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a b s t r a c t 

Anticipating an increasing demand for hybrid double network (DN) hydrogels in biomedicine and biotech- 

nology, this study evaluated the effects of each network on the mechanical and biological properties. 

Polyethylene glycol (PEG) (meth)acrylate hydrogels with varied monomer molecular weights and archi- 

tectures (linear vs. 4-arm) were produced with and without an added ionically bonded alginate network 

and their mechanical properties were characterized using compression testing. The results showed that 

while some mechanical properties of PEG single network (SN) hydrogels decreased or changed negligibly 

with increasing molecular weight, the compressive modulus, strength, strain to failure, and toughness of 

DN hydrogels all significantly increased with increased PEG monomer molecular weight. At a fixed molec- 

ular weight (10 kDa), 4-arm PEG SN hydrogels exhibited better overall mechanical performance; however, 

this benefit was diminished for the corresponding DN hydrogels with comparable strength and toughness 

and lower strain to failure for the 4-arm case. Regardless of the PEG monomer structure, the alginate 

network made a relatively larger contribution to the overall DN mechanical properties when the covalent 

PEG network was looser with a larger mesh size (e.g., for larger monomer molecular weight and/or linear 

architecture) which presumably enabled more ionic crosslinking. Considering the biological performance, 

adipose derived stem cell cultures demonstrated monotonically increasing cell area and Yes-associated 

protein related mechanosensing with increasing amounts of alginate from 0 to 2 wt.%, demonstrating the 

possibility for using DN hydrogels in guiding musculoskeletal differentiation. These findings will be use- 

ful to design suitable hydrogels with controllable mechanical and biological properties for mechanically 

demanding applications. 

Statement of significance 

Hydrogels are widely used in commercial applications, and recently developed hybrid double network 

hydrogels have enhanced strength and toughness that will enable further expansion into more mechani- 

cally demanding applications (e.g., medical implants, etc.). The significance of this work is that it uncovers 

some key principles regarding monomer molecular weight, architecture, and concentration for developing 

strong and tough hybrid double network hydrogels that would not be predicted from their single net- 

work counterparts or a linear combination of the two networks. Additionally, novel insight is given into 

the biological performance of hybrid double network hydrogels in the presence of adipose derived stem 

cell cultures which suggests new scope for using double network hydrogels in guiding musculoskeletal 

differentiation. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Hydrogels are widely used in commercial applications such as 

ontact lenses [ 1 , 2 ], wound dressings [ 3 , 4 ], drug delivery [5] , tissue

ngineering scaffolds [ 6 , 7 ], etc. However, further expansion of hy- 
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rogel usage into applications that require mechanical strength and 

oughness (e.g., medical implants, soft robotics, etc.) is limited by 

he weakness and brittleness of conventional single network (SN) 

ydrogels. To address these limitations, there has been consider- 

ble research interest in the development of strong and tough hy- 

rogels including double network (DN) hydrogels [8–15] , slide-ring 

ydrogels [ 16 , 17 ], tetra-PEG hydrogels [18] , dual-crosslinked hydro- 

els [ 19 , 20 ], supramolecular hydrogels [ 21 , 22 ], hydrogels tough-

ned by longer and stronger polymer chains [23–25] , etc. These 

dvanced hydrogel systems possess high strength and toughness 

nd allow for other advantages such as stimuli-responsiveness [26] . 

N hydrogels were first introduced by Gong et al. using poly(2- 

crylamido-2-methylpropanesulfonic acid) (PAMPS) and polyacry- 

amide (PAAm) [8] . Compared to conventional SN gels where the 

oughness is only ∼0.1–1 J/m 
2 , PAMPS/PAAm DN gels showed 

uch higher toughness of 100–1000 J/m 
2 along with high stiffness 

0.1–10 MPa), high tensile strength (1–10 MPa) and high compres- 

ive strength (20–60 MPa) [ 8 , 27 ]. Inspired by this success, many

ther advanced hydrogel systems consisting of two different co- 

alent networks have been developed with excellent mechanical 

erformance [9–14] . However, one limitation of covalently bonded 

N hydrogels is that the energy dissipating bond breakage mecha- 

ism that gives high toughness also causes permanent damage to 

he network that cannot be recovered, for example in cases of re- 

eated or cyclic loading. 

Further research to address this issue brought about the de- 

elopment of highly stretchable and tough hybrid DN hydrogels 

ith self-healing properties by introducing a physically bonded 

etwork to reinforce a covalently bonded hydrogel [28] . In the 

nitial study using sodium alginate to reinforce PAAm, impressive 

roperties including stretch of ∼21 × and toughness of ∼90 0 0 J/m 
2 

ere demonstrated for the hybrid DN gels [28] . Among possible 

hysically bonded networks, sodium alginate networks formed us- 

ng cation crosslinkers (e.g., Ca 2 + ) present an attractive option with 

ow toxicity, relatively low cost, quick and easy polymerization, 

xcellent biocompatibility, and adaptability for mechanochemistry 

 13 , 26 , 28–32 ]. As an example, alginate/poly(ethylene glycol) di- 

crylate (PEGDA) hybrid DNs showed excellent mechanical proper- 

ies as well as great flexibility to encapsulate human mesenchymal 

tem cells and also allowed for 3D printing into complex scaffold 

tructures [13] . 

Polyethylene glycol (PEG) and its various derivatives are con- 

idered attractive for biomedical hydrogel applications because of 

heir hydrophilic nature, stable covalent bonding structure, bio- 

ompatibility, and their potential for bioactive modification with 

arious functional end groups [33–42] . For SN PEG-based hydro- 

els, research has been conducted to determine how the mechani- 

al properties (e.g., stiffness) and biological properties (e.g., protein 

iffusion, accumulation, and release) can be controlled by varying 

he molecular weight, concentration, and/or architecture (linear, 4- 

rm, or 8-arm) of the PEG monomers as well as the crosslinking 

echanism [ 35 , 36 , 39–43 ]. Furthermore, mechanical and biological 

roperties are not thought to be independent and varying the stiff- 

ess of PEG-based and other SN hydrogels is well known to influ- 

nce the differentiation and proliferation behavior of cells [ 40 , 44–

7 ]. 

