased significantly. Also, at very acidic conditions
(pH 1.2), a screening effect of the counter ions, i.e., Cl–,
shields the charge of ammonium cations, thus prevents an
efficient repulsion between them. Moreover, available NH+

3
groups allow chitosan to form networks through ionic links
with the sulfonate groups of the AMPS, thus swelling
capacity decreases.

At pH 7.4, the sulfonate groups of AMPS are ionized, while
the chitosan NH+

3 groups change back to NH2 groups. Under
these conditions, chitosan does not form ionic links, leading to
decrease cross-linking density and increase in swelling capacity
of hydrogel formulation as shown in Figures 6 and 7 (Martinez-
Ruvalcaba et al., 2009).

Effect of Different Components of Hydrogels on

Swelling
The effect of different concentration of reactants i.e., CS, XG,
AMPS, KPS, and MBA on swelling behavior of synthesized

hydrogels have been evaluated at pH 1.2 and 7.4 at temperature
37◦C as shown in Figure 8.

Swelling of hydrogel increased on increasing concentration
of CS from 4 to 8 g but decreased on further increase of CS
concentration from 8 to 12 g. CS possess polyelectrolyte nature
due to the presence of hydroxyl –OH and amine –NH2 polar
functional groups, thus inducing an increase in translational
entropy of counter ions and elevated osmotic pressure and
swelling dynamics. Hence, the presence of this pure polymer in
the hydrogel network increases swelling ratio of the developed
hydrogel. Upon further increase of polymer concentration from
8 to 12 g, reaction mixture got highly viscous and steric effect of
CS outweighs ionic effect of ionic groups of the polymer, resulting
in restricted movement of water molecules, leading to a lower
swelling ratio. Thus, it can be assumed from results that optimum

level concentration of CS that can enhance swelling behavior is

8 g. Beyond this concentration, swelling ratio decreases (Mandal

and Ray, 2014).
The effect of XG concentration on the swelling behavior of

the hydrogels has been shown in Figure 8. Swelling of hydrogel

increased on increasing concentration of XG from 1 to 3 g.

Hydrogels having XG 3 g exhibited highest swelling ratio in

FIGURE 9 | Mean cumulative drug releases of hydrogels (FCX1 to FCX9) at pH 1.2 and pH 7.4. (A) Cumulative drug release of hydrogels (FCX1–FCX9) at pH 1.2.

(B) Cumulative drug release of hydrogels (FCX1–FCX9) at pH 7.4. (C) Mean cumulative drug release of hydrogels (FCX1–FCX9) at pH 1.2 and pH 7.4.
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comparison to formulations with lesser concentration of XG i.e.,
1 and 2 g, respectively. This might be attributed to hydrophilic
nature of XG and due to the presence of o-acetyl and pyruvyl
residues in XG, which can be completely deprotonated at pH >

6. This deprotonation at pH > 6 led to increased charge density,
greater electrostatic repulsion, greater expansion of network and
increased swelling of hydrogel.

The effect of monomer concentration on the swelling
capacity of the hydrogel has been investigated by varying
the AMPS concentration from 15 to 35 g, respectively. It has
been observed that as AMPS concentration increases from
15 to 35 g, swelling index of hydrogel increases sharply.
AMPS being a hydrophilic monomer have both ionic and
non-ionic groups. As the number of ionizable sulfonate
groups in AMPS increases, the concentration gradient of the
counter ions across the polymeric network increases. Thus,
causing an increase in osmotic pressure executed by counter
ions of AMPS and increase in swelling index of developed
polymeric network (Qudah et al., 2013). Moreover, enhanced
water absorbency has been noted on increasing monomer
concentration because it increases the diffusion of AMPS
across pure polymer chitosan backbone (Gad, 2008). Hence, it
can be said that increasing concentration from 15 to 35 g is
optimal for achieving higher swelling ratio in our developed
polymeric network.

The effect of initiator concentration on the swelling behavior
of the hydrogels has been shown in Figure 8. On increasing
KPS concentration from 0.5 to 1.5 g, swelling index increases.
However, with a further increase in the amount of KPS up
to 2 g there is considerable decrease in swelling behavior of
hydrogels. In fact initially number of active radicals increased
upon increasing KPS amount up to optimal value. These active

radicals have tendency to improve the growth of polymer chain
and form a 3-dimensional network by process of chain transfer
reaction. Thus, increasing concentration of initiator from 0.5 to
1.5 g has produced more free radicals that have enhanced the
non-covalent grafting efficiency, leading to enhanced swelling
behavior. However, on increasing KPS concentration from 1.5
to 2 g, this high concentration of initiator has produced large
number of free radicals. These free radicals have increased the
collision probability among them, thus leading to the termination
of the chain reaction. The generated short graft chains could
not have a tendency to form a 3D polymeric network easily,
thus decreasing swelling index (Cheng et al., 2015). Thus, it has
been observed that optimum KPS concentration in this study
was 1.5 g.

The influence of crosslinker MBA content on the swelling
index of hydrogel has also been noted by varying the crosslinker
concentration from 0.6 to 1.8 g. Higher value of swelling index
was achieved with lower MBA content of 0.6 g, compared to 1.2
and 1.8 g respectively. A possible explanation of reduced swelling
index on increasing MBA concentration is related to crosslinking
density. Higher crosslinker concentration decreases the free
space among the polymeric networks, therefore producing
compact and rigid framework that cannot be relaxed to sustain
huge quantity of water molecules or buffer solution in which
hydrogels are immersed (Kim et al., 2011). Therefore, it can
be concluded that increasing crosslinker concentration from 0.6
to 1.2 g and later from 1.2 to 1.8 g has resulted an increase in
crosslink density.

An increase in the crosslinking density restricts the
degree of swelling due to decreased chain mobility and
reduces the pH sensitivity by improving the stability of
the network.

TABLE 3 | Determination of regression coefficient R2 and release exponent “n” from developed hydrogels.

Sample code Zero order kinetics First order kinetics Higuchi model Korsmeyer Peppas model Weibull model

R2 R2 R2 R2 n R2

FCX1 1.2 0.991 0.457 0.974 0.996 0.604 0.932

7.4 0.99 0.313 0.969 0.995 0.472 0.941

FCX2 1.2 0.98 0.422 0.979 0.994 0.528 0.926

7.4 0.993 0.32 0.971 0.997 0.493 0.944

FCX3 1.2 0.98 0.493 0.979 0.991 0.462 0.889

7.4 0.977 0.344 0.97 0.997 0.544 0.912

FCX 4 1.2 0.964 0.45 0.988 0.994 0.447 0.881

7.4 0.98 0.326 0.966 0.998 0.443 0.926

FCX5 1.2 0.992 0.467 0.966 0.994 0.605 0.928

7.4 0.98 0.341 0.967 0.993 0.581 0.909

FCX6 1.2 0.998 0.534 0.957 0.99 0.726 0.932

7.4 0.99 0.355 0.964 0.999 0.575 0.932

FCX7 1.2 0.997 0.527 0.957 0.995 0.657 0.931

7.4 0.993 0.334 0.964 0.995 0.526 0.943

FCX8 1.2 0.95 0.422 0.989 0.993 0.367 0.862

7.4 0.962 0.325 0.972 0.992 0.43 0.894

FCX9 1.2 0.993 0.467 0.961 0.995 0.619 0.943

7.4 0.996 0.322 0.961 0.991 0.519 0.956
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Drug Entrapment Efficiency (%DEE) and
Drug Release Behavior
Table 2 shows the drug entrapment efficiency (%DEE) and
drug release behavior of developed hydrogels at both pH
1.2 and 7.4, respectively. Hydrogel FCX6 exhibited maximum
DEE of 90.64% whereas FCX8 exhibited minimum DEE of
76.83%. It has been observed that drug entrapment efficiency
in the hydrogels increases with the increase of loading time,
until the amount of drug loaded reached equilibrium. %DEE
increases when loading time has been increased from 2 to
3 h. However, after 3 h, capacity of hydrogel to load the drug
became constant and attained equilibrium. Thus, no further
increase in drug entrapment efficiency has been observed after
3 h. Therefore, for loading of ACV into the developed polymeric

TABLE 4 | Clinical observation of control and hydrogel treated rats for acute oral

toxicity study.

Observation Group A Group B

Mean ± SEM Mean ± SEM

Body weight (g)

Pre–treatment 205 ± 0.86 207 ± 1.06

Day 1 210 ± 1.52 212 ± 1.30

Day 7 215 ± 1.93 218 ± 2.06

Day 14 225 ± 2.13 226 ± 1.80

Water Intake (mL/animal/day)

Pre–treatment 30 ± 1.40 28 ± 1.61

Day 1 28 ± 1.35 30 ± 1.35

Day 7 39 ± 1.36 40 ± 1.25

Day 14 41 ± 1.11 39 ± 1.24

Food Intake (g/animal/day)

Pre–treatment 13 ± 1.65 16 ± 0.96

Day 1 15 ± 1.24 14 ± 0.80

Day 7 17 ± 1.35 16 ± 0.50

Day 14 19 ± 1.53 19 ± 0.38

Signs of illness – –

Dermal toxicity – –

Dermal irritation

Ocular toxicity – –

Eye Irritation

Lacrimation – –

Salivation – –

Convulsions – –

Hyperactivity – –

Touch response + +

Corneal reflex + +

Righting reflex + +

Gripping strength + +

Alertness + +

Mortality – –

Results are expressed as Mean ± SEM of 5 rats in each group. Group A-Control, Group

B -FCX6 hydrogel. Both at a dose of 5g/kg bodyweight. -Sign indicates lack or absence

of specified observation. + Sign indicates presence of specified observations. All values

have p>0.05, indicating statistically insignificant results.

network, 3 h was established as the standard loading time in
our study.

A decrease in amount of drug loaded in hydrogels has been
observed with increasing concentration of cross-linking agent
MBA. The possible reason might be due to higher cross-linking
density which ultimately decreases the elasticity of polymeric
structure, therefore restricting the movement of ACV from drug
solution into developed hydrogel structure, leading to decrease in
drug entrapment efficiency (Wang et al., 2009).

% DEE has also been increased with increasing concentration

of CS used in reaction mixture from 4 to 8% and XG from 1 to 3

% respectively. Possible reasons might be enhance availability of
polymer leading to improved ability of hydrogel to capture more
drug molecule, thus improving drug entrapment efficiency. On
increase in CS ratio from 8 to 12%, a decrease in drug entrapment
efficiency has been indicated. CSmight have caused an increase in
the viscosity of internal phase which showed hindrance to mass
transfer and promoting decrease in % DEE. Thus, the optimal
concentration of CS and XG for enhanced entrapment efficiency
was 8 and 3% respectively.

In vitro drug release behavior was observed for a period of
24 h in SGF and SIF media. All formulations have shown very

less drug release at pH 1.2 but it increased significantly as pH of

dissolution medium increased to pH 7.4 as shown in Figure 9.

Drug release rate has been found to be dependent on %DEE.

Hydrogel formulations with lower %DEE have shown lower
release of ACV as compared to those having enhanced %DEE.
The possible reason might be that by residing or engaging free

space of the hydrogel in swollen state, the drug in the polymeric

network behaves as a plasticizer, thereby increasing the flexibility
of the polymeric network and producing more spacious path
for diffusion of media across it and ultimately release of ACV
(Agnihotri and Aminabhavi, 2006).

The kinetics of ACV release from various hydrogel

formulations was done using Linear regression analysis as

shown in Table 3. It has been observed that Korsmeyer-Peppas

model was found to best fit to our results, thus indicating that

drug release from ACV loaded hydrogel formulation followed
controlled-release pattern.

In addition, zero order and Higuchi were found to be closer to

Korsmeyer-Peppas model. The release mechanism of ACV from

developed hydrogels may be Fickian diffusion when the value of
n is 0.43 or less, anomalous (non-Fickian) transport when the
value of n lies between 0.43 and 0.85, and case II transport when
n = 0.85. The value above 0.85 indicates super case II transport
that relates to polymer relaxation during swelling (Siepmann and
Peppas, 2012).

The value of n has been calculated and given in Table 3

along with correlation coefficients. The values of n were

confined between 0.43 and 0.85 for all developed hydrogels

except FCX8 at both pH 1.2 and 7.4, respectively. Thus,

indicating that ACV released from developed polymeric

network followed non-Fickian transport. However, for FCX8
the values of n ranged between 0.367 and 0.430, indicating
deviation of ACV release from non-Fickian mechanism to
Fickian diffusion.
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Acute Oral Toxicity Study
Owing to maximum drug entrapment efficiency and in-vitro
cumulative drug release, FCX6 hydrogel formulation was chosen
for acute oral toxicity study. Group A was used as control and
group B was used as treatment group. At the given dose of 5 g /kg
body weight, no toxic effects were observed in treatment group B
and no mortality was found during 14-days of acute oral toxicity
study similar to control group A (Ahmad et al., 2014).

Table 4 demonstrates the impact of oral administration of
hydrogel on body weight, food and water utilization, behavior
pattern and toxicity associated symptoms in both control group
A and treatment group B. Treated group animals displayed
normal behavior pattern similar to the control group. Animals
were sensitive to sound, light and other stimulations. They had no
salivation or vomiting, no lacrimation of eyes or running nose, no
dryness of mouth or oedema. Animal feces were in regular form,
free of mucus, pus or blood (Mukhopadhyay et al., 2014). The
eating behavior of treatment group B was normal and they also
gained weight similar to the control group A (Yuan et al., 2014).

Table 5 indicates hematology parameters of control group
A and treatment group B. It is obvious from Table 5 that all
hematology parameters of treatment group B are in the standard

TABLE 5 | Biochemical parameters of control and hydrogel treated rats for acute

oral toxicity study.

Biochemical blood analysis

Hematology parameters Unit Group A Group B

Mean ± SEM Mean ± SEM

Hemoglobin g/dL 14.44 ± 2.52 14.23 ± 2.97

Haematocrit % 43.43 ± 0.12 43.56 ± 0.23

Red blood cells 106/
µL 8.61 ± 0.05 8.59 ± 0.04

Platelets 103/
µL 990 ± 2.95 987 ± 2.86

White blood cells 103/
µL 4.2 ± 0.14 4.5 ± 0.37

Monocytes % 2.19 ± 0.02 2.09 ± 0.06

Neutrophils % 27.0 ± 0.12 26.5 ± 0.08

Lymphocytes % 75.0 ± 0.15 75.6 ± 0.06

MCV fL(µm3) 54.5 ± 0.23 54.6 ± 0.21

MCH pg 17.8 ± 0.03 17.9 ± 0.01

MCHC g/dL 33.4 ± 0.21 33.1 ± 0.31

Serum biochemistry parameters

Triglyceride mg/dL 72.73 ± 0.16 72.56 ± 0.09

Cholesterol mg/dL 59.60 ± 0.07 59.67 ± 0.06

Glucose mg/dL 110.51 ± 0.02 110.61 ± 0.05

Creatinine mg/dL 0.66 ± 0.01 0.68 ± 0.008

Urea mg/dL 15.63 ± 0.14 15.68 ± 0.13

Alkaline Phosphatase (ALP) U/L 119.59 ± 0.09 121.65 ± 0.09

Aspartate Transaminase (AST) U/L 107.49 ± 0.14 108.74 ± 0.07

Alanine Aminotransferase (ALT) U/L 30.74 ± 0.08 29.64 ± 0.12

Creatinine Kinase (CK) U/L 618.66 ± 0.16 621.55 ± 0.16

Results are expressed as Mean ± SEM of 5 rats in each group. Group A-Control, Group

B-FCX6 hydrogel. Both at a dose of 5g/kg bodyweight. All values have p>0.05, indicating

statistically insignificant results.

reference range, similar to the control group A, indicating
that the developed hydrogels are likely to be non-toxic (Patel
et al., 2008; Gong et al., 2009). Histopathological investigation
of different vital organs i.e., heart, liver, stomach, lungs, spleen
and kidney of control groups A and treatment group B are
indicated in Figure 10. Lack of variation in histopathological
investigation of vital organs of treatment group B from control
group A indicates that administration of the hydrogels had no
formulation related toxic effect on group B. The pericardium,
myocardium, and endocardium of treatment group B were
in normal shape and cardiac muscles were devoid of any

FIGURE 10 | Histopathological observations of tissues from organs of group A

and group B including Heart, Liver, Spleen, Stomach, Lung, Kidney used in

acute oral toxicity study.
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hypertrophy (Gong et al., 2012). The mucosal lining of the
stomach was normal with no signs of ulcer. The lungs showed
no signs of thickening of blood vessels walls around the
bronchus, no alveolar or bronchial damage, representing normal
physiology. Size and shape of the kidney were normal. Liver
lobules of treatment group B were present with clear dividing
lines, similar to control group A. Spleen sinus was absolutely
normal in both groups, without any evidence of toxicity (Chen
et al., 2006; Pokharkar et al., 2009). Conclusively, no gross
difference in histopathological observation was found between
the control and treatment groups similar to hematological and
biochemical biomarkers, attributed to normal functioning of
vital organs. Hence, a dose level up to 5 g/kg body weight
of developed hydrogel was well tolerated for the 14th-day
study period, indicating developed hydrogels are non-toxic
(Malonne et al., 2005).

CONCLUSION

Cross-linked polymeric network of CS and XG with AMPS
were prepared by free radical polymerization method. FTIR
confirmed successful formation of hydrogel polymeric network.
SEM images indicated formation of porous structure. Swelling
dynamics was found to be very low when the developed
hydrogels were placed into simulated gastric fluid but increased
significantly when placed in simulated intestinal fluid. The
entrapment efficiency of ACV was found to be dependent
upon loading time, drug to polymer ratio and concentration
of cross linker used whereas the drug release behavior was
influenced by drug to polymer ratio and entrapment efficiency
of polymeric network. Considering the biocompatibility, pH
dependent swelling and drug release behavior, ACV loaded
hydrogel formulation could be considered as a promising

platform that can be extended to other antiviral drugs with
the aim of improving present drug delivery systems for
future need.
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Cartilage injury originating from trauma or osteoarthritis is a common joint disease that

can bring about an increasing social and economic burden in modern society. On

account of its avascular, neural, and lymphatic characteristics, the poor migration ability

of chondrocytes, and a low number of progenitor cells, the self-healing ability of cartilage

defects has been significantly limited. Natural hydrogels, occurring abundantly with

characteristics such as high water absorption, biodegradation, adjustable porosity, and

biocompatibility like that of the natural extracellular matrix (ECM), have been developed

into one of the most suitable scaffold biomaterials for the regeneration of cartilage in

material science and tissue engineering. Notably, natural hydrogels derived from sources

such as animal or human cadaver tissues possess the bionic mechanical behaviors

of physiological cartilage that are required for usage as articular cartilage substitutes,

by which the enhanced chondrogenic phenotype ability may be achieved by facilely

embedding living cells, controlling degradation profiles, and releasing stimulatory growth

factors. Hence, we summarize an overview of strategies and developments of the

various kinds and functions of natural hydrogels for cartilage tissue engineering in this

review. The main concepts and recent essential research found that great challenges

like vascularity, clinically relevant size, and mechanical performances were still difficult to

overcome because the current limitations of technologies need to be severely addressed

in practical settings, particularly in unpredictable preclinical trials and during future

forays into cartilage regeneration using natural hydrogel scaffolds with high mechanical

properties. Therefore, the grand aim of this current review is to underpin the importance of

preparation, modification, and application for the high performance of natural hydrogels

for cartilage tissue engineering, which has been achieved by presenting a promising

avenue in various fields and postulating real-world respective potentials.

Keywords: natural hydrogel, mechanical property, hydrogel scaffolds, cartilage tissue engineering,

regenerative medicine
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INTRODUCTION

Natural polymeric materials are widely used in engineering
and regenerating tissues for human health (e.g., skin, cartilage,
bone, tracheal splints, and wound-healing vascular grafts)
because of their unique advantages, namely biocompatiblity,
biodegradation, favorable porsity, and achievable mechanics
(Seal et al., 2001; Shin et al., 2003; Shelke et al., 2014;
Sahana and Rekha, 2018; Zhang et al., 2019). Inspired by
biological macromolecules within the extracellular matrix,
natural polymers or biopolymers are generally obtained from
various renewable resources, such as animals, plants, algae,

and microorganisms found throughout the world (Figure 1),

which can elude chronic inflammation toxicity or immunological
reactions after suitable synthetic modification methodologies
are applied. Thus, it is deemed that natural polymers are
essential for designing bioactive compounds, for drug delivery
systems for disease treatment, and for the construction of smart
therapeutic systems for bioengineered functional tissues. In this
case, the emergence of natural hydrogels (e.g., amino acids,
proteins, polysaccharides, and glycosaminoglycans) has brought
about significant clinical application values byimplant fabrication
methods (Mano et al., 2007).

FIGURE 1 | Some natural biopolymers, derived from renewable resources, and their respective chemical structures: silk fibroin, alginate, and chitin. Reproduced from

Mano et al. (2007) with permission from Copyright 2007 Royal Society.

Regeneration of cartilage defects has historically been an
enormous challenge to both orthopedic surgeons and patients,—
it is reported that 60% of knee arthroscopy patients have
cartilage injuries, wherein 15% of people (over 60 years old) have
serious clinical features of cartilage injury (Hjelle et al., 2002;
Cancedda et al., 2003; Ren et al., 2015; Walker and Madihally,
2015). Unlike most other tissues, cartilage is essentially avascular
and low in cell content. Therefore, the lack of vascularization,
innervation, lymphoid networks, and proper progenitor cells
can greatly limit the ability of damaged cartilage to heal itself
(Huey et al., 2012; Liao et al., 2014; Yuan et al., 2014; Vilela
et al., 2015). Current strategies on cartilage tissue regeneration
have exhibited great effects in clinical practice, including
traditional microfracture (bone marrow stimulation) (Dorotka
et al., 2005; Mithoefer et al., 2009), autologous chondrocyte
implantation (Ruano-Ravina and Jato Diaz, 2006; Niemeyer et al.,
2008; Selmi et al., 2008; Harris et al., 2010; Peterson et al.,
2010), autologous osteochondral transplantation, and allogeneic
osteochondral transplantation (Glenn et al., 2006; Benazzo et al.,
2008; Haene et al., 2012), etc. However, there are still obvious
limitations and deficiencies that include tedious ex vivo cell
manipulation, potential tumorigenesis, therapeutic translation
risk and regulatory approval. So, it is of great clinical significance
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to develop and achieve a method of complete and permanent
repair of damaged cartilage.

Fortunately, tissue engineering, consisting of scaffolds, cells,
and favorable growth factors, has evolved into a most promising
therapeutic strategy for cartilage tissue reconstruction (Khan
and Malik, 2012; Kim et al., 2012; Grottkau and Lin, 2013;
Sahni et al., 2015; Wang et al., 2016). To achieve the perfectible
regeneration of damaged cartilage, it is essential to offer the
biodegradable scaffolds, simulate local characteristics of specific
tissues, transport the tissue cells and growth factors, and provide
supports to newly formed tissues (Malda et al., 2013). Ideally,
cartilage tissue-engineered scaffolds should be porous, nontoxic,
biocompatible, and biodegradable, and they should enhance cell
differentiation and tissue generation, which need to possess high
performance, matched rate between the degradation and new-
tissue formation, diffused nutrients and metabolites behaviors,
adhesion to the surrounding native tissue fusion, and fulfillment
of the damaged sites (Hollister, 2005; Balakrishnan and Banerjee,
2011). For the construction of an ideal tissue engineering
program, it is important to provide the functional biomaterials
that basically mimic the natural ECM of cartilage components.
Traditional approaches generally include direct implantation
into tissue defects, precise incorporation of bioactive growth
factor into the targeted tissues, cell-free scaffold biomaterials, and
mimicking natural ECM with cell-laden architectural scaffolds,
among which three-dimensional (3D) porous hydrogel scaffolds
are most frequently used to promote cell organization into
the extracellular matrix during reconstructive periods (Hubbell,
1995; Griffith and Naughton, 2002; Khademhosseini and Langer,
2006; Place et al., 2009; Berthiaume et al., 2011; O’brien, 2011).

Hydrogels, composed of natural or synthetic hydrophilic
polymer strands connected with each other at crosslinking
points, possess a unique 3D crosslinked polymeric network
encompassing a wide range of chemical compositions and
bulk physical properties. The hydrophilic nature of constituting
polymeric chains allows the hydrogels to absorb amounts of
water (more than 1,000-fold compared to their dry weight) to be
applied in a variety of technological biomaterials for drug delivery
and tissue regeneration, among which the in situ hydrogels
possess the advantage of simple drug formulation and the
ability to deliver both hydrophilic and hydrophobic drugs. Based
on the cross-linking properties, hydrogels are classified into
“chemical” and “physical” network gels. Chemically crosslinked
hydrogels are generally held together by molecular bonds
of synthetic polymers and possess stable, homogeneous, and
adjustable structures. While physically crosslinked hydrogels are
generally aggregated by secondary interactions such as molecular
entangling, hydrogen bonds, ionic bonds, or hydrophobic
interactions force them to form a reversible structure and
self-healing properties, mainly including biodegradable natural
polymers, which has several advantages over chemically cross-
linked hydrogels, including solvent casting, easy fabrication, less
toxic, reshaping, postprocess bulk modification, biodegradation,
and so on (Eslahi et al., 2016; Li et al., 2019).

As a typical biological scaffold, hydrogels possess unique
architectures of highly hydrated 3D and versatile capacities of
high water content, suitable pore size and porosity, substance

exchange capacity, good biodegradability performance, and
extraordinary mechanical properties (Peppas et al., 2006),
and can provide a suitable microenvironment and efficient
biocompatibility and high strength for holding considerable
promise in cartilage differentiation and cartilage-specific ECM
regeneration, thus resulting in their wide usages for tissue
engineering and cell therapy in various bio-applications. It is
mentioned that the network pore of hydrogels played important
roles in the physicochemical andmechanical signals and nutritive
delivery for the cell growth. For example, pore size and
high porosity were beneficial to the cell infiltration and ECM
formation, while the interconnected and open pores could
promote cell growth, proliferation, and migration, as well as
the tissue vascularization process (Furth et al., 2007; Ma, 2008;
Xiao et al., 2015). The micro-porosity was another important
factor to facilitate the cell adhesion and spreading to improve
the biomechanics between the hydrogel scaffolds and tissues
(Karageorgiou and Kaplan, 2005; Loh and Choong, 2013). In
addition, the composition, structure, biocompatibility, safety,
stability, and mechanical properties of hydrogel scaffolds can
also be considered to meet the needs of the cell morphology,
proliferation, and differentiation in cartilage tissue regeneration
for clinical scenarios (Wang et al., 2008, 2018; Spiller et al.,
2011; Amini and Nair, 2012; Ji et al., 2012). As typical
representatives, natural hydrogels with high performance are
ideal biomaterial scaffolds for cartilage repair by their preferable
reconstructions of cell growth, proliferation, and differentiation
and new tissue formation.

This review will classify the preparation materials of
hydrogels and summarize their typical kinds and wide
applications of several typical natural hydrogels (alginate,
chitosan, gelatin, collagen, hyaluronan, and natural hybrids) with
good biocompatibility, improved stability, and high performance
for facilitating cell delivery in the cartilage tissue engineering
and regeneration medicine fields. We also summarize the
different advantages, disadvantages, modification methods,
and the future prospects of natural hydrogels for cartilage
tissue engineering. Finally, we provide some suggestions and
prospects on developing natural hydrogels via their tailored
physicochemical and mechanical properties for effective
cartilage tissue engineering. Understanding medical needs and
concurrently lessening the difficulty of hydrogel construction
should therefore be the goal for future research in this field.

CLASSIFICATION OF HYDROGELS

Hydrogels can be briefly classified into synthetic and
natural polymers for cartilage tissue regeneration in
biomedical applications.

Synthetic Polymers
Synthetic polymers have excellent characteristics in terms of
molecular weight, degradation, and mechanical properties, with
the advantage of having tailored property profiles for specific
applications, exhibiting wide usage due to their controllability,
reproducibility, and good mechanical properties. Representative
synthetic polymers for tissue regeneration include polylactide
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(PLA), poly-lactide-co-glycolide (PLGA), polyglycolide (PGA),
poly-(D,L-lactic acid) (PDLLA), polycaprolactone (PCL), poly-
ethylene-glycol (PEG), poly(vinyl alcohol) (PVA), poly (N-
isopropylacrylamide) (PNIPAM), and polyacrylamide (PAM).
These polymers can be self-reinforced to enhance their
mechanical strength. However, many of these polymers present
an immune response or toxicity, particularly when combined
with certain polymers and are not capable of being incorporated
with host tissues. They exhibit lower biological activity
because of their potential for a local pH increase by acidic
degradation products, inflammatory response, poor degradation,
and inflammation associated with high molecular weight
polymers (Katti et al., 2002; Gunja and Athanasiou, 2006; Pina
and Ferreira, 2012; Pereira et al., 2014).

Natural Polymers
Natural polymers have explicit biomedical applications in tissue
regeneration due to their biocompatibility, biodegradability, and
macromolecular similarity to the original ECMs, which can
provide a magnificent bioactivity and natural adhesive surface
for cells required for bioactivity. Natural polymers used for
hydrogel preparation include protein-based materials (such as
gelatin, collagen, fibrin, and silk fibroin) and polysaccharide-
based materials (such as hyaluronic acid, chondroitin sulfate,
alginate, chitosan, and so on). In addition, natural hydrogels
cannot cause immune and toxic reactions, and the degradation
products are non-toxic and non-immunogenic, leading to the
excretion of final metabolites outside the body safely; but, their
poor stability, rapid degradation, and relatively low mechanical
strength greatly limits their applications (Malafaya et al., 2007;
Mano et al., 2007; Nair and Laurencin, 2007).

Although hybridization of synthetic and natural materials
is an efficient and easygoing approach to integration, the
advantages of constructing the hydrogels for the cartilage
tissue regeneration, the undegradable components, and the
unpredictable metabolites have still brought about significant
limitation in actual biomedicine. Therefore, hybridization
of other natural polymers or advanced biomodification of
natural hydrogels to acquire better mechanics are the most
promising strategies for constructing ideal biomaterial scaffolds
to satisfy the requirements of cartilage repair by the designable
and preferable reconstructions of cell morphology, growth,
proliferation, differentiation, and new tissue formation.

NATURAL HYDROGELS FOR CARTILAGE

TISSUE ENGINEERING

Alginate
Alginate (ALG), as a natural polysaccharide extracted from
brown algae, consists of 1,4-chain D-mannitol acid and L-
gulu acid residues and has been widely applied to encapsulate
the cells due to its good biocompatibility, high hydration
viscoelasticity, and physically crosslinked ability (Pelletier et al.,
2001; Hashimoto et al., 2004; Cho et al., 2005, 2009; Tritz
et al., 2010; Zeng et al., 2014). Compared to other natural
polymers, alginate is favorable for cell function and cell-
immobilized microspheres or 3D porous hydrogel scaffolds (El

Khoury et al., 2014; Zehnder et al., 2015). Alginate hydrogel can
support the growth and proliferation of enveloped chondrocytes
and maintain their chondrocyte morphology. For example,
Swieszkowski et al. found that about 80% of human chondrocytes
were retained in the 3D-deposited hydrogel filaments at 14 days
after culture in vitro. Meanwhile, the embedded chondrocytes
remained round in the whole culture processes (Kosik-Koziol
et al., 2017). In addition, alginate hydrogels are also used
to transport mesenchymal stem cells (MSCs) for cartilage
regeneration. Wang et al. prepared a multiphasic graft by linkage
of a cartilaginous alginate hydrogel and a sintered poly(lactic-co-
glycolic acid) microsphere scaffold using a fibrotic cartilaginous
ECM. Within this condition, these culturing chondrocytes could
achieve the favorable gradient transition and integration from
the cartilage layers to the subchondral bone layers, exhibiting the
excellent tissue repair efficacy using a defected rabbit knee model
(Fonseca et al., 2014).

However, there are still some limitations in tissue engineering
applications. Firstly, the physically crosslinked alginate hydrogel
possesses poor stability and gradually loses its mechanical
strength within a short period of time, even in the physiological
environments, which always require the subsequent crosslinking
processes to strengthen mechanical property (Vallee et al.,
2009). Secondly, on account of low cell adhesion and cell
interaction ability of alginate in mammals, cell adhesion peptide
is often introduced to better support cell function (Alsberg
et al., 2001). In order to overcome these defects, other bioactive
substances are usually added into alginate hydrogels. Sodium
citrate was added into ALG as the dispersant of hydroxyapatite
(HAP). Eames et al. found that the ALG/HAP complex could
trigger the chondrocytes to secrete a calcified matrix, which
was testified by the favorable survival and proliferation of
chondrocytes in the ALG/HAP structure and high expression
level of calcified cartilage markers (You et al., 2019). Embedding
bone marrow-derived mesenchymal stem cells (bMSCs) in RGD
(arginine/glycine/aspartic acid)-functionalized, γ-ray alginate
hydrogels could enhance the osteochondral regeneration and
promote the development of a more mechanically functional
repair tissue (Critchley et al., 2019). However, the poor
mechanical properties of ALG-based hydrogels limited their
biomedical potential in osteochondral tissue regeneration. Lu
et al. aimed to prepare a high-performance biohydrogel through
introducing the bacterial cellulose (BC) into a double-network
hydrogel system (Figure 2). The compressive modulus was
matched with the natural articular cartilage, while their swelling
degrees obviously declined. Then, a bilayer hydrogel scaffold was
fabricated via chemical and physical crosslinking methods for
achieving osteochondral regeneration on the basis of the bionics
principle. After the addition of another two hydroxyapatite
particles with varied sizes, the results of osteochondral defect
model of rabbits verified the good osteochondral repair effects of
these bilayer structural scaffolds (Zhu X. B. et al., 2018).

In addition to improving the mechanical properties and cell
adhesion of alginate hydrogels, alginate hydrogels were prepared
as carriers for encapsulating a variety of low molecular weight
drugs. Partially oxidized alginate hydrogel could realize the
drug control and local administration (Bouhadir et al., 2001;
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FIGURE 2 | Schematic illustration of (A) preparation process of BC-DN hydrogels, bilayered hydrogel scaffolds, and the structure of bilayer hydrogel. (B) Schematic

depiction of the preparation of bilayer hydrogel scaffolds. (C) Schematic illustration of the structure of the bilayer hydrogel. (D) SEM image of bilayer hydrogel

scaffolds. Reproduced from Zhu X. B. et al. (2018) with permission from Copyright 2018 American Chemical Society.

Colinet et al., 2009). Using the alginate-polymethacrylate hybrid
hydrogels as the framework, the scaffold materials were prepared
by crosslinking into a single porous structure on the basis of
the electrostatic and covalent interactions, which overcame the
mechanical property limitations of the pure alginate materials.
Meanwhile, the alginate portion provided an appropriate
microenvironment mimicking extracellular matrix, while the
methacrylate portion could also improve the mechanical
properties of resulting mixed hydrogels (Stagnaro et al., 2018).

Chitosan
Chitosan is a kind of mucopolysaccharide widely existed in
nature, which is important component of connective tissue with
complexation, bacteriostasis, adsorption, and antioxidant effects
(Molinaro et al., 2002; Jayakumar et al., 2005). Recent reports
demonstrated that chitosan can be gelated in an acidic pH or
a non-solvent condition (Ribeiro et al., 2017; Xu et al., 2017;
Chen Y. R. et al., 2019), and further be prepared for chitosan-
based hydrogel scaffolds. Chitosan has good biocompatibility
and biodegradability; therefore, it is a kind of tissue-engineering
material with wide application prospects and can be considered
as a potential material for cartilage repair in regenerative
medicine fields. A previous study demonstrated that since
chitosan is extracted from shrimp shells, participants selected for
this study were allergic to at least one type of shellfish or shrimp

in order to test to see if they were allergic to chitosan. The results
showed no adverse reactions among participants, providing the
first evidence of biosafety of chitosan in allergic patients (Waibel
et al., 2011). Although a simple mixture of chitosan with other
natural polymers could generate a series of functional hydrogels
via the electrostatic interactions (Ma et al., 2009), the physically
crosslinked networks presented the terrible dissolution behaviors
and weak mechanics that greatly limited their wide applications
for artificial cartilage regeneration (Yang Y. Y. et al., 2018).

To overcome the flaw of water insolubility, N-succinyl
chitosan-dialdehyde starch mixture hydrogel was prepared with
good solubility to repair cartilage defects (Kamoun, 2016). In
addition, the sensitization and mechanism of chitosan may
also need improvement in its clinical transformation. Yu
et al. found that when the thermo-responsive chitosan-based
hydrogels are introduced into the 3D-printed PCL scaffolds
to form the composite scaffolds, the composite scaffold has
good cell- and drug-carrying capacity and good mechanical
strength (Dong et al., 2017). Compared with pure chitosan
hydrogels, the compressive modulus of the hybrid scaffold
increased significantly after the introduction of PCL scaffolds
(Figure 3A). These hybrid scaffolds are beneficial to cell survival.
After culturing in growth medium for 72 h, BMMSCs survived
in both PCL and hybrid scaffolds with a lot of dead cells, but
their distribution patterns were different. Importantly, it was
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FIGURE 3 | (A) Representative images of BMMSCs attachment, viability, and distribution in composite scaffolds. Blue fluorescence represents the contours of

scaffolds; merged images include bright field views to show the scaffold pores. CLSM images of Live/Dead staining demonstrated cell viability of after 72 h of culture in

growth medium. (Red represents the dead cells; green represents the live cells; Scale bar = 250µm). CCK-8 assay showed that the number of cells in the three

groups increased over time (B). DNA content in the various scaffolds during osteogenic culture indicating slow proliferation while MSCs differentiating into osteoblasts.

Results are expressed as mean ± SD (n = 3, *,#P < 0.05, **,##P < 0.01; #compared to PCL group in (B), and compared to day 1 in (C)). Reproduced from Dong

et al. (2017) with permission from Copyright 2017 Springer Nature.

found that those encapsulated cells in hybrid scaffolds could
not only distribute evenly in the pores but also spread on the
surfaces of PCL scaffolds. A CCK assay provided consistent
results indicating that these cell-scaffold composites in vitro
culture exhibited the active proliferation for as long as 7 days
(Figure 3B). Compared to the PCL scaffold, the cell number was
greater in hydrogel and hydrogel-filled scaffolds at every time
point, which indicated the excellent biocompatibility of hybrid
hydrogel scaffolds compared to the highly hydrated environment
of the single hydrophobic PCL scaffold. Therefore, these hybrid
hydrogel scaffolds that have the satisfactory mechanical strength
exhibited the favorable biomimetic micro-environments to
facilitate the cell retention, growth, and distribution (Figure 3C).

Lee et al. prepared a smart biofunctional hydrogel for cartilage
regeneration by photopolymerization of chitosan (MeGC)
solution with Col II solution. TGF-β1 was conjugated into
MeGC via SMCC moiety. The hydrogel system had no effect
on the viability of loaded synovial mesenchymal stem cells.

Compared with the pure chitosan hydrogels, the aggregation
and deposition of mesenchymal stem cells were enhanced (Kim
et al., 2015). Allogeneic chondrocytes were transplanted with
chitosan-demineralized bone matrix composite hydrogel scaffold
for cartilage injury therapy in rabbits. At 24 weeks after surgery,
the cartilage defect was successfully filled and no obvious
inflammatory reaction was observed (Man et al., 2016).

Gelatin
Gelatin is composed of a series of arginine-glycine-aspartic
acid sequences that can benefit to improve the cell adhesion
and matrix metalloproteinases capacities. Thermal reversible
changes occurred in gelatin solution at 30–40◦C, and crosslinked
hydrogels can be physically formed by the self-gelation effects
or chemically generated by the chemical reactions (Sakai et al.,
2009; Liu et al., 2016; Zhu et al., 2019). Up to now, the gelatin-
based composites have been utilized as suitable scaffolds for tissue
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FIGURE 4 | (A) Schematic illustration for fabricating natural-synthetic GelMA-PAM biohybrid hydrogel via the photo-initiating polymerization. (B) Molecular crosslinking

structures: covalent crosslinking between GelMA-PAM, covalent crosslinking between PAM-PAM, and covalent/physical crosslinking between GelMA-GelMA.

Reproduced from Han et al. (2017) with permission from Copyright 2017 Royal Society of Chemistry.

engineering and molecule carriers in biomaterial fields. Gelatin-
based hydrogels have good biodegradability, biocompatibility,
and cell/tissue affinity, but poor mechanical strength and
low thermal stability greatly limited their applications in
biomedical cartilage repair. Fortunately, a star product of gelatin
methacrylamide (GelMA) was prepared by modifying gelatin
with methacrylate anhydride that exhibited the significant roles
in the cartilage tissue engineering applications. Under the
action of a photo-initiator, acrylamide (AM) was copolymerized
with gel under ultraviolet radiation to prepare gel-based
natural synthetic polymer biohybrid hydrogel. These hybrid
hydrogels had better mechanical properties, degradation rate,
cell adhesion, and biocompatibility (Figure 4; Han et al., 2017).
A new cell-laden cartilage structure was prepared by a tabletop

stereolithography-based 3D bioprinter, which was composed
of methacrylate, polyethylene glycol diacrylate biocompatible
photo-initiator, and transformed growth factor-1 embedded
nanospheres. The cell vitality and proliferation rate can be
tailored by regulating the component content for the promising
cartilage regeneration (Zhu W. et al., 2018). Furthermore, the
chemical modification of gelatin combined with 3D printing
technology to prepare biological scaffolds provided a new idea
for the treatment of osteoarthritis. Some researchers also had
designed biological scaffolds for the transport of extracellular
matrix extraneous bodies like ECM/GelMA/exosome scaffolds
(Chen P. F. et al., 2019).

Although GelMA hydrogels exhibited obvious advantages in
tissue engineering, they were still lacking in high mechanical
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FIGURE 5 | Schematic illustration of the biohybrid gradient scaffolds for osteochondral repair by 3D printing technology. (A) The compositions of bio-ink A and bio-ink

B and 3D-printing method of hybrid gradient scaffolds assisted with a low-temperature receiver. (B) Formation of hydrogel scaffold after UV light-initiated

polymerization with hydrogen bonding interactions. (C) Osteochondral repair treated with the biohybrid gradient PACG-GelMA scaffold, with Mn2+ and BG being

loaded on the top and bottom layers, respectively. Reproduced from Gao et al. (2019) with permission from Copyright 2019 Wiley.

properties for achieving the efficient cartilage regeneration only
by the pure GelMA hydrogels. Therefore, Liu et al. constructed
a biodegradable hydrogel via the photo-initiated polymerization
of poly(N-acryloyl 2-glycine) (PACG) and GelMA (PACG-
GelMA) (Figure 5), which possessed high mechanical strengths,
with a tensile strength of 1.1 MPa, outstanding compressive
strength of 12.4 MPa, large Young’s modulus of 0.32 MPa,
and high-compression modulus of 0.837 MPa. By tailoring
the ACG/GelMA ratios, the temporary PACG network was
stabilized by chemical crosslinking effects, thus exhibiting
the adjusting biodegradability. Furthermore, they fabricated a
biocompatible composite scaffold with PACG-GelMA hydrogel-
bioactive glass and PACG-GelMA hydrogel-Mn2+ layers for
osteochondral repair using 3D printing techniques. In vitro and
in vivo biological results demonstrate that these biocompatible
hybrid gradient hydrogel scaffolds could facilitate cell adhesion,
spreading, osteogenic-oriented differentiation, gene expression,
cartilage regeneration, and subchondral bone formation in a rat
model (Gao et al., 2019).

Chemically modified gelatin-based hydrogel is biodegradable,
and its properties are adjustable and easily micro-processed.
However, further improvement is needed in forming cartilage
and simulating the function of cartilage tissue (Yang et al.,
2017). First, the activation of chondrocytes in the gel should
be enhanced to obtain more connective tissue ECM. Second,
their mechanics should be further optimized and improved.
Third, it is necessary to facilely adjust the rheological properties
of modified gelatin hydrogel prepolymer solutions. To achieve
these goals, adding other functional components as needed will

be an efficient method to enhance the properties of gelation-
based hydrogels. Lu et al. developed a novel mussel-inspired
strategy to improve the mechanics of GelMA hydrogels by
incorporating dopamine methacrylate (ODMA) oligomers into
the GelMA chains. Intercalation of ODMA made the GelMA
hydrogels resilient and stable at body temperature by reducing
the entangled GelMA chain density and introducing other
sacrificial physical crosslinking interactions. In vitro and in vivo
experiments verified that this modified ODMA-GelMA hydrogel,
as a typical growth factor-free scaffold, not only provided a
favorable microenvironment to promote the mesenchymal stem
cell attachment and spreading, but also enhanced the cartilage
regeneration after encapsulation of chondroitin sulfate or TGF-
β3, which would be served as an ideal candidate hydrogel scaffold
for cartilage or other tissues repair in biomedical applications
(Gan et al., 2019).

Collagen
Collagen, as an important component of extracellular matrix, is a
natural biological material, widely found in skin, bone, cartilage,
blood vessels, teeth, and tendons, which had been widely used
in biological and medical fields. Collagen hydrogels could
be prepared by the UV irradiation photopolymerization,
dehydrogenation heat treatment or other crosslinking
reactions with aldehydes, carbimines, genipin, isocyanates,
transglutaminase, etc. (Zhao et al., 2013). Collagen type I
hydrogels could support mesenchymal stem cell adhesion,
growth, spreading, and cartilage differentiation for the
construction of engineered osteochondral structures in vitro
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(Wang et al., 2019). Giuffrida et al. had assessed a new kind
of 3D scaffold that consisted of type I collagen and human
adipose-derived mesenchymal stem cells, which exhibited
the favorable chondrogenic potentials. Regardless of the
presence of chondrogenic inducing factors, the scaffold had
a higher potential for cartilage regeneration (Calabrese et al.,
2017). In vivo and in vitro experiments showed that type II
collagen hydrogels containing chondrocytes supported the
proliferation and chondrogenesis of mesenchymal stem cells
(Pulkkinen et al., 2010; Ren et al., 2016). It was found that
bovine mesenchymal stem cells were cultured in monolayer,
alginate, and type II collagen hydrogel. Cell differentiation of
type II collagen hydrogel was the most obvious, and the cell
differentiation was time-dependent. These type II collagen
hydrogels had the potential to maintain the cartilage formation
in mesenchymal stem cells (Bosnakovski et al., 2006). Besides,
the hybrid hydrogel prepared by type I and type II collagen
could regulate the performance of the hybrid hydrogels by
adjusting the content of two types of collagen. The results
showed that the higher the compression modulus of hybrid
hydrogel was, the more extracellular matrix the chondrocytes
secreted (Yuan et al., 2016).

It is common to combine collagen with other natural
biological macromolecules to prepare hybrid hydrogels by the
typical chemical modification of collagen. It was shown that

the preparation of hyaluronic acid and collagen hybrid scaffold
material with prednisone as anti-inflammatory drug was an ideal
choice for cartilage regeneration in osteoarthritis and for the
sustained release system of prednisone (Mohammadi et al., 2018).
Type II collagen and hyaluronic acid could prepare the injectable
hydrogels in situ, followed by the encapsulation of cartilage cells.
Chondrocytes remained alive during culture and maintained
the phenotypic characteristics of chondrocytes. In addition, the
expression of the chondrocyte specific genes increased with time
(Kontturi et al., 2014). Biological scaffolds were prepared by
mixing type I collagen with sodium alginate as 3D bioprinting
ink. The mechanical strength of the scaffold was improved, and
it could significantly promote the cell adhesion/growth, improve
the cell proliferation, and enhance the specific gene expression
of cartilage (Yang X. C. et al., 2018). After encapsulation
with allogeneic chondrocytes, three-phase synthetic collagens,
chondroitin sulfate, and hyaluronic acid hydrogels (CCH) were
transplanted into cartilage defects, demonstrating that hybrid
collagen hydrogels exhibited higher cartilage specific markers
of cell growth, proliferation, GAG secretion, and gene/protein
expression, which was closer to natural cartilage matrix than
collagen hydrogel (Figure 6; Jiang et al., 2018).

Although collagen has been applied for the application
of cartilage repair, its low stiffness and rapid degradation
was not beneficial for chondrogenesis. Li et al. developed

FIGURE 6 | Schematic illustration of the overall design of three-phase hybrid hydrogels. Allogeneic chondrocytes are encapsulated with a CCH hybrid hydrogel,

forming the ectopic cartilage with a diffusion chamber system for cartilage repair. Reproduced from Jiang et al. (2018) with permission from Copyright 2018 Royal

Society of Chemistry.
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FIGURE 7 | Schematic illustration of the fabrication process and implementation of CGN nanocomposite hydrogels. Reproduced from Lu et al. (2019) with permission

from Copyright 2019 Elsevier.

a kind of injectable collagen hydrogel of collagen-genipin-
CD nanoparticles (CGN) through crosslinking the carbon dot
nanoparticles (CD NPs) onto collagen with biocompatible
crosslinker of genipin. On account of the effective linkage of
genipin and CD NPs, these hydrogels showed high stiffness
and produced a number of reactive oxygen species (ROS) by
the photodynamic therapy (PDT). The organic combination of
PDT and CGN hydrogel could obviously increase the BMSCs
proliferation, upregulate the cartilage-specific gene expression,
enhance the GAG secretion, and accelerate the cartilage
regeneration within 8 weeks (Figure 7), which was attributed to
the chondrogenic differentiation from the synergistic stiffness
enhancement and ROS generation effect. So, this organic
combination on the hydrogel injection and PDT treatment
will represent a novel kind of strategy for the cartilage repair
applications (Lu et al., 2019). In addition, enhancement of linkage
interface between collagen hydrogels and bone-like substrates
was also important for the regenerative medicine, because it is
inevitable to use the heterogeneous scaffolds to achieve their
multifunctionally gradient properties when the tissue cannot
be completely repaired by a homogeneous graft. Therefore,
improvement of the contact interface among the various layers is
critical to construct the advanced hydrogel scaffolds with optimal
performances. Borros et al. developed a pentafluorophenyl

methacrylate (PFM) coating method through the immobilization
of collagen-based hydrogels onto the desired substrate, because
of high reactivity of PFM-coated substrate toward amines; in
this case, the hybrid hydrogels were subsequently fibrillated and
finally formed (Mas-Vinyals et al., 2019).

Hyaluronan
Hyaluronate (HA) is a typically linear polysaccharide formed
by 250–25,000 repeated disaccharide units consisting of N-
acetylglucosamine and D-glucuronic acid, which is a crucial
component of ECM and plays an important role in cell
signal transduction and wound healing (Tool, 2001; Toole,
2004). Therefore, HA-based hydrogel is recognized as one
of the most promising natural materials for cartilage tissue
engineering. Owing to the unique effect of hyaluronic acid on the
formation of chondrocytes, the application of HA-based hydrogel
containing chondrocytes has been widely studied in cartilage
tissue regeneration (Barbucci et al., 2002; Chung et al., 2006;
Kang et al., 2009). Hyaluronic acid was chemically modified to
form derivatives with better biocompatibility and controllable
biodegradation. A biocompatible in situ crosslinked HA hydrogel
can be obtained by the biological orthogonal reaction. The
hydrogel is formed by a copper-free click-reaction between
the azide and dibenzyl cyclooctane, which was proven to be
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FIGURE 8 | Schematic illustration of preparation and utilization of USPIO-labeled Dex/CNC/USPIO-KGN hydrogels for artificial cartilage repair. Reproduced from Yang

et al. (2019) with permission from Copyright 2019 American Chemical Society.

an injectable scaffold in vitro and in vivo (Han et al., 2018).
An in situ photo-crosslinked hyaluronic acid was developed as
a scaffold material for articular cartilage repair. The physical
and mechanical properties of these crosslinking hyaluronate
hydrogels are similar to the other natural hydrogels. The
chondrocytes were embedded in hydrogels and cultured in vitro.
The cells remained round and accumulated a large amount of
cartilage matrix. The hydrogel was inserted into the cartilage
defect, and a large amount of cartilage matrix accumulated
within 2 weeks after the surgery (Nettles et al., 2004). In the
other method, HA was modified by the methacrylate anhydride
and photopolymerized into a network with extensive physical
properties. The volume expansion rate of the network was
distributed between 8 and 42%, the compression modulus was 2–
100 kPa, and the degradation time increased from <1 d to nearly
38 days (Burdick et al., 2005). Later, some studies showed that
using visible green light instead of ultraviolet light to activate
the crosslinked system would not damage the properties of
materials. The compression modulus of hydrogel network can
be adjusted to 3–146 kPa (Fenn and Oldinski, 2016). Therefore,
the hyaluronic acid hydrogels prepared by chemical modification
have adjustable biodegradability and mechanical properties and
better optical crosslinking ability.

In terms of the biological safety of implantation materials,
the extracellular matrix degradability has gained increasing
attention in tissue engineering. Cheng et al. prepared a

completely bio degradable hydrogel by combining synthetic
and natural polysaccharide polymers with their respective
features. By mixing polyphosphate copolymer poly(butynyl
phospholane)-random-poly(ethylethylene phosphate) (PBYP-
r-PEEP) with thiolated hyaluronic acid (HA-SH) via the
thiolyne “click” reaction, the fabricated HA/PPE hydrogel,
supporting the human mesenchymal stem cells (hMSCs)
adhesion and growth, could promote the cell-cell interactions
with the enzymatic biodegradability and expand the range of
biodegradable biomaterials for tissue engineering (Hao et al.,
2019). In addition, Guo et al. prepared a kind of USPIO-KGN
for cartilage repair by means of a stable non-protein compound
of kartogenin (KGN) that promoted the BMSCs differentiation
into chondrocytes via the grafting onto surface of ultrasmall
superparamagnetic iron-oxide (USPIO) to finally integrate into
the cellulose nanocrystal/dextran hydrogels (Figure 8). It was
found that KGN was sustainably released for a long time,
thus recruiting endogenous host cells and inducing the BMSCs
differentiation into the chondrocytes for achieving the effective
cartilage regeneration, with verification of both in vitro and in
vivo experiments (Yang et al., 2019).

Natural Hybrid Hydrogels
Combination of various natural hydrogels is an ideal strategy
for fabrication of smart and excellent hybrid scaffolds with high
performance for cartilage tissue engineering and biomaterial
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FIGURE 9 | Live/Dead staining of ALG-hBMSCs, ALG-Gel-hBMSCs, and ALG-Gel-hBMSCs/3D-printed PCL scaffold with 2D well plate culture and

ALG-Gel-hBMSCs with 3D bioreactor culture on day 0, 3, 7, and 14, respectively. Scale bar = 200µm. Reproduced from Xu et al. (2019) with permission from

Copyright 2019 Elsevier.

fields. Lee et al. demonstrated a covalent method for conjugation
of ALG to HA, to form the hyaluronate-alginate hybrid
hydrogel (HAH) with the crosslinker of ethylenediamine in
the Ca2+ solutions, which exhibited great potential as a
scaffold for cartilage regeneration. Also, they used various
types of linkers to obtain another series of HAH hydrogels
by physical crosslinking methods. The mechanical property
of HAH hydrogel was feasibly tailored by manipulating the
linker between ALG and HA. Meanwhile, various linkers
within the HAHs cultured in HAH hydrogel could also
affect the chondrogenic differentiation of ATDC5 cells and be
employed to fabricate the multifunctional scaffolds for cartilage

regeneration (Park and Lee, 2014). Eglin et al. reported an
optimization of human bone marrow stromal cell (hBMSC)-
loaded alginate-gelatin microspheres within the 3D-printed
PCL scaffolds for construction of mechanically stabilized and
biologically supportive tissue engineering of cartilage (Figure 9;
Xu et al., 2019). Tunable mechanical properties of composite
hydrogels are important for biomedical applications. Tang
et al. synthesized the strontium alginate/chondroitin sulfate
(ALG/CS-Sr) composite hydrogels and analyzed the effect of
strontium chloride concentration on the dynamically mechanical
property. Cell viability assay revealed the good cytocompatibility
of this hydrogel with the adequate characterization of flow
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FIGURE 10 | ALG hydrogel aiding cartilage defect repair in a rabbit model: (A) photographs of knee joints in the control group and the ALG hydrogel group at the 0, 2,

and 4 weeks after post-operation. (B) H&E staining of cartilage defect. Reproduced from Ma et al. (2019) with permission from Copyright 2019 Royal Society

of Chemistry.

cytometry, qPCR, and western blotting analysis, which verified
this kind of composite ALG/CS-Sr hydrogel could exert a positive
effect on the apoptosis inhibition with the anti-inflammatory
effects in articular cartilage regeneration fields (Figure 10;
Ma et al., 2019).

MECHANICS OF NATURAL HYDROGELS

FOR CARTILAGE TISSUE ENGINEERING

Conventional hydrogels normally possess breakable characters
that will decrease their stability and thus cannot be utilized for
specific tissue applications such as bone, cartilage, and tendon. To
overcome this issue, two effective strategies have been developed
for cartilage tissue engineering. One is the hybridization of
hydrogels with other polymers, nanoparticles, or nanofibers.
For example, regenerated silk fibroin and chitin nanofiber
have been used to improve the mechanical strength of GelMA
hydrogels by β-sheet folding and self-assembly, respectively. The
hydrogel elastic modulus increases by 1,000-fold, and strain-to-
failure enhances by around 200% after chitin nanofiber assembly
(Hassanzadeh et al., 2016). The hydrogels also demonstrate
good cell viability, promotive cell differentiation, and stable
vasculature formation. Collagen-based hydrogels with a 10-fold
increase in stiffness have been realized after mixing very low
amount of chemically functionalized nanoparticles as crosslinker
epicenters to make collagen chains crosslinked on the surface of
nanoparticles (Jaiswal et al., 2016). On account of the interactions
between nanoparticles and polymer chains, the mechanical
properties of hybrid hydrogels can be enhanced. The other
strategy is to prepare interpenetrating polymer network (IPN)
hydrogels with high mechanics and fracture strength, which has
gained a lot of attention for cartilage tissue engineering (Dragan,

2014). Double networks (DN) are introduced in hydrogels to
enhance mechanical property for cartilage tissue engineering
(Gong et al., 2003; Yasuda et al., 2009; Fukui et al., 2014). The
feature of DN hydrogels is the formulation of, first, a densely
crosslinked hydrogel, and second, a loose network. The first
network serves as sacrificial bonds to disperse the stress, while
the second polymer chains work as hidden length that can extend
to sustain large deformation (Haque et al., 2012). Similarly, ionic
crosslinked chitosan with low molecular weight is used to work
as the second crosslinking component to enhance the mechanical
strength of the UV-initiated PAM hydrogel (Ma et al., 2009; Li
et al., 2018).

However, due to the big gap of mechanical property
between the ordinary hydrogel materials and human tissues,
scientists have been seeking to improve mechanical strength
of the hydrogels in recent years. Generally, there are several
different ways that have been proven to enhance the mechanical
strength of the hydrogels, including increasing the crosslink
density, reducing the gel swelling degree, introducing the
fibrous reinforcing agent and the preparation of interpenetrating
networks (Anseth et al., 1996; Haraguchi and Takehisa, 2002;
Sakai et al., 2008; Hunt et al., 2014; Ahadian et al., 2015;
Hao et al., 2017). Especially, double network (DN) hydrogel
provides an excellent idea to gain high strength for cartilage tissue
engineering (Chen et al., 2015; Higa et al., 2016; Yan et al., 2017).
DN hydrogel possesses two different types of network structures:
the highly crosslinked polyelectrolyte networks and the lowly
crosslinked or non-crosslinked neutral network structures. The
former provides a rigid bracket for DN hydrogels, while the
latter fills in rigid network and absorbs external stress (Sun
et al., 2012; Yang et al., 2016; Golafshan et al., 2017). Until now,
however, the study of the DN hydrogels in the field of biological
materials, especially in the field of for cartilage tissue engineering
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applications are still at the initial stages with sums of challenges
(Gu et al., 2018).

SUMMARY AND PERSPECTIVES

This paper reviews the advancements of several mechanically
natural hydrogel biomaterials designed and applied in cartilage
tissue engineering in recent years. It has been found that the high
performance of natural hydrogels has better biocompatibility
and biodegradability and is more conducive to cell survival.
One of the keys to cartilage tissue regeneration is to promote
cartilage integration as well as subchondral bone regeneration,
because these two tissues have various topological structures
and moduli that requires the hydrogel scaffolds to simulate
different structures and functions simultaneously. In addition,
the cartilage repair effect is associated with the deposition and
remodeling of ECM of the cartilage cells. If the degradation
rate of repaired material is not well-matched, the ECM cannot
deposit in the defect area that is harming the cartilage
regeneration. Based on this feature, natural hydrogel has
a controllable degradation rate, good biocompatibility, and
outstanding mechanical property, so it is an ideal cartilage tissue
engineering material. Meanwhile, high mechanism of hydrogel
scaffolds loaded with regenerative drugs or cell that promote
cartilage regeneration have been widely used in recent years. We
only selected and highlighted some typical examples to raise the
reader’s interest and awareness about the high performance of
natural hydrogels for cartilage tissue engineering.

With the development of tissue engineering and the
regenerative medicine, it has been found that tissue regeneration
and reconstruction require a multifunctional scaffold to load
and deliver tissue-specific cells; in this case, hydrogel scaffolds
are recognized as ideal biomaterials for tissue engineering
like cartilage, bone, skin, heart valves, nerves, tendons, etc.,
because the composition, structure, morphology, function, and
mechanics are closely similar to the natural tissue extracellular
matrix. The natural hydrogels and 3D architecture scaffolds
combined with various bioactive molecules, genes, and cells, as
well as the tunable mechanical properties, have the capacity to
guide and promote the in vivo implantation and development of
multifunctional engineered tissues. Thus, these natural hydrogel
scaffolds with customized morphologies and suitable mechanical
behaviors are a series of exciting prospects in cartilage tissue
engineering by tailorable retention and delivery abilities of cells
and growth factors within the injury site, thus realizing the
cell adhesion, growth, spreading, and differentiation, as well as
the extensive applications, hereafter referred to as biohydrogels
with high mechanical properties in tissue augmentation, repair,
reconstruction, and regeneration.

Yet, it should be noted that it remains a major challenge to
fully restore cartilage to its original composition, architecture,
mechanics, and biofunction. For example, simultaneous
achievement of integrating cartilage and subchondral bone
regeneration has been a critical challenge in tissue engineering,
because the difference in structure and modulus represents
two distinct types of tissues that should be carefully considered
to overcome the difficulties in simulating the structures and
functions of the hybrid or bi-phase hydrogel scaffolds. In this,

the part of cartilage repair exhibited a highly elastic modulus to
bear pressure and resist friction and to facilitate the extracellular
matrix, enhance the chondrogenesis expression of MSCs or
chondrocytes, inhibit the hypertrophic differentiation, and
contribute to the chondrocyte mineralization. Another part
of subchondral bone repair could effectively contribute to the
formation of a blood vessel network within the hydrogels to
facilitate nutrient transport, stimulate osteoblast proliferations,
and provide great support for regenerative cartilage. More
importantly, integration of the surrounding cartilage and the
implants should possess strong interfacial adhesion that can be
significantly considered and enhanced for regenerated cartilage.
Additionally, smart incorporations of intelligent or self-guided
features like self-assembly and/or functional flexibility for
dynamic biological demands also played essential roles in the
fabrication and development of a new kind of high-performance
natural hydrogel to obtain the full cartilage regeneration in
biomedical applications.

It should be further noted that although there have been
some limited clinically approved tissue-engineered products for
the clinical trials status quo in recent years, a rapid progress
toward more advanced and targeted therapies is still of note
in promoting microfabrication techniques and developing the
cellular scaffold-based approaches. It is concluded that an ideal
natural hydrogel for achieving the cartilage tissue engineering
should synchronously possess the following characterizations:
(1) biological activity and biomimetic function; (2) mechanical
reinforcement; (3) integration of cartilage with bone tissue,
and (4) transport of drugs and growth factors. Therefore,
the intelligent and hybrid hydrogel scaffolds with complex
architectures should be well-fabricated for realizing the
customized clinic treatments, and the corresponding research
on the mechanical and biological behaviors of hydrogel scaffolds
should also be emphasized to ensure powerful tissue interactions,
resorption, and hierarchical architecture for enabling the
tissue engineering implants. With this understanding, future
work should forcefully focus on identifying the secondary,
tertiary, and higher order architectures of hybrid nature-derived
hydrogels, quantifying their composition, morphology and
function, characterizing their binding pockets and interactions
with cell surface receptors, and finally, turning them into a
clinical tissue engineering biomaterial for effective cartilage
tissue engineering. In this sense, we will establish such
methodology or criteria on the design and development of
final biological tissue engineering products for regenerative
medicine, which makes natural hydrogel scaffolds more
advantageous on adjustable structure, better strength, adequate
immune response, adhesive interfacial binding force, and
good biodegradability for enabling real applications in
human patients.

This exciting goal will hopefully be achieved by the
scientific community with the lessons learned from the
literature in this review. Therefore, we are strongly convinced
that with the help of continuous developments of natural
hydrogels and exquisite adjustment of their physicochemical
and mechanical properties for effective cartilage tissue
engineering, more advanced multi-responsive histological
engineering products with optimized architectures and
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functions will be eventually created to obtain greater
manipulation and higher availability for various biomedical
applications. While newly responsive hydrogel compositions,
structures and mechanical properties will hopefully be
continually developed, and the ability to obtain smart
biomaterials with topological complexity is excitingly
expanding in the next generation of outstanding tissue
engineering products.
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Cell-free protein synthesis (CFPS) has the advantage of rapid expression of proteins and

has been widely implemented in synthetic biology and protein engineering. However,

the critical problem limiting CFPS industrial application is its relatively high cost, which

partly attributes to the overexpense of single-use DNA templates. Hydrogels provide a

possible solution because they can preserve and reutilize the DNA templates in CFPS

and have great potential in elevating the protein production yield of the CFPS. Here, we

presented a low-cost hybrid hydrogel simply prepared with polyethylene glycol diacrylate

(PEGDA) and DNA, which is capable of high-efficient and repeated protein synthesis

in CFPS. Parameters governing protein production specific to hybrid hydrogels were

optimized. Structures and physical properties of the hybrid hydrogel were characterized.

Transcription and expression kinetics of solution phase system and gel phased systems

were investigated. The results showed that PEGDA/DNA hydrogel can enhance the

protein expression of the CFPS system and enable a repeated protein production for

tens of times. This PEGDA/DNA hybrid hydrogel can serve as a recyclable gene carrier for

either batch or continuous protein expression, and paves a path toward more powerful,

scalable protein production and cell-free synthetic biology.

Keywords: hybrid hydrogel, cell-free protein synthesis, chemical cross-linking, DNA hydrogel, PEGDA

INTRODUCTION

Cell-free protein synthesis (CFPS) is an in vitro life simulation system that synthesizes proteins
using cell extracted machinery, exogenous substrates, and DNA or RNA templates without the
constraint of cells. CFPS is a versatile technology and has been widely applied in the field of
biological research. CFPS systems can use linear DNA template amplified by PCR for protein
expression and realize rapid and parallel expression of multiple target genes. The open nature
of the CFPS system allows unique environmental control and freedom of design, thus enabling
simple and efficient protein production, as well as synthesis of proteins that are difficult to express
in living cells, such as transmembrane proteins and toxic proteins (Lim et al., 2016; Henrich et al.,
2017; Thoring et al., 2017). It is likely that in the near future, the toolkit of CFPS systems can be
further expanded and optimized to facilitate the expression of any desired proteins. In addition,
cell-free reactions are scalable, ranging from microliter to liter scale (Zawada et al., 2011). Scaling
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up the cell-free protein production system to the liter scale is
the basis for large-scale production of pharmaceutical relevant
proteins (Stech et al., 2013).

Although CFPS technology has progressed rapidly over the
past decade, there are still some challenges to overcome. The
problem of high cost and low production yield limited its
application in industry. In order to improve the life time
of the template and the yield of protein for CFPS, many
efforts have been taken from the perspective of inhibiting
the activity of the nuclease, preparing an extract from
genetically modified strains, improving energy regeneration
and byproducts recycling, etc. (Caschera and Noireaux, 2014;
Fujiwara and Doi, 2016; Schoborg et al., 2016). These efforts,
indeed, improved the protein production of CFPS to a certain
degree. But vast DNA consumption in large-scale reactions
is still one of the bottlenecks in limiting the development of
CFPS industrialization. Hydrogels-incorporated gene templates
provided a possible solution to this problem.

Hydrogels are three-dimensional polymeric networks made
of highly hydrophilic monomers (Hoare and Kohane, 2008; Pan
et al., 2013; Wei et al., 2016; Glass et al., 2018). In the past
few decades, numerous hydrogels have been developed based
on natural and synthetic molecules such as cellulose, chitosan,
polypeptide and poly(acrylic acid), poly(ethylene glycol), and
poly(ethylene glycol) diacrylate (PEGDA).

DNA is a natural polymermaterial that possessesmany unique
and fascinating properties, including intrinsic genetic functions,
broad biocompatibility, precise molecular recognition capability,
tunable multifunctionality, and convenient programmability.
DNA can be used as the only component of a hydrogel or a
cross-linker connecting the main building blocks to form hybrid
hydrogels through chemical reactions or physical entanglement.
The application of DNA hydrogels has drawn much attention
in recent years. For instance, target stimuli-responsive DNA
hydrogels were engineered based on DNA aptamers that cross-
linked with linear polyacrylamide chains to sense changes of
pH, temperature, or the concentration of metabolite and release
their load as a result of such a change (Yang et al., 2008).
DNA hydrogels were developed as a platform for controlled
release delivery of antigens due to their highly efficient cross-
linking maintenance in a physiological environment, which
allows in situ encapsulation and preservation of payloads
(Nishikawa et al., 2014).

We previously invented a DNA hydrogel that was termed
as P-gel for CFPS. P-gel exhibited great potential in elevating
protein production efficiency, yield, and reusability (Park
et al., 2009a,b; Kahn et al., 2016). To further reduce the
DNA consumption in protein producing hydrogel, in this
study, we successfully constructed a PEGDA/DNA hybrid
hydrogel for CFPS. The cost of PEGDA/DNA hybrid hydrogel
was reduced more than 30 times compared to that of P-
gel. The optimized PEGDA/DNA hybrid hydrogel enhanced
protein production 22.7-fold over the solution phased reactions.
The characterization, transcription, and expression kinetic
studies provided an insight into the mechanism of the
protein production enhancement. Moreover, it was proved
that the PEGDA/DNA hybrid hydrogel can be reused 10

times in CFPS, which showed great potential in large-scale
CFPS application.

MATERIALS AND METHODS

Materials
All chemicals, unless otherwise stated, were purchased from
Sigma-Aldrich and were used as received. Bacteria Escherichia
coli BL21 (DE3) strain was preserved in our laboratory. Plasmid
pID-sfGFP was reconstructed from a gift plasmid pIJ8660 from
Professor Lixin Zhang (East China University of Science and
Technology) with a fragment deletion from restriction sites NheI
to AgeI. Plasmid pUTI-beacon was constructed by replacing the
sfGFP gene of pID-sfGFP with the gene coding a urinary trypsin
inhibitor protein Bikunin. All primers including 5′ acrydite
modified primers and molecular beacon oligos were synthesized
by Synbio Technologies. High-fidelity Pfu DNA polymerase for
PCR amplification was purchased from Beyotime Biotechnology.

Preparation of PEGDA/DNA Hybrid

Hydrogel
The DNA part for the construction of PEGDA/DNA hybrid
hydrogel was prepared by PCR with 5′ acrydite modified primers
F1/R1 (Table 1). Plasmid pID-sfGFP was used as the template
for PCR amplification. The reactions contained 1 × high-fidelity
PCR master mix with 1× Pfu buffer (Beyotime). Thermocycling
for PCR was 30 s at 98◦C for the initial denaturation followed
by 10 cycles of 10 s at 95◦C, 30 s at 65◦C, and 30 s at 72◦C and
a final extension of 5min at 72◦C. The amplified DNA product
was purified with Cycle Pure kit (Omega, Bio-tek) and stored at
−20◦C before use. The DNA template in the hybrid hydrogel for
real-time measurement of mRNA transcription was prepared in
the same way as 5′ acrydite modified primers F2/R2 (Table 1) and
plasmid pUTI-beacon as the PCR template.

To prepare the PEGDA/DNA hybrid hydrogel, PEGDA
(Mn = 575) was mixed with acrydite modified linear DNA
PCR product at predetermined percentage and concentration,
respectively. After fully mixing, a certain amount of ammonium
persulfate (APS) and tetramethylethylenediamine (TEMED)
were added at equimolar concentrations to start the reaction and
were polymerized at room temperature for 3 h unless specified
to form the PEGDA/DNA hybrid hydrogel. After the reaction,
the hydrogel was soaked and washed with 1 × PBS buffer and

TABLE 1 | Primer and molecular beacon sequences.

Primer Sequence

F1 5′-Acrydite-TGGAGCGGATCGGGGATTGT-3′

R1 5′-Acrydite-CCGGTCGACTCTAGCTAGAG-3′

F2 5′-Acrydite-ACGTAACTCTAACGTTGACCGGCTGCAGCCC-3′

R2 5′-Acrydite-AGAGTTACGTTGAGAGAGTTAAGCTTGAATTCGG

ATCCTTACAGC-3′

Beacon target 5′-AACTCTCTCAACGTAACTCTCTCAACGT-3′

Beacon probe 5′-FAM/mCmCmGmCmAmAmAmAmCmGmUmUmGmAmGm

AmGmAmGmAmUmAmAmGmCmGmG-BHQ1-3′
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absolute ethanol three times, respectively, to remove the partially
reacted monomers and excessive initiators in the hydrogel.

Scanning Electron Microscopy
For scanning electron microscopy (SEM), the hydrogel was
freeze-dried for 24 h and brittle-fractured with liquid nitrogen
to obtain its cross section. After Au-sputter coating, the
microstructure of the freeze-dried hydrogel was observed
with field emission scanning electron microscope (FE-SEM
S4800, Hitachi).

Swelling Tests of PEGDA/DNA Hybrid

Hydrogel
Swelling tests were conducted by using a gravimetric method.
Lyophilized hydrogels with confirmed weights were immersed in
the CFPS reaction buffer solution (described below). At selected
time intervals, the hydrated gels were taken out and wiped with a
filter paper to remove excess water from the gel surface and were
then weighed. The swelling ratio (SR) was calculated according
to the following equation:

SR = Wt/Wd

where Wd and Wt denote the weight of the dried hydrogel and
the weight of the swollen hydrogel, respectively.

Rheological Characterization of Hydrogel
For rheological measurements, the hydrogel was prepared at
100-µl scale with and without the component of DNA (100
ng/µl). The pre-gel mixture was added to a round shape mold
matched with the parallel plate of the rheometer as prepared.
After gelation, the gel was taken out from the mold and
rheological characterization was conducted with a rheometer
(Kinexus pro+). An 8-mm parallel-plate geometry and a gap
of 2mm are used for all experiments, which are done at 25◦C.
A solvent trap is used to prevent water evaporation during
the measurements. Frequency sweep measurements are carried
out over the frequency range 0.1–10Hz, and a deformation
amplitude γ0 = 0.01 is selected to ensure that the oscillatory
deformation is within the linear regime.

Cell-Free Protein Production With DNA

Hydrogels
The crude extract was prepared as described in Caschera and
Noireaux (2014) with slight modifications. E. coli BL21 Rosetta2
DE3 strain was used as the lysate source. Besides, isopropyl-
thiogalactopyranoside (IPTG, 1mM) was added to the culture
media to induce the production of T7 RNA polymerase when
culture OD600 reached 0.6. The cell-free reaction buffer was
composed of 50mM HEPES (pH 8), 1.5mM ATP and GTP,
0.9mM CTP and UTP, 0.2 mg/ml tRNA, 0.26mM coenzyme
A, 0.33mM NAD, 0.75mM cAMP, 0.068mM folinic acid, 1mM
spermidine, 30mM 3-PGA, 1mMDTT, 2% PEG8000, and 3mM
of each of the 20 amino acids. The Mg-glutamate and K-
glutamate concentrations were 4 and 80 nM, respectively.

The cross-linked PEGDA/DNA hybrid hydrogel containing
a certain amount of PEGDA and linear DNA was used for

cell-free protein production in a solution containing 6.67 µl of
cell-free lysate, 10.73 µl of the reaction buffer, and nuclease-
free water. Two microliters of the hydrogel was used for CFPS.
The reaction volume was 20 µl unless stated otherwise. The
reactions were incubated at 30◦C in a thermomixer (Eppendorf
Thermomixer C) with 1,000 rpm for 15 h. End-point fluorescence
was measured with a plate reader (BioTek synergy/H1) and was
used to determine the concentration of GFP products according
to a GFP standard curve (Figure S3). For the reuse of hybrid
hydrogel, after each cycle of reaction, the reaction tube was
centrifuged at 1,500 rpm for 3min, and the supernatant was
pipetted out and stored for quantification. The remainder of the
hydrogel was washed three times with 1 × PBS and added to a
fresh lysate solution for CFPS reactions.

Real-Time Measurement of mRNA

Transcription
The real-time transcription of mRNA in CFPS reaction was
measured with a molecular beacon. The beacon probe bonds to
a two-time repeat target sequence (Table 1) tagged after the UTI
gene once the mRNA was transcribed. One hundred micromolar
beacon probe was annealed with a procedure of incubation under
a gradient temperature from 95◦C to 25◦C and stored at 4◦C
before use. The beacon probe was added to the CFPS reaction at
a final concentration of 1µM, and the reactions were conducted
in 96-well plates at 30◦C and monitored in real time for 6 h by a
plate reader (BioTek synergy/H1).

RESULTS AND DISCUSSION

Principle of PEGDA/DNA Hybrid Hydrogel
The principle for the design of the PEGDA/DNA hybrid
hydrogel was to prepare a hydrogel that not only can efficiently
express the protein of interests in a cell-free system but
also can be easily recovered from the reaction solution in a
batch reaction mode or can serve as a long-term template
in a continuous reaction mode. A schematic illustration of
the preparation process and the structure model of the
PEGDA/DNA hybrid hydrogel is shown in Figure 1. First,
to prepare the hybrid hydrogel DNA component, which
contained the gene template for protein expression, a pair
of 5′-acrydite modified oligonucleotide primers was used to
PCR amplify linear DNA from a plasmid (Figure S1). The
amplified DNA contains acrydite groups on its both ends
and includes all the necessary transcription elements for
protein expression in vivo, such as a promoter, a ribosome
binding site, the gene of interest (sfgfp for latter optimization),
and a translation terminator. Then, the acrydite modified
DNA was mixed with PEGDA. The acrydite group on DNA
and the acrylate group on PEGDA were cross-linked and
polymerized under the free radical induced addition reaction,
when the radical initiator ammonium persulfate (APS) and
catalyst tetramethylethylenediamine (TEMED) were added. The
resultant hydrogel can be regarded as a PEGDA/DNA hybrid
network structure where linear DNA immobilized on the gel
matrix. The hydrogel was then submerged in a CFPS system
containing cell extract, energy, substrates, salts, and other
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FIGURE 1 | The schematic illustration of the preparation of PEGDA/DNA hydrogel and its use for cell-free protein production.

cofactors needed for protein synthesis to facilitate protein
expression in a cell-free manner.

Optimization of PEGDA/DNA Hybrid

Hydrogel for CFPS
As a free radical induced reaction product, the hybrid
gel mechanical property and functionality were correlated
with the reaction parameters. Different reaction parameters
resulted diverse mechanical properties and performances of
hybrid hydrogels in CFPS. We investigated and optimized the
parameters governing protein production that were specific
to PEGDA/DNA hybrid hydrogels. These parameters included
the concentration of PEGDA, the concentration of APS,
reaction gelation time and the amount of DNA in the
gel scaffolding.

We first optimized the PEGDA concentration of the hybrid
hydrogel with fixed DNA amount at 100 ng for 2 µL hybrid
hydrogel in each CFPS reaction. The protein expression
results demonstrated that, with the PEGDA concentration
ranging from 0.5 to 15%, PEGDA/DNA hybrid hydrogels
exhibited overall higher efficiency and better yield under

most of PEGDA concentrations compared to the solution
phased reactions with linear DNA template (Figure 2A).
However, the protein yield increased dramatically when
the PEGDA concentration increased from 0.5 to 2% and
decreased significantly when the PEGDA concentration
decreased from 2 to 5%. Two percentage of PEGDA in
hybrid hydrogel exhibited most efficient protein production
and the protein yield was 270µg/mL and represented 9.5-
fold enhancement over the solution phased reaction. The
increase of protein expression at lower PEGDA concentration
can be explained by the improved gene stability, high local
concentration and fast turnover rate of enzymes in gel
format CFPS reactions (Park et al., 2009b; Yang et al.,
2013; Guo et al., 2019). While the decrease of protein
expression with higher PEGDA concentration could be
possibly due to the small pore size of the gel caused by high
density of PEGDA. Too small pore size hindered enzymes
interacted with the gene inside the gel, thus stopped the
gene transcription.

To investigate the effect of APS concentration to the
performance of the hybrid hydrogel in CFPS, we fixed the
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PEGDA and DNA concentration of the gel (2% and 100
ng in 2 µL gel) and varied the APS concentration used in
the preparation of hybrid hydrogel from 0 to 2%. As shown
in Figure 2B, the expression of sfGFP was highest at 0.1%
and decreased dramatically when the APS concentration more
than 0.2%. APS functioned as an initiator to generate free
radicals which leads to the crosslinking reaction in the gelling
system. The higher the concentration of APS, the shorter
time required for the gelation and the higher density of
cross-linking. At lower APS concentration, the performance
of the gel was improved because of the same reason of
improved gene stability, high local concentration and fast
enzyme turnover rate as at low PEGDA concentration. The
decrease of protein expression with higher APS concentration
was possibly due to the damage of DNA during gel formation
as higher APS concentration provided more free radical
which was a common factor causing damage to DNA
molecules, resulting that the template could not be transcribed
and translated, and the fluorescent protein could not be
further expressed.