When considering how to control the mechanical and biolog- 

cal properties of hybrid DN hydrogels, there are many variables 

o consider and relatively little is known. The first study on algi- 

ate/PAAm hybrid gels found a higher ratio of alginate to PAAm 

eads to higher stiffness and tensile strength while the stretch and 

racture energy peaked at around 11–14 wt.% alginate [28] . While 

ncreasing the amount of covalent N,N 
′ -methylenebisacrylamide 

MBAA) or ionic Ca 2 + crosslinkers has generally been found to 
tiffen hybrid DN hydrogels, the effects on strength and tough- 

ess are more complex and have shown some variability across 
302 
tudies [ 28 , 48 ]. Finally, while studies of alginate/PEGDA hybrid gels 

ave suggested the single networks with higher toughness lead to 

ougher double networks [13] , little has been reported about other 

roperties or more detailed structure-property relationships. Over- 

ll, to further enable the design and development of strong and 

ough hybrid DN hydrogels there is a need to understand how 

etwork characteristics such as monomer molecular weight and 

rchitecture (e.g., linear vs. 4-arm) influence the overall mechan- 

cal properties. Furthermore, while there have been a few stud- 

es demonstrating promising results regarding how hybrid double 

etworks of gellan gum/PEGDA or glycol chitosan/alginate can fa- 

orably promote spreading and proliferation of mesenchymal stem 

ells [ 49 , 50 ], further details regarding how to control the biological 

erformance of DN hydrogels are still poorly understood. 

Accordingly, the goal of this work is to uncover some key prin- 

iples for developing strong and tough hybrid DN hydrogels suit- 

ble for biomedical applications. The primary focus of this work is 

n how molecular weight (MW) and architecture (linear vs. 4-arm) 

f the covalently linked monomers affect the mechanical behavior 

f DN gels reinforced with a physically bonded network. We have 

elected PEG (meth)acrylate for the covalent networks and sodium 

lginate for the physically bonded networks due to their attractive 

echanical and biocompatibility properties. Secondly, this works 

eeks to increase our understanding of how cells sense and re- 

pond to the altered mechanical properties of hybrid double net- 

ork gels. 

. Materials and methods 

.1. Materials 

Linear poly(ethylene glycol) diacrylate (PEGDA, MW 2 kDa 

nd 5 kDa, see Fig. 1 a) and 4-arm poly(ethylene glycol) acry- 

ate (PEG4AC, MW 10 kDa and 20 kDa, see Fig. 1 c) were sup-

lied by JenKem Technology USA Inc.. Linear poly(ethylene gly- 

ol) dimethacrylate (PEGDMA, MW 10 kDa, see Fig. 1 b) was syn- 

hesized using dried PEG supplied by Sigma-Aldrich as described 

reviously [ 37 , 51 ]. Briefly, 10 kDa PEG (Sigma-Aldrich) dissolved in 

oluene was dehydrated twice in an evaporator and then dissolved 

n a mixture of toluene, dichloromethane, and triethylamine to re- 

ct with 2.2 × equivalence of methacrylic anhydride for 2 days at 

oom temperature. After mixing with potassium carbonate, the as- 

ynthesized PEGDMA was filtered and precipitated with added di- 

thyl ether. The PEGDMA after final vacuum filtration was stored 

t -20 °C for subsequent use. The photoinitiator 2-hydroxy-4 ′ - 
2-hydroxyethoxy)-2-methylpropiophenone (I2959) was purchased 

rom Sigma-Aldrich Australia. Calcium chloride and sodium algi- 

ate were purchased from ChemSupply Australia. 

.2. Fabrication of hydrogels 

Desired hydrogel compositions (e.g., gel fractions) were 

chieved by controlling the weight fractions of PEG and al- 

inate powder in the pregel solution. Linear and 4-arm PEG 

meth)acrylate SN hydrogels, as schematically shown in Fig. 1 d, 

ere prepared by dissolving PEG (meth)acrylate powder in deion- 

zed water to a concentration of 10 wt.%. One additional linear 5 

Da PEGDA group was produced at a concentration of 5 wt.%. The 

hotoinitiator, I2959, was dissolved in 80% (v/v) ethanol to keep 

 solid-liquid ratio of 0.1 mmol per 1 mL. Then the I2959 solu- 

ion was added into the pregel mixture at a concentration of 50 μL 

hotoinitiator solution to 0.01 mmol PEG monomers. The precur- 

or solution was then poured into glass molds which consisted of 

wo cover slips and one silicone spacer of ∼5 mm in height. The 

el sheets were polymerized using ultraviolet (UV) irradiation in a 

V source instrument (either Spectronics XL-10 0 0 UV crosslinker 



Y. Huang, P.B. Jayathilaka, M.S. Islam et al. Acta Biomaterialia 138 (2022) 301–312 

Fig. 1. (a) Chemical structure of PEGDA. (b) Chemical structure of PEGDMA. (c) Chemical structure of PEG4AC. (d) Network structures of PEG-based SN and DN hydrogels. 

Linear (top) and 4-arm (bottom) monomers are expected to form different covalent PEG networks at a given molecular weight (MW). To get a similar mesh size for the 

4-arm PEG network, approximately half the molecular weight would be required compared to the linear PEG network. 

Table 1 

Single (SN) and hybrid double network (DN) hydrogels used in this work. 

Covalent PEG network Tested groups 

Monomers MW Mass fraction SN gels DN gels 

Linear groups PEGDA 2 kDa 10 wt.% + 0 wt.% 

alginate 

+ 1 wt.% 

alginate 

+ 2 wt.% 

alginate PEGDA 5 kDa 5 wt.% 

PEGDA 5 kDa 10 wt.% 

PEGDMA 10 kDa 10 wt.% 

4-arm groups PEG4AC 10 kDa 10 wt.% 

PEG4AC 10 kDa 10 wt.% 
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r Rayonet RMR-600 photochemical reactor). Photopolymerization 

ime varied from 30 min to 2 h to ensure adequate gelation with 

ncreasing times used for decreasing molecular weight. Cylindri- 

al samples for subsequent mechanical testing were cut from the 

ured gel sheets using a sharpened brass tube cutter with an inner 

iameter of ∼4.8 mm and then were kept in a sealed and moist 

ontainer. 