We noticed that gelation time could affect the gel formation
and eventually affect hydrogel functionality in CFPS. Thus,
we further optimized the gelation time effect to the protein
production of CFPS with hybrid hydrogels formed under

different gelling times. At fixed PEGDA, APS and DNA
concentration (2%, 0.1%, and 100 ng in 2 µL gel), indeed, the
protein production yield increased with prolonged gelation time
at the first hour and became stable when the gelation time was
more than 2 h (Figure 2C).

The above results demonstrated that the PEGDA/DNA hybrid
hydrogel could efficiently enhance the protein production in
CFPS. To further optimize the protein production yield with
PEGDA/DNA hybrid hydrogel, we explored the gene amount
effect by varying the DNA amount in the hydrogel while
keeping the concentration of PEGDA, APS and gelation time
constant (2%, 0.1%, and 3 h). Compared to the solution phased
CFPS reaction, the hydrogel system constantly enhanced protein
expression in all tested DNA amounts and the protein expression
reached plateau with 300 ng of DNA in 2 µL gel (equal
to a concentration of 15 ng/µL of solution phased CFPS
reaction) (Figure 2D). In particular, 300 ng DNA produced
691 ng/µL sfGFP protein representing 22.7-fold enhancement
over the solution phased reaction. The protein production
yield was slightly decreased when the DNA amount more
than 500 ng. This could be attribute to the crowding effect
which too crowd molecule environment hindered the diffusion
and shuttling of enzymes in gel format of CFPS reaction
(Guo et al., 2019).

FIGURE 2 | Functional sfGFP expression from PEGDA/DNA hybrid hydrogel phased CFPS with different parameters. (A) Effect of PEGDA concentration on

fluorescent protein expression. (B) Effect of APS concentration on fluorescent protein expression. (C) Effect of gelation time on fluorescent protein expression. (D)

Effect of DNA amount in gel on fluorescent protein expression.
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Characterization of Functional

PEGDA/DNA Hybrid Hydrogel
From the above results, we have seen that PEGDA/DNA hybrid
hydrogel can produce protein with higher efficiency and yield
compared with solution phased CFPS. To understand the
mechanism of the improvements, we decided to further study the
characteristics of functional hybrid hydrogels with the PEGDA
concentrations of 2% and 5% as they showed significant protein
production improvements in CFPS reactions.

Scanning microscopy images were used to reflect the three-
dimensional network structure of hydrogels with/without DNA
and different PEGDA concentrations. Figure 3 showed that with
the incorporation of DNA to their gel networks, both 2 and
5% hydrogel become more porous than the gel with PEGDA
only. In addition, hybrid hydrogels with 2% of PEGDA were
more uniform than that with 5%, which indicated lower PEGDA
concentration led to a more homogeneous network. Besides that,
the pore size of 2% hydrogel was bigger than that of 5%. These
results could partially explain the reason that the hybrid hydrogel
with 2% of PEGDA showed a better performance in protein
production than 5%. Hydrogel with 5% of PEGDA had a denser
gel structure which might hinder the diffusion and shuttling
of enzymes, substrates and reaction intermediates inside of the
gel when doing CFPS and thus lowered the protein production
efficiency. The photographs of patterned PEGDA/DNA hybrid
hydrogel with 2% of PEGDA were shown in Figure 4A. The gel
was stained with DNA-specific dye GelRed and the fluorescent
image indicated the incorporation of DNA within the hydrogel.

The swelling of a cross-linked polymer by solvent is often
used to assess cross-linking density (Oh et al., 1998). Swelling
tests demonstrated that 5% hydrogel had a greater cross-linking
density. With the extension of immersion time in CFPS reaction
buffer, the swelling rate of two hybrid hydrogel increased sharply

and 2% hydrogel swelled approximate 800%, while 5% hydrogels
swelled approximate 600%. The biggest SR of 5% hydrogel was
smaller than that of 2% (Figure 4B). The lower PEGDA content,
the smaller the cross-linking density, and the greater swelling rate
of the hydrogel. The addition of DNA to the gel networks did not
change the swelling properties of the hydrogels.

Cross-linking density determines the mechanical property
of the hydrogel (Hong et al., 2015). Low cross-linking density
often results a soft gel with more elasticity, while high cross-

linking density leads to a tough gel with less elasticity. By
changing the concentration of PEGDA, we obtained a series

of hybrid hydrogels with different stiffness (data not shown).
However, hydrogels for CFPS should neither too soft which

could be smashed by the shearing force during CFPS reaction
nor too tough and dense which have already been proved by

above results of lower protein production efficiency. In order
to better understand the physical characteristics of the hybrid

hydrogels, we further investigated the rheological properties of
the hydrogels as they can reflect molecular motions in polymer

sensitively (Li et al., 2017). The storage moduli G’ and loss
moduli G” of 2 and 5% hydrogels as a function of angular
frequency are detected by frequency sweep measurements on a
rheometer. The results showed that in either 2 or 5% hydrogels
with or without DNA, the storage moduli G’ of all hydrogels
were obviously dependent on frequency and slightly increased
with the augment of frequency (Figures 4C,D). The storage
modulus in the low frequency region responding to frequency
reflected an entanglement gel network or other physical networks
(Rubinstein and Colby, 2003). On the other hand, the loss
modulus G” of the hydrogels were also dependent on frequency.
Loss modulus represents the energy dissipation capacity during
deformation and the dependence of G” on frequency indicated
that our hydrogels were viscoelastic rather than elastic. Moreover,

FIGURE 3 | Scanning microscopy images of hydrogel with/without DNA and different concentration of PEGDA.
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FIGURE 4 | Hybrid hydrogel, swelling and rheology characterizations. (A) Images of different patterned hybrid hydrogel with 2% of PEGDA. The scale bar is 1 cm. The

right image shows fluorescent gel stained with GelRed. (B) Swelling rate of 2 and 5% of hybrid hydrogel in CFPS reaction buffer. (C,D) Rheological characterization of

2% and 5% hydrogels.

the dependence degree of G’ was close to 0 andG’ was higher than
G” indicated that chemical cross-linking still dominated though
physical entanglement constituted part of the gel network. The
addition of DNA to 2% hydrogel did not change the rheological
properties of the hydrogel too much compared to that to 5%.

Transcription and Expression Kinetics of

Hybrid Hydrogel Phased CFPS
The characterization study of functional hybrid hydrogels
showed evidences of their intrinsic properties were conducive
to facilitate protein expression. We next employed molecular
beacon and fluorescent protein sfGFP to study the kinetics
of hydrogel phased cell-free gene transcription and protein
expression. The mRNA of a non-fluorescent protein Bikunin
was transcribe from the hybrid hydrogel with a 4-time repeat
molecular beacon target to monitor the transcription kinetics.
Bikunin is a serine protease inhibitor found in the blood serum
and urine of humans and other animals. It is also known as
urinary trypsin inhibitor (UTI) which is a pharmaceutical protein
for the treatment of acute pancreatitis and other diseases (Pugia
and Lott, 2005). The main source of pharmaceutical Bikunin is
human urine and the recombinant protein is hard to be expressed
in living cells with traditional protein expression method. The
mRNA yield of UTI were measured in real-time by plate reader

with the addition of a molecular beacon probe, which was a
hairpin-shaped oligonucleotide probe (Guo et al., 2019). The
fluorophore and quencher modified beacon probe was linearized
by hybridizing to the mRNA sequence of UTI and then led a
fluorescent signal. Protein expression kinetics was conducted by
measuring the fluorescent signal of sfGFP instead of molecular
beacon in a similar approach.

The transcription kinetic curves showed, at the same amount
of gene template, the transcription of mRNA from hybrid
hydrogels were always higher than that from solution phased
linear DNA (Figure 5A). This indicated that the up-regulation
of protein expression with PEGDA/DNA hybrid hydrogel was
due to the enhancement of mRNA transcription and spatial
localization of gene template can accelerate the transcription
speed and increase the mRNA yield. Hydrogel with 2% PEGDA
had an even higher mRNA transcription level than hydrogel with
5%. This was probably due to the high cross-linking density of 5%
hydrogel caused steric hindrance for RNA polymerase and other
transcription factors. Similar results were observed for sfGFP
expression kinetics (Figure 5B). But to our surprise, solution
phased reaction showed stronger expression at the initial stage
of the experiment which indicated that the translation efficiency
of solution phased reaction was higher than that of hydrogel
phased reactions. This was reasonable because that translation
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FIGURE 5 | Transcription and expression kinetics of CFPS reactions. (A) UTI transcription kinetics of hybrid hydrogels and solution phased CFPS reactions. (B) sfGFP

expression kinetics of hybrid hydrogels and solution phased CFPS reactions.

FIGURE 6 | Reuse of PEGDA/DNA hybrid hydrogel.

machinery and substrates were homogenously distributed over
the entire reaction environment. To accomplish the translation
process, either the mRNA needed to diffuse out of the hydrogel
or the translation machinery and substrates required to shuttle
and diffused into the hydrogel in the gel phased reaction. More
importantly, proteins expressed in hydrogel phased CFPS were
totally soluble and functional (Figure S2).

Reuse of PEGDA/DNA Hybrid Hydrogel for

CFPS
Traditional CFPS utilize solution phased DNA as protein
expression template. One of the problems using solution phased
DNA for CFPS is that the template DNA are more likely to be
lost due to degradation and adhesion on the reaction vessel wall,
resulting in low protein production yield and large amounts of
gene demand for numerous batches of reactions. On the other

hand, hydrogels with the mount of gene templates inside the gel
matrix appeared to be protected against degradation due to the
characteristic structures and can be easily recovered by a simple
centrifugation from lysates after expression for reuse. To confirm
that, we tested our PEGDA/DNA hybrid hydrogel as a recyclable
gene carrier for repeated protein production with CFPS. As
expected, the hybrid hydrogel can successfully be reused up to
10 times without significant loss on protein production yields
(Figure 6).

CONCLUSION

In conclusion, we presented a strategy for constructing a
hybrid hydrogel integrating cross-linking chemicals, PEGDA in
our case, and DNA via free radical induced polymerization.
The PEGDA/DNA hybrid hydrogel can enhance protein
expression of CFPS system and serve as recyclable gene
carrier for repeated protein production. We believed that, with
further exploitation, this PEGDA/DNA hybrid hydrogel can be
developed as a platform and applied to large scale cell-free
protein production in either batch or continuous mode. The
development of PEGDA/DNA hybrid hydrogel paved a path
toward more powerful, scalable protein production and cell-free
synthetic biology.
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Meso-scale models for hydrogels are crucial to bridge the conformation change of

polymer chains in micro-scale to the bulk deformation of hydrogel in macro-scale. In

this study, we construct coarse-grain bead-spring models for polyacrylamide (PAAm)

hydrogel and investigate the large deformation and fracture behavior by using Dissipative

Particle Dynamics (DPD) to simulate the crosslinking process. The crosslinking

simulations show that sufficiently large diffusion length of polymer beads is necessary

for the formation of effective polymer. The constructed models show the reproducible

realistic structure of PAAm hydrogel network, predict the reasonable crosslinking limit of

water content and prove to be sufficiently large for statistical averaging. Incompressible

uniaxial tension tests are performed in three different loading rates. From the nominal

stress-stretch curves, it demonstrated that both the hyperelasticity and the viscoelasticity

in our PAAm hydrogel models are reflected. The scattered large deformation behaviors of

three PAAm hydrogel models with the same water content indicate that the mesoscale

conformation of polymer network dominates the mechanical behavior in large stretch.

This is because the effective chains with different initial length ratio stretch to straight

at different time. We further propose a stretch criterion to measure the fracture stretch

of PAAm hydrogel using the fracture stretch of C-C bonds. Using the stretch criterion,

specific upper and lower limits of the fracture stretch are given for each PAAm hydrogel

model. These ranges of fracture stretch agree quite well with experimental results. The

study shows that our coarse-grain PAAm hydrogel models can be applied to numerous

single network hydrogel systems.

Keywords: polyacrylamide hydrogel, dissipative particle dynamics, large deformation behavior, effective network,

fracture criterion

INTRODUCTION

A hydrogel is a network of polymer chains swollen in water. Synthetic hydrogels have developed
rapidly since the landmark research by Wichterle and Lím (1960). Due to the large water content,
hydrogels can be bio-compatible, highly compliant and exhibit low friction, making them widely
used for personal care and medical applications, such as superabsorbent diapers (Masuda, 1994),
contact lenses (Caló and Khutoryanskiy, 2015), drug delivery (Li and Mooney, 2016; Liu et al.,
2017), tissue engineering (Lee and Mooney, 2001; Haque et al., 2012; Lienemann et al., 2012; Xu
et al., 2018), and wound dressing (Li et al., 2017). However, the large water content also makes
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hydrogels have very low resistance to deformation and fracture
(Zheng et al., 2018; Xu and Liu, 2019) and hard to be used as
load-bearing structures. Since Gong’s (Gong et al., 2003) work,
diverse efforts have been made to design tough hydrogels by
building dissipations into the networks (Zhao, 2014). Examples
include double-network hydrogels (Gong et al., 2003; Henderson
et al., 2010), poly(vinyl alcohol) hydrogels with crystalline
domains (Peppas and Merrill, 1976; Stauffer and Peppast, 1992),
hydrogels with hybrid physical and chemical crosslinkers (Kong
et al., 2003; Shull, 2012; Sun et al., 2012), and hydrogels with
transformable domains (Brown et al., 2009). It is well-known
that the hyper-elastic nature of hydrogel originates from its
crosslinking polymer network (Liu Z. et al., 2015). Yet the
crosslinking polymer network in hydrogels still stays in the realm
of hypothesis since the dynamic experimental observations and
determinations are inconvenient at such a micro level. In order
to reveal the true nature of the crosslinking polymer network
during the deformation and fracture of hydrogels, we have to
bring ourselves down to the mesoscale or even molecular scale,
where molecular dynamics (MD) simulations and Monte-Carlo
simulations could be an effective approach.

Researchers have proposed all-atom models (Tönsing
and Oldiges, 2001; Oldiges and Tönsing, 2002; Wu et al.,
2009; Mathesan et al., 2016; Xu et al., 2016; Hou et al.,
2019) to investigate the structural and physical properties
of hydrogels, such as the hydrogen-bond configuration and
thermal conductivity. These models usually contain only several
short polymer chains whose lengths are in the same scale of
the persistent length of polymer chains. This makes them
hard to depict the compliant polymer network in hydrogels.
Besides, most researches focus on the equilibrium properties of
hydrogels without bearing loads. An et al. (2019) investigated
the mechanical properties of hydrogels via MD simulations, but
the strain is small. Jang et al. (2007) obtained the stress-strain
curve under large strain, but the stress level is several orders of
magnitude larger (as well as An et al.’s work) than real situations.
Although many general force fields, including consistent valence
force field (CVFF) (Dauber-Osguthorpe et al., 1988), optimized
potentials for liquid simulations (OPLS) force field (Kaminski
et al., 1994), GROMACS force field (Berendsen et al., 1995),
DREIDING force field (Mayo et al., 1990), etc., have been
proposed and can be applied to the polymer-solvent system, the
sophisticated atomic models with too many structural details
hinders the extension of length scale and time scale. Since the
large deformation behavior of hydrogels originates from the
conformation change of the polymer network in mesoscale, a
coarse-grain model of hydrogels balancing the structural features
and computational time is in great need.

Dissipative particle dynamics (DPD) (Hoogerbrugge and
Koelman, 1992; Koelman and Hoogerbrugge, 1993) is a
mesoscale particle method that bridges the gap between
macroscopic and microscopic simulations. Combining with
coarse-grain methods, it is very suitable for simulating gaseous
or fluid systems. DPD has been successfully applied to diverse
areas of interests, especially to simulate the equilibrium and
dynamical properties of polymers in solution as well as polymer
gels (Spenley, 2000; Maiti and McGrother, 2004; Symeonidis

et al., 2005; Zhao, 2014). When applying DPD, or other coarse
grained MD simulations to study polymers or polymer gels, a
physical crosslinking process is crucial to construct real polymer
network. However, many previous works (Wu et al., 2009; Nawaz
and Carbone, 2014; Mathesan et al., 2016; Jin et al., 2018;
Hou et al., 2019; Xing et al., 2019) construct polymer models
based on hypothetical cross-linked network structures which
inevitably loses some structural components, such as branch
chains, polymer loops, unreacted monomers, short segments
et al. For instance, Xing et al. (2019) constructed 3D cross-linked
networks for DNA hydrogels, while the chain length between
cross-linking points was set to be constant. Jin et al. (2018)
built randomly cross-linked polymer networks with the real
cross-linking densities, while all the polymer chains are forced
to crosslink.

In this study, the polyacrylamide hydrogel is taken to be
the representative material. We build the bead-spring models
of PAAm hydrogel by using DPD to simulate the crosslinking
process from the mixture of monomers, cross-linkers and water.
Details on the model construction are discussed in section
Materials and Methods. The large deformation and fracture
behavior of our PAAm hydrogel models are discussed in
section Results.

MATERIALS AND METHODS

In this section, a series of bead-springmodels for PAAmhydrogel
are constructed and tested using DPD simulations. In addition, a
full-atom model for PAAm chain is also constructed and tested
using classical MD simulations to provide the fracture criterion
of the polymer chains in DPD simulations. All these simulations
are performed in large-scale atomic/molecular massive parallel
simulator (LAMMPS) (Plimpton, 1995).

Governing Equation of DPD Simulations
DPD method shares the common features of coarse-grained
MD as the larger length scale and time scale by predigesting
the exquisite atomic interactive force in classical MD. A softer
interactive force between particles is adopted in DPD simulations
and divided into three parts as (Groot and Warren, 1997)

⇀
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⇀
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⇀
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(
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Rc
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where rij is distance between two beads. The FCij is the

conservative force. It acts as the repulsive force between two
particles within the cutoff Rc, which is linearly related to the
particle distance with the repulsive coefficient aij. The F

D
ij is the

dissipative force which always points to the opposite direction of

the relative velocity
⇀
v ij along the center line of two particles. It
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represents the effect of viscosity, depending on a coefficient γ and
the distance between particles. The FRij is the random force. It also

depends on a coefficient σ =

√

2kTγ and the distance between
two particles as well as a random variable α with the standard
normal distribution. Since the dissipative force and random force
act as the energy sink and source, the balance between two forces
as a thermostat can be ensured by σ = 3, following the Groot’s
(Groot and Warren, 1997; Groot and Rabone, 2001) work.

Besides, it is convenient to normalize the mass of particles, the
energy and the length of interactive cutoff as non-dimensional
m = kT = Rc = 1, where k is the Boltzmann constant and
T the temperature. Thus, the Newton’s second law governing

the particles motion is expressed by
d2r⇀i
dt2

=
⇀

F i. Meanwhile, the
unit temperature T = 1 in normalized DPD refers to absolute
temperature 300K. The time unit in DPD simulations is also
normalized as τ =

√

mR2c/kT = 1.
An additional bonding force acting as the bonds between

polymer beads is described as

⇀

F
B

i =

∑

j

C(rij − r0)r̂ij

where C is the bond coefficient. A soft bond coefficient 4.0
(Rao et al., 2014; Wei et al., 2017) is used in the crosslinking
simulations, whileC = 116, 000 is adopted in tension simulations
to match the real ratio of C-C bond strength to the heat
fluctuation. r0 is the equilibrium bond length between two
polymer beads. We take the mean distance between two beads
r0 = Rc = 1.

Coarse-Graining
Three types of molecules are coarse-grained in our study, i.e.,
acrylamide(AAm), methylenebisacrylamide (MBAA) and water
as shown in Figure 1. Since the mass of all particles in DPD
simulations are considered to be the same, one AAm bead refers
to two AAm monomers, one MBAA bead refers to one MBAA
molecules, and one water bead refers to eight water molecules, to
make sure their relative molecular weights are close. The validity
of a coarse-grained model is determined by the interactive
parameters in force field. According to Groot andWarren (1997)
and LiuM. B. et al. (2015), the repulsive coefficient a for the same
type of beads can be approximated by

aii =
75kT

ρ

where ρ is the number of beads in the volume of R3c . Previous
researchers chose ρ = 3 to get a better match on the
compressibility of the model fluid (Liu M. B. et al., 2015).
However, this high number density of beads leads to pure
repulsion, because the mean distance between beads is much
smaller than the repulsion cutoff Rc in conservative force FC. It
makes the model solution under very high hydrostatic pressure
when the number density is higher than

√

2 for the closest
packing beads. Here we choose ρ =

√

2 to simulate the
crosslinking process only affected by the viscosity and heat

FIGURE 1 | Coarse-grain scale of the polyacrylamide hydrogel model (One

AAm bead refers to two connected AAm monomers. One water bead refers to

eight water molecules. One MBAA bead refers to one MBAA molecule).

fluctuations, where the repulsion force between closest packing
beads just vanishes. For different types of beads, Groot (Groot
andWarren, 1997; Groot and Rabone, 2001) suggest the repulsive
coefficient aij is linearly related to the Flory-Huggins parameters
χij with aij = aii + 3.27kTχij, where the χij characterizes
the mixture energy needed to form an equilibrium interaction
between two clusters. We assume the monomer beads and
crosslinker beads are the same type of beads denoted as polymer
beads, and we take the repulsive coefficient χij = 0.57 between
polymer beads with water beads (Wei et al., 2017).

The real time scale of a DPD time unit can be estimated by
comparing the diffusivity of water beads with the real diffusivity
of water as follows (Groot and Rabone, 2001)

τ =

NmDsimuR
2
cr

Dwater
,

where the Nm is the coarse-grained scale representing the water
molecule number that a water bead is, Dwater the real diffusivity
of water 2.43 × 10−9 m2/s, Rcr the real length of the DPD cutoff
which can be obtained by the real volume of one water beads as
6.98 Å. The simulated diffusivity of water Dsimu can be obtained
from three independent simulations and calculated by Dsimu =

〈r2〉
6t = 0.212±0.002 as shown in Figure 2, where

〈

r2
〉

is the mean
square displacement of all water beads. Therefore, the real time
for DPD unit time is about 340.0 ps.

Modeling and Testing
As mentioned in introduction, most current models of polymer
network are constructed based on the theoretical hypothesis,
such as full crosslinking, crosslinking with certain orientation or
certain degree of polymerization etc. However, the real polymer
networks in PAAm hydrogels are mostly imperfect. In order
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FIGURE 2 | Self-diffusion of water beads.

to reveal the real conformation of the polymer network, we
simulate the crosslinking process of the precursor solution. The
crosslinking process of PAAmhydrogel in experiments often lasts
hours because it is a growth of polymer chains guided by initiator
(Sun and Marshall, 1981), such as tetramethylethylenediamine
(TEMED) (Bai et al., 2017; Tang et al., 2017; Zhang et al., 2018;
Lei et al., 2019). Although the time scale of DPD simulation
is increased by coarse-grain method, it still cannot affords the
full simulation of real crosslinking process to capture both
the growth of polymer chains and the diffusion of monomers
and crosslinkers in precursor solution. However, when the
amount of initiator is close to the magnitude of precursor, the
growth of polymer chains starts from everywhere in precursor
solution, so that it can be simply regarded as the simultaneously
bonding process as long as reactant molecules are close enough.
Moreover, if we consider unreacted molecules to be identical in
the precursor solution, it would not make much difference on
the crosslinking polymer network when the diffusion length of
unreacted molecules is much larger than their mean distance
within our simulation time.

Based on the assumptions above, we conduct the following
crosslinking simulations. Random mixture models with
water content 80% are built and crosslinked under different
temperatures. Temperature in DPD simulations determines the
diffusion length of beads. Low temperature with insufficient
diffusion length leads to localized polymerization in which it’s
hard to form an effective polymer network throughout hydrogel.
In order to find the proper temperature for crosslinking
in DPD simulations, we choose six temperatures, i.e.,
T = 1, 3, 5, 7, 9, 11, to investigate the effect of diffusion
length on the crosslinking process. Meanwhile, the effect
of different water contents on the crosslinking process is
investigated by simulating the crosslinking process of random
mixture models with different water content 99, 98, 97, 96, and
95%. These high water contents are chosen to find the lowest
crosslinking threshold of precursor content.

All random mixture models are composed of 125,000 beads
with the certain precursor mass ratio AAm:MBAA = 1:0.002.

For example, models with water content 80% have 100,000
water beads, 24,954 AAm beads and 46 MBAA beads. The
simulation box size is (44.54Rc)

3. NVT ensemble is adopted
as the thermostat. Time step is set as 0.01 DPD time. The
mixture models are relaxed for 10,000 time steps first. Then the
crosslinking process is performed by creating bonds between
polymer beads every 10 time steps within 500,000 time steps,
when the distance between two polymer beads is smaller than
one DPD cutoff Rc. The crosslinkedmodels are then cooled down
to T = 1 within 100,000 time steps and relaxed for another
100,000 time steps. For each water content and temperature,
three independent models are generated for statistical averaging.
Figure 3A is one of the models and Figure 3B show its polymer
network without water beads, where blue beads are AAm beads,
red beads are MBAA beads and green beads are water beads.
All the following figures about the model structure are shown
without water beads for better view.

Polymer chains in all models are classified into different chain
types for structural analysis. Incompressible uniaxial tension tests
are simulated in NVT ensemble with T = 1 in three loading
rates 0.005, 0.001, and 0.0002 per DPD time unit. It should be
noted that the loading rates here are true strain rate for the
convenience of the implementation of incompressible uniaxial
tension in LAMMPS. Thus, the true strain rates in other two
directions are set to be half of the loading rate. Time step for
tension tests is set as 0.001 DPD time.

Fracture Criterion of Polyacrylamide Chain
The large deformation of PAAm hydrogel is dominated by the
polymer network conformation change in mesoscale, while the
fracture of polymer chains is determined by the bond break in
atomic scale. In order to obtain the fracture criterion of polymer
chains in PAAm hydrogel, we build a full-atom model for PAAm
chains with two connected AAm monomers as shown in the
inset in Figure 4. This model corresponds to one AAm bead
in our DPD simulations. Consistent valence force field (CVFF)
(Dauber-Osguthorpe et al., 1988) is adopted to characterize the
electrostatic forces, van der Waals interactions, bonds, bond
angles, dihedrals and impropers between atoms. Detailed force
field parameters can be found in Supplementary Material.
Tension is imposed along chain direction in NVT ensemble with
the loading rate 0.01/ps and temperature T = 300K. The time
step is set as 0.1 fs. The energy-strain curve in Figure 4 shows
the fracture of AAm chains occurs when the engineering strain
is 0.225. This strain is chosen to be the fracture criterion we use
to analyze the fracture properties of PAAm hydrogel models in
DPD simulations.

RESULTS

Model Validation
In order to find a proper temperature for crosslinking
simulations, six temperatures, i.e., T = 1, 3, 5, 7, 9, 11,
is used to control the diffusion length of precursor beads in
the crosslinking simulations. Figures 5A–C show part of the
PAAm hydrogel models after crosslinking under temperatures
T = 1, 5, 9, respectively. To analyze the generated complex
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FIGURE 3 | (A) The coarse-grain PAAm hydrogel model. (B) The coarse-grain PAAm hydrogel model without water beads (Blue beads are AAm beads. Red beads

are MBAA beads. Green beads are water beads).

FIGURE 4 | The energy-strain curve of the PAAm chains (The PAAm chain

model is composed of two AAm monomers. The fracture strain is 0.225).

structure of PAAm hydrogel models, polymer chains in all
models are classified into five types, i.e., effective network chains,
branch chains, isolated chains, crosslinking loops and isolated
loops, as the schematic diagram shown in Figure 5D. Effective
network chains form the crosslinking network throughout the
hydrogel model. Branch chains attach to the effective network.
It may be a chain with one free end or a loop. Isolated
chains, crosslinking loops and isolated loops have no covalent
bonds with effective network. The number and length of
each type of chains are counted and averaged between the
same groups of models. The crosslinking rate can be obtained
by Nbond/ (NAAm + 2NMBAA), where Nbond is the total bond
number, NAAm the number of AAm beads, NMBAA the MBAA
beads, and NAAm + 2NMBAA the maximum bonds between
these monomers and crosslinkers. The final crosslinking rate

for all models is above 99.97%. This indicates the crosslinking
process in every model is sufficient. Chain numbers and
number fractions for different type of chains are counted for
all models. The chain lengths for different type of chains are
counted as the bond number in current chain. The chain length
fraction is calculated by the current chain length over total
chain length.

The diffusion length of polymer beads is the key to the
formation of polymer network. Figure 6A shows the diffusion
length per DPD time unit in different temperatures. When
T = 1, the diffusion length per DPD time unit is 1.13Rc.
This is even lower than the mean distance between polymer
beads 1.52Rc marked as red dashed line in Figure 6A. It makes
the precursor solution fail to form polymer network as shown
in Figure 5A. Polymer beads crosslinking with neighbors form
large amount of isolated loops with short length, corresponding
to the largest chain number as shown in Figure 6B and the
highest length fraction of isolated loops. With the increase of
temperature from 3 to 11, the diffusion length per DPD time
unit is much larger than the mean distance of polymer beads
as shown in Figure 6A. Polymer network forms in crosslinking
process. Both the number fraction and the length fraction of
effective network chains shown in Figures 6B, 7A rise up with
the temperature increasing. The length fraction of effective
network chains reach to the top when T = 9. Meanwhile,
the total chain number and the length fraction of effective
chains and isolated loops tends to converge when temperature
increases. This convinces us that our crosslinking simulations are
sufficient in high temperatures and our PAAm hydrogel models
are reliable. We also note that in Figure 7A the length fraction
of isolated loops converges to about 7% with the temperature
increasing. It indicates that the larger diffusion length, whichmay
results from higher temperature, longer gelation time or more
sufficient stirring in experiments, cannot eliminate the formation
of isolated loops. The success of forming polymer network proves

Frontiers in Chemistry | www.frontiersin.org 5 February 2020 | Volume 8 | Article 11595

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Lei et al. Polyacrylamide Hydrogel Dissipative Particle Dynamics

FIGURE 5 | (A) PAAm hydrogel models crosslinking when T = 1. (B) PAAm hydrogel models crosslinking when T = 5. (C) PAAm hydrogel models crosslinking when

T = 9. (D) Schematic diagram of the different types of chains in PAAm hydrogel (Cyan chains are effective network chains. Blue chains are branch chains. Gray chains

are isolated chains. Yellow chains are crosslinking loops. Magenta chains are isolated loops).

FIGURE 6 | (A) The diffusion length of polymer beads in different temperatures. (B) The total chain number and the number fraction of effective chains in PAAm

hydrogel models crosslinking under different temperatures.

that our crosslinking simulation is a practical way to construct
PAAm hydrogel model.

Further validation of our crosslinking method are conducted
by predicting the crosslinking limit of the polymer content.
Random mixture models with five water content 99, 98, 97, 96,
and 95% are crosslinking with the temperature T = 9. Figure 7B
shows the effective chain ratio of models with different water

contents. It can be seen that models with water content 99% fail
to form polymer network. Meanwhile, one of the three models
with water content 97% also fails to form polymer network
as well as one of the three models with water content 98%.
These simulations give the crosslinking limit of water content
97%, which is very close to the swelling limit of many PAAm
hydrogels in experiments (Zhang et al., 2018). The prediction
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FIGURE 7 | (A) The length fraction of effective network chains and isolated loops in PAAm hydrogel models crosslinking under different temperature. (B) The length

fraction of effective network chains in PAAm hydrogel models crosslinking under different water contents.

of crosslinking limit also proves the validity of our crosslinking
simulations and PAAm hydrogel models.

We choose three PAAm hydrogel models with water content
80% crosslinking at T = 9 for further discussion. Figure 8A
shows the number fraction and the length fraction of all types
of chains in these models. Error bars for both the number
fraction and length fraction indicate that our crosslinking process
is reproducible. We denote all chains except effective network
chains as ineffective chains. Only 7.1 ± 0.9% of polymer beads
form ineffective chains, including branch chains 0.9 ± 0.4%
and isolated loops 6.2 ± 0.6%. Because the mean contour
length of ineffective chains 8.8 ± 0.7r0 is much lower than the
effective network chains 288.7 ± 10.5r0, the length fraction of
effective chains is 92.9 ± 0.9% though the number fraction is
28.5 ± 1.7%. Such high mean contour length leads to compliant
effective network with the chain conformation more winding
than other full-atommodels (Tönsing and Oldiges, 2001; Oldiges
and Tönsing, 2002; Wu et al., 2009; Mathesan et al., 2016;
Xu et al., 2016; An et al., 2019; Hou et al., 2019) and coarse-
grain models (Nawaz and Carbone, 2014; Wei et al., 2017;
Xing et al., 2019) of PAAm hydrogels. This mean contour
length is very close to that estimated by NAAm : 2NMBAA =271
from precursor ratio. The mean end-to-end distance of effective
network chains is 47.0 ± 3.6r0. The distributions of the initial
length ratio which is the end-to-end distance over the contour
length of each effective network chain in three models are
shown in Figure 8B. It can be seen that the initial length
ratio of effective chains shows nearly a Maxwell distribution.
In order to validate the statistical properties of our models,
we also present the distribution of two orientation angles (θ ,ϕ
in Figure 9A) and the ratio of the end-to-end distance to the
contour length of all effective network chains in Figure 9B.
The distribution of the chain orientation angle θ is almost
uniform and the distribution of the chain orientation angle ϕ

is almost sine-shaped. It proves that our model is sufficiently

large to bridge the molecular and continuum properties of
PAAm hydrogel.

Water beads are uniformly distributed around polymer
chains. Water molecules in hydrogels are trapped by hydrophilic
functional groups in polymer network via hydrogen bonds. The
coverage of these hydrogen bonds is only within several water
molecules away, meaning that the so-called bound water in
hydrogels should be distributed uniformly surrounding polymer
network and other chains. The hydrophilia of the polymer
beads is embodied in our simulation as the relatively small
Flory-Huggins parameter χ . It can be seen that our PAAm
hydrogel models give reasonable crosslinking threshold and
show sufficiently realistic and large polymer network in PAAm
hydrogel. It convinces us to use these models to investigate the
structural and mechanical properties of PAAm hydrogel.

Large Deformation Behavior
In this section, Uniaxial tension tests with constant volume with
λ1 = λ, λ2 = λ3 = λ−

1
2 , where λi is the stretch in i-

th direction, are performed in DPD simulations to investigate
the large deformation behavior of PAAm hydrogels with water
content 80%. The nominal stress of the incompressible uniaxial
tension test is obtained from

P11 =
2σ 1 − σ2 − σ3

2λ

where σi is the Virial stress in each direction.
Three loading rates, i.e., 0.005, 0.001, and 0.0002 per

DPD time unit, are imposed on PAAm hydrogel models.
Figure 10A shows the nominal stress-stretch curves of three
PAAm hydrogel models under three loading rates. It shows
that our PAAm hydrogel models capture both the viscoelastic
and the hyperelastic behaviors. All three models shows the
loading rate-dependent behavior. This is because the viscosity
of all beads is embedded in DPD force field FD. Higher
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FIGURE 8 | (A) The length fraction and number fraction of different types of chains in PAAm hydrogel models crosslinking under T = 9. (B) The distribution of the

initial length ratio of the effective network chains in three PAAm hydrogel models crosslinking under T = 9.

FIGURE 9 | (A) The orientation angles (θ ,ϕ) of a polymer chain. (B) The probability distribution of two orientation angles of all effective network chains.

loading rate causes more intensive rebound of bonded beads,
leading to the higher dissipative force. Compared to previous
experimental results (Lei et al., 2019; Yang et al., 2019), the
loading rate-dependent behavior is much more significant since
the loading rates we adopt in our DPD simulations are far
larger than realistic ones used in experiments. Considering
the loading rate-dependent behavior and the computational
resources, we choose loading rate 0.001 per DPD time unit for
further discussion. The hyperelasticity is shown in the initial
part of the stress-stretch curve during uniaxial tension. The
hardening stage can also be found where the stretch is large,
which is cause by the stretch limit of polymer chains. We
also present the bond stretch in effective chains during the
uniaxial tension tests as the solid lines shown in Figure 10B.

It shows that significant bond stretch occurs in the hardening
stage where effective chains are stretched to almost straight.
The trend of the nominal stress-stretch curves agrees well with
experimental results (Bai et al., 2017; Zhang et al., 2018; Yang
et al., 2019). The scattered stretch limit where hardening stage
occurs in PAAm hydrogels with the same water content are
also found.

Although the number fraction and length fraction of each
type of chains in three PAAm hydrogel models only have
a <2% standard deviation, their mechanical behaviors in
Figure 10A show much differences, especially when the stretch
is large. This is not what the current theory of hydrogels can
predict. Therefore, we compare our simulation results with
current constitutive theory of polymers to reveal the underlying
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FIGURE 10 | (A) The nominal stress-stretch curves of three PAAm hydrogel models under uniaxial tension tests with three loading rates 0.005, 0.001, and 0.0002. (B)

Mean bond stretch vs. the stretch of PAAm hydrogel model curves (Solid lines are the mean bond stretch of PAAm hydrogel models vs. model stretch curves. Dashed

lines are the theoretical mean bond stretch vs. model stretch curves. Dots are the fracture point. Model 1, 2, and 3 are three independent PAAm hydrogel models with

the water content 80%. Data for Mode 1, 2, and 3 are colored as black, red, and blue).

mechanism of the large deformation behavior of PAAmhydrogel.
In current constitutive theory (Huang et al., 2020), two key
parts, i.e., the free energy of a single chain and the statistical
sum of the free energy of all chain, are crucial to bridge the
mesoscale chain conformation change to the bulk mechanical
response of hydrogels. Considering the polymer chains in our
DPD simulations are close to the so-call freely joint chains, the
Langevin chain model is adopted to characterize the free energy
of a single chain

Wchain = kTN

(

λcl0β + ln
β

sinhβ

)

, β = L
−1
(

λcl0
)

where kT is the thermodynamics energy unit, N the number
of Kuhn segments in current chain, λc the stretch of chain
with respect to the mean initial length ratio of current chain
l0 =

L0
Nbb0

, L0 the mean end-to-end distance of current chain,

Nbr0 the mean contour length with the mean bond number Nb

and the bond length r0. Since the inverse Langevin function
L
−1 is singular when λcl0 = 1, the Langevin model often

need additional modification (Mao et al., 2017). Li and Bouklas
(2020) proposed the stretching force of a polymer chain caused
by the conformation entropy change can also stretch bonds in
polymer chains. Thus, the modified chain stretch λc turns out
to be λc/λb, where λb is the mean stretch of bonds in effective
chains. Combining with the bond force FB in section Governing
Equation of DPD Simulations, this modification circumvents
the singularity of the inverse Langevin function by giving the
relationship of chain stretch λc to the mean bond stretch λb
as follows

λc =
λb

l0
L

(

N2
b

N

C

kT
λb (λb − 1)

)

In order to statistically sum up the free energy of all effective
chains, the mean stretch of all effective chains 〈λc〉 =

√

I1/3 and
mean number of Kuhn segments 〈N〉 are used to formulate the
total free energy of hydrogel model as follows

W = nkT 〈N〉

(

√

I1

3

l0

λb
β + ln

β

sinhβ

)

, β = L
−1

(

√

I1

3

l0

λb

)

where n is the effective chain density. I1 is the first invariant of the
deformation gradient of bulk hydrogel model with I1 = λ21+λ22+

λ23 = λ2 + 2λ−1, which connect the chain conformation change
in mesoscale to the bulk deformation in continuum. Thus, the
λb−λ relationship between mean bond stretch and the stretch of
PAAm hydrogel models can be obtained theoretically by solving
following equation

√

I1

3
=

λb

l0
L

(

N2
b

N

C

kT
λb (λb − 1)

)

Figure 10B compare the theoretically λb − λ relationship with
that measured in simulations. It is very clear that there are large
discrepancies between theoretical predictions and simulation
results. Parameter study for the λb − λ relation is performed to
find the reason for the large discrepancies. Figures 11A,B shows
the λb−λ relationship with the different bond strength parameter
C
kT

and different mean initial length ratio l0, respectively.
Combining Figures 10B, 11A, we can find that the simulation
results show a much softer mean bond stretching process during
uniaxial tension of PAAm hydrogel models than theoretical
predictions, although such a large bond strength parameter
C
kT

= 116,000 is used in both simulations and theory. From
lines in Figures 12A–C, we can find that the softer mean bond
stretch of the whole model is moderated by the unsynchronized
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FIGURE 11 | Parameter study of the λb − λ relationship. (A) The λb − λ relationship with different bond strengths. (B) The λb − λ relationship with different initial length

ratios.

stretch of different effective chains. Also, the flat stress-stretch
curves for hydrogel actually result from the superposition of the
unsynchronized stiff bond stretching behavior of large amount of
chains. In Figure 11B, we can find that the critical stretch where
significant bond stretch occurs depends on the initial length ratio.
The discrepancy of critical stretch between theory and simulation
is because of the use of mean initial length ratio. As shown in
Figure 8B, the initial length ratio of effective chains distributes
in a very wide range. Chains with high initial length ratio first
stretch to almost straight, so that using the lower mean initial
length ratio overestimates the critical stretch in Figure 11B.

The nominal stress-stretch curves and the λb − λ relation
indicates that current continuum constitutive theory for hydrogel
is only valid in small stretch, while the mechanical response
under large deformation near fracture needs detailed structural
models. The statistical averaging structural properties, such as
water content and mean chain length, smears out the wide
distribution of the possible conformation of effective chains,
while specific structural features are what dominate the large
deformation behavior of hydrogel.

Fracture Criterion
The randomness of the polymer network in hydrogel makes
it hard to give an accurate fracture criterion. The widely used
fracture toughness works poor as the fracture criterion of
hydrogels since it often counts the deformation energy far away
from the crack. As shown in the PAAm hydrogel models, the
stretch limit is the key property that determines the fracture of
a polymer chain. A stretch criterion is more general which can be
applied in different polymer network systems and more practical
for different loading conditions. In this section, we propose a
stretch criterion of the fracture of hydrogels.

The critical energy to the fracture of a polymer chains is equal
to the fracture energy of one C-C bond

Wcr =
C

2
r20
(

λcrb − 1
)2

where λcr
b
is the critical stretch when a C-C bond breaks. This

critical free energy corresponds to the critical mean stretch of all
bonds λ

cr
b in this chain with

Wcr =
NbC

2
r20

(

λ
cr
b − 1

)2

Thus, the fracture criterion for a single chain can be expressed as

λ
cr
b = 1+

λcr
b
− 1

√

Nb

Using the λ
cr
b =1.225 when Nb = 2 obtained in Figure 4, the

critical stretch of a C-C bond λcr
b

is 1.318. The critical mean
stretch of a C-C bond λcr

b
is then related to the first invariant

of the bulk deformation gradient by substituting the critical
mean stretch λ

cr
b into the λb − λ relation. As the dots shown in

Figure 10B, for three models with the Nb = 600.0, 558.6, 573.6,
the theoretical fracture stretch are 11.2, 11.1 and 9.8, and the
fracture stretch measured from simulations are 9.1, 8.8, and
7.4, respectively. There are much discrepancies between the
theoretical results and simulation results, mainly because the
equal-chain-length assumption in current constitutive theory
overestimates the mean chain stretch by 〈λc〉 =

√

I1/3.
Furthermore, the fracture stretch measured from simulations
using the mean bond stretch of all effective chains should be
the upper limit of the real fracture stretch. Considering the
unsynchronized stretch of different effective chains, 50% of
effective chains may have been broken when the mean bond
stretch of all effective chains reaches fracture stretch. This amount
of chain scission is enough for the macroscopic fracture of
hydrogel. On the other hand, we can get the lower limit of the
fracture stretch by analyzing the fracture stretch of every effective
chains. Blue dots in Figures 12A–C are the fracture stretch where
the first effective chain (as shown in Figure 12D) is about to
break, while red dots are fracture stretch obtained from mean
bond stretch of all effective chains. It gives limited ranges of the
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FIGURE 12 | (A) The mean bond stretch of every effective chains and the total mean bond stretch vs. stretch of Model 1. (B) The mean bond stretch of every effective

chains and the total mean bond stretch vs. stretch of Model 2. (C) The mean bond stretch of every effective chains and the total mean bond stretch vs. stretch of

Model 1 (Blue line is the first polymer chain stretched to fracture in each model. Red line is the total mean bond stretch vs. model stretch in each model. Black lines

are the mean bond stretch of the rest effective chains in each model). (D) The configuration of three models when model stretch is 3.7 (Cyan lines are effective chains.

Purple particles are MBAA beads. Red line is the first effective chain stretched to fracture in each model).

fracture stretch of our three PAAm hydrogel models as 5.6–9.1,
8.3–8.8, and 5.0–7.4, respectively. These ranges almost cover the
fracture stretch of PAAm hydrogels with the water content 78%
in previous experiments (Zhang et al., 2018) as 5.5, 8.6 and 6.1.

Our coarse-grain PAAm hydrogel models are the
representative models for numerous hydrogels since only
the repulsive coefficient a is adjustable for different hydrogel
system. Hydrogels share the same large deformation mechanism
with the conformation change of the complex polymer network,
so that the detailed mesoscale model is such a powerful tool to
bridge the molecular movement to bulk deformation.

CONCLUSIONS

In this study, we propose a method to construct the mesoscale
PAAm hydrogel models and investigate the large deformation

and fracture mechanism of PAAm hydrogel using DPD
simulations. The coarse-grain PAAm hydrogel models
are constructed by simulating the crosslinking process in
experiments. Different temperatures are tested for achieving
sufficient diffusion length of polymer beads for sufficient
crosslinking. It shows that the formation of polymer network in
crosslinking process only occurs when the diffusion length of
polymer beads is much larger than the mean distance of polymer
beads. However, the increasing of diffusion length, which may
caused by the increasing of temperature, gelation time or stirring
in experiments, cannot eliminate the formation of isolated loops.
Our PAAm hydrogel models have realistic structure of polymer
network, including the compliant effective network, branch
chains, isolated chains, crosslinking loops and isolated loops.
The degree of polymerization of the effective network chains is
almost the same to the theoretical estimation. Our crosslinking
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simulations also show the upper limit of the water content for
forming polymer network is about 97% which is close to the
swelling limit of PAAm hydrogel in experiments. The scale of
our PAAm hydrogel models are proved to be sufficiently large
by the uniformly distributed orientation of effective chains.
Incompressible uniaxial tension tests are performed in three
different loading rates using our PAAm hydrogel models with the
water content 80%. The nominal stress-stretch curves reflect both
the hyperelasticity and the viscoelasticity of our PAAm hydrogel
models. However, the scattered large deformation behaviors of
PAAm hydrogel models with the same water content indicate
that the mesoscale conformation of polymer network have great
impact on the mechanical behavior in large stretch, because the
effective chains with a wide range of initial length ratio stretch
to straight at different time during deformation. Furthermore,
we propose a stretch criterion of the fracture of PAAm hydrogel
using the fracture stretch of C-C bonds. By analyzing our PAAm
hydrogel models, specific upper and lower limit of the fracture
stretch are given for each PAAm hydrogel models. These ranges
agree quite well with experimental results. Our coarse-grain
PAAm hydrogel models can be applied to numerous single
network hydrogel systems.
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Natural protein-based hydrogels possess excellent biocompatibility; however, most of

them are weak or brittle. In the present work, high strength hybrid dual-crosslinking BSA

gels (BSA DC gels), which have both chemical cross-linking and physical cross-linking,

were fabricated by a facile photoreaction-heating process. BSA DC gels showed high

transparency (light transmittance of ∼90%) and high strength. At optimal conditions,

BSA DC gel exhibited high compressive strength (σ c,f) of 37.81 ± 2.61 MPa and tensile

strength (σ t,f) of 0.62 ± 0.078 MPa, showing it to be much stronger than physically

cross-linked BSA gel (BSA PC gel) and chemically cross-linked BSA gel (BSA CC gel).

More importantly, BSA DC gel displayed non-swelling properties while maintaining high

strength in DI water, pH= 3.0, and pH= 10.0. Moreover, BSA DC gel also demonstrated

large hysteresis, rapid self-recovery, and excellent fatigue resistance properties. It is

believed that our BSA DC gel can potentially be applied in biomedical fields.

Keywords: protein hydrogels, high strength, non-swelling, self-recovery, fatigue resistance

INTRODUCTION

Because of excellent biocompatibility, natural protein hydrogels have attracted a great deal of
attention and have been used in a wide range of biological and biomedical fields (Koetting et al.,
2016; Partlow et al., 2016; Silva et al., 2017; Jo et al., 2018; Gacanin et al., 2019). However, the poor
mechanical properties of natural protein hydrogels is one of the main drawbacks impeding their
application in some cases (Silva et al., 2017; Tang et al., 2018). Recently, great efforts have beenmade
to enhance the mechanical properties of natural protein hydrogels, and some strategies have been
developed, including nanocomposite (Yuk et al., 2016; Qin et al., 2017; Wang et al., 2017, 2018),
physical cross-linking (Toivonen et al., 2015; Feng et al., 2018; Yan et al., 2019; Zhang et al., 2019),
solvent induction (Li et al., 2016; Zhang et al., 2016; Hashemnejad et al., 2017; Zhu et al., 2018),
double network (Bhattacharjee et al., 2015; Luo et al., 2016; Rangel-Argote et al., 2018; Tavsanli and
Okay, 2019), hybrid cross-linking (Moura et al., 2011; Epstein-Barash et al., 2012; Xu et al., 2016;
Nojima and Iyoda, 2018; Yang et al., 2018), and so on.

Among them, hybrid cross-linking, consisting of chemical and physical cross-linkings, is a
simple and effective method of preparing high-performance natural protein hydrogels, especially
for silk fibroin (SF) hydrogels. For example, Numata et al. (2017) reported the creation of hybrid
SF hydrogels via an enzymatic oxidation reaction to form chemical cross-links between dityrosine
residues and phase separation of silk solution to produce physical cross-links, which demonstrated
high a compressive strength of ∼14 MPa. Okay and coworkers found that SF cryogels showed
remarkable properties (compressive modulus of 48 MPa and strength of 970 kPa) if chemical
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https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2020.00106
http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2020.00106&domain=pdf&date_stamp=2020-02-25
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:chenqiang@hpu.edu.cn
https://doi.org/10.3389/fchem.2020.00106
https://www.frontiersin.org/articles/10.3389/fchem.2020.00106/full
http://loop.frontiersin.org/people/882937/overview
http://loop.frontiersin.org/people/788942/overview
http://loop.frontiersin.org/people/912088/overview
http://loop.frontiersin.org/people/845779/overview


Lu et al. High Strength Albumin Hydrogels

cross-linkers (ethylene glycol diglycidyl ether) were added into
the cryogelation system (Yetiskin et al., 2017). Nevertheless, these
high strength hybrid natural protein hydrogels are mainly fibril
protein hydrogels, and little attention focuses on natural globulin
protein hydrogels.

Bovine serum albumin (BSA) is one of the typical natural
globulin proteins with a large number of functional groups,
which provide many possibilities for chemical cross-linking of
BSA to form covalent BSA gels. It is well-known that tyrosine
groups can form dityrosine bonds via enzymatic reaction, and
these play an important role in the mechanical properties
of natural materials (Endrizzi et al., 2006; Partlow et al.,
2014; Tavsanli and Okay, 2019). Considering that BSA has 21
tyrosines, it is an ideal template for the design and synthesis
of natural globulin protein hydrogels via dityrosine bonds.
However, dityrosine bond cross-linked BSA gels may exhibit
brittle properties, similar to other gels (Sun and Huang, 2016;
Fernandez-Castano Romera et al., 2017; Lü et al., 2017; Kabb
et al., 2018; Picchioni and Muljana, 2018).

Herein, high-strength hybrid dual-crosslinking BSA gels (BSA
DC gels) were fabricated by covalent cross-linking of BSA
via dityrosine bonds followed by heat-induced denaturation of
protein to form physical cross-linkings between BSA molecules.
BSA is selected in the present work because it has plenty
of tyrosine groups, low cost, high water solubility, and good
biocompatibility. BSA DC gels showed high transparency and
high strength. Under optimal conditions, BSA DC gel exhibited
high compressive strength (σ c,f) of 37.81 ± 2.61 MPa and
tensile strength (σ t,f) of 0.62 ± 0.078 MPa, showing it to
be much stronger than physically cross-linked BSA gel (BSA
PC gel, σ c,f of 3.10 ± 0.06 MPa and σ t,f of 0.06 MPa) and
chemically cross-linked BSA gel (BSA CC gel, σ c,f of 2.49 ±

0.29 MPa and σ t,f of 0.25 MPa). More importantly, BSA DC
gel displayed non-swelling properties while maintaining high
performance in DI water, pH = 3.0, and pH = 10.0. Owing
to the presence of physical interactions, BSA DC gel also
demonstrated large hysteresis, rapid self-recovery and excellent
fatigue resistance properties.

RESULTS AND DISCUSSION

Network Structure and Morphology
As shown in Figure 1A, BSA DC gel was prepared by a mild,
simple, and “one-pot” method. First, BSA was chemically cross-
linked by dityrosine bonds via ammonium persulfate (APS)
and tris[2,2′-bipyridine] ruthenium dichloride [Ru(II)]-induced
photoreaction under white light (i.e., BSA CC gel). Then, the
gel was heated to induce denaturation of BSA, which formed a
physically cross-linked network. BSA PC gel was fabricated via
directly heating the BSA solution without the photoreaction. The
appearance of the three BSA gels is shown in Figure 1B. BSA CC
gel and BSA DC gel were red-brown (Figure 1B), indicating the
formation of dityrosine bonds after photoreaction. The gelation
mechanism of tyrosine-rich protein via APS/Ru(II) under white
light is well-known and is illustrated in Figure 1A (Partlow et al.,
2016; Silva et al., 2017). Interestingly, different from BSA PC
gel, which had an opaque milk-white color, BSA CC gel and

BSA DC gel showed high transparency, and the logo of our
university could be clearly seen through them (Figure 1B). The
light transmittance of BSA DC gel at visible light range reached
up to 90%, while ultraviolet (UV) light could not transmit
through the gel and was totally absorbed (Figure 1C). The results
indicate that our BSA DC gel might potentially be applied as a
UV shielding material. Moreover, a peak at ∼460 nm on the UV
adsorption spectrum of BSA DC gel was detected (Figure S1),
indicating the formation of dityrosine bonds (Ma et al., 2016;
Lee et al., 2019). The formation of dityrosine bonds was also
characterized by FTIR (Figure 1D). Compared to BSA PC gel,
new peaks at 617 and 698 cm−1 were distinctly detected for
BSA CC gel and BSA DC gel, which were the evidence for
dityrosine bonds. Compared to BSA CC gel, the characteristic
peak of –OH groups in BSA DC gel was shifted from 3,300
to 3,298 cm−1, and the amide I in BSA DC gel was shifted
from 1,662 to 1,658 cm−1(Militello et al., 2004), indicating that
there are physical interactions after heat-induced denaturation.
The morphologies of freeze-dried BSA PC gel, BSA CC gel, and
BSA DC gel are illustrated in Figure 2. BSA PC gel exhibited
a particle-aggregation network structure, which was consistent
with our previous report (Tang et al., 2018, Figures 2a,b). BSA
CC gel displayed a heterogeneous porous network structure (1–
5µm, Figures 2c,d). Compared to BSA CC gel, BSA DC gel
demonstrated a much denser porous network structure, and the
pore size was 50–200 nm. The denser network structure of BSA
DC gel might be attributable to the higher cross-linking density
compared to BSA CC gel.

Mechanical Properties
Owing to the hybrid cross-linking network structure, BSA DC
gel possessed high strength. Three cylindrical samples (8.5 ×

10mm) of BSA DC gel could withstand 5 kg weight without
breakage (Figure 3a1). As shown in Figure 3a2, BSA DC gel
sustained its weight without bending; however, BSA PC gel and
BSA CC gel were bent because of their weight. Compressive
and tensile tests were conducted to evaluate the mechanical
properties of BSA DC gels. From Figure 3b, it can be clearly seen
that BSA DC gel exhibited much better compressive properties.
Consistently, BSA DC gel showed compressive strength (σc)
of 37.81 ± 2.61 MPa, which was 12 and 15 times larger than
BSA PC gel (3.10 ± 0.06 MPa) and BSA CC gel (2.49 ±

0.29 MPa) (Figure 3c), respectively. Similarly, the compressive
modulus of BSA DC gel was 1515 ± 43 kPa, which was much
stiffer than those of BSA PC gel (254 ± 8 kPa) and BSA
CC gel (284 ± 48 kPa), respectively. Meanwhile, BSA DC
gel displayed high tensile properties (Figure 3d): the tensile
strength (σf) was 0.62 ± 0.078 MPa. In contrast, the σf values
of BSA PC gel and BSA CC gel were 0.06 ± 0.008 and 0.25
± 0.04 MPa, respectively. BSA DC gel also showed a higher
tensile modulus (2939 ± 289 kPa), which was the reason
that BSA DC gel could sustain its weight without bending.
Statistical analysis was also performed (Figures 3d,e). BSA DC
gels exhibited significant differences compared to BSA CC gel
and BSA PC gel (p< 0.01), indicating that hybrid cross-linking is
an effective strategy for improving the mechanical properties of
BSA gels.
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FIGURE 1 | (A) Illustration of the preparation and network structure of BSA DC gel; (B) appearance of three BSA gels; (C) transmittance and adsorption of BSA DC

gel; (D) FTIR of BSA DC gel, BSA PC gel, and BSA CC gel.

The effects of various parameters, such as BSA concentration
(CBSA), Ru(II) concentration [CRu(II)], exposure time, heating
temperature, and heating time, on the compressive properties
of BSA DC gels were also investigated, and the results are
summarized in Table S1. The compressive properties increased
along with the increase in CBSA, i.e., σ c and Ec increased from
0.54 ± 0.03 to 34.73 ± 2.92 MPa and from 292 ± 17 to 1,320 ±

25 kPa, respectively. At CBSA =100 mg/mL, BSA DC gel was too
week to test. Compared to the gel at CBSA = 300 mg/mL, the σ c

value of the gel at CBSA = 400 mg/mL was significantly increased
from 3.22± 0.61 to 26.00± 2.10 MPa. The highest value reached
was 34.73 ± 2.92 MPa at CBSA = 500 mg/mL. The presence of
Ru(II) was also important for achieving high-strength BSA DC
gels. Without Ru(II), σ c was only 3.10 ± 0.06 MPa. However,
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FIGURE 2 | SEM images of (a,b) BSA PC gel, (c,d) BSA CC gel, and (e,f,g) BSA DC gel. Scale bars of (a,c,e) are 10µm, while scale bar of (b,d,f) is 2µm. Scale bar

of (g) is 200 nm.

after adding a very small amount of Ru(II) (CRu(II) = 200µM), σ c

reached up to 23.45 ± 1.37 MPa. The compressive properties of
BSADC gel were the best at CRu(II) = 600µM (σ c of 34.73± 2.92
MPa and Ec of 1320 ± 25 kPa). Unfortunately, the compressive
properties deteriorated if CRu(II) >600µM, probably because of
excessive cross-linking of dityrosine. From Table S1, it can be
found that the exposure time under white light has little effect
on the compressive properties of BSA DC gel. Nevertheless, the
exposure time distinctly influenced the mechanical properties of
BSA CC gel, and it was difficult for it to gain enough strength
to be removed from the mold if the exposure time was <4 h.
Therefore, all of the BSA DC gels were prepared under exposure
for 4 h. Moreover, the denaturation temperature and time also
affected the compressive properties. BSA DC gel achieved the
best compressive strength at a heating temperature of 80◦C and a
heating time of 10min. Unless otherwise stated, we mainly focus
on the BSA DC gel prepared at optimal conditions, i.e., CBSA

of 500 mg/mL, CRu(II) of 600µM, exposure time of 4 h, heating
temperature of 80◦C, and heating time of 10min, which achieved
σc of 37.81± 2.61 MPa and Ec of 1515± 43 kPa.

Rheology
Rheological tests were also conducted to evaluate the viscoelastic
properties of BSA gels. As shown in Figure 4A, under low
shear strain (γ ≤ 1%), all the three BSA gels exhibited a
plateau without a change in storage modulus (G′), however, G′

deceased along with shear strain as γ > 1%. In contrast, the
loss modulus (G′′) was perpetually increased with an increase
in shear strain. Clearly, at γ ≤ 1%, G′ of BSA DC gel was
4,457 Pa, which was greater than those of BSA PC gel (2167 Pa)
and BSA CC gel (627 Pa). We estimated the effective network
chain density (N1) of the gels by Ge = N1RT, where Ge, R, and
T are the equilibrium shear modulus, gas constant, and absolute
temperature, respectively. Taking the room temperature (∼25◦C)
as the reference temperature, the estimated N1 values were 172,
85, and 24 mol/m3 for BSA DC gel, BSA PC gel, and BSA CC
gel, respectively. Distinctly, the results indicate that BSA DC gel

demonstrates much higher cross-linking density compared to
the other two gels, which was consistent with the morphological
results in Figure 2. Moreover, compared to BSA CC gel, N1 for
BSA DC gel increased 7.2 times, inferring that the physical cross-
linkings induced by heat denaturation of BSA were dominant in
BSA DC gel. In Figure 4B, all the three gels can be seen to show
ω-dependent behaviors, and G′ and G′′ increased as ω increased,
indicating that they displayed viscoelasticity. In addition, G′ was
always larger than G′′ for the three BSA gels, implying that they
exhibit elastic properties under small deformation (γ = 0.1%).

Non-swelling Properties
The stability of hydrogel in aqueous solution is a key parameter
for their potential applications. Therefore, the swelling of the
three BSA gels in various solvents was investigated (Figure 5).
Photographs of the three BSA gels at the as-prepared and
swollen state are presented in Figure 5a. Except for BSA CC,
which was gel slightly swollen in pH = 3, all of the three
BSA gels demonstrated negligible size change in DI water,
pH = 3 and pH = 10, indicating non-swelling properties
in these solutions. However, in 8M urea and 4M guanidine
hydrochloride (GdnHCl) solution, all three BSA gels had an
obvious size increase, indicating that the gels swelled significantly
in the two solutions. It is well-known that urea and GdnHCl are
classical denaturants for proteins. The swelling of the BSA gels
indicates that there is unfolding of BSA in these gels. The gels
differed, however, in that BSADC gel was non-swollen in sodium
dodecyl sulfate (SDS) solution, while BSA PC gel and BSA CC gel
swelled distinctly in SDS solution. To quantitatively evaluate the
swelling properties of BSA gels, the weights of swollen and as-
prepared gels were measured. The swelling kinetics of the three
BSA gels are illustrated in Figures 5b–d. Consistently, the three
BSA gels were almost unswelling in DI water, pH = 3, and pH
= 10. All three BSA gels swelled substantially in 8M urea and
4M GdnHCl solution. Specifically, BSA DC gel had the largest
swelling ratio in 8Murea and 4MGdnHCl solution after swelling
for 7 days, i.e., 3.65 g/g and 2.35 g/g, respectively; however, it
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FIGURE 3 | (a) BSA DC gel could bear a 5 kg weight without breakage (a1), and BSA DC gel could also sustain its own weight without bending, while BSA PC gel

and BSA CC gel were bent (a2); (b) compressive and (c) uniaxial tensile stress–stain curves of the three BSA gels; (d) compressive modulus and compressive strength

and (e) tensile modulus and tensile strength of the three BSA gels.

was an exception in being unswollen in SDS solution. The non-
swelling mechanism of BSA DC gels is still unclear. Probably,
it is a feature of the BSA biomacromolecule. As shown in
Figures 5a–d, regardless of physical or chemical cross-linkings,
BSA PC gels and BSA CC gels are not swollen in DI water, pH
= 3.0, and pH = 10.0. However, in denaturant solution, both of
them are swollen significantly. The results indicate that BSA is
further unfolded in the denaturant solution, while it maintained
its conformation in DI water and at various pH values. Therefore,
BSA DC gels are also non-swollen in water with various pHs.
However, the synergistic effect of physical and chemical cross-
linkings may also play an important role in suppressing the
unfolding of BSA in SDS solution. Therefore, BSA PC gel and
BSA CC gel swell markedly in SDS solution, while BSA DC gel
is unswelling. The compressive properties of BSA DC gel after
swelling are illustrated in Figure 5e. After swelling, the σc values
of BSA DC gel in DI water, pH= 3.0, pH= 10.0, and 20mM SDS

solution were 35.85± 5.66, 23.60± 3.21, 30.27± 5.17, and 17.34
± 2.23 MPa (Figure 5e, Figure S2 and Table S2), respectively.
However, the σc values were only 0.028± 0.004 and 0.025± 0.002
MPa after swelling in 8M urea and 4M GdnHCl, respectively.
The results indicate that our BSA DC gels are unswollen
in water and maintain good compressive properties after
swelling in water.

Hysteresis, Self-Recovery, and Fatigue

Resistance
Cyclic loading-unloading compressive tests were performed to
evaluate the energy dissipation capacity of BSA DC gels. As
shown in Figure 6A, BSA CC gel showed negligible hysteresis,
while both BSA PC gel and BSA DC gel exhibited large hysteresis
loops at a compressive strain of 50%. Moreover, the hysteresis
loop of BSA DC gel was much larger than that of BSA PC gel.
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FIGURE 4 | (A) Strain sweep experiments performed from 0.01 to 100% strain under a frequency of 10 rad/s; (B) frequency sweep experiments performed from 0.1

to 100 rad/s under a shear strain of 0.1%.

FIGURE 5 | (a) Photographs of three BSA gels after swelling in different solutions (inset reveals magnified plot in 8M urea and 4M GdnHCl solution; the scale is

10mm); the swelling ratio in different solutions of BSA PC gel (b), BSA CC gel (c), and BSA DC gel (d,e) compressive strength of BSA DC gels after swelling in various

solutions.

Specifically, the dissipated energies of BSA DC gel, BSA PC gel,
and BSA CC gel were 120.04, 34.46, and 4.23 kJ/cm3 (Figure 6B),
respectively. The results indicate that BSA DC gel exhibits
much larger energy dissipation ability, which is the reason why
BSA DC gel demonstrates higher compressive strength than
the other two BSA gels. The hysteresis loops also increased
with increasing compressive strain, and Uhys increased from

2.36 to 624.75 kJ/m3 as compressive strain increased from 10
to 80% (Figures S3A,B). Besides, successive loading-unloading
without an interval between two consecutive loading cycles for
BSA DC gel was also performed (Figures S3C,D). The hysteresis
loops also increased with the increase in compressive strains,
and distinct overlap was detected between two consecutive
loading cycles, indicating that BSA DC gel partially recovers
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FIGURE 6 | (A) Loading-unloading curves of three BSA gels and (B) corresponding dissipated energies; (C,D) recovery of BSA DC gel at RT for various times; (E,F)

recovery of BSA DC gel at various temperatures with 5min recovery time between two consecutive loading cycles.

during the unloading. Therefore, the recovery behavior of BSA
DC gel at room temperature (RT) for various recovery times
was investigated (Figures 6C,D), and it was found that the
hysteresis loops became larger when the recovery time was
longer. Two recovery rates, i.e., stiffness recovery (based on E)
and toughness recovery (based on Uhys), were defined as in our
previous reports (Chen et al., 2017). Without recovery time,
the stiffness and toughness of BSA DC gel were recovered to
55 and 58%, respectively. Impressively, with recovery for only
3min, the recovery rates for stiffness and toughness reached
up to 77 and 60%, respectively. At a recovery time of 60min,
stiffness recovery and toughness recovery were 87 and 84%,
respectively. The effect of recovery temperature on the recovery
of BSA DC gels was also investigated (Figures 6E,F). The
hysteresis loops also increased with the increase in recovery

temperature, and stiffness recovery and toughness recovery
reached up to 100 and 87% at 80◦C, respectively. The results
indicate that our BSA DC gels demonstrated excellent and rapid
self-recovery properties.

Considering that our BSA DC gels displayed excellent
self-recovery properties at RT, they might also show fatigue
resistance. As shown in Figure 7A, 10 successive loading-
unloading cycles for the same BSA DC gel demonstrated that
the hysteresis loops became the same after several loading
cycles. Specifically, E and Uhys were approximately 908 kPa and

74 kJ/m3 after several loading cycles (Figure 7B), respectively.
Moreover, the BSA DC gel maintained integrity without
breakage after the 10th loading cycle (data not shown). The
results indicate that our BSA DC gels also have excellent
fatigue resistance.
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FIGURE 7 | (A) 10 successive loading-unloading cycles for the same BSA DC gel with 3min recovery time between two consecutive loading cycles at a compressive

strain of 50%; (B) corresponding elastic modulus and dissipated energy with loading cycling.

CONCLUSION

In summary, BSA DC gels, featuring hybrid chemical and
physical cross-linkings, were prepared by a facile photoreaction-
heating process. Owing to the hybrid cross-linkings, BSA DC
gels demonstrated high strength, large hysteresis, rapid self-
recovery, and excellent fatigue resistance at room temperature.
The compressive strength of BSA DC gels was 37.81 ±

2.61 MPa, which was comparable to articular cartilage. More
interestingly, BSA DC gel displayed high transparency and non-
swelling properties while maintaining its high performances in
DI water, pH = 3.0, and pH = 10.0. With a combination of
simple preparation, high strength, and non-swelling properties,
it is believed that BSA DC gels can potentially be applied in
biomedical fields.

EXPERIMENTAL SECTION

Materials
Ammonium persulfate (APS, ≥98%) was purchased from
Aladdin (Shanghai), and Bovine serum albumin (BSA, 98%)
and tris(2,2′-bipyridine) ruthenium(II) dichloride [Ru(II)] were
purchased from Sigma-Aldrich Inc. All materials were used
without further purification.

Preparation of BSA DC Gels
BSA DC gels were prepared by a photoreaction-heating process
as reported. Briefly, BSA (500 mg/mL), APS (300mM), and
Ru(II) (600µM)were first dissolved into DI water. The precursor
solution obtained was then injected into a cylindrical mold (D
= 8.5mm) and was exposed to white light (at a power of 8W)
for 4 h. The gel was then heated in a water bath (60–90◦C)
for 0–30min. After cooling to room temperature, BSA DC gels
were stored at 4oC for testing. BSA CC gels were synthesized
via photoreaction without heating, while BSA PC gels were
fabricated via heating pure BSA solution [without APS or Ru(II)]
at 80◦C for 10 min.

Characterizations
Mechanical Tests
Compressive and tensile tests were carried out with a WSM-
10 kN machine (Changchun Zhineng Instrument Company).
For compressive tests, the cylindrical gel samples (diameter =
8.5mm, height = 10mm) were conducted at 5 mm/min. The
compressive stress (σ c) was defined as F/A0, where F is the force
applied to the sample and A0 is the initial cross-sectional area of
the sample. The compressive strain was estimated as h/h0, where
h is the height of deformed gel and h0 is the original height. The
uniaxial tests of BSA DC gels (thickness = 1mm and length =

60mm) were pulled up at a constant rate of 100 mm/min. The
tensile stress and strain weremeasured as F′/A0

′ and l/l0, where F
′

is the force applied to the sample, A
′

0 is the initial cross-sectional
area of the sample, l is the length of the stretched specimen, and
l0 is the original length. The compressive and tensile moduli were
calculated from the slope of the linear region of the stress-strain
curves. At least three independent experiments were conducted.
The errors were calculated via Excel. The arithmetic mean value
of the data was calculated first, and then the standard deviation
(S.D.) was calculated. Statistical analysis was done by one-way
analysis of variance (ANOVA) and LSD’s multiple comparison
post-test with a 99.9% confidence interval among the applied
treatments (p < 0.01). Cyclic loading tests of gels were also
performed by the abovementioned machine at 5 mm/min with
maximum strain from 10 to 80%. Successive loading-unloading
tests were done on the same gel specimen. For self-recovery
tests, the samples were recovered at different temperatures (RT
to 80◦C) for various times (0–60min). The dissipated energies
were calculated via the area between loading-unloading curves.
The recovery rates were defined as the rate of dissipated energy
(Uhys,t) or elastic modulus (Et) to the first loading cycle (Uhys,0

or E0). Stiffness recovery was defined as the ratio of the elastic
modulus at various times or temperatures to that of the first
loading cycle, while toughness recovery was evaluated as the
ratio of dissipated energies at various times or temperatures
to those of the first loading cycle at a maximum compressive
strain of 50%.
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Swelling Tests
As-prepared hydrogels (diameter = 8.5mm, height = 10mm)
were firstly weighed and then immersed in different solutions
at 25◦C. After a predetermined time, the swollen hydrogels
were taken out and weighed again. The swelling ratio (SR)
was obtained from the following equation: SR = mt/m0, where
m0 and mt are the weight of as-prepared gel and swollen
gel, respectively.

Other Tests
Scanning electron microscope (SEM) tests were performed using
a MERLIN Compact instrument (Zeiss, Germany) at a voltage of
15 KV. All the gel samples were frozen and fractured in liquid
nitrogen, and they were then dried in a lyophilizer. Before the
tests, the samples were coated with a thin layer of gold. Fourier
transform infrared spectra (FT-IR) of the BSA hydrogel powders
were obtained with a Bruker Tensor 27. The BSA gel sheet was
cut into a disk for rheological tests (thickness = 1mm, diameter
= 25mm). Rheological tests were carried out on a rheometer
(Anton Paar, MCR302) via the plate-plate mode. Amplitude
sweep tests were carried out at ω of 10 rad/s and 25◦C. Frequency
sweep tests were performed at a strain of 0.1%, ω of 0.1–100
rad/s, and at 25◦C. The ultraviolet spectrum of BSA DC gel
was recorded on a double-beam UV-visible spectrophotometer
(General Analytical Instruments Co. Ltd, TU-1901, Beijing).
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In an effort to study natural fiber formation, such as, e.g., spider silk, we present a

model, which is capable of forming biomimetic fibrillar nanostructure from a hydrogel

micellar network. The latter consists of interacting atomic groups which form cores of

micelles, and of flexible chains forming the shells of the micelles. Micelles are connected

in a compact network by linearly stretched chains. The structural elements of the network

can be transformed during deformation frommicellar into fibrillary type and their evolution

is found to depend significantly on strain rate. Our model suggests a set of conditions

suitable for the formation of nanostructured fibrillar network. It demonstrates that a

fibrillar structure is only formed upon sufficiently fast stretching while, in contrast, the

micellar gel structure is preserved, if the material is pulled slowly. We illustrate this key

aspect by a minimalistic model of only four chains as part of the whole network, which

provides a detailed view on the mechanism of fibril formation. We conclude that such a

simplified structure has similar functionality and is probably responsible for the formation

of nano-structured molecular fibrils in natural materials.

Keywords: hydrogel, molecular dynamics, relaxation, deformation, nanostructured, network, self-assembly

1. INTRODUCTION

The arrangement of molecules in natural materials is assumed to be optimal for their efficient
functioning, motivating thus the efforts to mimic the natural arrangement also in man-made
materials. Natural materials comprise a sequence of atomic groups, assembled in hierarchical
structure on the nanometer and supermolecular level. Tensile deformation plays a key role in
the formation of biological materials, such as spider silk, where the final structure consists of
nano-crystalline inclusions incorporated in the rubbery network. In fact, the drawing of fibers is
frequently used in laboratory and in industry (Mondal et al., 2008; Peng C. A. et al., 2017), and has
been recently improved by means of electrospinning (Svachova et al., 2016; Srivastava, 2017). The
electrospinning provides stretching of material at significantly higher stretching rates than simple
mechanical deformation. Wang and Hashimoto (2018) observed a correlation between stretching
rate and orientation of molecules during the electrospinning. They performed electrospinning of
poly-vinylalcohol from water solution and recorded the process by high speed camera. Observed
were domains of fibrillar material and bulges from disordered material whereby a higher speed of
spinning lead to a decrease of the amorphous bulge size. The nanostructural arrangement has thus
clear relation to the strain rate. Generally, however, the formation of nanostructured fibrils is still
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poorly understood while modeling studies suggest, that the
formation of fibrils is based on plastic deformation of polymers.

In what follows we demonstrate that the rate of stretching
governs the ultimate structure and superior properties of such
natural materials. We develop a model, which mimics the
functionality of spider silk in a simplified form, illustrating
the formation of nanostructured fibrillar domains (Zidek
et al., 2016). The resulting fibrillar structure formed by tensile
deformation persists even after the deforming force is removed.
The formation mechanism itself can be controlled by the
stretching rate. The system is a micellar hydrogel network with
an initial atomistic configuration, which behaves differently upon
quick or slow deformation as the analysis of the structural
evolution during the stretching process shows. Owing to the
adopted simplified model, the mechanism of fiber formation can
be readily monitored, suggesting the possibility of generating and
testing similar materials of desired structure in a laboratory.

Our basic assumption is that the stretching rate controls
fiber formation as has been observed and described recently
(Zidek et al., 2016). In order to address the question as to
why fibrils are formed only under specific circumstances, we
consider the simplest structure, where structural aspects of
the transformation become clearly visible in contrast to more
complex natural materials. A relevant property of such system
is that of block copolymer material with constant block length,
end-capped by some interacting groups as, e.g., copolymer poly-
lactide/glycolide/PEG, end-capped by itaconic acid (Michlovska
et al., 2016). Our model reveals how an orientationally ordered
structure can be created from this type of materials. The
principles of the model are based on the notion of bundling
(Benetatos and Jho, 2016) albeit there is currently no general
theory of bundling in polymers. Bundles are assemblies of aligned
semiflexible macromolecules, which are separated from other
bundles by an amorphous matrix, or by empty space and do not
aggregate into a single infinite bundle containing all molecules.
In a network with covalent and physical crosslinks the semistiff
polymer chains are usually attracted by Van der Waals and
electrostatic forces. An essential factor is the existence of high
energy barriers in the system, preventing condensation of all
molecules into a single fibril. For instance, the bundling of DNA
proceeds by transformation from thoroidal to rod-like shape
whereby stable bundles are created (as in our model) whenever
loops of chains can be transformed into bundles of straight chains
overcoming a certain energy barrier.

An important precursor of the nanostructured self assembly is
the domain structure. Nilebäck et al. (2018) investigated the self
assembly of two neat materials, which are present in the natural
silk. The first material represents a 4-fold repetition of alternated
polyalanine and glycine-rich regions (4Rep), and the second
one itself is globular C-terminal (CT). Both neat components
form a disordered material as does a physical mixture thereof.
The self-assembly to the fibrillar structure has been observed
only in the case when 4Rep is connected to CT. Our fibers
are also composed from domains of soft micellar structure and
interconnected segments of stretched chain.

An appropriate system, which can lead to bundles of
molecules, is the solvated macromolecular network. An

advantageous prerequisite situation thereby is a network that is
swollen by the solvent. Several macromolecules can then stick
together forming a fibril while the network does not collapse
into a single fibril. That is probably the case of the spider silk.
The original structure of spider silk fibroin is a micellar network
(Jin and Kaplan, 2003; Walker et al., 2015) (Figure 1A). It is a
liquid-like protein gel which remains liquid in the spider body,
where deformation is slow, due to the micellar structure of the
hydrogel. During quick extrusion, this gel is then transformed
into a liquid crystal structure (Figure 1B), stretched chains
(Figure 1C) and subsequently into β-sheets (Figure 1D). The
initiating factor of the transformation is deformation of material
outside the spider body.

The fibrils observed in spider silk (Wang et al., 2006; Perry
et al., 2010) have well-defined molecular structure. Among
the possible factors, which are believed to play a key role
in self-assembly from the primary atomistic sequence, are
exactly located interacting sites and side groups. Moreover, the
transformation of a natural material is sensitive to a number
of external conditions, such as pH (Figures 1A–D) and/or
temperature. Originally, a micellar structure from silk spidroin
is formed, followed by phase separation due to ion exchange
acidification and water removal. During the second phase, a
liquid crystalline phase is formed. Next, the pulling of fibers
forms the final structure (Liu and Zhang, 2014). It has been
found, that the stretching can induce hydrophobicity of the
material (Lele et al., 2001) owing to cooperative hydrogen
bonding of polymer chains. The detailed descriptionmorphology
is provided by wide angle X-ray diffraction (Grubb and Jelinski,
1997). The liquid crystal transformation into final fiber is
achieved by re-orientation during the stretching as an affine
deformation of a network with inclusions.

Our model describes only mechanical transformation of the
structure and does not include the chemical changes in the
real spider silk fibers during formation. However, the induced
hydrophobicity is observed as well. The energy of solvation is
found to switch from negative to positive values. As a result,
the stretching of the network leads to expulsion of water from
the network.

The final structure of fibers is given by a specific sequence
of amino acids that take part in the formation of β-sheets and
sequences rich in poly-glycine [Figure 1D-sequence (1)], which
form flexible chains. The sequences of β-sheets of nanocrystals
must be aligned [Figure 1D-sequence (2)]. Also the end-to-end
distance of a soft chain, rich in poly-glycine, connecting two β-
sheets must be controlled. To some extent, the final structure of
fiber material is encoded in the primary sequence of the amino
acids. Also in our model the ability to form fibrillar structure
is encoded in the alternating sequence of interacting acrylic
acid (AA) and polyethylene glycol (PEG) molecules. The fibers
of polyethylene contain domains of crystalline phase (Lee and
Rutledge, 2011; Yamamoto, 2013), which alternate with large
amorphous domains. The atomistic structure of spider silk and
our model are micellar in the phase of geometry optimization.

The technique of thread drawing is an important aspect
too, which determines the ultimate structure of the material.
Andersson et al. (2017) considered laboratory drawing of silk
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FIGURE 1 | Fiber formation mechanism of spider silk during tensile deformation. (A) Micellar network: not deformed; (B) Liquid crystalline phase: moderate

deformation; (C) Nanocrystalline fibrillar structure: strong deformation. (A–C) Enlarged parts of structures. (1) Typical secondary structure (amino acid sequence) of

nanocrystalline chain, (2) typical flexible connecting chain rich in glycine, and (3) a repeating unit of our model. (D) Final structure of spider silk with β-sheets. (E)

Micellar structure before deformation; (F) model nano-fibrillar structure after deformation.

spidroin and compared the laboratory-made and naturally
spun fibers originating from exactly the same structure
of natural silk fibroin so as to investigate the effect of
fiber elongation. The laboratory spun fiber did not have
exactly the same structure as the natural fiber. The principal
property of spider silk, formation of β-sheets, was observed
to a less extent in man-made fiber than in natural fiber.
In contrast, fiber produced in laboratory contained rather
helical ordering.