For the DN hydrogels, concentrations of 1 and 2 wt.% alginate 

ere added to the above-described SN pregel mixtures prior to 

hotoinitiation. First, the covalent network was cured in the glass 

old in the presence of UV crosslinker for the same time as for the 

N gels, and then the gel was soaked in 0.1 M CaCl 2 solution for

ore than 2 hours to crosslink the ionically bonded alginate net- 

ork. Then, cylindrical samples were cut from the cured gel sheets 

s described above and were kept in a sealed and moist container. 

 summary of all SN and DN hydrogel groups is given in Table 1 . 

.3. Gel swelling measurement 

The initial weight, W 0 , diameter, D 0 , and height, h 0 , of the as- 

repared gels were measured after cutting. The samples were then 

ept in a 24-well tissue culture plate with 0.4 mL 0.1 M CaCl 2 solu-

ion overnight in a refrigerator. Then, the dimensions ( D w and h w ) 

nd weight ( W w ) of the swollen gels were measured again before 

esting. The swelling ratio was calculated as the ratio of increased 

eight to initial weight, 
W w −W 0 

W 0 
, while the swelling stretch was cal- 

ulated based on the change in height, h w 
h 

. 

0 

303 
.4. Characterization of hydrogels 

All compression tests were performed using an Instron 3369 

niversal testing machine with a calibrated 250 N load cell and a 

inear variable displacement transducer. At least five swollen cylin- 

rical gel samples were tested for each group. During testing, sam- 

les were placed in a 34 mm diameter petri dish with 1.4 mL of 

.1 M CaCl 2 solution to prevent the samples from drying out. The 

ylindrical gel samples were compressed until failure using a dis- 

lacement rate of 0.01 mm/sec. The 10 kDa PEG4AC group was 

sed for additional comparison testing at higher strain rate of 0.1 

m/sec. Cyclic loading testing was also performed for the 10 kDa 

EG4AC group whereby the samples were compressed to around 

0% of the initial height at a displacement rate of 0.01 mm/sec and 

hen released immediately at the same rate. 

The engineering strain under compression was calculated as 

 e = 
�h 
h w 

, where �h represents the difference between deformed 

eight, h c , and original height in the swollen state, h w . The en- 

ineering stress was calculated as σe = 
F 
A w 

, where F was the ap- 

lied force and A w was the cross-sectional area of the undeformed 

et, swollen gel sample. The compressive modulus was defined as 

he ratio of applied stress to strain on the sample in the initial 

egion of the stress-strain curve and was determined by calculat- 

ng the slope of a linear fitted trendline within the 5%-10% strain 

egion. True strain and stress were calculated using the two equa- 

ions ε t = ln h c 
h 

= −ln ( 1 − ε e ) and σt = 
F 
A 

= σe ( 1 − ε e ) , where h c 
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nd A c are the height and cross-sectional area of the compressed 

els, respectively. The toughness of the gels in compression was 

etermined as the area under the true stress-strain curve up to 

he point of fracture for each sample. Similarly, energy dissipation 

uring the cyclic loading tests was calculated as the difference in 

he area under the loading and unloading curves. 

.5. Mechanical modeling 

Stress-strain data was fit to the incompressible Arruda- 

oyce model using least-squares minimization via a cus- 

om MATLAB script. The statistical mechanics-derived form 

f this model for uniaxial tension/compression is given by 

t = 
1 
3 nk b T 

N 
λch 

L 
−1 { λch √ 

N 
} (λ2 − 1 

λ
) , where k b is Boltzmann’s con- 

tant, T is the temperature in Kelvin, L is the Langevin function, 

= 1 − ε e is the stretch, and λch = 
1 √ 

3 

√ 

λ2 + 
2 
λ

is the effective 

hain stretch [52] . The material constants here are “n ” which 

escribes the network crosslink density and “N ” which describes 

he number of Kuhn segments between crosslinks. The model 

arameters, along with their swelling adjusted values, were used 

o quantitatively compare the effective polymer structures and 

rovide insight into interpreting the mechanical testing results. 

he swelling adjustment was calculated based on the swelling 

tretch in terms of height and diameter measured for each sample. 

hen the swelling stretch is positive the “as-fabricated” materials 

ill have higher “n ” and “N ” values compared to the swollen 

tate. These swelling adjusted parameters are particularly useful 

n understanding the failure strain since greater swelling means 

hat the polymer chains will be in a more extended configuration 

efore any mechanical stress is applied. 

.6. Cell culture and immunofluorescence analysis 

For cell culture experiments, SN and DN hydrogel sheets pro- 

uced from 10 wt.% 10 kDa PEGDMA with 0–2 wt.% alginate were 

repared with ∼1 mm thickness following the previous protocol. 

t is noted that PEG-based materials have sometimes been uti- 

ized for their antifouling properties, which is desirable for many 

iomedical applications to prevent unwanted physisorption. In our 

xperiments, to promote cell adhesion we chemically conjugated 

bronectin into the alginate network using carbodiimide chemistry 

s has been described in the literature [ 53 , 54 ]. Briefly, the method

or sample preparation and fibronectin conjugation is as follows. 

Gel sheets were cut into rectangular samples (approximately 

0 mm × 10 mm × 1 mm) and were transferred into glass vials 

nd rinsed twice with 2-(N-morpholino)-ethanesulfonic acid (MES) 

uffer (at pH = 5.5) and incubated with gentle shaking for 5 min- 

tes. Carboxylic acid groups of the alginate component were ac- 

ivated by the addition of water soluble carbodiimide 1-ethyl- 

dimethylaminopropyl) carbodiimide (EDC) (0.1 M) followed by N- 

ydroxysulfosuccinimide sodium salt (sulfo-NHS; 0.1 M) and shak- 

ng for 20 minutes. Next, fibronectin (50 mg/ml) was added into 

he glass vial with gentle shaking for 1 h. The gels were washed 

wice with phosphate buffered saline (PBS) and transferred into a 

2 well plate for cell seeding. Samples were then washed again us- 

ng sterile PBS and sterilized by UV exposure for 30 minutes. 