Another example of biological material formed by stretching
is the fibronectin. This material contains cryptic sites (Zhong
et al., 1998), which include disulfide bridges in particular position
(Zhong et al., 1998; Peleg et al., 2012). The position of disulfide
bridges is regulated by the integrin protein inmolecular structure.
The role of cryptic sites is to align the molecular structure, when
it is stretched. In the fibronectin, the configuration of primary
structure is an important factor too. We also found that the
formation of intermolecular bridges has effect in our model. At
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present, we can only decrease the ability of fiber formation by
the addition of random covalent bonds. When the concentration
of covalent bonds exceeds a threshold, the fibrillar structure
completely disappears (Zidek et al., 2016).

Molecular modeling is a powerful method for studying fiber
formation by self-assembly of molecular structures, and several
investigations have been carried out recently. The deformation
and failure of self-assembled hydrogels were investigated by
Hammond and Kamm (2008). They applied a coarse-grained
model using molecular dynamics for the deformation of
collagen bundles, which serve as building blocks of the oriented
filament structure of collagen. Structural self-assembly from
their precursor structure is frequently modeled in proteins. In
particular, the secondary structure of spider silk was modeled
recently (Gray et al., 2016). The irreversible formation of
oriented blocks was observed also in swollen polymers (Miyazaki
et al., 2006; Peng N. et al., 2017). As well, the strain-induced
crystallization is typical for some biomaterials like the above
mentioned spider silk (Peng C. A. et al., 2017), collagen fibrils
(Buehler, 2006) or poly-lactides (Stoclet, 2016). In this work
we demonstrate that the formation of fibrillar structure can
be achieved from materials with very simple micellar structure
(Figure 1E). The primary structure of our model appears
favorable for the formation of bundles (Figure 1F). An essential
factor thereby is the periodical sequence of constant blocks
of poly(ethylene glycol) alternating with interacting groups of
acrylic acid [Figure 1E-sequence (3)]. In principle, this is a
common material, which does not have any special structure and
needs no pre-ordering before stretching.

2. MODELS AND METHODS

2.1. Network Model
Fiber formation was investigated by utilizing two models:
a network model and a four-chains model. Both models

complement and comply with one another while each model
provides different kind of information.

Our network model describes a rather general micellar
structure, which serves as a prerequisite for the formation
of fibrils. The network has been uniaxially stretched and
the resulting structure was monitored during the stretching.
Therefore, this model provides information about the response
of a general network structure to tensile deformation. The system
is a representative cubic box of a hydrogel network with 5
nm side size. The model is composed of 8 macromolecular
chains with each chain comprising 200 molecular groups. The
macromolecular phase is solvated by 2,447 molecules of water.
The motion of atomic groups of chains and of the solvent and
the deformation of the material were modeled by molecular
dynamics simulation.

The structure of material is presented in Figure 2. Figure 2a
shows the primary structure, which is based on a repeating
unit of acrylic acid (AA), methylene group (CH2), and oxygen
(O). Figures 2b–d show some structural elements, which have
formed during the initial MD simulation. A single chain with
given primary structure spontaneously forms loops and stretched
chains (Figure 2b). The structure consists of cores of micelles,
mostly made of AA-groups, and of flexible shells of micelles
comprised of PEG chains. The micelles are organized into
a micellar network (Figure 2d), as shown schematically in
Figure 1D too.

The potential energy of the network was calculated from
contribution of bonding energy, non-bonding Van der Waals
interactions and electrostatic forces. The Hamiltonian of the
simulation was calculated:

H =

∑

nb

Ub +

∑

na

Ua +

∑

np

Uel +

∑

np

ULJ (1)

where nb is number of bonds, na is a number of bending angles
and np is a number of non-bonding pairs. The energy of bonds

FIGURE 2 | Snapshots of the hydrogel molecular structure: (a) primary structure—repeating unit of the chain: blue—methylene group of polyethylene glycol,

red—oxygen of polyethylene glycol, AA—physically interacting group; (b) Secondary structure of a single chain: loops and stretched chains; (c) a single micelle; (d)

dry phase of network: entire box (box side = 5nm); (e) fibril formed by deformation.
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TABLE 1 | List of stretching rates (r) applied in this work.

r[ns−1] Word description

0.01 Slow

0.02 0.2 × quick

0.05 Moderate, 0.5 × quick

0.1 Quick

0.2 2 × quick

0.5 5 × quick

1 Quickest, 10 × quick

and angles was calculated from harmonic potential, non-bonding
interactions were taken as Lennard Jones potential function
and the electrostatic potential was calculated from Coulomb
electrostatic interaction potential. The details are presented in
Supplementary Material.

The model was deformed at constant volume. The uniaxial
stretching in z-direction was completed by compression in
xy-directions. The model box has been stretched using seven
different stretching rates. The rates are chosen in a logarithmic
scale from 0.01 to 1 ns−1. In what follows we use the term
“slow” for the deformation speed of 0.01 ns−1, and “quick”
for 0.1 ns−1. The slow and quick deformations are found to
induce significantly different network evolution. Therefore, we
have examined the intermediate rates between slow and quick so
as to get a better notion of the transition between both. Below,
the rates are mostly referred to as a ratio to the quick deformation
rate (Table 1).

These stretching rates are high in comparison to those
used in real experiments. Molecular dynamics simulation deals
with times in the range of hundreds of ns or µs. Stretching
rates in classic deformation take approximately (10−12 s−1).
The estimated stretching speed of electrospun material in the
article of Wang and Hashimoto (2018), measured from image
analysis of the high speed camera, was (10−7 s−1). Nevertheless,
a clear qualitative correlation between stretching rate and the
process of orientation was observed in our simulation too.
The results for one stretching rate of network model were
calculated from 4 independent simulations with different initial
atomistic configuration.

The deformation of the system is reflected by the change
in energy density, which can be transformed itself into a
stress-strain relationship. The stress strain relationships are
presented elsewhere (cf. Zidek et al., 2016, 2017b). We assume
that the structure gets organized during the stretching and
bundles form. The bundles are objects of three or more
mutually aligned chains. An example of bundles is displayed in
Figure 2e. Bundles were analyzed according to their orientation
in space or depending on the degree of twisting (see the
Supplementary Material). An object is identified as a bundle,
when it satisfies several conditions:

• The bundle must be composed of 3 or more aligned short
flexible chains.

• The end-to-end distance of all chains in the bundle between
two physical clusters must be sufficiently long, >0.65 nm.

• The bundle must connect two physical clusters.

The next aspect of deformation is the damage of the physical
network and its recovery with time. The damage affects the
micellar structure of the network, displayed by the cores of
micelles, which form physical clusters (PCLs) in the network. The
strength of a physical network is proportional to the volume
fraction of PCLs. Therefore, the damage can be estimated as a
decrease of the volume fraction of PCLs. A structural recovery
means that the structure after deformation has been restored to
the original one (Figure 2d).

The volume fraction of physical clusters is calculated in
this work by triangulation of space between the interacting
groups, namely, by 3D-Delaunay triangulation (DT). DT is
itself a mathematical algorithm, which creates a triangular 3-
dimensional mesh from the interacting AA-groups in the cores
of micelles. The distribution of connecting lines is related
to the fraction of clusters. Detailed information about the
modeling method and the parameters of the models are provided
in Supplementary Material.

2.2. The Four Chains Model
A disadvantage of the network model is that one cannot
specifically control the mutual position of particular chains, the
combination of angles between stretched chains as well as their
end-to-end distances, even though the network model shows the
evolution of the entire network structure.

The auxiliary “4-chains model” is a minimalistic one,
composed of only four flexible chains which span interacting
groups. The four chains model is a structural element which
is present also in the network model (Figure 3A). This
simplified model controls the mutual orientation of chains
and their end-to-end distances (Figure 3B). The composition
of chains can be varied and one can analyze its influence
on the formation of fibrils, which is not possible within the
network model.

The bundles and fibrils were identified in the network model
and in the four chains model (Figures 3C,D). We characterized
the resulting fibril shape by means of the 2nd Legendre
polynomial (P2), which describes the orientation of different
segments (each segment standing for two consecutive bonds)
of the chains. The orientation of a segment is determined with
respect to the fiber vector. The latter is sum of the end-to-end
vectors of all four chains. P2 describes the correlation of the fiber
orientation with the individual segments of the chains, whereby
P2 = −0.5, when the segments are oriented perpendicular the to
fiber, P2 = 0, for randomly oriented segments, and P2 = 1, when
all segments are parallel to the fiber:

P2 = 0.5(3〈cos2 θ〉 − 1), (2)

where θ is the angle of a segment with the fibril vector.

2.3. Relaxation of Network
The relaxation was analyzed immediately after the system was
deformed. In fact, the relaxation contains several effects which
occur during different time scales. That is why we performed
three relaxation simulations lasting 1, 100, and 100,000 ps (100
ns) with the same initial configuration and initial random seed.
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FIGURE 3 | Two models of the hydrogel: (A) A network model with a subset of four 4 PEG chains around a physical crosslink; (B) “4-chains model”—four randomly

generated freely rotating chains with known length and mutual angle. The orange disks are interacting AA-groups; (C) a fibril with a fiber vector EM1M2; (D) black lines

denote chain segments aligned over some distance from the one end.

FIGURE 4 | Damage recovery, when the sample is stretched and held in stretched state. Panels correspond to stretching ratios: (a) 75%; (b) 100%, “slow,” “quick,”

10 × “quick”; (c) 100%0.2× “quick,” 0.5× “quick.” Upper parts of (a,b) display stretching ratio, lower parts—damage, i.e., the inverse volume fraction of physical

crosslinks, VPCL. Reference points with the same stretching ratio and simulation time, R1—blue, magenta curves, R2—all curves.

Each relaxation is characterized by specific correlation
function, taken as the average of dot products of vectors in time
0 and t:

f (t) =
〈

x(0) · x(t)
〉

(3)

where x is a specific property at zero time and at time
t. Observables are the inertia (velocity vector), bond/angle
relaxation (bond vector), conformation relaxation (bond vector),
relaxation of physical clusters (probability of presence in
physical cluster) and relaxation of bundles and fibrils (bundle
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vector). Details are presented in Supplementary Material. The
correlation functions were fitted to exponential decay.

3. RESULTS

In our recent study (Zidek et al., 2017b) we described the
deformation and macroscopic changes in a model structure of
a hydrogel. We found that the stable fibrils appear, when the
deformation is quick and sufficiently strong. The model revealed
sensitivity to strain rate during deformation, i.e., to “slow” and
“quick” (quick = 10× slow) deformation, starting with identical
initial atomistic configurations, and external conditions, such as
temperature. The qualitative difference in deformation behavior
in both cases was related to damage in the primary micellar
network whereby slow deformation leads to hydrogel network
recovery while quick deformation was found to form permanent
fibrillar structure that remained stable with time even against
reverse deformation. Apparently, the structural recovery depends
on the ability of the system to recreate spontaneously its original
micellar structure.

3.1. Damage Recovery Within the General
Network Model
The recovery of the physical network was calculated by analyzing
the time evolution of the volume fraction of physical clusters
(cores of micelles, Figure 2c). The response of the material is
recorded in Figure 4. The upper panel shows deformation in % as
a function of time. The lower panel displays a reciprocal function
of volume fraction of physical clusters. It describes the degree of
physical network damage.

The model structure was slowly stretched in the computer
experiment. The stretching rate was 100% deformation in 100 ns.
The network was stretched up to 75%, and 100% of its original
size. The course of slow deformation is shown as a blue curve. The
network was stretched until the reference point R2. Alternatively,
the same structure was stretched quickly by 10 times higher
rate than the slow one: cf. red curve, Figure 4. The deformation
was stopped at time R1. The simulation box was then held in
a stretched state until the time R2. Thus, both samples were
stretched effectively to the same stretching ratio within the same
total time interval yet with a different deformation history.

The results from Figure 4a about the network stretched up to
75%, can be interpreted in terms of dynamic structural recovery.
In that case the damage is a function of the stretching degree
and rate.

Dynamic recovery is not observed in Figure 4b, when the
network is stretched to 100% deformation. In that case, the
quickly deformed network stays damaged. We analyzed different
reasons, as to why the damage did not vanish. For example,
we extended the time of relaxation to 1000 ns. Alternatively, the
network was compressed by reverse deformation to its original
undeformed shape. None of those lead to a recovery.

We found permanent fibers (Figure 2e) in the network, which
proved persistent. At temperature 300 K, the fibrils could not be
removed in any way.

The “quick” and “slow” deformations are limiting cases.
While the network relaxes during the “slow” deformation,
during a “quick” deformation this is not the case so permanent
transformations occur after the deformation. We analyzed the
evolution of network after 2×, 5×, and 10× increase of the
“quick” deformation rate. The fastest deformation (10× “quick”)
is presented in Figure 4b. This fastest deformation leads to
permanent changes similar to “quick” deformation.

Next we explore intermediate stretching rates between “slow”
and “quick” in more detail. The first finding is, that there is ∼50
ns period after the moderate deformation. During this period the
damage persists before the onset of relaxation.

Another observation is that the network undergoes only
partial relaxation (see Figure 4c), whereby the damage persists
longer than the displayed interval of 100 ns as a longer simulation
indicates. Probably, the lack of complete recovery is due to partial
formation of fibrils.

It has been suggested in the literature, that the changes
can be caused by solvent effect. It has been known that a
similar effect of the small monomer and solvent molecules can
play important role in the structure transition of the deformed
networks (Warner and Terentjev, 1996). The water molecules are
expelled which facilitates the alignment and bundling of fibers
as the hydrogel is stretched. We investigated the solvation effect
during the deformation of our network (Zidek et al., 2017a).
It was found that the reconstruction of solvent may influence
the deformation response only in the case of strong electrostatic
interaction between polymer chains and watermolecules as in the
case of polyelectrolyte network. In the present network we use
moderate electrostatic interaction between chains and water. In
that case, one observes a reconstruction of the solvent. We found
that solvent had only minor influence on mechanical response
of polymers.

For the detailed structural analysis of the fiber formation
mechanism we consider a structural component in the atomistic
configuration, namely a short flexible chain, SFC (Figure 5). Such
chains are parts of the macromolecular chain along with the end
atomic groups of SFC, i.e., the AA (acrylic acid) groups. The
positions of these interacting groups are fixed within the existing
clusters. Three consecutive polyethylene glycol monomers (each
monomer made of three atomic groups) separated by AA-
groups define a SFC. In the present model, all SFCs consist of
11 segments.

Two AA-groups at both ends of a chain may belong to the
same physical cluster so that this SFC is a loop. Alternatively, both
chain-ends can be part of different clusters and the SFC is then
a connecting chain. The motion of chain-ends is thus restricted
inside, or between physical clusters, while the other segments
of the chain can move freely in space. So in our model we deal
with freely rotating chains with fixed chain ends and weak non-
bonding interaction. Their motion in space is then determined by
thermal displacements of the chains.

A histogram of end-to-end distances, re, of unrestricted
SFC should display a Gaussian peak. The actual end-to-end
distance distribution, however, is more complex (cf. Figure 5).
According to this histogram, the SFCs can be put into four classes,
depending on their end-to-end distances, re. In addition, we take
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FIGURE 5 | Histogram of end-to-end distances re of Short Flexible Chains. A

SFC is the part of a chain between two physical crosslinks: schematic picture

of four types of SFC and their end-to-end distances.

into account the connectivity of physical clusters, distinguishing
between cases when the chain is connected by both ends to the
same cluster (i.e., a loop), or a chain (unstretched or stretched)
bridges two different clusters.

1. The first class are loops of type 1 (re ≤ 0.42 nm, mostly re ≈
0.35 nm). Both ends of the chain are connected to groups
within the same cluster. The groups themselves are nearest
neighbors.

2. The second class is a loop of type 2 (0.42 ≤ re ≤ 0.65 nm).
Similar to the previous type, loop 2 connects the interacting
groups inside a single cluster. The groups, however, are not
nearest neighbors.

3. The third class is that of unstretched chains (0.65 ≤ re ≤ 0.85
nm), that span two neighboring physical clusters. Such chains
are flexible and the segments can move perpendicular to the
chain backbone. They can reach relatively large distances away
from the connecting line of the chain ends.

4. The fourth class is a stretched chain (re ≥ 0.85 nm),
connecting two physical clusters. The chain segments reside
on the connecting line between interacting groups.

As stated above, a SFC of certain class can be transformed into
another class by deformation. The transformations are observed
during the stretching of the sample. When the initial structure
is simulated without deformation, however, the classes of SFCs
remain stable.

We studied the transformation of the SFCs during the
deformation. One might claim that they largely preserve the
stationary state whereby all SFCs which are transformed into
a different class are replaced by chains from another class that
are transformed back into the particular class. For example,
during the slow deformation 120 loops out of 640 were
transformed into a stretched state, and another 120 stretched
chains were transformed back into loops, indicating, that the total
concentration of structural components did not change. These
transformations are similar for slow and quick deformation.

The next specific property is that the transformations occur
always between neighbor classes in a sequence of loop 1 ↔

loop 2 ↔ unstretched chain ↔ stretched chain, whereas
transformations between extremes, loop 1 ↔ stretched chain

are practically absent. Transitions that skip an intermediate
class are seldom too. The observed transitions are reversible
(see Figure 6A).

In the case of unstretched state, a chain has chance to form
a fibril. To this end it is important to have more such neighbor
chains in its vicinity. We find that a fibril is created when at least
two chains start from an unstretched state (Figure 6B), then the
respective transition turns irreversible.

We find that a favorable situation for the formation of fibrils
emerges during quick deformation and this raises the question
why the formation mechanism favors quick deformation and not
a slow one.

The unstretched SFC remains unstable during a limited time.
After that, it is transformed either to a stretched chain or a loop.
Transition from a loop to a stretched state through unstretched
state is induced by deformation. During a quick deformation, the
chains change state nearly simultaneously as they have to comply
quickly with the imposed stretching. Whenever this occurs, a
fibril is formed. We find that a fibril is created when at least
two chains start from an unstretched state (Figure 6B), then the
respective transition turns irreversible.

In a slow deformation, the stretching of this chain takes
10 times longer than during the quick one. The neighboring
chains may remain unchanged so that a given chain terminates
its transformation before the neighboring chains begin to
deform. The chain transformations are not synchronized
and various combinations of neighboring chains can be
observed (Figure 6C).

The formation of fibrils requires synchronous deformation
of macromolecules. Favorable combination of SFCs, happens
when both neighboring chains are in the class of unstretched
chains. A fiber structure can hardly emerge from two chains
which are in significantly different classes, say, one of them being
a loop, or if one of the chains is stretched and the other—
unstretched. The fiber formation is also unlikely for a pair of
stretched chains.

3.2. The Role of Collective Alignment of
Chains
Deformation changes the network topology. Ejection from the
spider body in natural systems, or tensile deformation in our
model, contribute to chains’ alignment and ensure the necessary
narrow orientation whereas the undeformed sample has random
orientation of chains.

We find that for the formation of fibrils in the network
model one needs a synchronous transformation of several SFCs
residing initially in an unstretched state. Within the general
network model the study of this behavior is complicated as
there are too few neighboring chains with common orientation
within the limited size of the sample and therefore they
seldom deform simultaneously. The simultaneous deformation
of several SCFs is readily examined within our simple model
of four chains, each of which is here made of 60 segments,
attached to a single physical cross-link while the opposite
chain ends are fixed in certain distance from the physical
cluster (Figure 7A).

We consider first the orientation of chains as it explains
why fiber formation is not observed at small deformation of
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FIGURE 6 | Mechanism of fibrillar structure formation in the network model: (A) Reversible transitions of single flexible chain (green). (B) Specific configuration of two

unstretched chain, observed during quick deformation. (C) Specific configuration of two chains, observed during slow deformation.

FIGURE 7 | “Four chains model”: (A–D) 4 PEG chains initially at angle 50◦ with subsequent relaxation: (A) stretched chains, (B) unstretched chains; (C) loops of type

2, (D) loops type of 1. (E–G) PEG chains initially at angle 10◦, relaxing subsequently to partially aligned stretched chains, (F), in (G) a fibril after relaxation.

the network. In that case, the individual chains are mostly
oriented at large angle (Figure 7A) regarding each other. The
simulation starts with all the chains sufficiently stretched, then
upon subsequent reduction of the end-to-end distances of
the chains one observes two scenarios depending on their
mutual orientation.

If the chains are not sufficiently parallel, they are transformed
into loops and are not part of any organized structure
(Figures 7A–D). The formation of fibrils in network models is
observed only when the chains form a small angle (≤ 30◦) as
in Figure 7E, where the chains are mutually aligned at 10◦. If
the chains are gradually released and the end-to-end distance

decreased, one finds as a result that the chains remain aligned
(Figure 7F), with a subsequent formation of fibers in Figure 7G

maintaining a stable fibrillar structure.
In our computer experiment we stop the chain relaxation in

the moment when further compression of the chains requires
energy and the relaxation is nomore spontaneous. Even after that
moment during the subsequent long simulation the fiber persists
and its ordering appears to increase with time. The resulting
structure can be broken only by an increase of temperature.

Consider now the impact of quick and slow deformation.
Figure 7 describes the situation, when all chains are relaxed
simultaneously, following a quick deformation of the network
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model (cf. Figure 6B). The chains, making originally a mutual
angle ≤ 30◦ among themselves, form an unstretched fibril which
remains relatively stable when compressed back to a rather small
end-to-end distance of the chains.

A different situation is observed after slow deformation (see
figure in Supplementary Material) when the relaxation of chains
proceeds one by one. In our simulation we see no fibril created in
that case. Instead, the stretched chains transform into loops.

We have tried to quantify the process of fibril formation
(assumed to orient along the z-axis in the simulation box) by
using an orientational order parameter, P2(cos θ), Equation (2),
where θ stands for the angle between the chain segments and
the fiber vector, EvF . For example, with each chain comprising
60 segments, θ is calculated from the vectors (Ev1 = A3 − A1,
Ev2 = A4−A2, . . . , Ev58 = A60−A58), and EvF . Results are shown in
Figure 8. In case of alignment, P2 stays positive, P2 ≥ 0.3, yet less
than unity on average, indicating that the segments in fibrils are
not perfectly oriented along the fiber vector. Apparently, for the
chains, which make an angle 40◦ and larger (with no formation
of fibrils), the value P2 becomes close to zero, which reflects a
random orientation of the segment. Interestingly, even the chains
transformed into random loops show some increased orientation
in the end phase of simulation when the end-to-end distance
becomes very small (≈2 nm), presumably as a consequence of
a secondary orientation of loops.

The data from our four chains model agree with our previous
findings from the network model. It was found that the chains
with favorable geometry and interaction tend to form fibrillar
structures with each fiber consisting of 2–8 chains attached to
the same physical cross-link. To this end the stretched chains
have to make an angle with one another, which is 30◦ or
less. A second condition is a high enough stretching ratio. All
chains must be present simultaneously in an unstretched state
at a time. Fibril formation fails, when one chain is linearly
stretched, or forms a loop. In linearly stretched chains the
atomic groups from two macromolecules are usually too far
apart and do not interact. On the other hand, when the chains
reside as loops, the segments are disordered and alignment
fails too.

3.3. Bundles of Macromolecules
In the previous sections, our basic structural unit was the short
flexible chain (SFC). Several SFCs could be aligned under certain
conditions into a stable fibril. It seems, however, that the route
from several SFCs to fibril is not direct. There occur transient
objects, which we refer to as bundles. Bundles are composed of
3 or more aligned SFCs, and they appear to serve as precursors
to permanent fibrils. In contrast to fibrils, however, bundles
can exist temporarily. In this section, we focus on the behavior
of bundles. The SFCs, which form a bundle, can be either of
stretched type or unstretched. As a rule, bundles connect two
clusters of AA-groups.

One can analyze several aspects of bundle properties, for
example their number and weight, change of orientation in space,
rotation, and twisting. The basic analysis includes the number
of the bundles per simulation box as well as the number of
chains in the bundle. Average values and standard deviations

were calculated in four independent samples of the network.
We identified 7 ± 1 bundles during 10 × “quick” deformation,
9± 2 bundles during “quick” deformation of the box, and 10± 2
in the slow deformation, so that the difference between slow
and quick deformation appears statistically insignificant. The
number of bundles looks small, yet, 22% of all atomic groups
of the organic network participate in bundles. The bundles are
mostly composed of 3 SFCs whereas bundles composed of four
or five chains, occur rarely (on average, 0.625 bundles/box of
four-chains, and 0.25 bundles/box of five-chains were detected).

Bundles of SFCs do rarely exist in the beginning of the
simulation, and most of them appear during the deformation.
The majority of bundles seems to appear in the final phase of
the simulation, suggesting a predominantly dynamic nature of
the process. The formation of bundles requires apparently certain
time, whereby the segmental displacements of AA-groups play
a role.

The behavior of bundles during simulation was observed.
The average size of bundles is constant during the simulation,
however, individual chains can fluctuate from one to another
bundle. Regarding the geometry of bundles, we first examine the
aspects, which are related to the formation of fibrils: rotation and
twisting. These aspects were selected since they have different
course in the slow and quick mode.

In what follows we describe the rotation of the bundle about a
rotation axis pointing along the bundle. One end of the bundle is
at the center ofmass of the chain ends, associated with the bundle,
and the same applies to the other end of the bundle. Bundle
rotation is then observed when the chain end-groups move with
respect to bundle axis (see Figure 9A), whereby such rotation sets
in from the very beginning of the deformation. During rotation
both ends of the bundlemay rotate clockwise or counterclockwise
with the same rate, otherwise the bundle is twisted. The degree
of twisting is given by the change of angle between two rotation
vectors (Figure 9B).

We find significant difference in the average twisting
intensity between slow and quick deformation. The twisting
is enhanced during the quick deformation, where we observe
also increased formation of stable fibrils (Figure 9B). Thereby
all the deformation rates between 0.2× and 10× faster than
“quick” deformations have similar effect. The twisting intensity
also increases with growing degree of deformation.

No fibrils or bundles persist after the “slow” deformation,
whereas almost 100% of fibrils persist after the “quick”
deformation. The consequences of moderate deformation for the
relaxation behavior are generally indicated in Figure 4c. Even if
part of the fibrils is destroyed over the whole period of relaxation,
60% of them still persist after the onset of relaxation following
a delay period, as in Figure 4c. These 60% participate in the
twisting process.

We investigated the effect of twisting also in our four-
chain model, starting with unstretched chains as an initial
configuration. Upon twisting, the potential energy of the four
chains was found to decrease whereas when this model was
simulated without twisting, the energy remained constant. It was
found that the chains can twist only slightly. The most stable
atomistic configuration has a twisting angle 2.5◦.
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FIGURE 8 | Alignment of chain segments with the fibril axis: An orientational order parameter, P2, as function of the chains’ end-to-end distance during relaxation.

FIGURE 9 | Evolution of bundle geometry during deformation; (A) Rotation of bundles: average rotation angle of bundles (in radians) from the beginning of the

deformation; (B) Twisting of bundles: average twisting angle of bundles (in radians). Various stretching rates: 10× quick, quick, moderate, and slow.

The model is simplified and therefore there are doubts about
the validity of results mainly in relation to behavior of real
hyrogels. From the structural aspects, our model resembles
a micellar network with aggregates comprising cores, formed
by hydrophobic Acrylic Acid (AA)-clusters, intermediate layer
from poly-lactide-glycolide and shells, formed by hydrophilic
polyethylene-glycol (PEG) chains. Model micelles are composed
of two layers: core from AA, and hydrophilic PEG shell.

The proposed model provides insight into the relationship
between gel structure and deformation response. The model
response shows effects, which are observed in real hydrogel
materials during deformation: hysteresis during forward-
reverse deformation, yield stress, solvent redistribution during
deformation (Zidek et al., 2017a). On the other hand, when we
compare the model data to the experiment, the model values of
stress appear significantly higher than the experimental ones.
The limitations of mechanical response are discussed elsewhere
(Zidek et al., 2016).

The model structural changes accompanying the fiber
formation are minimalistic and we cannot find a corresponding

experimental study of of real hydrogels on the atomistic level.
However, themodel deformation responsematches that observed
in real materials. As well the final structure is similar to the
structure of materials with bundles and fibrils. That allows us
to assume that the model evolution of network is similar to the
evolution of real materials.

3.4. The Behavior After Deformation:
Network Relaxation
One can compare the relationship between time of deformation
and relaxation. While the deformation is controlled by the
user and it depends on stretching rate and stretching ratio, the
relaxation is a spontaneous process, which cannot be influenced
by the operator.

The relaxation was analyzed bymeans of time-autocorrelation
functions which were fitted by exponential decay. A characteristic
parameter of the exponential function is the half-time of
relaxation. Our network reveals several relaxation processes with
significantly different relaxation times:
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• Inertial motion of the atoms is calculated from the velocity
autocorrelation function. This function describes the inertia
of atomic groups. It was computed within 1 ps whereby the
successive atomistic configuration was recorded every 1 fs.

• Relaxation of bonds and bond angles. It was calculated from
the autocorrelation function of the covalent bonds over 100
ps, whereby the configurations were recorded every 0.1 ps.

• Relaxation of conformations involves rotation of bonds and
change of conformations. As with the previous item, we
applied the autocorrelation function of the covalent bonds
within the same time range.

• Segmental hops in physical clusters. The physical clusters are
cores of micelles in our model. During the segmental hops, the
concentration of physical clusters in the box does not change
while the interacting groups only switch from one cluster
to another (performing segmental hops). The autocorrelation
function identifies whether the interacting AA groups are
still present in the initial physical clusters. The time interval
of relaxation simulation is 100 ns and configurations are
recorded each 0.1 ns.

• Bundles or fibrils (in the relaxation analysis they are not
distinguished) change their axis orientation in space. The time
autocorrelation function of bundle orientation was calculated
from a 100 ns period with interval of 0.1 ns.

For comparison with the derived relaxation times, we recall that

the quick deformation takes 10 ns, and the slow one lasts 100 ns,

as the most relaxation processes are significantly faster than the

deformation. Only the relaxation of physical clusters and bundles
appears comparable to the interval of deformation.

The relaxation times were calculated for several stretching
rates. The fastest stretching rate is 10 × faster than the

“quick” deformation considered in the previous section.
The range between fastest and slow deformation was

divided into seven intervals on a logarithmic scale.

A table of all relaxation times is presented in the
Supplementary Material. Here we analyze the relaxation
times in terms of relaxation after quick and slow deformation as
in previous section.

A summary of the typical relaxation times after the
deformation is presented in Figure 10. Several femtoseconds (fs)
after the deformation is the interval, where the motion of atomic
groups is driven by inertia. One can recognize other relaxation
processes at times significantly longer than the inertial motion.
The loss of inertia, driven by thermal motion, was observed also
in the reference sample without deformation.

The next process pertains to the fluctuation of bonds and
angles. The relaxation process is observed within the range of
hundreds of fs. It describes the reorientation of covalent bonds.
The relaxation is driven by thermal motion of molecules as it was
observed also in the reference sample without deformation.

The conformation relaxation by rotational motion of chain
segments occurs within tens of picoseconds. This motion is
predominantly driven also by thermal motion, however, the
degree of deformation plays a role too.

The process of segmental displacements is related to the
reconstruction of micellar structure and takes place within the

range of nanoseconds. Macroscopically, the micellar structure
does not change, but the individual physically interacting atomic
group can switch from one to another physical cluster (core of
micelle). That relaxation process is unambiguously a response to
deformation. We did not observe it in the reference simulation
box without deformation.

During the longest interval of tens of nanoseconds one
observes a reorientation of bundle axes. The reorientation implies
rotation of the bundle. In the same time, we observe also a second
wave of segmental hops as a means of reconstruction of the
physical clusters.We can assume that in that interval, the bundles
are stabilized and this affects the physical clusters.

We observed a relaxation of bundles at the intermediate
stretching rate (0.5× quick) along with temporarily persistent
fibers. On the other hand, at the stretching rate 0.2× “quick”
the relaxation of bundle orientation cannot be analyzed, because
bundles are not stable. As well the recovery of physical network
starts immediately after deformation.

Bundle axis orientation and the accompanying segmental
hops are specific to the fast deformation. They are not observed
after the slow simulations or without deformation.

The correlation between cluster reconstruction and bundle
orientation is presented in Figure 11. The bundle orientation
autocorrelation function is compared to cluster reconstruction
autocorrelation. From Figure 11 it appears that the two processes
take place simultaneously.

Thus, during the relaxation one can observe the differences
between quick and slow deformation. During the slow
deformation predominantly the physical network undergoes
relaxation whereas after the quick deformation one observes a
relaxation of the bundles and fibrils.

The relaxation times can be used to determine the
Weissenberg number (Wi) as a dimensionless quantity, which
indicates the typical ratio of elastic and viscous forces in our
structure.Wi is calculated from the deformation rate (γ̇ ) and the
respective relaxation time τ of the particular process.

Wi =
F(elastic)

F(viscous)
= γ̇ τ (4)

The Wi was calculated for each relaxation process and
each stretching rate. All numerical values are presented in
the Supplementary Material.

Table 2 shows the values of deformation rates, relaxation
times and Weissenberg numbers (Wi) for selected deformations
and relaxation processes. The processes can be subdivided into 3
groups: viscous (v) (Wi << 1), viscoelastic (ve) (0.5 < Wi < 2),
and elastic (e) (Wi >> 1).

TheWeissenberg number clarifies the correlation between the
relaxation times and formation of fibers. The simulations, when
we observe complete recovery of the structure, contain only the
viscous processes according to Wi. The other simulations, when
we observe the formation of fibers, show either the viscoelastic
reorientation of molecular bundles or viscoelastic reconstruction
of physical clusters or micelles.
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FIGURE 10 | Schematic presentation of relaxations times in [s] after slow (below) and fast (above) deformation process (on a logarithmic scale). Particular structural

elements are indicated in the horizontal arrows marking the typical time interval length. A table of all relaxation times is presented in Supplementary Material.

FIGURE 11 | Correlation between bundle orientation (blue) and cluster reconstruction (green) during relaxation process.

3.5. Unidirectionally Alternating Structure
of the Fibrillar Phase
It has been mentioned in the Introduction that the fibrillar
structure of self-assembled natural materials reveals an
alternating sequence of stiff and soft blocks of proteins
(quasi-crystalline blocks of β-sheets and amorphous layers rich
in poly-glicine) (Nilebäck et al., 2018).

Our model demonstrates similar structural evolution to
fibrillar phase upon strong and fast deformation in z-direction.
An alternating sequence of layers of micelles and layers
of stretched chains (solated fibrils) is also observed in the
deformed sample as demonstrated in Figure 12. The layers
enable the material to hold constant span between the aggregated
layers of clusters. In our case, the stretched chains are rigid
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TABLE 2 | Relaxation times (trel) and Weissenberg numbers (Wi ) for various

relaxation processes at different stretching rates; viscous (v); elastic (e);

viscoelastic process (ve).

Deformation Conformations Segmental hops Bundle Fibril

rate [ps−1] trel[ps]/ Wi trel[ps]/ Wi trel[ps]/ Wi formation

10 × quick 10−3 21.3/0.0213(v) 1,776/1.773(ve) 57,600/57.6(e) Yes

Quick 10−4 19.0/0.0019(v) 760/0.076(v) 20,300/2.03(ve) Yes

Slow 10−5 10.0/0.0001(v) 2,100/0.021(v) – No

FIGURE 12 | Structure of the stretched network in our model: (A) small

figure—schematic picture of spider silk; large figure—simulation snapshot; (B)

local concentration of AA-clusters as along the z-axis.

segments, whereas the cluster with loop chains have viscoelastic
behavior. The layer arrangement can be derived from the
local concentration profile along the z-axis. Although the
periodic arrangement is not perfect, one can detect an average
distance between adjacent maxima. The average span is ≈1.17
nm, which is the length of stretched chains with a layer
of AA-clusters.

4. CONCLUSIONS

In this work we present molecular dynamics simulations of
a model, which shows the ability to form ordered fibrillar
structures on molecular level. A significant result of our study
is the finding that the relevant mechanism is sensitive to strain

amount and rate. The fibrillar structure is formed only by both
quick and large deformation.

We identified some factors, which are important for
the formation of nanostructured fibrilar material. During
deformation, one must achieve synchronized unfolding of
macromolecules during deformation. The synchronized
unfolding is activated by quick deformation. Another
aspect is the ability of the chains to form bundles of
aligned macromolecules. Such bundles can be stabilized
by twisting and thus transformed into fibrils. Whether the
macromolecules can form fibrils depends on the molecular
structure. The molecular structure has been investigated
here by a simplified four-chains model, which elucidates the
conditions necessary for a material of certain composition to
form fibrils.

The structural transformations are reflected in the relaxation
process of the sample. The relaxation after fibril formation is
manifested in the reorientation of fibrils and bundles. In the case
of slow deformation, where fibrils are not formed, the process of
reorientation is not observed.

The present model makes it possible to consider new
materials, which are able to form fibrillar structure.
The primary structure according to our findings can
be produced in a laboratory. When one combines an
appropriate primary structure and satisfies the conditions
of preparation/extrusion, a nanostructured fibrilar
material similar to spider silk can be achieved also in
a laboratory.
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Tough gel with extreme temperature tolerance is a class of soft materials having potential

applications in the specific fields that require excellent integrated properties under

subzero temperature. Herein, physically crosslinked Europium (Eu)-alginate/polyvinyl

alcohol (PVA) organohydrogels that do not freeze at far below 0◦C, while retention

of high stress and stretchability is demonstrated. These organohydrogels are

synthesized through displacement of water swollen in polymer networks of hydrogel

to cryoprotectants (e.g., ethylene glycol, glycerol, and d-sorbitol). The organohydrogels

swollen water-cryoprotectant binary systems can be recovered to their original shapes

when be bent, folded and even twisted after being cooled down to a temperature as low

as −20 and −45◦C, due to lower vapor pressure and ice-inhibition of cryoprotectants.

The physical organohydrogels exhibit the maximum stress (5.62 ± 0.41 MPa) and strain

(7.63 ± 0.02), which is about 10 and 2 times of their original hydrogel, due to the

synergistic effect of multiple hydrogen bonds, coordination bonds and dense polymer

networks. Based on these features, such physically crosslinked organohydrogels with

extreme toughness and wide temperature tolerance is a promising soft material

expanding the applications of gels in more specific and harsh conditions.

Keywords: organohydrogels, high strength, anti-freezing, non-drying, temperature tolerance

INTRODUCTION

Hydrogels are the typical soft materials, by virtue of their great potentials in applications spanning
from soft robotics, sensors, actuators to tissue engineering (Wegst et al., 2014; Iwaso et al., 2016;
Kim et al., 2016; Banerjee et al., 2018; Dong et al., 2018; Hu et al., 2019). Nevertheless, conventional
hydrogels are considered to be mechanically weak due to lack of an effective energy dissipation
mechanism or intrinsic structural heterogeneity (Dhivya et al., 2015; Yuk et al., 2016), limiting
utilization in some fields that require excellent mechanical properties (Gao et al., 2016; Fan
et al., 2019; Lai et al., 2019). Therefore, improving mechanical properties of hydrogels became
an important research hotspot. So far, versatile strategies to achieve tough hydrogels have been
emerged, including double-network hydrogels (Gong et al., 2003; Gong, 2014; Liang et al., 2016;
Chen et al., 2018; Jing et al., 2019), nanocomposite hydrogels (Haraguchi and Takehisa, 2002;
Chen et al., 2015; GhavamiNejad et al., 2016; Liu Y. et al., 2017; Zhu et al., 2017), topological
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hydrogels (Okumura and Ito, 2001; Li et al., 2018),
macromolecular microsphere composite hydrogels (Huang
et al., 2007; Gu et al., 2016; Zhang and Khademhosseini, 2017;
Wang Z. et al., 2018), hydrophobic association hydrogels (Li
et al., 2012; Mihajlovic et al., 2017; Han et al., 2018), hydrogen
bonding/dipole-dipole reinforced hydrogels (Han et al., 2012;
Zhang et al., 2015; Qin et al., 2018), and many others (Gong
et al., 2016; Liu J. et al., 2017; Zhao et al., 2019). However, almost
all of the hydrogels swollen a large amount of water in polymer
networks cannot resist a cold or hot environment (Wei et al.,
2014, 2015; Wang W. et al., 2018), hindering the application
of tough hydrogels in harsh conditions. Subzero temperature
results in freezing of hydrogels, while high temperature lead to
drying (Rong et al., 2017; Zhang et al., 2018). Freezing and drying
cause the hydrogels to hard, opaque and dry, which undoubtedly
change the integrated mechanical properties of hydrogels,
leading to unstable nature under wide temperature range (Han
et al., 2017; Lou et al., 2019). So far, it is still a challenge to design
a hydrogel with enhanced and tunable mechanical strength
together with extreme temperature tolerance.

Recently, two approaches have been proposed to develop
hydrogels with extreme temperature tolerance. One is
introduction of an ionic compound (e.g., NaCl, LiCl, and
CaCl2) to hydrogels, i.e., the polymer networks swollen with salt
water (Morelle et al., 2018), for dropping the ice point of water
according to the principle of colligative properties of solution.
However, water can be evaporated from polymer networks
under high temperature causing unstable mechanical properties.
The other strategy is the introduction of a water-cryoprotectant
binary solvent system into organohydrogel (OHG) networks
through synthesis or displacement (Gao et al., 2017; Rong et al.,
2018). Compared with the hydrogel containing ionic compound,
water-cryoprotectant binary solvent endows stable mechanical
properties to gels under both low and high temperature, due
to the advantages of cryoprotectants including relatively high
volatile point and inhibition ice crystallization (Elliott et al.,
2017). The cryoprotectants, including ethylene glycol (EG),
glycerol (GC), and d-sorbitol (SB) are suitable choices for
fabricating organhydrogels swollen water-cryoprotectant binary
solvents, which was firstly reported by Wang’s group (Shi et al.,
2017).

In the present study, we found that the mechanical properties
and temperature tolerance could be dramatically enhanced
by fabricating tough physically crosslinked organhydrogels via
solvent displacement approach. The tough organohydrogels were
prepared through displacing cryoprotectants (i.e., EG, GC, SB)
into our previously reported Eu-alginate/PVA hydrogel networks
mainly crosslinked by hydrogen bonds formed among PVA
polymers and coordination bonds between Na-alginate networks
and Eu3+ ions (Wang et al., 2015; Hu et al., 2017). Multiple
hydrogen bonds forming among cryoprotectants and PVA
polymers enhance mechanical properties of organohydrogels.
Moreover, cryoprotectants disrupt the formation of ice crystal
lattices of the residual water, endowing extreme toughness and
temperature tolerance to the organohydrogels. Furthermore,
tunable mechanical performance of the oganohydrogels can be
controlled by either selecting cryoprotectants or by varying the

extent of solvent displacement. Therefore, physically crosslinked
organohydrogels with enhanced and tunable mechanical
properties, as well as extreme temperature tolerance could
be designed and synthesized, potentially expanding scientific
research and practical applications of gels.

EXPERIMENT

Materials and Methods
Polyvinyl alcohol (PVA,Mn= 205,000) and sodium alginate (Na-
alginate) were purchased from Sigma-Aldrich (Shanghai, China).
Alginate is a linear copolymer of α-L-guluronic acid (G unit) and
β-D-mannuronic acid (M unit). Europium chloride hexahydrate
(EuCl3·6H2O) was obtained from Qufu Chemical Co. Ltd. (Qufu
China). Ethylene glycol, glycerol, and d-sorbitol were supplied by
Cheng Jie Chemical Engineering Co. Ltd. (Shanghai, China). All
chemicals were received and used without further purification.
Ultrapure water with a resistivity higher than 18.2 MΩ·cm
was supplied by a Millipore Simplicity 185 system, which was
deoxygenated three times by using a freeze-pump-thaw method
before use.

Preparation of Eu-Alginate/PVA Hydrogel

and Organohydrogels
Eu-alginate/PVA hydrogel was prepared by following the method
described in our previous work (Hu et al., 2017). Briefly,
Na-alginate and PVA were dissolved in ultrapure water to
produce a homogeneous solution, wherein the molar ratio of
Na-alginate and PVA is 1:9. The Na-alginate/PVA hydrogel was
then obtained by two freeze/thaw cycles of the polymer solution.
Subsequently, the Na-alginate/PVA hydrogel was soaked into
the aqueous solution of EuCl3·6H2O (0.01 mol/L), obtaining
Eu-alginate/PVA hydrogel.

Eu-alginate/PVA organohydrogels were synthesized by
using solvent displacement method (Chen et al., 2018).
Herein, Eu-alginate/PVA hydrogel was directly placed into
a vessel containing three different cryoprotectant solutions,
namely ethylene glycol (EG), glycerol (GC) solution, and d-
sorbitol (SB) aqueous solution (SB: H2O = 2:1), respectively.
For the sake of brevity, we denote these Eu-alginate/PVA
organohydrogels as OHGEGt , OHGGCt , and OHGSBt . OHG refers
to organohydrogels, EG, GC, and SB denote the corresponding
solution, and t represents displacement time. To estimate the
solvent displacement behaviors, the weight ratio (Wa/Wb,
where Wb and Wa refers to the weight before and after
solvent displacement, respectively) of the organohydrogels was
calculated. OHG0 means original Eu-alginate/PVA hydrogel. The
synthesis procedures and structure of Eu-alginate/PVA OHG
were illustrated in Figure 1.

Measurement of Mechanical Properties
Allmechanical properties of the gels were tested on a tensile tester
(CMT6503, MTS, United States). Tensile test was performed
under room temperature, by setting a 500N sensor. All the
samples were cut into dumbbell-shaped with the help of a caliper
in the size of tensile part 2 × 2 × 12mm (Hengliang Liangju
Co. Ltd., Shanghai, China). Both ends of the dumbbell-shaped
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FIGURE 1 | The design strategy for physical organohydrogels with enhanced strength and extreme temperature tolerance via solvent displacement method.

(A) Synthesis procedures and proposed structure of Eu-alginate/PVA organohydrogels. (B) Schematic illustration of hydrogen-bonding interactions of adjacent PVA

polymers chains. (C) Hydrogen bonds between PVA polymers and Na-alginate macromolecules. (D) Anionic carboxyl groups in alginate structure coordination with

Eu3+ ions (E). Hydrogen bonding between glycerol (GC) and PVA polymers in OHGGC obtained by solvent displacement method.

samples were connected to the clamps. The upper clamp was
pulled by the load cell at a constant velocity of 100mm min−1

while the lower clamp was fixed. From the stress-strain curve,
the stress, Young’s modulus and fracture strain of those gels
can be calculated. The Young’s modulus (E) could be calculated
by τ = stress/strain when strain is lower than 10%, where
stress represents the force causing the deformation divided by

the area to which the force is applied, and strain denotes the

ratio of the change in elongation compared to the original

length of the sample. Since strain is a dimensionless quantity,

the unit of E is same as that of stress. Fracture strain is the
maximum deformation tensile length that an object or substance

can withstand, which can be calculated by ε = (L–L0)/L0,
where L0 and L is the original and deformation length of the
sample, respectively.

Characterization of Non-drying and

Anti-freezing Properties
To gain further insight into the non-drying property of
organohydrogels, the weight rate (Wt/W0) was calculated. The
initial weight of the sample was recorded as W0. Wt denotes
the weight of the corresponding sample heated with different
displacement times. The organohydrogels were heated at the
temperature of 50◦C. Characterization of the anti-freezing
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property of organohydrogel was carried out by freezing the
organohydrogels at the temperature of −20◦C or even −45◦C
for 2 h. The frozen organohydrogels were quickly folded or
twisted and then left to recover freely. After 5min, the anti-
freezing property of the organohydrogels was illustrated in the
digital pictures.

Structural Characterization
Characterization of the gels including morphology, composition,
and crystalline structure, was carried out to further understand
the solvent displacement mechanism. The morphology of the
organohydrogel samples was visualized using a field-emission
scanning electron microscopy (SEM, JROL JSM-7000F, Japan).
Fourier transform infrared (FTIR) spectrum was collected at
ambient temperature using a Nicolet 5700 FTIR spectrometer
(Thermo Scientific, United States) over a wavelength ranges from
400 to 4,000 cm−1 after 64 scans at 2 cm−1 resolution. X-ray
diffraction (XRD) patterns of the gels were obtained at room
temperature on a Philips X’Pert pro MPD diffractometer, using
Cu-Kα radiation (λ = 1.5406 Å) in the range of 2θ = 10–
90◦ and the scanning rate was set at 0.02◦/s. The hydrogel and
organohydrogels were freeze-dried, before characterizing by the
SEM and FTIR. The XRD results were directly obtained from the
as-prepared hydrogel and organohydrogels.

RESULTS AND DISCUSSIONS

Synthesis of the Eu-Alginate/PVA

Organohydrogels
The main synthetic procedures including three sequential steps
to obtain the Eu-alginate/PVA organohydrogels were shown
in Figure 1A. Firstly, homogeneous solution of PVA and Na-
alginate was freezed/thawed for two cycles to obtain Na-
alginate/PVA hydrogel. The procedure facilitates the formation
of hydrogen bonds between the polymer chains in the Na-
alginate/PVA hydrogel. The hydrogen bonds formed between
hydroxyl groups (–OH) of PVA polymers (Figure 1B) as
well as between carboxyl groups (–COOH) of Na-alginate
macromolecules and the hydroxyl groups of PVA polymers in the
crosslinked nodes (Figure 1C). Subsequently, Na-alginate/PVA
hydrogel was immersed in EuCl3 solution, and Eu3+ ions
are easily accessible to anionic carboxyl groups in alginate
structure center to form coordinate bonds (Figure 1D). Eu3+

ions, with low toxicity and antibacterial property, not only
provide the photoluminescent property but also serve as physical
crosslinkers for Na-alginate. Furthermore, coordination bonds
between trivalent Eu3+ ions and the carboxyl ligands of Na-
alginate act as physical sacrificial bonds for energy dissipation,
leading to good mechanical property. A tough Eu-alginate/PVA
hydrogel could be obtained, and the hydrogel exhibits a dual
physically crosslinked polymer networks including hydrogen
bonds forming between polymer chains, as well as coordination
bonds between Eu3+ ions and –COO− groups, while the dual
crosslinked polymer networks endow toughmechanical behavior
to the hydrogel (Hu et al., 2017).

Then, the Eu-alginate/PVA hydrogel was soaked into
cryoprotectant solutions for a certain time to obtain

organohydrogels swollen water-cryoprotectant binary solvent
of EG, GC, and SB, respectively. Owing to osmotic pressure, a
large amount of water in the hydrogel networks was displaced
by cryoprotectants (bottom in Figure 1A). Furthermore, based
on the principle of dissolution in a similar material structure,
cryoprotectant molecules containing hydroxyl groups could be
dispersed well in polymer networks to form hydrogen bonds
with PVA polymer chains, obtaining the final extreme tough
and temperature tolerant organohydrogels denoted as OHGEG,
OHGGC, and OHGSB. We anticipate that the organohydrogels
exhibit the superior mechanical properties in virtue of multiple
hydrogen bonds between cryoprotectant molecules and PVA
polymer chains (Figure 1E, taking OHGGC as an example).

Figure 2 shows the weight rate (Wa/Wb, where Wb, Wa

represents the weight before and after solvent displacement,
respectively) of organohydrogels with the displacement time
ranging from 0.5 to 6 h. The weight rate is dependent
on displacement time of the cryoprotectants. As can be
seen, with increased displacement time, the weight rate of
the organohydrogels decreased and finally almost reached a
displacement equilibrium state. Especially, the weight rate
(Wa/Wb) of OHGEG, OHGGC, and OHGSB all decreased quickly
at initial 0.5 h, from 1 to 0.55, 0.63, and 0.58, respectively
(Figure 2A). The water in the hydrogel system usually exists in
three states, i.e., free water, intermediate water, and nonrotational
bound water (Cerveny et al., 2005; Wu et al., 2019). The fast-
decreased weight rate is attributed to the fact that most of
the “free water” in hydrogel networks is displaced quickly due
to unbound water molecules. However, the intermediate water
weakly interacted with the polymer networks is displaced slowly
with the cryoprotectant molecules. Moreover, it is difficult for
the strongly bound water to undergo solvent displacement.
As an example, with the displacement time ranging from 0
to 6 h, the fast shrank and decreased volume of the ethylene
glycol based organohydrogel (OHGEG) could be visualized at
initial time (<0.5 h) and then it slowed down (Figure 2B).
These results indicate a successful solvent displacement between
the water and cryoprotectant molecules. With this approach,
the Eu-alginate/PVA hydrogel was transformed into Eu-
alginate/PVA organohydrogels with dense polymer networks
swollen water-cryoprotectant binary solvent, leading to enhanced
capabilities of mechanical properties, moisture holding and
temperature tolerance.

Mechanical Properties of the

Eu-Alginate/PVA Organohydrogels
The effects of cryoprotectants on the mechanical properties of
organohydrogels were tested by tensile experiments. Figure 3
shows the mechanical properties (tensile strength, fracture strain
and Young’smodulus) of the organohydrogels (OHGEG, OHGGC,
and OHGSB) displaced by three different cryoprotectants. The
tensile strength (Figure 3B), fracture strain (Figure 3C), and
Young’s modulus (Figure 3D) of the organohydrogels were
higher than that of original Eu-alginate/PVA hydrogel, which
can be ascribed to the synergistic effect of the multiple hydrogen
bonds and the dense polymer networks. For instance, the tensile
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FIGURE 2 | Weight rate (Wa/Wb) of the organohydrogels (A). Wa denotes the weight of the gel immersed in different cryoprotectant solution [ethylene glycol (EG),

glycerol (GC), and d-sorbitol (SB) solutions] with different displacement time. Wb represents the original weight of the Eu-alginate/PVA hydrogel. (B) Digital pictures

show change in the size of OHGEG with prolonged displacement time of 0 h, 10min, 0.5 h, 1 h, 2 h, 3 h, 4 h and 6 h.

strength of OHGSB increases from 0.58 ± 0.06 MPa to as high as
5.62± 0.41MPa, fracture strain raised from 4.07± 0.04 to as high
as 7.63 ± 0.02 and Young’s modulus ascended from 0.16 ± 0.01
to 1.08 ± 0.03 MPa as the displacement time gradually increased
to 6 h. The tensile strength is higher than many of the previously
reported organohydrogels, such as polydopamine decorating
carbon nanotubes (PDA-CNT)/copolymer of acrylamide (AM)
and acrylic acid (AA) (PAM-co-PAA) organohydrogel (0.07
MPa stress, 7.01 strain, Han et al., 2017), PVA/poly(3,4-
ethylenedioxythiophene):polystryrene sulfonate (PEDOT:PSS)
organohydrogel (2.1 MPa stress, 7.60 strain, Rong et al., 2017),
and gelation organohydrogel (2.06 MPa stress, 6.88 strain, Qin
et al., 2019), as shown in Figure S1. The dramatic enhancement
in mechanical properties of the organohydrogels is directly
related to crosslinking density, which dominated by the largely
increased hydrogen bonds between the cryoprotectant molecules
and polymer chains in the organohydrogels (Pan et al., 2018).
Interestingly, the tensile strength and the Young’s modulus
of OHGEG and OHGGC increased by increasing displacement
time and then its tended to balance. The tensile strength of
OHGEG and OHGGC prepared at displacement time of 3 and
4 h reached to 3.20 ± 0.37 and 3.45 ± 0.42 MPa, respectively.
The Young’s modulus of the organohydrogels reached to 0.98
± 0.34 and 0.99 ± 0.42 MPa, respectively. The excellent
tensile strength and Young’s modulus achieved in the shorter
displacement time could be attributed to the smaller molecules
of EG and GC than SB. Overall, based on solvent displacement
method, the mechanical strength of the physically crosslinked

organohydrogels can be dramatically enhanced. In addition, the
types of cryoprotectants and displacement time play important
roles in controllingmechanical performances of organohydrogels
to fulfill the requirements in specific potential applications.

The Non-drying and Anti-freezing

Properties of the Eu-Alginate/PVA

Organohydrogels
To demonstrate the organohydrogels with a temperature
tolerance (−45–50◦C), we investigated the non-drying and anti-
freezing properties of the organohydrogels (OHGEG, OHGGC,
OHGSB), as shown in Figure 4. Firstly, to demonstrate non-
drying property, the organohydrogels immersed in EG, GC, and
SB for different time (0–6 h) were heated at the temperature of
50◦C (0–13 h). The weight rate was calculated by (Wt/W0), where
W0 and Wt denotes for the weight of organohydrogels before
heating and heating for certain time, respectively (Figure 4B).
The weight of organohydrogels decreased by increasing heating
time and then it tended to balance, due to that remaining water
was evaporated from the organohydrogels. Furthermore, the
organohydrogels treated with long displacement time showed
high weight rate (Wt/W0). Notably, it was found that the weight
rate of the OHGGC at the displacement time of 6 h exhibited
the highest weight rate (over 0.9), because lower vapor pressure
(compared to glycol) and fast exchange kinetics of glycerol (small
molecular size compared to sorbitol) (Rajan and Matsumura,
2018). In contrast, the original hydrogel showed the lowest weight
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FIGURE 3 | Mechanical properties of the Eu-alginate/PVA organohydrogels (OHGEG, OHGGC, OHGSB) treated with cryoprotectants for different times. (A)

stress-strain curves, (B) stress-displacement time histogram, (C) Fracture strain-displacement time histogram, (D) Young’s modulus-displacement time histogram.

rate (0.18), indicating that OHG0 does not show non-drying
ability due to volatilization of water.

In addition, the anti-freezing properties of the
organohydrogels, i.e., deformation behaviors (c, bend; d,
twist for 3 × 360◦; e, fold) and corresponding recovery
states were demonstrated in Figure 4. The behaviors of the
organohydrogels and hydrogel under the sub-zero temperature

were obviously different. The organohydrogels exhibited
outstanding deformation behavior, but the original hydrogel
could not recover after bending under the sub-zero temperature.
The frozen hydrogel (OHG0) displayed a non-transparent
and white morphology due to formation of an aggregate
of ice crystals in the polymer networks (Figure 4C). The
organohydrogels displaced by different cryoprotectants for 4 h,
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FIGURE 4 | Non-drying (A,B) and anti-freezing (C–E) properties of the organohydrogels. (A) Digital pictures of the organohydrogels soaked in GC solution for different

times (0, 0.5, 1, 2, 3, 4, 6 h) and then heated in a vacuum oven at 50◦C until constant weight was gained. (B) Weight retention rate of OHGEG, OHGGC, and OHGSB

with different immersion time under heating at 50◦C for different heating time. W0 is the initial weight of the organohydrogels (OHG0), while W t denotes the weight of

the samples heated for different times at the temperature of 50◦C. The mechanical deformation behaviors (C, bent; D, twisted for 3 × 360◦; E, fold) and

corresponding recovery state (after free recovery for 5min) of the organohydrogels soaked for 4 h and then cooled at −20◦C (C,D) and −45◦C (E).

for example, OHGEG4, OHGGC4, and OHGSB4, showed good
recovery behaviors after being bent and twisted for 3 × 360◦ at
−20◦C (Figure 4D). To further demonstrate the anti-freezing
property of the organohydrogels, the organohydrogels and
hydrogel were placed in a harsh condition (−45◦C). In fact, the
hydrogel became rigid and fragile owing to being frozen and even
generated cracks on the surface during folding under the sub-
zero temperature. In contrast, the organohydrogels (OHGEG4,
OHGGC4, and OHGSB4) could return to their initial states after
being bent and folded (Figure 4E). The excellent anti-freezing
ability is due to the ice-inhibiting effect of cryoprotectants
disrupting the formation of ice crystal lattices of the residual
water molecules. The results demonstrate that the cryoprotectant
based organohydrogels exhibit excellent non-drying and anti-
freezing property, indicating the potential applications under a
broad temperature range.

The Microstructure of Organohydrogels

and Hydrogel
To further demonstrate the effect of microstructural changes
of organohydrogels and hydrogel on their performances, the
SEM, XRD, and FTIR analyses were performed, respectively.

As shown in the SEM images (Figure 5A), the original
hydrogel (OHG0) displayed a distinct porous structure with
loose texture, because water molecules form a lot of ice
crystals under subzero temperature, and leading to porous
structure mainly occupied by water after sublimation of ice
crystals from the hydrogel processed by vacuum freeze-drying
(Ricciardi et al., 2004). On the other hand, organohydrogels
after 0.5 h displacement, i.e., OHGEG(0.5), OHGGC(0.5), and
OHGSB(0.5) presents dense structure after same treatment
processes, because cryoprotectants prevent formation of ice
crystals. The organohydrogels with dense structure correspond
to volume shrinkage of organohydrogels because hydrophilic
polymers do not swell well in the cryoprotectants (Figure 2).

Additionally, the unique microstructures could strengthen
the crystallization among PVA polymer chains. It could be
verified by XRD patterns where the crystal peak of PVA became
more intense in the organohydrogels (OHGEG(0.5), OHGGC(0.5),
and OHGSB(0.5)), than that of hydrogels (Figure 5B). The Eu-
alginate/PVA hydrogel and organohydrogels do not show sharp
crystalline diffraction peaks of PVA, because the presence of
Na-alginate and Eu3+ ions inhibit the crystallization of PVA
(Hu et al., 2017). The Eu-alginate/PVA hydrogel has a halo
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FIGURE 5 | (A) SEM images of the gels [OHG0, OHGEG(0.5), OHGGC(0.5), OHGSB(0.5), OHGEG6, OHGGC6, OHGSB6], (B) XRD patterns and (C) FTIR spectra of the gels

(OHG0, OHGEG6, OHGGC6, OHGSB6). For example, OHGEG(0.5) represents Eu-alginate/PVA hydrogels soaking in ethylene glycol (EG) for 0.5 h, while OHGSB6 denotes

the hydrogels soaking in d-sorbitol (SB) for 6 h. (D) Schematic illustrations of the hydrogen bonds (black dotted line) between PVA polymer chains in hydrogel (OHG0),

and EG, GC, SB molecules bridged PVA chains via forming hydrogen bonds in the corresponding organohydrogels.

centered at 2θ ≈ 28◦ (Figure 5B) in the diffraction of pure
water same as previous report (Ricciardi et al., 2004). The Eu-
alginate/PVA hydrogel possesses a water content high enough
to 85% while a low PVA content of about 13.5%, indicating
crystalline diffraction peaks of PVA (2θ ≈ 19.4 and 20◦) might
be covered by the aforementioned diffraction of free pure water.
After the hydrogel was transformed into organohydrogels, typical
reflections of crystalline atactic PVA, with a maximum 2θ angles
of 22.3, 20.1, 19.6◦ presents for OHGEG, OHGGC, and OHGSB

sample, respectively (Ricciardi et al., 2004). A slight shift of the
peak around 2θ = 20.0◦ of three type organohydrogels could
be assigned to the hydrogen bonds between PVA polymers and
the cryoprotectants with different molecular structures (Zhao
et al., 2019). The results indicate more crystalline PVA aggregates
are formed in the organohydrogels due to the decreased relative
amount of “free water,” whereas a lot of swollen amorphous PVA
polymer chains present in the hydrogel. The multiple hydrogen
bonds including PVA crystalline domains act as knots of the gel

network, promoting the enhancement of mechanical properties
(Figure 5D).

As shown in the FTIR spectrums (Figure 5C), the FTIR
spectrum of Eu-alginate/PVA hydrogel shows the characteristic
stretching bands of –OH at 3,290 cm−1 and C–O at 1,080 cm−1.
While for the Eu-alginate/PVA organohydrogels (OHGEG,
OHGGC and OHGSB), the characteristic stretching band of –
OH shifted to 3,276, 3,274, and 3,269 cm−1, respectively, as well
as the characteristic stretching band of C–O shifted to 1,047,
1,037, and 1,033 cm−1, respectively. The shift of IR absorption
bands to lower wave numbers suggests the formation of stronger
H-bonding in the organohydrogels.

Based on the above analysis, schematics illustrating the
interaction among PVA polymer chains and cryoprotectant
molecules were presented in Figure 5D. After cryoprotectant
displacement, the EG, GC, SB molecules could bridge PVA
chains via abundant hydrogen bonds forming between
cryoprotectants and PVA polymer chains. And the pivotal
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roles of cryoprotectant molecules can be attributed to three
parts, that are, (i) Enhancing the mechanical properties of
organohydrogels. (ii) Restricting volatilization of the residual
water to promote non-drying ability. (iii) Disrupting the
formation of ice crystal lattices as well as reducing the freezing
point of H2O, both phenomena increase the anti-freezing
capacity of organohydrogels. As a result, physically crosslinked
organohydrogels with enhanced mechanical properties and
extreme temperature tolerance could be designed and obtained
by cryoprotectants displacement method.

CONCLUSIONS

In summary, physically crosslinked organohydrogels with
toughness and extreme temperature tolerance were successfully
fabricated by solvent displacement method. Each component
of the Eu-alginate/PVA organohydrogels serves the respective
role for endowing excellent integrated properties. The PVA
is responsible for gel backbone, offering a certain mechanical
strength facilitating hydrogen bonds formation, while alginate
enables the enhanced mechanical performance of the gels by
coordination with Eu3+ ions, and interlaces with PVA polymer
chains via hydrogen bonds. More importantly, cryoprotectants
disrupt the formation of ice crystal lattices of water molecules.
This disruption is responsible for bridging of PVA chains
through abundant and stable multiple hydrogen bonds, profiting
effective energy dissipation, and restricting volatilization of
the residual water. The organohydrogels feature enhanced
and tunable mechanical capacity, as well as freezing/heating
tolerance, potentially to be used in various fields, such as medical
devices, flexible electronics, and stretchable devices.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

AUTHOR CONTRIBUTIONS

YC put forward the ideas about this research and designed
the experiments. JZ, DD, and EZ prepared the main materials,
and completed the structural characterization and performance
testing of materials. JZ and DD analyzed the data and wrote the
manuscript. XG, YZ, KY, MK, YAr, and YAz revised and edited
the manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (11674263), Key Research and
Development Program of Shaanxi (Program No. 2020KWZ-
006). Xi’an Weiyang District Science and Technology Fund
(201927), Key Intergovernmental Special Projects of the
National Key R & D Plan of the People’s Republic of China (No.
2018YFE0114200), the research project grant of the joint logistic
support force (BLB18J014).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2020.00102/full#supplementary-material

REFERENCES

Banerjee, H., Suhail, M., and Ren, H. (2018). Hydrogel actuators and sensors for

biomedical soft robots: brief overview with impending challenges. Biomimetics

3:15. doi: 10.3390/biomimetics3030015

Cerveny, S., Colmenero, J., and Alegría, A. (2005). Dielectric investigation of the

low-temperature water dynamics in the poly(vinyl methyl ether)/H2O system.

Macromolecules 38, 7056–7063. doi: 10.1021/ma050811t

Chen, F., Zhou, D., Wang, J., Li, T., Zhou, X., Gan, T., et al. (2018).

Rational fabrication of anti-freezing non-drying tough organohydrogels by

one-pot solvent displacement. Angew. Chem. Int. Ed. 130, 6568–6571.

doi: 10.1002/ange.201803366

Chen, Q., Zhu, L., Chen, H., Yan, H., and Huang, L. (2015). A novel design

strategy for fully physically linked double network hydrogels with tough,

fatigue resistant, and self-healing properties. Adv. Funct. Mater. 25, 1598–1607.

doi: 10.1002/adfm.201404357

Dhivya, S., Saravanan, S., Sastry, T. P., and Selvamurugan, N. (2015).

Nanohydroxyapatite-reinforced chitosan composite hydrogel for

bone tissue repair in vitro and in vivo. J. Nanobiotechnol. 13:40.

doi: 10.1186/s12951-015-0099-z

Dong, D., Hao, T., Wang, C., Zhang, Y., Qin, Z., Yang, B., et al. (2018).

Zwitterionic starch-based hydrogel for the expansion and “stemness”

maintenance of brown adipose derived stem cells. Biomaterials 157, 149–160.

doi: 10.1016/j.biomaterials.2017.12.011

Elliott, G. D., Wang, S., and Fuller, B. J. (2017). Cryoprotectants: a

review of the actions and applications of cryoprotective solutes that

modulate cell recovery from ultra-low temperatures. Cryobiology 76, 74–91.

doi: 10.1016/j.cryobiol.2017.04.004

Fan, D., Tian, Y., and Liu, Z. (2019). Injectable hydrogels for localized cancer

therapy. Front. Chem. 7:675. doi: 10.3389/fchem.2019.00675

Gao, H., Zhao, Z., Cai, Y., Zhou, J., Hua, W., Chen, L., et al. (2017).

Adaptive and freeze-tolerant heteronetwork organohydrogels with enhanced

mechanical stability over a wide temperature range. Nat. Commun. 8:15911.

doi: 10.1038/ncomms15911

Gao, Y., Song, J., Li, S., Elowsky, C., Zhou, Y., Ducharme, S., et al. (2016). Hydrogel

microphone for stealthy underwater listening. Nat. Commun. 24:13114.

doi: 10.1038/ncomms13114

GhavamiNejad, A., SamariKhalaj, M., Aguilar, L. E., Park, C. H., and Kim, C.

S. (2016). pH/NIR light-controlled multidrug release via a mussel-inspired

nanocomposite hydrogel for chemo-photothermal cancer therapy. Sci. Rep.

6:33594. doi: 10.1038/srep33594

Gong, J. P. (2014). Materials both tough and soft. Science 344, 161–162.

doi: 10.1126/science.1252389

Gong, J. P., Katsuyama, Y., Kurokawa, T., and Osada, Y. (2003). Double-network

hydrogels with extremely highmechanical strength.Adv.Mater. 15, 1155–1158.

doi: 10.1002/adma.200304907

Gong, Z., Zhang, G., Zeng, X., Li, J., Li, G., Huang, W., et al. (2016). High-

strength, tough, fatigue resistant, and self-healing hydrogel based on dual

physically cross-linked network. ACS Appl. Mater. Interfaces 8, 24030–24037.

doi: 10.1021/acsami.6b05627

Gu, B., Sun, X., Papadimitrakopoulos, F., and Burgess, D. J. (2016).

Seeing is believing, PLGA microsphere degradation revealed in PLGA

microsphere/PVA hydrogel composites. J. Control. Release 228, 170–178.

doi: 10.1016/j.jconrel.2016.03.011

Han, J., Zhao, X., Xu, W., Wang, W., Han, Y., and Feng, X. (2018).

Effect of hydrophobic polypeptide length on performances of

Frontiers in Chemistry | www.frontiersin.org 9 March 2020 | Volume 8 | Article 102137

https://www.frontiersin.org/articles/10.3389/fchem.2020.00102/full#supplementary-material
https://doi.org/10.3390/biomimetics3030015
https://doi.org/10.1021/ma050811t
https://doi.org/10.1002/ange.201803366
https://doi.org/10.1002/adfm.201404357
https://doi.org/10.1186/s12951-015-0099-z
https://doi.org/10.1016/j.biomaterials.2017.12.011
https://doi.org/10.1016/j.cryobiol.2017.04.004
https://doi.org/10.3389/fchem.2019.00675
https://doi.org/10.1038/ncomms15911
https://doi.org/10.1038/ncomms13114
https://doi.org/10.1038/srep33594
https://doi.org/10.1126/science.1252389
https://doi.org/10.1002/adma.200304907
https://doi.org/10.1021/acsami.6b05627
https://doi.org/10.1016/j.jconrel.2016.03.011
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Zhang et al. Physically Crosslinked Organohydrogels

thermo-sensitive hydrogels. Molecules 23:1017. doi: 10.3390/molecules230

51017

Han, L., Liu, K., Wang, M., Wang, K., Fang, L., Chen, H., et al. (2017). Mussel-

inspired adhesive and conductive hydrogel with long-lasting moisture

and extreme temperature tolerance. Adv. Funct. Mater. 28:1704195.

doi: 10.1002/adfm.201704195

Han, Y., Bai, T., Liu, Y., Zhai, X., and Liu, W. (2012). Zinc ion uniquely

induced triple shape memory effect of dipole-dipole reinforced ultra-

high strength hydrogels. Macromol. Rapid Commun. 33, 225–231.

doi: 10.1002/marc.201100683

Haraguchi, K., and Takehisa, T. (2002). Nanocomposite hydrogels: a unique

organic-inorganic network structure with extraordinary mechanical,

optical, and swelling/de-swelling properties. Adv. Mater. 14, 1120–1124.

doi: 10.1002/1521-4095(20020816)14:163.0.CO;2-9

Hu, C., Wang, M. X., Sun, L., Yang, J. H., Zrínyi, M., and Chen, Y. M.

(2017). Dual-physical cross-linked tough and photoluminescent hydrogels with

good biocompatibility and antibacterial activity. Macromol. Rapid Commun.

38:1600788. doi: 10.1002/marc.201600788

Hu, X., Gao, Z., Tan, H., Wang, H., Mao, X., and Pang, J. (2019). An

injectable hyaluronic acid-based composite hydrogel by DA click chemistry

with pH sensitive nanoparticle for biomedical application. Front. Chem. 7:477.

doi: 10.3389/fchem.2019.00477

Huang, T., Xu, H., Jiao, K., Zhu, L., Brown, H., Wang, H. A., et al. (2007). A

novel hydrogel with high mechanical strength: a macromolecular microsphere

composite hydrogel. Adv. Mater. 19, 1622–1626. doi: 10.1002/adma.2006

02533

Iwaso, K., Takashima, Y., and Harada, A. (2016). Fast response dry-type

artificial molecular muscles with [c2]daisy chains. Nat. Chem. 8, 625–632.

doi: 10.1038/nchem.2513

Jing, Z., Xu, A., Liang, Y. Q., Zhang, Z., Yu, C., Hong, P., et al. (2019).

Biodegradable poly(acrylic acid-co-acrylamide)/poly(vinyl alcohol) double

network hydrogels with tunable mechanics and high self-healing performance.

Polymers 11:952. doi: 10.3390/polym11060952

Kim, Y. S., Liu, M., Ishida, Y., Ebina, Y., Osada, M., Sasaki, T., et al.

(2016). Thermoresponsive actuation enabled by permittivity switching

in an electrostatically anisotropic hydrogel. Nat. Mater. 14, 1002–1007.

doi: 10.1038/nmat4363

Lai, E., Yue, X., Ning, W., Huang, J., Ling, X., and Lin, H. (2019).

Three-dimensional graphene-based composite hydrogel materials for flexible

supercapacitor electrodes. Front. Chem. 7:660. doi: 10.3389/fchem.2019.00660

Li, W., An, H., Tan, Y., Lu, C., Liu, C., Li, P., et al. (2012). Hydrophobically

associated hydrogels based on acrylamide and anionic surface active

monomer with high mechanical strength. Soft Matter 8, 5078–5086.

doi: 10.1039/c2sm07200a

Li, Z., Su, S., Yu, L., Zheng, Z., and Wang, X. (2018). Preparation of a photo- and

thermo-responsive topological gel from anthracene-modified polyrotaxanes.

Soft Matter 14, 2767–2771. doi: 10.1039/C8SM00376A

Liang, Z., Liu, C., Li, L., Xu, P., Luo, G., Ding, M., et al. (2016). Double-network

hydrogel with tunable mechanical performance and biocompatibility for the

fabrication of stem cells-encapsulated fibers and 3D assemble. Sci. Rep. 6:33462.

doi: 10.1038/srep33462

Liu, J., Tan, C. S. Y., Yu, Z., Lan, Y., Abell, C., and Scherman, O.

A. (2017). Biomimetic supramolecular polymer networks exhibiting both

toughness and self-recovery. Adv. Mater. 29:1604951. doi: 10.1002/adma.2016

04951

Liu, Y., Meng, H., Qian, Z., Fan, N., Choi, W., Zhao, F., et al. (2017). A

moldable nanocomposite hydrogel composed of a mussel-inspired polymer

and a nanosilicate as a fit-to-shape tissue sealant. Angew. Chem. Int. Ed. 56,

4224–4228. doi: 10.1002/anie.201700628

Lou, D., Wang, C., He, Z., Sun, X., Luo, J., and Li, J. (2019). Robust

organohydrogel with flexibility and conductivity across the freezing and boiling

temperatures of water. Chem. Commun. 55, 8422–8425. doi: 10.1039/C9CC

04239C

Mihajlovic, M., Staropoli, M., Appavou, M. S., Wyss, H. M., Pyckhout-

Hintzen, W., and Sijbesma, R. P. (2017). Tough supramolecular hydrogel

based on strong hydrophobic interactions in a multiblock segmented

copolymer. Macromolecules 50, 3333–3346. doi: 10.1021/acs.macromol.

7b00319

Morelle, X. P., Illeperuma, W. R., Tian, K., Bai, R., Suo, Z., and Vlassak, J. J. (2018).

Highly stretchable and tough hydrogels below water freezing temperature.Adv.

Mater. 30:1801541. doi: 10.1002/adma.201801541

Okumura, Y., and Ito, K. (2001). The polyrotaxane gel: a topological

gel by figure-of-eight cross-links. Adv. Mater. 13, 485–487.

doi: 10.1002/1521-4095(200104)13:7<485::AID-ADMA485>3.0.CO;2-T

Pan, X., Wang, Q., Ning, D., Dai, L., Liu, K., Ni, Y., et al. (2018). Ultraflexible

self-healing guar gum-glycerol hydrogel with injectable, antifreeze,

and strain-sensitive properties. ACS Biomater. Sci. Eng. 4, 3397–3404.

doi: 10.1021/acsbiomaterials.8b00657

Qin, Z., Niu, R., Tang, C., Xia, J., Ji, F., Dong, D., et al. (2018). A dual-crosslinked

strategy to construct physical hydrogels with high strength, toughness, good

mechanical recoverability, and shape-memory ability. Macromol. Mater. Eng.

303:1700396. doi: 10.1002/mame.201700396

Qin, Z. H., Dong, D. Y., Yao, M. M., Yu, Q. Y., Sun, X., Guo, Q., et al.

(2019). Freezing-tolerant supramolecular organohydrogel with high toughness,

thermoplasticity, and healable and adhesive properties. ACS Appl. Mater.

Interfaces 11, 21184–21193. doi: 10.1021/acsami.9b05652

Rajan, R., and Matsumura, K. (2018). Development and application

of cryoprotectants. Adv. Exp. Med. Biol. 1081, 339–354.

doi: 10.1007/978-981-13-1244-1_18

Ricciardi, R., Auriemma, F., Rosa, C. D., and Lauprêtre, F. (2004). X-ray

diffraction analysis of poly(vinyl alcohol) hydrogels, obtained by freezing

and thawing techniques. Macromolecules 37, 1921–1927. doi: 10.1021/ma

035663q

Rong, Q., Lei, W., Chen, L., Yin, Y., Zhou, J., and Liu, M. (2017).

Anti-freezing conductive self-healing organohydrogels with stable strain-

sensitivity at subzero temperatures. Angew. Chem. Int. Ed. 56, 14159–14163.

doi: 10.1002/anie.201708614

Rong, Q., Lei, W., Huang, J., and Liu, M. (2018). Low temperature tolerant

organohydrogel electrolytes for flexible solid-state supercapacitors.Adv. Energy

Mater. 8:1801967. doi: 10.1002/aenm.201801967

Shi, S., Peng, X., Liu, T., Chen, Y. N., He, C., and Wang, H. (2017). Facile

preparation of hydrogen-bonded supramolecular polyvinyl alcohol-glycerol

gels with excellent thermoplasticity and mechanical properties. Polymer 111,

168–176. doi: 10.1016/j.polymer.2017.01.051

Wang, M. X., Yang, C. H., Liu, Z. Q., Zhou, J., Xu, F., Suo, Z., et al. (2015). Tough

photoluminescent hydrogels doped with lanthanide. Macro. Rapid Commun.

36, 465–471. doi: 10.1002/marc.201400630

Wang, W., Narain, R., and Zeng, H. (2018). Rational design of self-healing tough

hydrogels: a mini review. Front. Chem. 6:497. doi: 10.3389/fchem.2018.00497

Wang, Z., Lin, M., Wang, M., Song, X., Zhang, C., Dong, Z., et al.

(2018). Polymerizable microsphere-induced high mechanical strength of

hydrogel composed of acrylamide. Materials 11:880. doi: 10.3390/ma

11060880

Wegst, U. G., Bai, H., Saiz, E., Tomsia, A. P., and Ritchie, R. O. (2014). Bioinspired

structural materials. Nat. Mater. 14, 23–36. doi: 10.1038/nmat4089

Wei, Z., Yang, J. H., Liu, Z. Q., Xu, F., Zhou, J. X., Zrínyi, M., et al. (2015). Novel

biocompatible polysaccharide-based self-healing hydrogel. Adv. Funct. Mater.

25, 1352–1359. doi: 10.1002/adfm.201401502

Wei, Z., Yang, J. H., Zhou, J., Xu, F., Zrínyi, M., Dussault, P. H., et al.