The adipose-derived mesenchymal stem cells (ADSCs, ATCC 

CS-500-011) were cultured in low-glucose Dulbecco’s modified 

agle’s medium (Thermo Fisher Scientific, Cat. No. 11885084) 

upplemented with 1% (v/v) penicillin and streptomycin (Sigma 

ldrich, Cat. No. P4333) and 10% (v/v) fetal bovine serum (BOVO- 

EN, Australia, Cat. No. SFBS-AU) at 37 °C with 5% CO 2 in a humidi-

ed incubator. The medium was changed every 48 h and cells were 

assaged at 80–85% confluency. All ADSCs used in the experiments 

ere at the passage number 5. 
304 
ADSCs were fixed with 4% paraformaldehyde (Sigma-Aldrich Pty 

td.) for 30 min and permeabilized in 0.1% Triton X-100 (Sigma- 

ldrich Pty Ltd.) in phosphate buffered saline (PBS) for 1 h. 1% 

ovine serum albumin (BSA) was employed to block the cells for 

 h. Yes-associated protein (YAP, 1:200) labelling was performed 

n 1% BSA (w/v) in PBS for 24 h at room temperature, followed 

y rinsing twice with PBS. Secondary antibody labelling was per- 

ormed at 1:500 dilution in 1% BSA in PBS for 2 h at room tem-

erature in the dark. Actin and nuclei were stained with 488- 

halloidin (1:200) and Hoechst 33342 (1:10 0 0), respectively. Im- 

unofluorescence microscopy was conducted using a Zeiss LSM 

00 confocal microscope. Cell area was measured from phalloidin 

taining of the actin cytoskeleton by measuring the average cell 

rea of 30 cells per sample using ImageJ software. Cell nuclear 

AP localization percentages were calculated by manually count- 

ng cells with nuclear co-localized YAP and finally dividing by the 

otal number of cells and multiplying by 100. 

.7. Statistical analyses 

Mechanical and biological data are reported as mean ± stan- 

ard deviation (SD) and mechanical testing samples with obvious 

oid defects noticed after fracture were removed from the analysis. 

or statistical analysis of swelling and mechanical properties, Lev- 

ne’s test revealed non-equal variances among many groups. Thus, 

 Kruskal-Wallis test was used to determine if each main indepen- 

ent variable had a significant effect and Dunn’s post-hoc test was 

sed for pairwise comparisons. These statistical tests were per- 

ormed using SPSS software and a p-value smaller than 0.05 was 

onsidered statistically significant. For statistical analysis of the cell 

ulture experiments, data was collected from 30 cells with three 

eplicates for each hydrogel group that we tested. A one-way anal- 

sis of variance (ANOVA) with Tukey’s HSD post-hoc analysis was 

erformed using Origin software and again a p-value smaller than 

.05 was considered statistically significant. 

. Results 

.1. Swelling properties 

To avoid degradation of the alginate network due to release of 

a 2 + cations, as synthesized hydrogels were stored in 0.1 M CaCl 2 
olution to ensure saturation of the ionic crosslinking. Overall, the 

aried PEG monomer molecular weights and/or architectures did 

ot result in any morphological differences in appearance of the 

ydrogels as viewed by optical microscopy. The change in weight 

nd size after soaking overnight ( > 13 h) in CaCl 2 solution are pre-

ented in Fig. 2 for all 24 comparison groups. Both SN and DN 

els demonstrated free and homogeneous swelling with similar 

welling stretch in both diameter and height (diameter data not 

hown). Overall, hydrogels formed by larger MW monomers had 

ignificantly ( p < 0.05) more swelling regardless of alginate rein- 

orcement. For the double networks, adding alginate significantly 

 p < 0.05) reduced the swelling of the DN gels relative to the SN

els. Finally, when compared at the same MW of 10 kDa, the 4- 

rm PEG-based hydrogels swelled significantly ( p < 0.05) less than 

heir linear counterparts regardless of alginate reinforcement. 

.2. Mechanical characterization from quasistatic compression testing 

Fig. 3 a shows a representative compression true stress-strain 

urve for each SN gel. It is seen that SN gels formed by 4-arm 

onomers failed at approximately four times higher true stress 

han those produced from linear monomers at the same weight 

raction. Fig. 3 b shows example compression true stress-strain 

urves that illustrate the strengthening and toughening effect of 
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Fig. 2. (a) Swelling ratio and (b) swelling stretch of PEG-based SN and DN hydrogels. 

Fig. 3. (a) True stress-strain curves of PEG-based SN hydrogels and (b) true stress-strain curves of 10 wt.% 10 kDa PEG-based SN and DN hydrogels. 
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dding the second alginate network. Finally, Fig. 4 shows mean val- 

es of the modulus, strength, strain to failure, and toughness de- 

uced for each group. Typically the averages were from 6 to 8 sam- 

les for each group, but for the more fragile groups the removal of 

amaged samples sometimes gave only 4 to 5 repeat tests for av- 

raging. 

For constant molecular weight (10 kDa) and mass fraction (10 

t.%), PEG SN hydrogels linked by 4-arm monomers demonstrated 

ignificantly ( p < 0.05) higher modulus, compressive strength, and 

oughness compared to their linear monomer counterparts ( Fig. 4 ). 

or constant monomer architecture and mass fraction, the mechan- 

cal properties of the SN hydrogels did not vary significantly with 

olecular weight and values of modulus, compressive strength, 

nd toughness were quite similar for the various groups ( p > 0.05). 

inally, for the linear 5 kDa PEGDA monomers, experiments were 

onducted for both 5 wt.% and 10 wt.% SN hydrogels and while the 

odulus significantly ( p < 0.05) decreased with decreasing mass 

raction, the strength and toughness values were similar ( p > 0.05) 
305 
nd the strain to failure of the 5 wt.% group was the highest of the

inear monomer groups ( p < 0.05). 

Creating alginate reinforced DN hydrogels drastically increased 

ll mechanical properties for all of the PEG-based hydrogels inves- 

igated ( Fig. 4 ). Additionally, the influences of the PEG molecular 

eight and mass fraction became more pronounced for the DN hy- 

rogels compared to the SN hydrogels. For DN gels with the same 

EG monomer architecture, increasing monomer molecular weight 

esulted in a significant ( p < 0.05) enhancement of all mechanical 

roperties. However, when comparing the double network 4-arm 

nd linear PEG results at 10 kDa MW, it is seen that the advantages

f the 4-arm architecture are greatly diminished. While the 4-arm 

N remained significantly ( p < 0.05) stiffer, the modulus advantage 

as less, the strength and toughness were not significantly differ- 

nt ( p > 0.05), and the strain to failure clearly became worse ( p <

.05) compared to the linear monomer architecture. Overall, when 

onsidering Fig. 4 c, it is seen that the alginate reinforcement en- 

anced the strain to failure of the linear PEG networks more than 
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Fig. 4. Mechanical characterization results for the PEG-based SN and DN hydrogels: (a) compressive modulus, (b) compressive strength, (c) compressive strain to failure, and 

(d) toughness calculated as the area under the true stress-strain curves. 
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he 4-arm networks. Also of note are the results for the DN gels 

sing the lower mass fraction, 5 wt.% linear 5 kDa PEGDA cova- 

ent network. While the SN gels were very weak with very low 

tiffness and toughness, the corresponding DN gels had by far the 

ighest strains to failure ( Fig. 4 c) and the second highest toughness 

 Fig. 4 d). 