(2014). Self-healing gels based on constitutional dynamic chemistry and their

potential applications. Chem. Soc. Rev. 43, 8114–8131. doi: 10.1039/C4CS

00219A

Wu, J., Wu, Z., Lu, X., Han, S., Yang, B. R., Gui, X., et al. (2019). Ultrastretchable

and stable strain sensors based on anti-freezing and self-healing ionic

organohydrogels for human motion monitoring. ACS Appl. Mater. Interfaces

11, 9405–9414. doi: 10.1021/acsami.8b20267

Yuk, H., Zhang, T., Lin, S., Parada, G. A., and Zhao, X. (2016). Tough

bonding of hydrogels to diverse non-porous surfaces. Nat. Mater. 15, 190–196.

doi: 10.1038/nmat4463

Zhang, H., Niu,W., and Zhang, S. (2018). Extremely stretchable, stable and durable

strain sensors based on double-network organogels.ACSAppl. Mater. Interfaces

10, 32640–32648. doi: 10.1021/acsami.8b08873

Zhang, Y., Li, Y., and Liu, W. (2015). Dipole-dipole and H-bonding

interactions significantly enhance the multifaceted mechanical properties of

thermoresponsive shape memory hydrogels. Adv. Funct. Mater. 25, 471–480.

doi: 10.1002/adfm.201401989

Frontiers in Chemistry | www.frontiersin.org 10 March 2020 | Volume 8 | Article 102138

https://doi.org/10.3390/molecules23051017
https://doi.org/10.1002/adfm.201704195
https://doi.org/10.1002/marc.201100683
https://doi.org/10.1002/1521-4095(20020816)14:163.0.CO
https://doi.org/10.1002/marc.201600788
https://doi.org/10.3389/fchem.2019.00477
https://doi.org/10.1002/adma.200602533
https://doi.org/10.1038/nchem.2513
https://doi.org/10.3390/polym11060952
https://doi.org/10.1038/nmat4363
https://doi.org/10.3389/fchem.2019.00660
https://doi.org/10.1039/c2sm07200a
https://doi.org/10.1039/C8SM00376A
https://doi.org/10.1038/srep33462
https://doi.org/10.1002/adma.201604951
https://doi.org/10.1002/anie.201700628
https://doi.org/10.1039/C9CC04239C
https://doi.org/10.1021/acs.macromol.7b00319
https://doi.org/10.1002/adma.201801541
https://doi.org/10.1002/1521-4095(200104)13:7<485::AID-ADMA485>3.0.CO;2-T
https://doi.org/10.1021/acsbiomaterials.8b00657
https://doi.org/10.1002/mame.201700396
https://doi.org/10.1021/acsami.9b05652
https://doi.org/10.1007/978-981-13-1244-1_18
https://doi.org/10.1021/ma035663q
https://doi.org/10.1002/anie.201708614
https://doi.org/10.1002/aenm.201801967
https://doi.org/10.1016/j.polymer.2017.01.051
https://doi.org/10.1002/marc.201400630
https://doi.org/10.3389/fchem.2018.00497
https://doi.org/10.3390/ma11060880
https://doi.org/10.1038/nmat4089
https://doi.org/10.1002/adfm.201401502
https://doi.org/10.1039/C4CS00219A
https://doi.org/10.1021/acsami.8b20267
https://doi.org/10.1038/nmat4463
https://doi.org/10.1021/acsami.8b08873
https://doi.org/10.1002/adfm.201401989
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Zhang et al. Physically Crosslinked Organohydrogels

Zhang, Y. S., and Khademhosseini, A. (2017). Advances in

engineering hydrogels. Science 356:eaaf3627. doi: 10.1126/science.

aaf3627

Zhao, X. Q., Wang, M. X., Chen, Y. M., Chen, Z. G., Suo, T., Qian, W.,

et al. (2019). Puncture-resistant hydrogel: placing molecular complexes

along phase boundaries. ACS Appl. Mater. Interfaces 11, 19421–19428.

doi: 10.1021/acsami.9b02328

Zhu, P., Deng, Y., and Wang, C. (2017). Graphene/cyclodextrin-based

nanocomposite hydrogel with enhanced strength and thermo-responsive

ability. Carbohyd. Polym. 174, 804–811. doi: 10.1016/j.carbpol.2017.

06.081

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Zhang, Dong, Guan, Zhang, Chen, Yang, Zhang, Khan, Arfat

and Aziz. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org 11 March 2020 | Volume 8 | Article 102139

https://doi.org/10.1126/science.aaf3627
https://doi.org/10.1021/acsami.9b02328
https://doi.org/10.1016/j.carbpol.2017.06.081
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


ORIGINAL RESEARCH
published: 13 March 2020

doi: 10.3389/fchem.2020.00173

Frontiers in Chemistry | www.frontiersin.org 1 March 2020 | Volume 8 | Article 173

Edited by:

Yi Cao,

Nanjing University, China

Reviewed by:

Xiang Gao,

Cornell University, United States

Shanshan Lv,

Beijing University of Chemical

Technology, China

*Correspondence:

Anne M. Wertheimer

awerth@email.arizona.edu

Minkyu Kim

minkyukim@email.arizona.edu

Specialty section:

This article was submitted to

Polymer Chemistry,

a section of the journal

Frontiers in Chemistry

Received: 07 January 2020

Accepted: 26 February 2020

Published: 13 March 2020

Citation:

Camp CP, Peterson IL, Knoff DS,

Melcher LG, Maxwell CJ, Cohen AT,

Wertheimer AM and Kim M (2020)

Non-cytotoxic Dityrosine

Photocrosslinked Polymeric Materials

With Targeted Elastic Moduli.

Front. Chem. 8:173.

doi: 10.3389/fchem.2020.00173

Non-cytotoxic Dityrosine
Photocrosslinked Polymeric
Materials With Targeted Elastic
Moduli
Christopher P. Camp 1, Ingrid L. Peterson 2,3, David S. Knoff 1, Lauren G. Melcher 3,

Connor J. Maxwell 1, Audrey T. Cohen 1, Anne M. Wertheimer 2,3* and Minkyu Kim 1,3,4*

1Department of Biomedical Engineering, University of Arizona, Tucson, AZ, United States, 2 Applied Biosciences GIDP,

University of Arizona, Tucson, AZ, United States, 3 BIO5 Institute, University of Arizona, Tucson, AZ, United States,
4Department of Materials Science & Engineering, University of Arizona, Tucson, AZ, United States

Controlling mechanical properties of polymeric biomaterials, including the elastic

modulus, is critical to direct cell behavior, such as proliferation and differentiation.

Dityrosine photocrosslinking is an attractive and simple method to prepare materials that

exhibit a wide range of elastic moduli by rapidly crosslinking tyrosyl-containing polymers.

However, high concentrations of commonly used oxidative crosslinking reagents, such

as ruthenium-based photoinitiators and persulfates, present cytotoxicity concerns. We

found the elastic moduli of materials prepared by crosslinking an artificial protein

with tightly controlled tyrosine molarity can be modulated up to 40 kPa by adjusting

photoinitiator and persulfate concentrations. Formulations with various concentrations

of the crosslinking reagents were able to target a similar material elastic modulus, but

excess unreacted persulfate resulted in cytotoxic materials. Therefore, we identified a

systematic method to prepare non-cytotoxic photocrosslinked polymeric materials with

targeted elastic moduli for potential biomaterials applications in diverse fields, including

tissue engineering and 3D bioprinting.

Keywords: photocrosslinking, tyrosine, artificial protein, hydrogel, elastic modulus, non-cytotoxic

INTRODUCTION

Polymeric biomaterials that are designed to mimic the mechanical properties of tissue matrices can
direct cellular behaviors, such as proliferation and differentiation (Engler et al., 2006; Guvendiren
and Burdick, 2012; Chaudhuri et al., 2016). Polymers can be chemically crosslinked to form
polymer-network materials, such as hydrogels, that mimic the elastic moduli of natural tissues,
ranging from 1 kPa in brain tissue to over 100 kPa in bone (Engler et al., 2006; Chaudhuri
et al., 2016). Furthermore, crosslinking strategies that rapidly form hydrogels on the order of
seconds to minutes are advantageous to precisely fix complex material shapes. However, rapid
chemical crosslinking strategies often result in clusters of densely and sparsely crosslinked regions
because polymers quickly crosslink before the reagents are well-mixed, resulting in diminished
mechanical properties (Kroll and Croll, 2015; Gu et al., 2017, 2020). Therefore, a rapid crosslinking
strategy with improved crosslinking homogeneity is necessary to fabricate tissue-mimicking
polymeric biomaterials.
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Photochemical crosslinking is a potential method to improve
the consistency of crosslinking density in rapidly formed
polymeric materials because solutions can be thoroughly mixed
prior to activating photocrosslinking reagents. Dityrosine
photocrosslinking is an attractive and simple approach
that exploits light and photoinitiator-activated phenolic
coupling of tyrosyl groups within synthetic or natural polymers
(Aeschbach et al., 1976; Fancy and Kodadek, 1999; Partlow
et al., 2016). The photoinitiator tris(2,2′-bipyridyl)ruthenium(II)
([Ru(II)bpy3]

2+) and persulfate oxidizing agents are often used
for rapid dityrosine photocrosslinking (Elvin et al., 2005, 2010;
Fang and Li, 2012; Ding et al., 2013; Jeon et al., 2015; Yang
et al., 2015; Kim et al., 2017; Zhang et al., 2017; Min et al.,
2018; Sakai et al., 2018; Khanmohammadi et al., 2019; Lim
et al., 2019). [Ru(II)bpy3]

2+ functions by absorbing visible
light and reducing a persulfate anion to reach a higher energy
state, [Ru(II)bpy3]

3+. The persulfate anion is consumed in the
reaction through decomposition from S2O

2−
8 to SO2−

4 and SO•−

4 .
[Ru(II)bpy3]

3+ oxidizes tyrosyl phenyl groups into free radicals
that spontaneously dimerize (Nickel et al., 1994). The complete
process of [Ru(II)bpy3]

2+ (Ru)-mediated crosslinking occurs on
the order of seconds to minutes, and the strategy has been used to
form polymeric materials, such as hydrogels, with elastic moduli
ranging from 6 kPa to over 100 kPa (Elvin et al., 2010; Ding et al.,
2013; Zhang et al., 2017). The range of potential elastic moduli
makes the technology sufficient to form biomaterials that mimic
particular tissue matrices.

Despite the benefits of Ru-mediated dityrosine
photocrosslinking, there is disagreement about the
possible cytotoxicity of the Ru and persulfate crosslinking
reagents (Annabi et al., 2017). In preparation of dityrosine
photocrosslinked polymeric materials, persulfate concentrations
have ranged from at least 1 to 200mM, and Ru concentrations
from 0.1 to 3mM (Elvin et al., 2005, 2010; Fang and Li, 2012;
Ding et al., 2013; Jeon et al., 2015; Kim et al., 2017; Zhang et al.,
2017; Min et al., 2018; Sakai et al., 2018; Khanmohammadi et al.,
2019; Lim et al., 2019). Persulfates are strong oxidizing agents
that can stress cell membranes and lead to an increased rate of
apoptosis (Song et al., 2017). Ru is an intercalator that can affect
DNA and cell replication (Ang and Dyson, 2006; Gill et al., 2016).
Due to the potential cytotoxicity of Ru and persulfates, dityrosine
photoinitiators including riboflavin or flavin mononucleotide
(Kato et al., 1994; Applegate et al., 2016; Donnelly et al., 2017;
Liu et al., 2018), and Rose Bengal (Spikes et al., 1999) have
been used as alternatives. However, these approaches come
at the cost of slower crosslinking that limit potential time-
sensitive biomaterials applications, such as stereolithographic
3D bioprinting, where rapid crosslinking is beneficial (Melchels
et al., 2010; Bajaj et al., 2014; Valot et al., 2019). Therefore, an
evaluation of Ru photocrosslinking parameters is necessary
to carefully utilize Ru crosslinking technology and guide the
rapid production of non-cytotoxic dityrosine photocrosslinked
polymeric materials.

We hypothesized that elastic moduli of Ru-mediated
photocrosslinked materials can be targeted by controlling
concentrations of Ru and persulfate where the limiting
reagent dictates the elastic modulus. Moreover, we expected

that hydrogels prepared from formulations where both
reagents are at limiting concentrations could enhance the
survivability and growth of cells compared to excessive reagent
concentrations. To investigate the Ru-mediated fabrication
of non-cytotoxic dityrosine polymeric materials with targeted
elastic moduli, we used artificial proteins as model polymers.
Advantages of artificial polypeptides include precise genetic
engineering for well-controlled Tyr molarity in the system
and monodispersed biosynthesis to reduce batch-to-batch
variations of polymer lengths (Kim et al., 2015; Yang et al., 2017;
Dzuricky et al., 2018). We utilized elastin-like polypeptides
(ELP) incorporated with tyrosine residues, ELP(Tyr), as an
unstructured polymer model (Roberts et al., 2015) to form
dityrosine photocrosslinked hydrogels.

Artificial protein ELPs are typically composed of repeating
(GXaaGVP) pentapeptide sequences, where Xaa can be any
amino acid except proline (Urry et al., 1985). Tyrosine and
alanine residues comprise the Xaa positions, [(GAGVP)2-
GYGVP-(GAGVP)2]24, to construct ELP(Tyr). Tyrosine residues
allow for photocrosslinking, and together with alanine residues,
set the lower critical solution temperature (LCST) at 29◦C to
utilize the inverse transition cycling (ITC) method, a purification
strategy that exploits the reversible, temperature-dependent,
phase separation property of ELP (Meyer and Chilkoti, 1999;
Christensen et al., 2013). The biocompatibility of ELP-based
scaffolds, micelles, and hydrogels has led to its utilization
in biomedical applications (Urry et al., 1991; Simnick et al.,
2007), making ELP(Tyr) a suitable polymer to examine potential
cytotoxic effects of Ru and persulfate concentrations when used
to form dityrosine photocrosslinked materials with targeted
elastic moduli (Figure 1).

In this study, we controlled the elastic modulus (G′) of
photocrosslinked hydrogels by tuning Ru and ammonium
persulfate (APS) concentrations with a constant ELP(Tyr)
concentration to control the tyrosine molarity in each
crosslinking formulation. Hydrogels with similar G′ that
were formed by different crosslinking formulations were
evaluated in cytotoxicity assays to understand changes in
cytotoxicity due to differences in Ru and APS concentrations.
The cytotoxicity assay tests the utility of Ru-mediated dityrosine
crosslinked hydrogels in applications for which buffer exchange
of the hydrogel is difficult, such as in-situ hydrogel applications
(Bang et al., 2018) where crosslinking reagents necessarily
come into direct contact with cells. This study demonstrates a
systematic approach to prepare non-cytotoxic biomaterials with
targeted elastic moduli given any appropriate tyrosyl-containing
polymer by controlling the concentrations of Ru and APS used
during photocrosslinking.

MATERIALS AND METHODS

ELP(Tyr) Synthesis
The ELP(Tyr) plasmid (Figure S1) was kindly provided by the
Dr. Harvinder Gill laboratory (Ingrole et al., 2014). The pET-
24 a(+) ELP(Tyr) plasmid was transformed into BL21(DE3)
competent Escherichia coli (E. coli) cells (New England Biolabs,
Ipswich, MA). One colony was amplified in 10mL LB media
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FIGURE 1 | Schematic of tyrosine-photocrosslinked hydrogels with targeted

elastic moduli. Multiple formulations with various concentrations of Ru and

persulfate can potentially produce hydrogels with similar elastic moduli. Each

formulation may have a different degree of cytotoxicity depending on

crosslinking reagent concentrations. Reagents in images are an artistic

representation of higher concentrations than what is optimal for target G′ and

are not representative of actual molar concentrations.

with 50 mg/L kanamycin overnight at 37◦C and 220 rpm. The
overnight culture was centrifuged at 3,000× g for 15min at 4◦C.
The pellet was resuspended in 2mL LB media, and 500 µL of
cell culture was added to 1 L terrific broth media with 50 mg/L
kanamycin. Cultures were incubated at 37◦C and 220 rpm for
24 h, centrifuged at 6,000 × g for 5min to harvest cells, then
frozen at −80◦C for at least 1 h. Cell pellets were resuspended in
pH 7.5 phosphate buffer and lysed using a Branson Sonifier 250
(Branson Ultrasonics, Danbury, CT). Cell debris were removed
by centrifuging at 25◦C, 10,800 × g for 15min. ELP(Tyr) was
purified using the inverse transition cycling method (Meyer and
Chilkoti, 1999) using the described protocol (Ingrole et al., 2014).
The cell lysate was heated to 40◦C then centrifuged at 40◦C,
8,000 × g for 15min to pellet phase-separated ELP(Tyr). The
pellet, including ELP(Tyr), was resuspended in 4◦C deionized
water to dissolve ELP(Tyr). The resuspended pellet solution
was then centrifuged at 4◦C, 20,000 × g for 15min to remove
impurities. The supernatant was transferred to a new bottle
and the pellet was discarded. The process was repeated for
two more cycles and purity was confirmed via SDS PAGE
(Figure S2). The purified protein was dialyzed in 4.5 L deionized
water and changed every 3+ h 7 times at 4◦C. Then the soluble
fraction was centrifuged and lyophilized, yielding about 350mg
ELP(Tyr) per 1 L cell culture. Lyophilized ELP(Tyr) was stored
at−20◦C.

Photocrosslinked ELP(Tyr) Hydrogels
The photocrosslinking solution was prepared containing 10%
w/v ELP(Tyr) in pH 7.5 phosphate buffer and was mixed with
various concentrations of ammonium persulfate and tris(2,2′-
bipyridyl)ruthenium(II) chloride hexahydrate (Sigma-Aldrich,
St. Louis, MO, USA). Molds were printed by a Formlabs FORM
2 printer with Dental SG resin (Formlabs, MA, USA). Cylindrical
14mm diameter × 2mm height molds were prepared for
rheology. Cylindrical 20mm diameter × 1mm height and 8mm
diameter × 1mm height molds were prepared for cytotoxicity
assays. The crosslinking solution filled the molds and was then
irradiated at a distance of 10 inches under a 24W, 460 nm, 14
× 14 LED array for 10min. The hydrogels were removed from
the molds and stored in glass scintillation vials covered with
aluminum foil.

Rheology
The viscoelastic mechanical properties of the hydrogels were
analyzed by small amplitude oscillatory shear rheology on a
Discovery Hybrid Rheometer 2 (TA Instruments, USA) with
a sandblasted 8mm parallel plate geometry and a sandblasted
stage. Inertia, friction, and rotational mapping calibrations were
performed prior to each experiment. A Peltier temperature-
controlled stage maintained 4◦C for all rheology testing. The
cylindrical hydrogel was cut to 8mm diameter, transferred to
the stage, and aligned with the geometry before lowering the
gap height until the axial force reached 0.05N. Strain sweeps
were performed from 0.01 to 1,000% shear strain at a constant
10 rad/s angular frequency. G′ was determined by averaging the
data points within the linear viscoelastic region of the strain
sweep (Figure S3). Frequency sweeps were performed from 0.01
to 100 rad/s at a constant 0.1% shear strain where it showed the
chemical gel behavior, G′

> G
′′

. The statistical data analysis was
conducted using Prism 8 software (GraphPad Software Inc., CA,
USA; Tables S1–S3).

Fibroblast Culturing
For the hydrogel cytotoxicity and the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay, low passage (per ATCC guidelines) human neonatal
foreskin fibroblast cells (ATCC CRL-2097) were cultured in
Iscove’s Modified Dulbecco’s Media (IMDM) with 10% fetal
bovine serum (FBS) without antibiotics at passage 12. Culturing
conditions were kept at 37◦C, 5% CO2, and over 95% humidity.
Assay plates (either 96 well or 12 well tissue culture treated
plates) were seeded from fresh cultures that were harvested at
about 75% confluence, as follows: 12-well tissue culture plates
were seeded at 125,000 cells/1mL, and 96-well tissue culture
plates at 10,000 cells/100 µL per well.

Hydrogel Cytotoxicity Assay
A live dead viability/cytotoxicity kit (Invitrogen Cat# L3224)
was used to assess hydrogel cytotoxicity. Prepared hydrogels
remained protected from light at 4◦C for up to 16 h before
cytotoxicity testing. Prior to introduction to the 70–80%
confluent monolayer, each hydrogel was soaked in 70% ethanol
for 10min protected from light at room temperature, soaked
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in 3mL culture media for 5–10min twice, then gently placed
into a 12 well dish. Bright field images were taken at 48 h of
co-culture with human neonatal foreskin fibroblast cells (ATCC
CRL-2097), then hydrogels were gently removed from the 12 well
plates. Culture media was carefully discarded without disturbing
the monolayer. Cells were washed three times using 1mL of dye
solution (4µM Ethidium homodimer-1 and 0.4µMCalcein AM
dye from the kit in D-PBS). After the wash, the dye solution
was removed and discarded. A final application of 500 µL
dye solution was added and the plate was incubated at room
temperature for 1 h, then wrapped in foil and protected from light
until imaging on the Bio-Rad ZOE Fluorescent Imager.

MTT Assay
Tissue culture treated 96 well plates were seeded with 10,000
fibroblast cells/100µL of media (IMDM + 10% FBS). After
48 h, the plate was treated with varying final concentrations of
freshly prepared sterile filtered solutions as follows: ammonium
persulfate (APS) (0.75mM, 0.25mM); [Ru(II)bpy3]

2+ (Ru) (125,
9µM); as well as combinations: (9µM Ru + 0.25mM APS,
9µM Ru + 0.75mM APS). Each treatment was conducted in
duplicate and placed in the incubator for 24 h. After 24 h, all
media was removed and replaced with 100µL phenol red free
IMDM+ 10% FBS. Cells were exposed to 1.2mMMTT solution
(Invitrogen Cat# M6494) and incubated for 4 h at 37◦C. Per
the manufacturer’s rapid protocol, after incubation, 75µL of
media was removed and 50µL of standard cell culture dimethyl
sulfoxide (DMSO) (Invitrogen Cat# D12345) was added to each
well, gently mixed and incubated at 37◦C for 10min. After
10min, the plate was placed in a standard plate reader, shaken
for 20 s and read at 540 nm. The assay was repeated on 4
separate days.

RESULTS AND DISCUSSION

To investigate targeted hydrogel elastic moduli (G′),
photocrosslinked ELP(Tyr) hydrogels were prepared using
assorted molar concentrations of Ru ([Ru]) and APS ([APS]),
then evaluated using rheology. The cytotoxicity of hydrogels
from different photocrosslinking formulations with similar G′

were examined to develop a method to prepare non-cytotoxic
materials using Ru-catalyzed dityrosine photocrosslinking.

Targeted Hydrogel Elastic Moduli With
Multiple Material Formulations
Typical concentrations of Ru and APS used in dityrosine
photocrosslinked hydrogels range from 100 to 1,000µM Ru
and 10 to 100mM APS (Elvin et al., 2010; Fang and Li, 2012;
Ding et al., 2013; Zhang et al., 2017; Min et al., 2018). The
conversion of [Ru(II)bpy3]

2+ to [Ru(II)bpy3]
3+ consumes APS,

thus we expect G′ can be controlled by modulating [APS] in the
crosslinking formulation. We investigated variable [APS] from
15 to 120mM with [Ru] held constant at 125µM (squares in
Figure 2A). We observed that a particular G′ can be targeted
below 24 kPa by modulating [APS] up to 60mM. There was
no significiant difference between G′ with 60mM APS and
120mM APS (P = 0.769, Table S2), indicating that either
a limited molarity of tyrosine or Ru was keeping G′ from

increasing between 60 and 120mM APS. To determine whether
G′ plateaued due to limited [Ru] or [tyrosine] in the crosslinking
formulation, we prepared hydrogels with higher concentrations
of Ru, the same concentration of ELP(Tyr), and the same range
of APS concentrations.

Photocrosslinked hydrogels were prepared with a 4-fold
higher [Ru] to explore a possible increase in hydrogel G′. When
[Ru] was increased from 125 to 500µM at 120mM APS, G′ of
hydrogels were enhanced from ∼24 to 38.6 ± 2.5 kPa (triangles
in Figure 2A). Contrasting with 125µM Ru, G′ (22.2 ± 5.2
kPa) for 500µM Ru was enhanced by 74% when increasing APS
from 60 to 120mM. We attempted to examine the maximum G′

for 500µM Ru by increasing [APS] beyond 120mM, but these
hydrogels fractured during crosslinking, making further hydrogel
measurements not reproducible (Figure S4). Consequently, for
ELP(Tyr) hydrogels with 500µMRu, [APS] can be modulated to
target a particular G′ up to 40 kPa.

To investigate further control of hydrogel G′ using Ru,
we tested a 4-fold decrease in [Ru] from 125 to 31µM. G′ of
prepared hydrogels with 31µM Ru ranged from ∼8–10 kPa
(circles in Figure 2A), and showed no significant differences
in G′ for [APS] between 15 and 120mM (P > 0.05 for all
comparisons, Table S2). In summary, 31µM Ru caused G′

to plateau at all measured APS concentrations (circles in
Figure 2A), 125µM Ru caused G′ to increase between 15 and
60mM APS but plateau between 60 and 120mM APS (squares
in Figure 2A), while for 500µM Ru, G′ increased continuously
without plateauing (triangles in Figure 2A). This confirms that
[Ru] must be high enough (≥500µM) for APS to be used to
modulate G′ up to 40 kPa.

Furthermore, we investigated controlling G′ by holding
[APS] constant and modulating [Ru] from 31 to 500µM to
ascertain whether both Ru and APS can act as limiting reagents
(Figure 2B). In crosslinking formulations with 15mM APS, all
hydrogels had similar G′ ranging from ∼8 to 11 kPa (circles in
Figure 2B; P > 0.05 for all comparisons, Table S3). For constant
30 and 60mM APS, there was an increase in G′ when [Ru]
was increased from 31 to 125µM (P = 0.0022; P < 0.0001,
Table S3). However, G′ plateaued when [Ru] was increased from
125 to 500µM (P> 0.05,Table S3). While 120mMAPS was held
constant in crosslinking formulations, G′ continously increased
from 10.3 ± 0.8 kPa at 31µM Ru to 38.6 ± 2.5 kPa at 500µM
Ru (inverted triangles in Figure 2B; P < 0.0001, Table S3).
Altogether, G′ was enhanced when [Ru] increased between 125
and 500µM for constant 120mMAPS but plateaued when [APS]
was 60mM or below. Thus, controlling the concentration of Ru
can be used to target G′ of ELP(Tyr) hydrogels when the APS
concentration is not limiting.

When either [Ru] or [APS] is held constant, the other
reagent concentration can be modulated to change hydrogel G′.
While it has been shown that G′ of Ru-mediated dityrosine
crosslinked materials can be altered by modulating persulfate
or polymer concentrations in crosslinking formulations with
high [Ru] (≥1mM) (Jeon et al., 2015; Yang et al., 2015), with
these results, it can be concluded that [Ru], [APS], and the
tyrosyl-incorporated polymer concentration can all control G′ of
Ru-mediated dityrosine photocrosslinked hydrogels independent
of an excess concentration of other parameters.
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FIGURE 2 | Shear elastic modulus (G′) of photocrosslinked polymeric hydrogels with various concentrations of crosslinking reagents. G′ were collected from linear

viscoelastic region from small amplitude oscillatory shear measurements (Figure S3) and averaged (N = 3 for each data point). (A) G′ for hydrogels with APS molar

concentrations, [APS], ranging from 15 to 120mM with constant [Ru] between 31 and 500µM. (B) G′ for hydrogels with [Ru] varied from 31 to 500µM with constant

[APS] ranging from 15 to 120mM. All hydrogels contained 10 w/v % ELP(Tyr) dissolved in pH 7.5 phosphate buffer and were subject to 10min of blue light

photoactivation for crosslinking. Error bars represent standard deviation. Curves are least square fitting to the hyperbolic model that assumes the independent variable

is a reagent that reaches saturating concentrations. (B) Is the reformatting of data in (A) with the x-axis relevent to [Ru] to investigate constant [APS]. For formulations

with 0mM [Ru] or [APS], we assumed G′
= 0 kPa since the hydrogel was not formed.

Multiple photocrosslinking formulations with different
concentrations of Ru and APS can target similar G′ of polymeric
materials because Ru and APS can each function as a limiting
reagent with respect to G′. For example, 31µM Ru limits G′ for
APS between 15 and 120mM, resulting in ∼8–10 kPa hydrogels
(circles in Figure 2A), while 15mM APS limits G′ for Ru
between 31 and 500µM, also resulting in ∼8–11 kPa hydrogels
(circles in Figure 2B). Additionally, optimal formulations
can be prepared that contain limiting concentrations of
both reagents that target a specific G′, such as 8–11 kPa
(Figure S5). Although multiple formulations can be used to
prepare polymeric materials with similar G′, excess reagents
can impact hydrogel cytotoxicity. Therefore, it is necessary to
investigate how reagent concentrations that prepare hydrogels
can adversely affect cytotoxicity to inform if they are suitable to
prepare biomaterials.

Cytotoxicity Analysis of Hydrogels
Prepared by Multiple Crosslinking
Formulations
To examine potential cytotoxic effects of different formulations
when preparing Ru-mediated crosslinked polymeric hydrogels
with similar elastic moduli (G′), we prepared three formulations
of various [Ru] and [APS] that each target G′ to ∼10 kPa
(Figure 2): low [Ru] and low [APS] (31µM Ru, 15mM APS),
high [Ru] and low [APS] (125µMRu, 15mMAPS), and low [Ru]
and high [APS] (31µMRu, 120 mM APS).

The prepared hydrogels were applied to human primary
fibroblasts at 70–80% confluence in clutures to understand if
some formulations can negatively impact cell growth. We found
that hydrogels prepared with low APS and either low or high Ru
(Figures 3A,B) showed no cytotoxicity compared to controlled
cell growth with no hydrogel added (Figure 3D). In contrast, the
hydrogels prepared with low Ru and high APS were cytotoxic

(Figure 3C). Therefore, the amount of APS leaching out from the
hydrogel and coming into contact with the fibroblasts is likely
correlated with the increase in cytotoxicity.

We anticipated that the total mass of APS in the hydrogel
could be the major factor compared to the APS molar
concentration in the hydrogel because the total mass of released
APS will increase the APS concentration in a given cell culture
volume for the fibroblast cytotoxicity assay. To understand
the impact of hydrogel volume on fibroblast cytotoxicity, we
compared the 20mm diameter × 1mm height hydrogels that
caused cytotoxicity (Figure 3C) to 8mmdiameter× 1mmheight
hydrogels with various formulations in fibroblast cytotoxicity
assays. The hydrogel volume to well volume ratio was 1:3 for
the larger hydrogels and 1:20 for the smaller hydrogels. The
smaller hydrogels showed no fibroblast cytotoxicity irrespective
of formulation after 48 h (Table S4), while the larger hydrogels
with 31µM Ru and 120mM APS were cytotoxic after 48 h
(Figure 3C), indicating that the hydrogel with the greater total
mass of APS showed increased cytotoxicity.

To confirm that the mass of APS in hydrogels will impact
cytotoxicity, we added the total mass of APS used in the cytotoxic
20mm diameter hydrogels with 120mM APS to 8mm diameter
hydrogels, bringing the concentration in the 8mm hydrogels
to 750mM APS. We found that the hydrogels with 120mM
APS did not disrupt cell growth compared to the control with
no hydrogels added (Figures S6A,C), but despite constant G′

and hydrogel volume, hydrogels with 750mM APS disrupted
cell growth (Figure S6B). Thus, the total amount of APS is
the major parameter that determines cytotoxicity. Cytotoxicity
assays performed by other groups have shown that biomaterials
prepared with Ru-mediated crosslinking showed no cytotoxicity
(Elvin et al., 2009; Syedain et al., 2009; Lv et al., 2013; Keating
et al., 2019). This may be a result of lower amounts of excess
APS in crosslinking formulations, testing being conducted on
confluent monolayers or cells with low rates of proliferation

Frontiers in Chemistry | www.frontiersin.org 5 March 2020 | Volume 8 | Article 173144

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Camp et al. Non-cytotoxic Photocrosslinked-Hydrogels With Controlled Elasticity

FIGURE 3 | Human fibroblast cytotoxicity/viability assay for ∼10 kPa hydrogels prepared using different photocrosslinking formulations. Fibroblasts were seeded at

125,000 cells per well and grown overnight in standard 12 well dishes, then treated at 70–80% confluence with 20mm diameter × 1mm height crosslinked hydrogels

for 48 h. Hydrogels were prepared with 10 w/v% ELP(Tyr) and 125µM Ru/15mM APS (A), 31µM Ru/15mM APS (B), and 31µM Ru/120mM APS (C). The hydrogel

was omitted in the control well (D). Green fluorescence indicates live cells while red indicates dead cells. Bright field images are available in Figure S7.

(Williams et al., 2005), or the testing of hydrogels with smaller
volumes and a lower total mass of crosslinking reagents relative
to cell media volume to dilute excess reagents.

The direct impact of [Ru] and [APS] on fibroblast cytotoxicity
was quantified using MTT assays. We found [Ru] up to 125µM
did not affect fibroblast cytotoxicity, while [APS] even at 0.25mM
showed cytotoxicity (Figure S8). These data indicate that high
APS concentrations should be carefully avoided in crosslinking
formulations due to acute cytotoxicity. It has been suggested
that the consumption of APS in the reaction reduces the toxicity
of produced hydrogels compared to the formulation before
photoactivation (Elvin et al., 2009). Yet, hydrogels with the higher
[APS] depicted in Figure 3C were cytotoxic. In those hydrogels,
120mM APS is in excess of the concentration necessary to reach
∼10 kPa because similar G′ can be obtained with 15mM APS
at the same low Ru concentration (circles in Figure 2A). It is
expected that the excess APS was not consumed in the reaction
since G′ was limited by low [Ru]. Thus, the hydrogel leaked
unreacted APS into the fibroblast media and caused cytotoxicity.
The hydrogel cytotoxicity was reduced for smaller hydrogels
because the amount of excess APS that leaked out into the media
was less than the larger hydrogel prepared with the same [APS]
in the constant well volume. However, smaller hydrogels or larger
well volumes to reduce [APS] in cell media may not realistically
represent possible clinical applications. Therefore, hydrogels that
are prepared with just enough APS to target the elastic modulus
while avoiding excess [APS] can result in lower unreacted [APS]
in the prepared hydrogel for reduced cytotoxicity.

A similar approach to preparing crosslinking formulations
is necessary when considering [Ru]. Since Ru is implicated
as a DNA intercalator, avoiding excess [Ru] in crosslinking
formulations could improve biocompatibility of Ru-mediated
photocrosslinked materials. We found that modulation of [Ru]
was effective to control G′ such that low [Ru] could consistently
target a lower G′ independent of [APS] and excess crosslinking
time. Yet, the recyclability of Ru in this reaction has led to
speculation that Ru cannot be effectively used to modulate G′

(Syedain et al., 2009). The cyclic conversion of [Ru(II)bpy3]
2+

to [Ru(II)bpy3]
3+ by APS oxidation and back to [Ru(II)bpy3]

2+

by tyrosyl reduction would seem to allow for lower [Ru] to
reach the same G′ given more time. However, the activity
of Ru was temporally limited for the photocrosslinking of
ELP(Tyr), shown by formulations with excess [APS] but lower
G′ compared to formulations with the same [APS] but increased
[Ru] (circles compared to triangles in Figure 2A). This finding
indicates [Ru] and [APS] must be high enough to target a
particular G′. Yet, excess [Ru] and [APS] can be avoided for
enhanced biocompatibility by systematically evaluating possible
formulations to reach a target G′ value for a given tyrosyl-
containing polymer.

CONCLUSIONS

We identified a systematic method for utilizing rapid Ru-
mediated dityrosine photocrosslinking technology to form non-
cytotoxic polymeric materials with elastic moduli (G′) that
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mimic natural tissues. G′ of hydrogels can be targeted by
modulating the concentrations of [Ru(II)bpy3]

2+ (Ru) and
ammonium persulfate (APS), potentially due to a temporally
limited activity of Ru and the consumption of APS during
the reaction. Our results indicate that prototypes of Ru-
mediated photocrosslinked polymeric biomaterials can lead to
false cytotoxicity results when the ratio of hydrogel volume
to cell media volume is small; therefore, cytotoxicity assays
should be thorough to investigate volume limitations of
biomaterials relative to the surrounding cells given a particular
crosslinking formulation. Additionally, monitoring cell growth
by beginning the cytotoxicity assay with cells that are not
fully confluent instead of 100% confluent monolayers is
a better approach for wound healing models and surgical
implantation of hydrogels where cell growth around the material
is necessary. Finally, Ru and APS should both be set at
limiting concentrations to reach a desired G′ such that Ru
concentrations are low, and a larger percentage of APS is
consumed in the reaction. Taking these steps can unlock the
benefits of rapidly preparing Ru-mediated photocrosslinked
non-cytotoxic polymeric biomaterials with targeted elastic
moduli and temporal control of Ru activation for translation
to clinical applications where rapid polymer crosslinking
is preferred.
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Biological materials combine stress relaxation and self-healing with non-linear

stress-strain responses. These characteristic features are a direct result of hierarchical

self-assembly, which often results in fiber-like architectures. Even though structural

knowledge is rapidly increasing, it has remained a challenge to establish relationships

between microscopic and macroscopic structure and function. Here, we focus on

understanding how network topology determines the viscoelastic properties, i.e.,

stress relaxation, of biomimetic hydrogels. We have dynamically crosslinked two

different synthetic polymers with one and the same crosslink. The first polymer, a

polyisocyanopeptide (PIC), self-assembles into semi-flexible, fiber-like bundles, and

thus displays stress-stiffening, similar to many biopolymer networks. The second

polymer, 4-arm poly(ethylene glycol) (starPEG), serves as a reference network with

well-characterized structural and viscoelastic properties. Using one and the same coiled

coil crosslink allows us to decouple the effects of crosslink kinetics and network topology

on the stress relaxation behavior of the resulting hydrogel networks. We show that

the fiber-containing PIC network displays a relaxation time approximately two orders of

magnitude slower than the starPEG network. This reveals that crosslink kinetics is not

the only determinant for stress relaxation. Instead, we propose that the different network

topologies determine the ability of elastically active network chains to relax stress. In

the starPEG network, each elastically active chain contains exactly one crosslink. In

the absence of entanglements, crosslink dissociation thus relaxes the entire chain. In

contrast, each polymer is crosslinked to the fiber bundle in multiple positions in the

PIC hydrogel. The dissociation of a single crosslink is thus not sufficient for chain

relaxation. This suggests that tuning the number of crosslinks per elastically active chain

in combination with crosslink kinetics is a powerful design principle for tuning stress

relaxation in polymeric materials. The presence of a higher number of crosslinks per

elastically active chain thus yields materials with a slow macroscopic relaxation time but

fast dynamics at the microscopic level. Using this principle for the design of synthetic cell

culture matrices will yield materials with excellent long-term stability combined with the

ability to locally reorganize, thus facilitating cell motility, spreading, and growth.

Keywords: hydrogel, rheology, coiled coil, polyisocyanopeptide, polyethylene glycol, relaxation time, network

topology, multivalency
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INTRODUCTION

Biological materials are increasingly serving as inspiration for
the synthesis of smart and sustainable polymeric materials, both
in engineering and biomedical application areas. Integrating
the desired mechanical performance with (multi-)functionality,
e.g., stimuli-responsiveness and self-healing, requires a detailed
understanding of how molecular structure translates into
material architecture and function. Key features of biological
materials are their hierarchical structure, built up via the well-
defined self-assembly of molecular building blocks (Kushner
and Guan, 2011; Egan et al., 2015), as well as their viscoelastic
behavior (Kollmannsberger and Fabry, 2011; Gralka and Kroy,
2015) combined with non-linear stress-strain responses (Storm
et al., 2005; Kollmannsberger and Fabry, 2011; Gralka and Kroy,
2015). Focusing on materials with biomedical relevance, the
cytoskeleton (actin, intermediate filaments, and microtubules)
and the extracellular matrix (ECM; e.g., collagen and fibrin) of
mammalian cells are well-studied examples of biological hydrogel
networks that combine these properties (Storm et al., 2005;
Kollmannsberger and Fabry, 2011; Gralka and Kroy, 2015).
Protein building blocks of the cytoskeleton and the ECM self-
assemble into semi-flexible fiber bundles. The largely entropic
response of these bundles to stretching forces causes the network
to become stiffer with increasing deformation (stress-stiffening)
(Storm et al., 2005). At the same time, these networks contain
non-covalent crosslinks (Claessens et al., 2006; Schmoller et al.,
2008, 2009; Lin et al., 2010; Lieleg et al., 2011; Lansky et al., 2015).
These dynamic crosslinks dissociate and re-associate and are thus
responsible for stress relaxation and self-healing.

Understanding the interplay between the above-mentioned
characteristics is key for determining the mechanical properties
of cells and tissues as well as for the development of synthetic

cell culture matrices that mimic the natural ECM. For example, it

has been shown that both stress-stiffening (Das et al., 2016) and
stress relaxation (McKinnon et al., 2014; Chaudhuri et al., 2015,
2016; Tang et al., 2018) are key factors affecting cell spreading
and stem cell differentiation. It has remained a significant
challenge, however, to systematically vary these parameters and
to establish relationships between network topology and linear
as well as non-linear viscoelastic properties. Considering natural
biopolymer networks, the majority of studies have focused on
reconstituted actin networks, crosslinked with different natural
crosslinking proteins (Claessens et al., 2006; Schmoller et al.,
2008, 2009; Lieleg et al., 2011) or synthetic crosslinking modules
(Lorenz et al., 2018). These studies have shown that the crosslink
properties (kinetics and stiffness) affect network topology, elastic
modulus as well as stress relaxation and aging (Claessens et al.,
2006; Schmoller et al., 2008, 2009; Lieleg et al., 2011; Strehle
et al., 2011; Wei et al., 2016). Analogous studies aimed at
understanding the effect of crosslink kinetics on viscoelastic
material responses have been performed for a number of
synthetic polymeric materials. Besides investigating the effect of
the crosslink properties themselves (Yount et al., 2005; Shen et al.,
2007; Appel et al., 2014; Rossow et al., 2014; Grindy et al., 2015;
Tunn et al., 2018), these studies have focused on the contributions
of network defects such as dangling ends and loops (Annable

et al., 1993; Rossow et al., 2014; Ciarella et al., 2018), crosslink
functionality (Li et al., 2016; Gu et al., 2018; Tunn et al., 2019),
and polymer length (Annable et al., 1993; Tan et al., 2017).
Even though a direct comparison is difficult due to the different
polymers used, it can generally be concluded that the number of
elastically active chains and their ability to relax after crosslink
dissociation are key parameters that determine the macroscopic
relaxation time of a material.