To understand if the addition of alginate significantly affected 

he strain rate sensitivity of the gels, 10 wt.% 10 kDa PEG4AC 

els with 0 wt.% and 2 wt.% alginate were tested as representa- 

ive groups using 0.01 mm/sec and 0.1 mm/sec loading rates until 

ailure. As shown in Fig. 5 , the modulus and stress at rupture for

he single network PEG4AC hydrogel slightly decreased ( p < 0.05) 

t the higher compression rate due to quicker breakage of cova- 
306 
ent bonds under compression, while the compression responses of 

els with 2 wt.% alginate under different rates were more similar. 

verall, forming the alginate reinforced double network reduced 

he strain rate sensitivity. Indeed, results of the Kruskal-Wallis test 

howed no significant effect ( p > 0.05) of compression rate on 

trength, strain to failure, or toughness of the DN gels and the ef- 

ect on modulus was diminished ( p = 0.047). 

Finally, Fig. 6 shows hysteresis loops during cyclic loading of 10 

t.% 10 kDa PEG4AC based SN and DN gels. With higher amounts 

f alginate, more energy dissipation was observed. Compared to 

he SN gel (4.3 kJ/m 
3 ), the DN gel with 1 wt.% alginate dissipated

 times more energy (19.0 kJ/m 
3 ) whereas the DN gel with 2 wt.% 

lginate exhibited significantly more hysteresis with 42.1 kJ/m 
3 of 
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Fig. 5. (a) Typical true stress-strain curves for 10 wt.% 10 kDa PEG4AC SN hydrogel and DN hydrogel with 2 wt.% alginate. Comparison of (b) compressive modulus, (c) 

compressive strength and (d) toughness with two different compression rates showed that mechanical characteristics of PEG-alginate DN gels were not significantly rate- 

dependent. The label “n.s.” indicates that the statistical tests did not reveal a significant difference and “∗” represents a significant difference with p < 0.05. 

Fig. 6. (a) Stress-strain hysteresis and (b) residual strain offset of 10 wt.% 10 kDa PEG4AC-based SN and DN hydrogels. 
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nergy dissipation. In addition, a decrease in sample height could 

e observed from DN gels after unloading, as shown by the resid- 

al strain offset seen in Fig. 6 b upon unloading to zero force. 

.3. Cell adhesion on double network hydrogels 

To understand how the increased mechanical properties (i.e., 

odulus) of double network hydrogels may influence the cell ad- 

esion processes, we explored adhesion and spreading character- 
307 
stics of ADSCs on SN and DN gels. We selected 10 kDa PEGDMA 

ydrogels, which show a monotonic increase in modulus from the 

N ( ∼24 kPa) to the 1 wt.% alginate DN ( ∼71 kPa) and 2 wt.% algi-

ate DN ( ∼129 kPa). As can be seen from Fig. 7 a, cells seeded on

he DN gels (PEGDMA gels with 1 wt.% and 2 wt.% alginate) show 

ignificantly higher spreading at day 1 and day 7 compared to the 

N gel. 

ADSCs have previously been shown to differentiate in response 

o substrate stiffness through mechanotransduction involving the 
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Fig. 7. (a) Representative fluorescence images of labeled filamentous actin in ADSCs cultured on different SN and DN PEG gels (scale bar = 100 μm) and quantification of 

average cell area ( n = 30, number of cells). (“∗” represents p < 0.05, “∗∗” represents p < 0.01 in one-way ANOVA test.) (b) Representative images of ADSCs cultured on 

different SN and DN PEG gels after day 1 and day 7 (scale bar = 100 μm) and YAP nuclear localization at day 7. 
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olecular mechanosensor Yes-associated protein (YAP), which is a 

ranscriptional regulator whose shuttling between the cytoplasm 

nd the nucleus is indicative of changing mechanical microenvi- 

onments [ 55 , 56 ]. Since our cells show significant changes in area

hen going from a SN to DN, we asked whether cell spreading is 

irecting YAP activity in our ADSCs. Fig. 7 b shows that in SN gels,

AP is primarily localized to the cytoplasm in both day 1 and day 

 experiments. However, adding alginate leads to a significant in- 

rease in YAP nuclear localization: 36% for cells adherent to the 1 

t.% alginate DN and 60% of cells adherent to the 2 wt.% alginate 

N. Together, these experiments demonstrate that stiffening PEG- 

ased hydrogels through double network formation with alginate 

eads to increases in both the cell spread area and the activation 

f mechanosensory elements. 

. Discussion 

Previous studies have shown how the modulus of PEG based 

ingle network (SN) hydrogels can be increased by increasing the 

rosslink density in the hydrogel and/or decreasing the average 

olecule length between crosslinks (i.e., mesh size). This could be 

chieved by decreasing the molecular weight, increasing the mass 

oncentration and/or switching to a multi-arm monomer architec- 

ure [ 35 , 39 , 40 ]. However, a comparison of strength and toughness

as not generally been reported due to the weak and brittle na- 

ure of SN hydrogels. The advent of double network (DN) hydro- 

els opens up new potential applications such as medical adhe- 

ives, implant devices, or soft robotics where material strength and 

oughness will be of upmost importance. However, to date little 

s known about how to control the mechanical properties of hy- 

rid DN hydrogels beyond changing the concentration of the phys- 
308 
cally bonded network [ 28 , 31 ]. Only one study has reported that an

nitially tougher SN will lead to a tougher DN [13] and questions 

emain about the detailed relationships between hydrogel struc- 

ure, strength, deformability, and toughness. Therefore, the cur- 

ent study examines how to manipulate a wide range of mechan- 

cal properties by altering the structural features of the covalently 

rosslinked network through the monomer molecular weight and 

rchitecture. Furthermore, the results of this study provide some 

ew understanding of how cells respond to the altered mechanical 

roperties of hybrid DN hydrogels. 

.1. Effects of alginate concentration 

The modulus and strength of all groups showed monotonic in- 

reases with increasing alginate from 0 to 2 wt.% ( Fig. 4 a, b). The

ncrease in modulus can be explained by the additional alginate 

etwork increasing the overall network density, thus imparting ad- 

itional stiffness. Similarly, the increase in strength arises from the 

lginate network shielding the covalent PEG network from experi- 

ncing some of the applied stress and thus delaying its fracture. 

uch results agree well with previous studies on alginate rein- 

orced polyacrylamide networks [ 28 , 31 ]. If we examine this result 

n terms of the network parameters from the Arruda-Boyce model 

Supplementary Material, Table S1), we see that for all groups the 

ffective crosslink density increases significantly more than just a 

inear summation of the alginate network to the PEG network. We 

lso observed that the extensibility of the chains was relatively un- 

hanged by the addition of alginate for most of the hydrogels, i.e., 

he N values were similar for most cases with and without algi- 

ate (Table S1). For the most brittle SN case (5 wt.% 5 kDa PEGDA) 

here was an apparent increase in the chain extensibility parame- 
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er when adding alginate to form a DN; however, upon closer ex- 

mination this was attributed to ill-defined fits for this parameter 

hen the polymers fail well below their locking stretch. 

In contrast, the benefits to deformability (i.e., strain to failure) 

aturated after adding only 1 wt.% alginate to the linear monomer 

EG networks, and alginate provided little, if any, benefit to the 

train to failure for the 4-arm monomer PEG networks ( Fig. 1 c). In

he presence of alginate, the strain to failure of the DN gels appears 

o benefit from the looser covalent networks formed by the lin- 

ar PEG monomers ( Fig. 4 ) and at 10 kDa MW the strain to failure

as clearly lower for the 4-arm compared to the linear monomer 

rchitecture. An even more extreme example of this can be seen 

n the fracture strains for the lower mass fraction (5 wt.%) lin- 

ar 5 kDa PEGDA covalent network. For that case, the SN hydrogel 

as initially very weak with very low stiffness, yet it gave by far 

he highest strain to failure for the DN hydrogels ( Fig. 4 c). While

his sample group was not originally planned for this study of MW 

nd architecture, it is included here for comparison because of its 

nteresting mechanical properties after alginate reinforcement. In- 

eed, this group revealed that there are two alternative paths to 

chieving relatively high toughness, energy absorbing DN hydro- 

els. One case is not surprising whereby the highest toughness was 

chieved by reinforcing the 20 kDa MW 4-arm covalent network 

hat started with the highest combination of strength, deformabil- 

ty, and toughness as a single network, and then experienced an 

nhancement of all properties as a double network. This finding is 

imilar to that reported previously [13] . However, interestingly the 

 wt.% 5 kDa MW linear covalent network gave the second high- 

st toughness despite the abysmal initial strength of the SN gel. 

 previous study suggested toughness should monotonically in- 

rease with increasing PEG mass fraction from 10 to 20 wt.% [13] ; 

owever, the present result suggests good toughness can also be 

chieved by using very low mass fraction. In this case, the alginate 

etwork provides most of the strength, while the deformability of 

he loosely linked covalent PEG network combined with the energy 

issipation ability of the alginate results in high toughness for the 

N gel. 

Some effect of strain rate is usually expected in hydrogel sys- 

ems, and other studies on hybrid DN hydrogels [ 13 , 28 , 31 , 57 ] have

ound a stronger strain rate effect compared to the SN gels. How- 

ver, Fig. 5 shows that the mechanical properties of the DN hy- 

rogels are similarly or less sensitive to strain rate than their 

N counterparts. This implies that the energy dissipation from 

a 2 + crosslinks breaking and reforming occurs quickly enough to 

e unaffected by strain rate in the quasi-static regime, making 

his toughening mechanism robust for many practical applications. 

owever, it should be expected that for high-speed dynamic load- 

ng, some loss of toughness may occur when the Ca 2 + crosslinks 
annot reform at the same rate as their breaking. 

The hysteresis loops during cyclic loading shown in 

ig. 6 demonstrate enhanced mechanical energy dissipation 

or the double networks that is caused by the breakage of ionic 

rosslinks in the reinforcement network. While the PEG4AC SN 

el exhibited nearly full recovery along with low hysteresis, the 

N gels displayed larger residual strain offsets after unloading and 

igher energy dissipation in the hysteresis curves with increasing 

ass fraction of alginate. This was attributed to the linked alginate 

hains unzipping at higher stress. While the alginate network 

as a large self-healing capacity, the crosslinking of the alginate 

pon unloading cannot follow the exact same path resulting in 

ermanent deformation after unloading. Such results are similar 

o previous studies [ 13 , 28 ]. 

Finally, with regards to alginate concentration, a previous study 

n alginate reinforced polyacrylamide networks found that both 

he stretch and fracture energy of DNs increased initially with algi- 

ate additions and peaked between ∼1 and 2 wt.% alginate before 
309 
eclining [28] , while another study found a monotonic decrease in 

tretchability and fracture energy with increasing alginate from 2.3 

t.% to 6.4 wt.% [31] . Our findings that most mechanical proper- 

ies increased from 1 to 2 wt.% alginate are consistent with those 

revious studies. Thus, 1 and 2 wt.% alginate were chosen for this 

tudy to examine the role of monomer MW and architecture in 

ffecting the properties of DN hydrogels because it was expected 

o give near peak properties. Furthermore, adding more alginate 

ade mixing of the monomers difficult prior to gelation due to 

he high liquid viscosity. The findings with regards to monomer 

W and architecture affecting the DN mechanical properties will 

e discussed in the following sections. 