With the goal of gaining more detailed insights into how
network topology affects stress relaxation of hydrogels, we
have crosslinked two synthetic polymer networks possessing
fundamentally different network architecture with one and the
same crosslink and compared the stress relaxation behavior of
the resulting networks. As the crosslink, we used a synthetic
coiled coil (CC; Figure 1). CCs are self-assembled superhelical
structures (Lupas, 1996; Woolfson, 2005) that occur naturally
within many cytoskeleton and ECM proteins, where they are
either part of the fibers themselves (e.g., intermediate filaments
and fibrin) or are structural components of actin crosslinking
proteins (e.g., myosin and α-actinin). CCs possess a so-called
heptad repeat sequence, termed abgdefg (Figure 1). Hydrophobic
amino acids usually occupy the a and d positions. In the folded
superhelical structure, the hydrophobic side chains align on
one face of the helix and constitute a hydrophobic core. The e
and g positions are frequently filled with charged amino acids,
which play an important role in defining helix orientation and
oligomerization specificity. The solvent-exposed amino acids b,
c, and f are more variable, while their helix propensity is an
important factor contributing to overall CC stability. Synthetic
CCs of controlled length and sequence have evolved into tunable
protein-based building blocks for synthetic biology and materials
science where they find application in protein origami structures
(Fletcher et al., 2013; Ljubetič et al., 2017) and as crosslinks
for polymeric materials (Petka et al., 1998; Wang et al., 1999;
Yang et al., 2006; Shen et al., 2007; Dånmark et al., 2016;
Tunn et al., 2018, 2019). Based on their natural abundance in
biological materials and their generally established application
as molecular building blocks, we consider CCs to be excellent
tunable crosslinks for biomimetic material design.

One network to be crosslinked with these CC building blocks
consists of water-soluble, semi-flexible polyisocyanopeptides
(PICs) (Cornelissen et al., 2001; Kouwer et al., 2013). PICs
are fully synthetic, helical polymers, known to self-assemble
into fiber-like architectures with stress-stiffening properties.
Each monomer is functionalized with a dialanyl peptide, which
introduces a hydrogen bond network parallel to the helical
axis. These hydrogen bonds stabilize the helical structure and
also contribute to the stiffness of these polymers (van Buul
et al., 2013) with persistence lengths Lp >10 nm (Jaspers et al.,
2016; Kouwer et al., 2018; Schoenmakers et al., 2018a). Each
monomer further carries oligo(ethylene glycol) units that cause
a phase transition when increasing the temperature above the
lower critical solution temperature (LCST). Upon heating, the
polymers become hydrophobic and start to bundle, thereby
forming a physically crosslinked hydrogel network at very
low concentrations (Kouwer et al., 2013; Jaspers et al., 2014;
Vandaele et al., 2020). Stress-stiffening PIC networks thus have
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FIGURE 1 | Experimental design. (A) Functional groups utilized for coupling the coiled coils (CCs) to polyisocyanopeptide (PIC) and poly(ethylene glycol) (PEG)

polymers. The CC-forming peptides A4 and B4 each carry a terminal cysteine (Cys; C) introduced during solid-phase peptide synthesis. The Cys is reacted with the

heterobifunctional linker DBCO-EG4-maleimide. (B) Synthesis of CC-crosslinked polyisocyanopeptide hydrogels (PIC-A4B4). The DBCO-functionalized CCs are

reacted with the PIC polymers that carry azide groups with an average spacing of 11.5 nm. (C) Synthesis of CC-crosslinked poly(ethylene glycol) hydrogels

(PEG-A4B4). The Cys-terminated CCs are directly reacted with maleimide-functionalized 4-arm PEG (starPEG; MW = 40 kDa).

the potential to serve as synthetic mimics of the cytoskeleton
(Jaspers et al., 2017) and the ECM (Das et al., 2016), both for
fundamental studies and for cell culture applications.

To fully utilize the potential of PIC hydrogels as cytoskeleton
and ECM mimics, several types of crosslinks have previously
been introduced into PIC networks. These include short double-
stranded DNA oligonucleotides (Deshpande et al., 2016) and
stimuli-responsive DNA motifs (Deshpande et al., 2017) as
well as self-assembled virus capsids (Schoenmakers et al.,
2018b) and covalent triazole crosslinks (Schoenmakers et al.,
2018a). In the majority of these studies, the focus was
placed on understanding the effect of these crosslinks on
the non-linear stress-stiffening response. The CC-crosslinked
PIC hydrogel (PIC-A4B4; Figure 1) developed here is utilized
for investigating the relationship between the PIC network
properties and stress relaxation. Most importantly, we compare
the viscoelastic properties of these CC-crosslinked PIC networks

with a well-characterized reference network, based on terminally
crosslinked 4-arm poly(ethylene glycol) (PEG-A4B4; Figure 1;
Sakai et al., 2008; Lange et al., 2011; Asai et al., 2012; Akagi
et al., 2013; Grindy et al., 2015; Tunn et al., 2018). Our results
show that the relaxation time assigned to CC dissociation
varies between the two networks and is longer for the PIC-
A4B4 network. This demonstrates that the macroscopic network
relaxation time is not determined by the kinetics of the
crosslinks alone. It also depends on the network topology and
thus the ability of elastically active network chains to relax
after crosslink dissociation. We attribute the slower relaxation
of PIC-A4B4 networks to the close proximity of multiple
crosslinks along the same elastically active chain, so that
the dissociation of one crosslink does not necessarily relax
the entire chain. Such multivalency effects thus have to be
considered when designing polymeric networks with a controlled
relaxation time.
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MATERIALS AND METHODS

Synthesis and Characterization of
Azide-Functionalized PIC Polymers
The isocyanopeptide monomers IC-AA-(EG)4-OMe and IC-
AA-(EG)3-N3 were synthesized according to Mandal et al.
(2013). For the synthesis of azide-functionalized polymers, azide-
and methoxy-terminated monomers were mixed in a 1:100
ratio (total concentration of 50mg ml−1 in toluene). The
(Ni(ClO4)2)•6H2O catalyst was dissolved in a 9:1 mixture of
toluene and absolute ethanol. The pre-dissolved catalyst was
added to the monomer mixture in a catalyst:monomer ratio of
1:10,000. The mixture was stirred for 2–3 days and precipitated
in di-isopropyl ether (3x), resulting in an off-white solid. The
polymer was analyzed with viscometry as described (Mandal
et al., 2013). The average molecular weight of the polymer as
determined from its viscosity is 412 kg mol−1.

Synthesis of A4B4-Crosslinked PIC
Hydrogels
The CC-forming peptides A4 and B4 were obtained from
Pepscan (Lelystad, The Netherlands) and Proteogenix
(Schiltigheim, France) in a purity >95% and with trifluoroacetic
acid (TFA) counter ions. For bioconjugation, the A4 peptide
carries a cysteine residue at its N-terminus while the cysteine
is located at the C-terminus for B4. For both peptides, the
N-terminus was amidated and the C-terminus was acetylated.
Equimolar amounts of A4 and B4 (1mM each) were dissolved
in phosphate buffered saline (PBS; 10mM Na2HPO4/1.8mM
KH2PO4 pH 7.4, 137mM NaCl, 2.7mM KCl) to allow CC
formation. The heterobifunctional crosslinker DBCO-PEG4-
maleimide (DBCO: dibenzocyclooctyne; Jena Bioscience, Jena,
Germany) was dissolved in DMSO to a concentration of 100mM.
It was added to the CC-A4B4 solution to a final concentration
of 2mM to yield a 1:1 Cys:maleimide ratio. The solution was
incubated for 1 h at 4◦C and 700 rpm. Functionalization of
CC-A4B4 with the crosslinker was confirmed with MALDI-TOF.
A desalted sample was mixed with the matrix α-cyano-4-
hydroxycinnamic acid and analyzed in linear-positive mode
(Supplementary Figure 1).

For hydrogel synthesis, the azide-functionalized PIC polymer
was dissolved to a concentration of 2.5mg ml−1 in PBS while
incubating the sample at 4◦C for 48 h. The polymer solution was
mixed with the DBCO-functionalized CC-A4B4 to obtain a 1:1
ratio of azide:DBCO (0.185mM each; 2mg ml−1 PIC). During
this preparation process, all components and the freshly prepared
mixture were kept on ice. The mixture was immediately loaded
onto the rheometer (plate pre-cooled to 7◦C) and gelation was
allowed to occur in the rheometer after the gap size was adjusted.

Synthesis of A4B4-Crosslinked PEG
Hydrogels
The CC-forming peptides A4 and B4 were each dissolved to a
concentration of 4mM in PBS. Star-shaped 4-arm poly(ethylene
glycol) (starPEG) with terminal maleimide groups (40 kDa,
polydispersity index = 1.02; JenKem Technology USA, Plano,
TX, USA) was dissolved to a concentration of 1mM in PBS. The

peptides A4 and B4 were mixed in a 1:1 ratio (25 µl each) to
allow for CC formation. Immediately after, the starPEG solution
was added to obtain a 1:1 Cys:maleimide ratio (50 µl). This
yields a final concentration of 0.5mM starPEG and a total peptide
concentration of 2mM. The reaction mixture was incubated for
15min at 800 rpm at room temperature. After this incubation
time, the sample was thoroughly mixed by pipetting up and
down several times to form a homogeneous PEG-A4B4 hydrogel.
In order to remove entrapped air bubbles, the hydrogel was
centrifuged for 2min at 2,000 g.

Rheology of PIC Hydrogels
All measurements were performed with a stress-controlled
rheometer (MCR-302, Anton Paar, Ostfildern, Germany), using
parallel-plate geometry (diameter 25mm, stainless steel). The
initial gap was adjusted to 200µm, while controlling the normal
force (0N± 0.1N). Silicone oil (Sigma-Aldrich 378364, viscosity
100 cSt @ 25◦C) was used to prevent sample evaporation. In
general, CC-A4B4 crosslinked PIC samples (PIC-A4B4) were
subjected to different temperature protocols: (1) 7◦C → 55◦C
(rate = 1◦C min−1), T = 55◦C constant for 90min; (2) 7◦C →

55◦C (rate = 1◦C min−1), T = 55◦C constant for 90min, 55◦C
→ 20◦C (rate= 1◦Cmin−1), T= 20◦C constant for≥10min; (3)
7◦C→ 20◦C (rate= 1◦Cmin−1), T= 20◦C constant for 10 h. In
addition, a PIC sample without CC-A4B4 crosslinks (PIC-0) was
subjected to the same protocols.

The linear viscoelastic properties (storage modulusG′ and loss
modulus G′′) were recorded during each respective temperature
protocol. The measurements were carried out at a strain
amplitude γ of 1% and a frequency f of 1.6 s−1 (angular frequency
ω= 10 rad s−1). The temperature protocol was followed by either
an amplitude or frequency sweep. For the amplitude sweeps, f
was set to 1.6 s−1 while γ was varied from 1 to 1,000%. For
the frequency sweeps, γ was 1% and f was varied from 10 to
0.0001 s−1. Each experiment was performed in triplicate. One
data set is shown in the main text while the two additional data
sets are presented in the Supplementary Material.

To investigate the non-linear viscoelastic properties of the
different samples, a pre-stress protocol was performed as
originally introduced and validated for dynamically crosslinked
biopolymer networks by Broedersz et al. (2010). It was
subsequently adapted to PIC hydrogels by Kouwer et al. (2013).
Each pre-stress experiment directly followed one of the different
temperature protocols (1, 2, or 3). As part of the pre-stress
protocol, the samples were subjected to a constant pre-stress (σ)
in the range from 0.5 to 600 Pa while a small oscillatory stress
was applied in addition (δσ). In all cases, the amplitude of the
oscillatory stress was <10% of the pre-set constant pre-stress
(see Supplementary Material for details). At a given pre-stress,
a frequency sweep was performed (0.1–10 s−1) to validate that
the material response is frequency independent. Subsequently,
the resulting oscillatory strain (δγ) was determined at a frequency
of 1 s−1. The differential modulus K ′ (δσ/δγ) was determined
from the applied oscillatory stress (δσ) and the measured strain
(δγ) values. The resulting K ′ values were normalized to the
plateau modulus G0, which was obtained from averaging the
storage modulus G′ measured at the pre-stress values of 1,
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1.2, and 1.5 Pa (linear viscoelastic range). K ′/G0 was plotted
against the applied constant pre-stress σ. The critical stress (σc)
was obtained from this plot and corresponds to the value of
σ where K ′ is not constant anymore. Each experiment was
performed in duplicate or triplicate. One data set is shown in
the main text while the additional data sets are presented in the
Supplementary Material.

Rheology of PEG Hydrogels
The PEG-A4B4 hydrogel was characterized using a 12mm cone-
plate geometry (gap 20µm, stainless steel). First, an amplitude
sweep was performed at 20◦C. The strain amplitude γ was
varied from 1 to 1,000% at a constant frequency f of 1.6 s−1.
Second, frequency sweeps were performed using γ = 10%
while f ranged from 15.9 to 0.0006 s−1. Frequency sweeps
were carried out at different temperatures (20–55◦C in steps of
5◦C). A new sample was used for every frequency sweep. The
experiment at 55◦C was performed in triplicate. One data set
is shown in the main text while the two additional data sets
are presented in the Supplementary Material. To validate that
the viscoelastic properties of the hydrogels are not affected by
the measurement geometry, a control experiment was further
performed with a 12mm plate-plate geometry (gap 200µm; see
Supplementary Material).

Detection of Hydrophobic Bundling With
Nile Red
The binding of Nile Red to hydrophobic PIC bundles was
determined for PIC-0 and PIC-A4B4. Nile Red (Thermo Fisher
Scientific) was dissolved in DMSO to a concentration of
1mg ml−1. For each hydrogel, two samples were prepared in
PBS as described above. Nile Red was added to one sample
(final concentration 10 µg ml−1) while the second sample
served as a reference. Subsequently, all samples were incubated
over night at ∼4◦C to allow complete mixing of dye and
polymer. The pre-incubated samples where then subjected to a
heating protocol while measuring the fluorescence intensity of
Nile Red. The measurement was performed in a temperature-
controlled microplate reader (Cytation5, BioTek Instruments,
Inc., Winooski, VT, USA) using glass-bottom 96-well plates
(SensoPlate, Greiner Bio-One, Frickenhausen, Germany). The
sample was initially kept at 30◦C and subsequently heated to
55◦C. Following 45min incubation at 55◦C, the sample was again
cooled down to 30◦C. At each temperature, the fluorescence
intensity was recorded. The samples were excited at 540 nm
(15 nm slit width) and fluorescence emission was measured from
580 to 700 nm (15 nm slit width). Each sample was measured
in triplicate and the average was taken for data analysis. The
measured intensity of the reference samples was subtracted from
the values measured for the Nile Red containing samples. The
intensity at 655 nm (emission maximum of Nile Red) was used to
compare Nile Red fluorescence at different temperatures. For this
comparison, the intensity was further normalized to the initial
intensity measured at 30◦C.

RESULTS AND DISCUSSION

Design and Synthesis of Coiled
Coil-Crosslinked PIC and PEG Networks
With the goal of investigating the influence of network
topology on the relaxation time of dynamically crosslinked
hydrogel networks, PIC and starPEG were crosslinked with a
well-characterized CC to form the hydrogels PIC-A4B4 and
PEG-A4B4 (Figure 1). The CC-forming peptides A4 and B4
self-assemble into a parallel 4-heptad heterodimer with high
thermodynamic and kinetic stability (Figure 1A). The melting
temperature Tm and equilibrium dissociation constant KD have
been obtained from thermal unfolding experiments performed
with circular dichroism spectroscopy. These experiments yielded
Tm = 81◦C andKD < 1.0 · 10−10 Mat 20◦C (Thomas et al., 2013).
Tm remains unaffected upon conjugation to PEG (Goktas et al.,
2018). Using atomic force microscopy-based single-molecule
force spectroscopy, the dissociation rate koff was determined to
be 3.2 · 10−4 s−1 at 25◦C (Goktas et al., 2018). The individual
CC-forming peptides are not folded, while the CC itself is a
highly rigid superhelix (Wolgemuth and Sun, 2006). The CC was
functionalized with a cysteine residue at the N-terminus of A4
and at the C-terminus of B4 to allow covalent coupling to PIC
and starPEG polymers (Figure 1).

For the synthesis of PIC hydrogels, tetra(ethylene glycol)
functionalized monomers were used. These polymers possess
a gelation temperature (Tgel = LCST) of ∼39◦C in PBS
(Deshpande et al., 2016), which is well below the Tm of CC-
A4B4. A fraction of monomers (1:100) was equipped with
a terminal azide functional group to allow peptide coupling
via a heterobifunctional DBCO-EG4-maleimide crosslinker
(Figure 1B). The average spacing between azide functional

groups can be calculated based on the known structure of

polyisocyanide polymers, which is a 41 helix with a pitch of
0.46 nm (Cornelissen et al., 2001). The axial distance between two
monomers is thus 0.115 nm. Considering that 1% of monomers
carry an azide functional group, this results in an average azide
spacing of∼11.5 nm. The azide-functionalized polymer is termed
PIC-0 and serves as a control for all rheology experiments.

For the synthesis of CC-crosslinked PIC-A4B4 hydrogels,
an equimolar amount of the CC-forming peptides was mixed
to allow CC formation. The folded CC was subsequently
reacted with DBCO-EG4-maleimide in a 1:1 thiol:maleimide
ratio. The yield of this reaction was estimated to be 90%
using MALDI-TOF (Supplementary Figure 1). Subsequently,
the DBCO-functionalized CC was added to the azide-containing
PIC to allow CC-mediated crosslinking via a strain-promoted
azide-alkyne cycloaddition reaction (N3:DBCO= 1:1). The yield
of this reaction was previously quantified for a similar system
(PIC crosslinked with DNA) and was determined to be 90%
(Deshpande et al., 2016). Considering the yield of both reactions,
it can be assumed that ∼80% of CC-forming peptides are
coupled to the PIC polymer. This ultimately results in an average
spacing of CC-forming peptides of ∼14 nm, which is similar to
the Lp of closely related tri(ethylene glycol) functionalized PIC
polymers (12–30 nm) (Jaspers et al., 2016; Kouwer et al., 2018;
Schoenmakers et al., 2018a). It can thus be assumed that the Lp
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and the distance between crosslinks is on a similar length scale.
The progress of the conjugation reaction was further followed
with rheology, recording the evolution of the storage modulus
G′ as a function of time. Performing this experiment below
the LCST ensures that the crosslinking of individual polymers
is monitored and that hydrophobically stabilized bundles are
absent. The observed increase in G′ indicates that a network
is indeed formed as a result of the CC-mediated crosslinking
reaction (Supplementary Figure 2).

Maleimide-functionalized starPEG was used for the synthesis
of the terminally crosslinked starPEG reference network
(PEG-A4B4). This allowed for the direct conjugation of
thiol-containing CCs to the maleimide-functionalized starPEG
without the need of the heterobifunctional DBCO-PEG4-
maleimide crosslinker (Figure 1C). For crosslinking the starPEG
network, we also employed pre-assembled CCs to utilize the
same synthetic strategy as used for the PIC-A4B4 networks. The
starPEG concentration used was close to the critical overlap
concentration where the resulting hydrogels possess a very small
number of entanglements (Asai et al., 2012; Akagi et al., 2013). In
terminally crosslinked starPEG hydrogels, the distance between
crosslinks is defined by the size of each PEG chain, characterized
by a polydispersity index of 1.02. This is a key difference to
the PIC-A4B4 networks, where the distance between crosslinks
is distributed around an average value that is determined by
the density of azide functional groups and the yield of the
coupling reaction.

Bundle Formation and Network Topology
of Coiled Coil-Crosslinked PIC Networks
Before comparing the stress relaxation behavior of PIC-
A4B4 and PEG-A4B4 hydrogels, we first investigated the
contributions of CC-crosslinking and hydrophobic bundling to
the overall network properties of PIC-A4B4. We mixed DBCO-
functionalized CC-A4B4 and PIC, transferred the sample to the
rheometer, immediately heated from 7 to 55◦C and incubated the
sample at 55◦C while recording the storage modulus G′. Upon
heating, CC-crosslinking and bundle formation are expected to
occur simultaneously. The sample was subsequently re-cooled
to 20◦C and its properties were compared to a control sample
without CC crosslinks (PIC-0). In addition, the properties of re-
cooled PIC-A4B4 were compared to a sample never heated to
55◦C but incubated at 20◦C for an extended period of time (10 h)
(Supplementary Figure 2).

When gradually heating the PIC-A4B4 and PIC-0 samples
from 7 to 55◦C, G′ was higher for the PIC-A4B4 samples
already at the start of the recording (Figure 2). This suggests
that first CC crosslinks have already formed between individual
polymers while the sample was maintained at 7◦C. Upon
heating, G′ increased and hydrophobic bundles appeared in
both samples, as visualized using the fluorophore Nile Red
(Supplementary Table 1). Nile Red responds to hydrophobic
environments with enhanced fluorescence emission and is thus
a versatile reporter for bundle formation. The LCST transition
appears to be broader for PIC-A4B4 than for PIC-0, suggesting
that CC-crosslinks may interfere with the tight packing of PIC

polymers in the bundles. This is confirmed when comparing the
increase in Nile Red fluorescence for the PIC-A4B4 and PIC-0
samples. While Nile Red fluorescence increased almost 10-fold
for PIC-0 only a 6-fold increase was observed for PIC-A4B4.
When maintaining the samples at a constant temperature of
55◦C, a plateau in G′ was reached. The G′ plateau was higher for
PIC-A4B4 (440–460 Pa; Figure 2A) than for PIC-0 (240-250 Pa;
Figure 2B). This provides first evidence that CC crosslinks
are present in hydrophobically bundled PIC networks at 55◦C
and that these crosslinks contribute to the overall viscoelastic
properties of these networks. When re-cooling both samples
below the LCST, Nile Red fluorescence decreased to the starting
value. This clearly shows that no hydrophobic bundles remain at
temperatures below the LCST. At 20◦C, the PIC-0 sample was a
solution with very low G′. In contrast, G′ increased upon cooling
for the PIC-A4B4 sample (Figure 2).

This increase in G′ is unexpected and has further not been
observed for any other crosslinked PIC network (Deshpande
et al., 2016, 2017; Schoenmakers et al., 2018a,b). As the
Lp of individual PIC polymers decreases with lowering the
temperature, a decrease in G′ is expected for bundled PIC
networks as long as the network structure is not altered (Kouwer
et al., 2013). One possible explanation for the observed increase
in G′ is that the thermodynamic stability of the CC crosslinks
increases while the sample is being cooled. Additional CC
crosslinks thus form and stabilize the bundles. This does not
explain the behavior of the PIC-A4B4 network at temperatures
below the LCST, however, where the bundled network structure
is no longer held together via hydrophobic interactions. We
propose that the presence of CC crosslinks kinetically traps
the polymers in the bundled state even though the polymers
have become hydrophilic. At temperatures below the LCST,
koff of the CC crosslinks is low (t1/2 = 35min at 25◦C)
so that the trapped bundle structures remain for extended
periods of time and reorganize only slowly. This is supported
by the evolution of G′ during repeated heating-cooling cycles
(Supplementary Figure 3). Once the re-cooled sample is kept at
20◦C, G′ starts to decrease continuously. Moreover, G′ decreases
faster when a new heating cycle is started (i.e., koff increases with
temperature). Once the LCST is reached, hydrophobic bundles
appear again and G′ starts to increase. It is likely that prolonged
incubation at 20◦C yields the same final network structure and
viscoelastic properties as a sample that was never subjected to
any heating-cooling cycle (Supplementary Figure 2). It should
be noted that internal stress may accumulate in trapped bundle
structures, which may further contribute to the increase in
G′ upon cooling. Internal stress is also relaxed via crosslink
dissociation as has been observed for actin networks polymerized
in the presence of the crosslinking protein fascin (Lieleg et al.,
2011).

At this moment, we can only speculate about the structure
of the network equilibrated at 20◦C. Considering the properties
of individual polymers, the estimated distance between CCs
is ∼14 nm. This is on the same length scale as the Lp
determined for closely related tri(ethylene glycol) functionalized
PIC polymers (12–30 nm) (Jaspers et al., 2016; Kouwer et al.,
2018; Schoenmakers et al., 2018a). As a result of their increased
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FIGURE 2 | Temperature-induced hydrophobic bundle formation and gelation of PIC-A4B4 and PIC-0 hydrogels. (A) Evolution of the storage modulus G′ as a function

of time when subjecting PIC-A4B4 to temperature protocol 2 (7◦C → 55◦C → 20◦C). (B) Evolution of the storage modulus G′ as a function of time when subjecting

PIC-0 to temperature protocol 2. The measurements were performed with a strain amplitude of 1% and a frequency of 1.6 s−1. Hydrophobic bundle formation was

visualized in a temperature-controlled microplate reader using the fluorophore Nile Red, which is known to increase in intensity in hydrophobic environments. The

intensity (measured at λex = 540 nm and λem = 655 nm) was normalized to the state of the sample at a temperature of 30◦C during the initial heating step.

bulkiness, we expect Lp to be larger for our tetra(ethylene
glycol) functionalized polymers. The average distance between
crosslinks is thus expected to be at least similar to—and possibly

shorter than—the Lp of individual PIC polymers. Crosslinking

may thus cause the partial alignment of PIC polymers into
bundle-like structures even at temperatures below the LCST.

When comparing G′ of the PIC-A4B4 networks, G′ is clearly
lower for networks equilibrated at 20◦C (62 Pa after 10 h of
incubation; Supplementary Figure 2) than for hydrophobically

bundled networks at 55◦C (440–460 Pa; Figure 2A). CC-

crosslinking alone is thus not sufficient to obtain a fully bundled
network. The network structure is most likely heterogeneous
and consists of a mixture of CC-crosslinked bundles and
individual polymers.

Stress-Stiffening Properties of Coiled
Coil-Crosslinked PIC Networks
Subjecting the PIC-A4B4 sample to different temperature
protocols has shown that the resulting network topology is
different when the sample is maintained at temperatures below
or above the LCST. In addition, a kinetically trapped bundle
structure exists after the sample has been subjected to a heating-
cooling cycle. PIC hydrogels are known to display stress-
stiffening, which directly results from the presence of bundled,
semi-flexible fiber structures. To gain insight into the effect
of different network topologies on these non-linear viscoelastic
properties, we determined the stress-stiffening response with
rheology. We used an established pre-stress protocol where a
small amplitude oscillatory stress is applied to the sample in
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Supplementary Tables 3–6. Lines are drawn to guide the eye.

the presence of a constant pre-stress. Performing a series of
such measurements, the pre-stress is gradually increased. We
measured the oscillatory strain response at a specific frequency
(1 s−1). This method is gentle to the sample and recommended
for studying transient material responses in the non-linear
regime (Broedersz et al., 2010; Kouwer et al., 2013). It provides
the normalized differential modulus (K ′/G0; see Materials and
Methods for details) as a function of the applied pre-stress
(Figure 3). Two characteristic parameters can be extracted from
this data to describe the stress-stiffening response. These are the
slope or stiffening index m, which describes the intensity of the
material response to the applied stress, and the critical stress σc.
The latter provides the stress value where the non-linear response
sets in and thus describes the mechanosensitivity of the material.

Before starting the pre-stress protocol, the PIC-A4B4 sample
was subjected to 3 different temperature protocols to obtain
the above-mentioned network topologies: protocol 1 (7◦C →

55◦C) yields hydrophobically bundled networks stabilized by
additional CC crosslinks; protocol 2 (7◦C → 55◦C → 20◦C)
results in kinetically trapped bundles that lack hydrophobic
interactions; protocol 3 (7◦C → 20◦C) yields the equilibrium
structure solely formed via CC-crosslinking. In addition, a PIC-0
sample subjected to protocol 1 was used as a control to determine
the stress-stiffening response in the absence of CC crosslinks.

The PIC-A4B4 and PIC-0 samples measured in the
presence of hydrophobically stabilized bundles (55◦C) show
a highly similar stress-stiffening response (Figure 3 and
Supplementary Figure 4). The only difference is a reduced
slope/stiffening index (Table 1), which becomes more and more
apparent with increasing pre-stress. A similar reduction in slope

TABLE 1 | Summary of parameters describing the properties of PIC-A4B4 and

PIC-0 hydrogels.

Sample PIC-0 PIC-A4B4 PIC-A4B4 PIC-A4B4

Preparation Protocol 1:

7◦C → 55◦C

55◦C constant

Protocol 1:

7◦C → 55◦C

55◦C constant

Protocol 2:

7◦C → 55◦C

55◦C constant

55◦C → 20◦C

20◦C constant

Protocol 3:

7◦C → 20◦C

20◦C constant

Crosslinks Bundling CC + bundling CC CC

G0 (Pa) 242 ± 18 265 ± 28 711 ± 182 69 ± 4

Stiffening

index m

1.42 ± 0.03 1.01 ± 0.04 0.71 ± 0.05 0.68 ± 0.08

Critical stress

σc (Pa)

24.0 ± 1.3 17.9 ± 1.7 44.6 ± 11.6 4.1 ± 0.6

Critical strain

γc (%)

10 6.8 6.3 5.9

The values represent the mean of 3 independent experiments ± the standard error of the

mean (SEM).

was observed for PIC networks crosslinked with virus capsids
(Schoenmakers et al., 2018b). We conclude that the difference
in stiffening index for PIC-A4B4 and PIC-0 originates from
the rupture of CC crosslinks, while the overall stress-stiffening
response of the hydrogel is determined by the hydrophobically
bundled PIC network.

The PIC-A4B4 samples subjected to protocols 2 or
3 show a stress-stiffening response in the absence of
hydrophobically stabilized bundles; however, with a lower
stiffening index (Figure 3, Supplementary Figure 4, Table 1,
and Supplementary Tables 7–9). This confirms that these
samples contain semi-flexible structures, but to a smaller
extent. While the stiffening indices for the two samples are
highly similar, a clear difference is observed for σc (4.1 Pa for
the equilibrated sample and 44.6 Pa for the sample containing
kinetically trapped bundles). This is a direct result of the different
temperature histories of these samples. The sample containing
kinetically trapped bundles displays a plateau modulus G0 of
711 Pa at the start of the pre-stress protocol. In contrast, G0 is
only 69 Pa for the sample equilibrated at 20◦C. The observed
difference in σc can be directly related to the critical strain γc

using Hooke’s Law:G0 = σc/γc. This relationship was used before
to explain the stress-stiffening behavior of different PIC networks
(Jaspers et al., 2014). Knowing G0 and σc, we can thus calculate
γc, which is ∼6% for both samples. This clearly shows that the
non-linear response of these networks, which are stabilized by
CC crosslinks only, sets in at the same applied strain and is
determined by the CC-crosslinked network structure.

Material Failure of Coiled Coil-Crosslinked
PIC Hydrogels
The non-linear rheology experiments described above suggest
that material failure is determined by the interactions that
stabilize the network. If hydrophobically stabilized bundles are
present, they dominate the material response and the respective
materials fail at a higher stress than samples that contain CC
crosslinks only (Figure 3). This suggests that the CC crosslinks
break before the hydrophobically stabilized bundles disintegrate,
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as indicated by the different stiffening index for PIC-0 and PIC-
A4B4 networks measured above the LCST. To confirm this result,
we performed amplitude sweeps with the goal of determining the
linear viscoelastic range (Figure 4 and Supplementary Figure 5).
Again, we observed that the PIC-A4B4 sample measured
above the LCST possessed similar properties as the PIC-0
sample (Figure 4A). Also in this experiment, the PIC-A4B4
containing hydrophobically stabilized bundles (55◦C) tolerated
larger deformation than the PIC-A4B4 hydrogels only stabilized
by CC crosslinks (20◦C) (Figure 4B). It is interesting to note
that the equilibrated PIC-A4B4 sample and the kinetically
trapped sample fail in a highly similar strain range, even though
their G0 differs ∼10-fold. This may suggest that the force
propagates through the network via individual polymer chains
and that the spatial organization of elastically active crosslinks is
similar in both hydrogels. Lacking structural information about
these networks, however, it is impossible to derive any further
conclusions about their failure mechanism.

Stress Relaxation in Coiled
Coil-Crosslinked PIC and PEG Hydrogels
For the following analysis of stress relaxation, we thus primarily
focus on measurements above the LCST (55◦C), where the
structure of the PIC-A4B4 network is well-defined and contains
hydrophobically stabilized bundles as well as CC crosslinks. To
obtain information about the importance of network topology
for stress relaxation, we compare the PIC-A4B4 hydrogel
to terminally crosslinked starPEG, which serves as a well-
characterized reference network. The frequency sweeps were
performed at 55◦C (Figure 5 and Supplementary Figures 6, 8).
For the PIC-A4B4 and PIC-0 hydrogels, all frequency sweeps
were performed at a strain amplitude of 1%, while a strain
amplitude of 10% was used for the PEG-A4B4 hydrogels. Both
strain amplitudes lie in the linear viscoelastic range as determined
from amplitude sweeps (Supplementary Figures 5, 8).

When comparing the viscoelastic properties of PIC-A4B4
with PIC-0, two key differences are observed. For PIC-
A4B4, G′ is increased at high frequencies when compared
to low frequencies. In contrast, G′ is almost constant for
PIC-0 over the entire frequency range tested (Figure 5A and
Supplementary Figure 7). For PIC-A4B4, a local maximum in
the loss modulus G′′ is further observed at a frequency of
∼0.1 s−1, while this maximum is absent in the PIC-0 sample.
Interestingly, the position of the local maximum coincides with
the mentioned increase in G′ (Figure 5A).

A comparison with PEG-A4B4 provides more detailed
insights into the origin of these features. We have shown
earlier that the viscoelastic properties of CC-crosslinked starPEG
networks are well-described with theMaxwell model (Tunn et al.,
2018, 2019). These networks show a crossover between G′ and
G′′ at a characteristic frequency fmax. This frequency correlates
with the kinetic properties of the crosslinks (Grindy et al., 2015;
Tunn et al., 2018). At frequencies smaller fmax, G

′′ > G′ and the
material behaves like a viscous liquid. At frequencies larger fmax,
G′′ <G′ and thematerial behaves like an elastic solid (Figure 5B).
fmax is directly related to the relaxation time τ of the material via
τ = 1/fmax. In other words, the CC crosslinks only contribute
to the stability of the network at high frequencies where their
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FIGURE 4 | Amplitude sweeps of PIC. (A) Comparison of PIC-A4B4 and

PIC-0 measured above the LCST at 55◦C. (B) Comparison of the PIC-A4B4

sample equilibrated at 20◦C and the PIC-A4B4 sample with trapped bundles,

measured at 20◦C. Each amplitude sweep was performed at a constant

frequency of 1.6 s−1 while the strain amplitude γ was varied from 1 to 1,000%.

Each measurement was performed in triplicate. The additional data sets are

shown in Supplementary Figure 5. Lines are drawn to guide the eye.

kinetics is slower than the timescale of the applied oscillation.
We thus assign the local maximum observed for PIC-A4B4 to
the dissipative contribution of the CC crosslinks even though
no crossover between G′ and G′′ is observed. The macroscopic
relaxation behavior is still largely determined by the properties
of the PIC network even though the presence of CC crosslinks
increases the stiffness of the material by 60% at the highest
frequency tested (Supplementary Table 10).

Further proof for this interpretation was obtained from
frequency sweeps performed over a range of temperatures from
55 to 20◦C (Figures 5C,D). For both PIC-A4B4 and PEG-
A4B4, a shift of the G′′ maximum to lower frequencies is
observed. This is expected as the crosslink kinetics becomes
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sets are shown in Supplementary Figure 6.

slower with decreasing temperature. It should be noted that a
detailed interpretation of this data is difficult for PIC-A4B4,
however, as the kinetically trapped network rearranges during
the measurement. Furthermore, the LCST transition is crossed
so that contributions from hydrophobic PIC bundling are
hidden just as temperature-dependent changes in the Lp of
individual PIC polymers and bundles. Despite the contribution
of these unquantified additional factors, the shift of the G′′

maximum with temperature is similar for PIC-A4B4 and PEG-
A4B4 samples.

The most striking result of the PIC-A4B4 and PEG-
A4B4 comparison is the clear difference in relaxation times
between these networks over the entire temperature range

tested. At a temperature of 55◦C, the relaxation time differs
by approximately two orders of magnitude, even though the
crosslink used is exactly the same. This suggests that crosslink
kinetics is not the only parameter that determines the relaxation
time of a material. In the PEG-A4B4 network, two PEG
arms are terminally connected via exactly one crosslink. In
the absence of entanglements, crosslink dissociation therefore
immediately relaxes an elastically active chain. In a well-
crosslinked starPEG network, stress relaxation should thus
indeed be mostly determined by the dissociation rate of the
crosslink [koff = 3.2 · 10−4 s−1 at 25◦C (Goktas et al., 2018)]. Our
results show fmax of ∼2.5 · 10−3 s−1 at 25◦C, which is one order
of magnitude higher than koff. This difference is explained by
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the presence of network defects, such as loops and superchains,
which are known to speed up network relaxation (Annable et al.,
1993; Rossow et al., 2014; Ciarella et al., 2018).

The network topology of PIC-A4B4 at 55◦C is very different.
In hydrophobically stabilized bundles, the CCs form multiple
crosslinks within the bundles. Considering a mean polymer
length of 412 nm and an average CC spacing of ∼14 nm, one
polymer is connected within the bundle via ∼30 crosslinks. In
addition, each bundle is estimated to consist of 7–9 polymers so
that the next crosslink is on average found within <4 nm along
the bundle. Further considering the high Lp of the polymers,
re-association of dissociated CCs is thus easily possible. It is,
therefore, extremely unlikely that the dissociation of one CC
crosslink allows relaxation of a polymer chain or even the entire
bundle. Stress relaxation instead requires the dissociation of
several crosslinks simultaneously. Multivalent binding of CC
crosslinks, determined by the topology of the bundled PIC
network, is thus the most likely explanation for the observed
increase in the relaxation time.

Based on this knowledge, we now compare the relaxation time
of PIC-A4B4 networks below the LCST where hydrophobically
stabilized bundles are absent (Supplementary Figures 6D,E).
Also, for these networks the relaxation time is significantly lower
than for PEG-A4B4 (Supplementary Figures 6C, 8B). For the
PIC-A4B4 hydrogels measured at 20◦C, no local maximum in
G′′ is visible in the accessible frequency range and the maximum
is most likely located at much lower frequencies. This suggests
that the relaxation of elastically active chains is also hindered
by multivalent CC interactions at 20◦C, confirming our earlier
interpretation that PIC-A4B4 networks also contain bundle-like
structures below the LCST. In fact, no significant difference
in the frequency dependence is observed for the network
equilibrated at 20◦C and the network containing kinetically
trapped bundles, suggesting that elastically active chains relax in
a similar fashion. Even though we are not able to quantitatively
compare the relaxation times, our combined results provide
sufficient evidence to conclude that the combination of network
topology and crosslink kinetics determines the relaxation
behavior of elastically active chains in dynamically crosslinked
hydrogel networks.

CONCLUSIONS

Introducing CC crosslinks into PIC and starPEG networks has
allowed us to directly compare stress relaxation in dynamically
crosslinked hydrogels of different network topology. The CC-
crosslinked and fiber-like PIC network retains its stress-stiffening
properties and displays a relaxation time approximately two
orders of magnitude longer than the starPEG reference network.
This clearly shows that stress relaxation is determined by a
combination of crosslink kinetics and network topology. In the
PIC hydrogel, each polymer is connected to the network via
multiple CC crosslinks. Stress relaxation of elastically active
chains thus requires the simultaneous dissociation of several
CCs. In contrast, each elastically active chain is connected by
exactly one crosslink in the starPEG network. Controlling the
number of crosslinks per chain thus appears to be a possible

new design principle for tuning the viscoelastic properties
of synthetic polymeric materials. Especially when combined
with semi-flexible polymers, adjusting the distance between
crosslinks to the persistence length may facilitate the formation
of fiber bundles and introduce stress-stiffening behavior into
such materials. Hierarchical assembly, stress relaxation and non-
linear stress-strain responses are thus tightly connected and
can only be engineered in combination. Nature has elegantly
utilized this concept in the cytoskeleton and the ECM. These
structures show slow macroscopic stress relaxation, but contain
fine-tuned dynamic crosslinks that facilitate local network
reorganization. This specific interplay between macroscopic and
microscopic properties allows cell motility and spreading while
maintaining the overall shape of tissues. The CC-crosslinked
PIC network serves as an excellent model system to tune
crosslink density, kinetics, and thermodynamics independently.
This may ultimately provide a stress-stiffening network for cell
culture experiments where macroscopic stress relaxation and
local crosslink dynamics are decoupled.
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Ljubetič, A., Lapenta, F., Gradišar, H., Drobnak, I., Aupič, J., Strmšek, Ž., et al.
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