.2. Effects of molecular weight 

For single network PEG based hydrogels, the networks formed 

y larger MW monomers have lower crosslinking density and 

onger PEG chains between crosslinks (smaller n and larger N in 

able S1), and the looser network has a higher capacity for water 

ptake and swelling, as is seen in Fig. 2 . A looser structure should 

enerally have lower modulus [ 35 , 39 ]. However, at 10% mass frac- 

ion we observed little effect of MW on the SN hydrogel modulus 

 Fig. 4 a), which has also been observed by others for SNs whereby

he effect of modulus was weak or negligible at 10 wt.% but much 

tronger at 15 and 20 wt.% [35] . Similarly, while tensile fracture 

nergy has been reported to increase with molecular weight for 

0 wt.% SN hydrogels [13] , in the present work the compressive 

racture energy was relatively insensitive to MW for our 10 wt.% 

ingle network PEG based gels ( Fig. 4 d). Curiously, despite the lack 

f trend in modulus, we do see the expected increase in chain ex- 

ensibility with increase in MW, though it is less than the 1:1 pro- 

ortionality with MW that would be predicted directly from the- 

ry. We chose to keep the PEG monomer wt.% relatively low in 

his study to enable easy mixing of the double networks whereby 

dding alginate substantially increased the viscosity of the liquid 

rior to gelation. 

Interestingly, the effects of PEG monomer molecular weight 

n the mechanical properties became significant for the DN gels. 

ig. 4 shows that DN hydrogels formed using higher MW PEG- 

ased covalent networks were stiffer, stronger, tougher, and more 

eformable than those produced using lower MW of the same 

onomer architecture. For modulus, this means that creating high 

odulus DN hydrogels requires the exact opposite approach com- 

ared to SN hydrogels, for which lower molecular weight is gen- 

rally observed to give enhanced modulus. Furthermore, while the 

iterature reports a tradeoff with toughness increasing, but mod- 

lus decreasing, when increasing the MW of single network PEG 

ased gels [ 13 , 35 , 39 ], we found that all properties increase with

ncreasing MW for the DN alginate reinforced hydrogels ( Fig. 4 ). 

The MW effect on modulus must be attributed to the relative 

bility of the alginate network to stiffen the hybrid DN hydrogel. 

nterpreted through the Arruda-Boyce model, this increasing MW 

ffect manif ests itself as an increase in effective network density 

i.e., the higher n values seen in Table S1) without sacrificing the 

reviously mentioned increase in chain extensibility. A looser co- 

alent network with larger mesh size (i.e., smaller n and larger N 

alues in Table S1) provides more open volume for the alginate 

etwork to interpenetrate and form a tightly crosslinked ionically 

onded network. Thus, using a higher MW PEG-based monomer 

nhances the contribution of the alginate to the overall DN modu- 

us. However, the baseline modulus of the PEG based covalent net- 

ork still makes a significant contribution to the overall stiffness, 

nd thus the DNs formed from linear PEG monomers never match 

he modulus of DNs formed using 4-arm monomers. 

Next, it can be interpreted that looser PEG networks with fewer 

rosslinks and longer PEG chains between the crosslinks should 
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e able to sustain larger amounts of elastic deformation. Indeed, 

he data in Fig. 4 c show a clear trend of higher strain to failure

or the SNs with higher molecular weight when all other variables 

re held constant. After adding a reinforcing network of alginate, 

he more deformable covalent network will have a better ability 

o bridge the micro-fractures in the alginate network and hold the 

hole structure together before complete failure of the double net- 

ork occurs. Thus, a clear trend in higher strain to failure with 

igher MW is observed for the DN hydrogels produced with both 

inear and 4-arm PEG networks. 

While compressive strength has rarely been reported for DN hy- 

rogels, it will be increasingly important for more mechanically 

emanding applications such as medical implants, soft robotics, 

tc. Higher combinations of modulus and strain to failure will 

ead to higher overall strength, and since both properties increase 

ith increasing MW, we see a similar trend in increasing strength 

ith molecular weight. Toughness derives from the combination 

f strength and strain to failure. Again, with both properties in- 

reasing with MW, an increase in compression toughness with in- 

reasing MW is observed as well. A similar finding was reported in 

ension for alginate reinforced PEGDA gels with the PEG monomer 

olecular weight increasing from 6 kDa to 10 kDa [13] . 

.3. Effects of monomer architecture (linear vs. 4-arm) 

SN and DN hydrogels produced using both linear and 4-arm 

EG monomers were compared at the same molecular weight of 

0 kDa. For SN hydrogels, the 4-arm PEG network demonstrated 

ignificantly less swelling ( Fig. 2 ) along with higher compressive 

odulus, strength, and toughness compared to the linear net- 

ork ( Fig. 4 ). This is expected since the 4-arm PEG monomers 

ill form a tighter network with higher crosslinking density and 

maller mesh size, as is shown schematically in Fig. 1 and has 

een reported by Browning et al. for single network hydrogels [39] . 

he swelling-adjusted model parameters in Table S1 (larger n and 

maller N ) agree well with this concept. The network density of the 

-arm hydrogel network is a bit more than twice that of the lin- 

ar network and its number of Kuhn segments between crosslinks 

s a bit more than half the linear network. This is expected since 

he linear network will inherently have more defects from loop- 

ng and dangling chains [ 41 , 58 , 59 ]. Increased crosslinking is thus

esponsible for the higher stiffness and strength of the covalent 

-arm PEG network. Doubling the molecular weight of the 4-arm 

EG to 20 kDa is expected to form a mesh size more similar to 

he 10 kDa linear PEG ( Fig. 1 ); however, the 4-arm SN gel still per-

ormed stiffer, stronger, and tougher than the comparable linear SN 

el. Here it is again interpreted that the 4-arm monomers form a 

ovalent network structure with higher uniformity and fewer de- 

ects [ 18 , 41 , 60 ], as schematically illustrated in Fig. 1 . 

For the DN hydrogels, the addition of the alginate network di- 

inished the mechanical property advantages of 4-arm architec- 

ure as shown in Fig. 4 . At 10 kDa MW, the difference of the com-

ressive modulus between the two DN gels with linear and 4-arm 

ovalent network structures was less than for the SN gels, while 

he strength and toughness were not significantly different. The 

ooser covalent network of the linear PEG with larger mesh size 

smaller n and larger N in Table S1) appears to provide more abil- 

ty for the alginate network to interpenetrate and form a tightly 

rosslinked ionically bonded network. Thus, the alginate contribu- 

ion to increasing the overall DN mechanical properties becomes 

reater when using the linear PEG for the covalent network. 

When considering all the various MWs in Fig. 4 c, it is seen 

hat there is a general trend of the alginate reinforcement increas- 

ng the strain to failure for the linear PEG networks more than 

or the 4-arm networks. At 10 kDa MW, the strain to failure was 

learly lower for the 4-arm DNs compared to their linear coun- 
310 
erparts despite being similar as single networks. Examining the 

odel parameter fits (Table S1), the additional alginate network 

s primarily acting to delay catastrophic failure rather than alter- 

ng the extensibility of the primary network chains themselves. 

hus, the effect of switching from a 4-arm to a linear PEG net- 

ork is thought to be similar to the effect of higher molecular 

eight, whereby the longer PEG chains in the linear PEG network 

an better bridge micro-fractures of the alginate network to de- 

ay overall fracture, thus resulting in a larger improvement of the 

train to failure with alginate. There is, however, a secondary ef- 

ect contributing to this strain to failure comparison: the double 

etworks swell less with addition of alginate because of their in- 

reased overall crosslink density, which leads to chains that are 

ess stretched at the start of the compression experiment. The lin- 

ar polymer swelling is more sensitive to alginate content than the 

-arm and therefore its strain to failure benefits more from the al- 

inate content. Thus, some tradeoffs are observed in modulus ver- 

us deformability; for a fixed molecular weight, the 4-arm PEG ar- 

hitecture does not appear to be the clear choice for enhanced me- 

hanical properties of the hybrid double network hydrogels. How- 

ver, when doubling the molecular weight of the 4-arm PEG to 20 

Da to make the mesh size more similar to the 10 kDa linear PEG 

 Fig. 1 and Table S1), the 4-arm DN gels provide better overall me- 

hanical properties ( Fig. 4 ). 

.4. Effects of double network on stem cell mechanotransduction 

PEG-based hydrogels are common biomaterials for cell biology 

tudies, and the degree of cell spreading has been directly linked 

o the stiffness of the underlying gel matrix. Adipose derived stem 

ells (ADSCs) are a promising cell source for regenerative medicine 

nd represent a common ‘mechanosensitive’ model system to un- 

erstand how cellular processes are dictated by substrate mechan- 

cal properties [ 61 , 62 ]. ADSCs show an increase in spread area

hen cultured on SN < DN (1 wt.% alginate) < DN (2 wt.% algi- 

ate) which corresponds to the increase in stiffness. This result is 

onsistent with what is known about cell adhesion as it relates to 

tiffness. Increased rigidity leads to a faster assembly-disassembly 

f the adhesion contact points, which nucleates filamentous actin 

nd increases cytoskeletal tension [63] . As culture times increase 

rom 1 to 7 days, the cell area remains approximately the same 

or cells adherent to the SN gels. However, cells adherent to the 

N gels show an increase in the average area over time; approxi- 

ately 1.5 × with a broader range of sizes. This result was some- 

hat surprising considering most previous work with mesenchy- 

al cells demonstrate complete spreading within 1 day. Since the 

dhesion protein fibronectin was covalently conjugated to the al- 

inate network, we speculate that the viscoelastic DN gels lead 

o partial non-linear mechanical response to cell-generated stress, 

hich yields a broader range of cell shapes and sizes over time. 

his is consistent with reports of how non-covalent stabilized ma- 

erials like alginate can show strain stiffening and softening, which 

ill encourage mechanosensing over longer distances. 

Further analysis of cell mechanochemical response indicates 

hat ADSCs adherent to the SN gel have predominantly cytoplas- 

ic localization of the stiffness-sensor Yes-associated protein (YAP) 

 55 , 56 ], with an increase in the number of cells expressing nu-

lear YAP with each increase in alginate content. This result is con- 

istent with the role of YAP in conveying mechanical information 

o the nucleus of cells to regulate gene expression. Since ADSCs 

ave been shown to increase nuclear YAP with increased stiffness, 

hich also corresponds to the propensity for chondrogenesis and 

steogenesis [64] , DN gels may be a good candidate hydrogel sys- 

em for promoting bone and cartilage differentiation. 
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. Conclusions 

Based on the study of the effects of PEG monomer molecular 

eight and architecture on mechanical properties of PEG single 

etwork (SN) and PEG-alginate double network (DN) hydrogels, the 

ollowing conclusions can be drawn: 

• While increasing the molecular weight of 10 wt.% SN PEG based 

hydrogels had little effect on the mechanical properties, in con- 

trast, for the DN hydrogels all mechanical properties (modulus, 

strength, strain to failure, and toughness) increased significantly 

with increasing PEG molecular weight. 

• The effect of MW was attributed to the looser network and 

larger mesh sizes of the higher MW covalent networks that 

(1) provide more open volume for the alginate network to in- 

terpenetrate and crosslink to stiffen and reinforce the hybrid 

structure and (2) provide more deformability of the covalent 

network to bridge the micro-fractures of the alginate network 

and hold the hybrid structure together before complete failure. 

• At the same molecular weight of 10 kDa, 10 wt.% SN hydro- 

gels using the 4-arm PEG based monomer outperformed the 

mechanical properties of their linear counterparts. However, for 

DN hydrogels this advantage was greatly diminished, with the 

moduli being closer together, the strength and toughness being 

indistinguishable, and the strain to failure clearly worse for the 

4-arm monomer. 

• The diminished effect of monomer architecture (linear vs. 4- 

arm) for the DN hydrogels was attributed to the looser cova- 

lent network of the linear network providing more ability for 

the alginate network to interpenetrate and crosslink to provide 

a larger contribution to the mechanical properties. 

• Despite the dynamic nature of the ionic alginate network and 

its ability for bond breakage and reformation, the DN hydro- 

gels showed less sensitivity to strain rate than their SN counter- 

parts. Thus, it is concluded that the Ca 2 + crosslinks can break 
and reform quickly enough to be relatively unaffected by defor- 

mation rate changes in the quasi-static regime examined (0.01 

–0.1 mm/s). 

• The change in mechanical properties with addition of the al- 

ginate network leads to changes in adipose derived stem cell 

spreading and mechanosensing, which has the potential to be 

tuned to direct specific differentiation outcomes. 

• Increasing mechanical properties through a second network in- 

fluences the adhesion characteristics of adherent mesenchymal 

stromal cells, with increased spread area, nuclear localization of 

YAP. 

Together, the findings of this study will be useful to enable the 

esign of hydrogels with controllable mechanical and biological 

roperties for engineering applications that require high strength 

nd toughness alone (e.g., soft robotics) or in combination with fa- 

orable cell spreading and differentiation (e.g., medical implants, 

issue engineering scaffolds, etc.). 
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