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ABSTRACT: We have previously reported on a hydrogel system fabricated from poly(vinyl alcohol) (PVA) functionalized with tyramine

groups (PVA-Tyr) that has the ability to co-polymerize with proteins in their native state. These gels were also shown to be hydrolyti-

cally degradable through the ester groups present in the functional groups. In this article, the hydrolytic degradation of the PVA-Tyr

gels is shown to be strongly dependant on pH, where at pH< 7.4 the lack of ionization of the tyramine groups resulted in slower

hydrolysis. The gels’ degradation was also highly influenced by temperature, where heat (>25�C) was required to facilitate the hydro-

lysis of the ester bonds. Moreover, the degradation rates were successfully tailored between 19 to 27 days by varying the hydrogels’

initial macromer concentration. It was highlighted that the cross-linking density was dependant on the sodium persulphate to tyra-

mine ratio, as well as the viscosity of the macromer solution. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42142.
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INTRODUCTION

Hydrogels are highly hydrated polymeric networks that have

been extensively researched for various biomedical applications.

In particular, synthetic hydrogels can be designed to be nonde-

gradable or degradable depending on the targeted application.

The majority of hydrolytically degradable hydrogels are engi-

neered to contain ester linkages located either in the cross-link

or the backbone of the hydrogel. The hydrolysis of these ester

bonds has been widely studied in the literature where the esters

undergo different hydrolysis mechanisms at different conditions

(i.e., neutral, acid and base). The rate of ester hydrolysis is both

pH and temperature dependent. The hydrolysis rate has been

shown to generally increase with the acidity or alkalinity of the

environment.1 Also, it has been reported that heat can accelerate

the hydrolysis rate by providing more energy to the reactants to

overcome the activation energy required to initiate the hydroly-

sis reaction.2–4 Interestingly, although the esters undergo differ-

ent hydrolysis mechanisms at different conditions, similar end

products, a carboxylic acid and an alcohol, are obtained.4

The hydrolysis kinetics of ester bonds also vary depending on

the chemical structure of the ester,5,6 as well as other factors

such as polymer crystallinity and wettability.7 It was reported

that ester bonds associated with poly(lactic acid) (PLA) degrade

much more rapidly than ester linkages of polycaprolactone

(PCL).8,9 Moreover, changes made to the polymer structure and

size may also affect the degradation mechanisms. For example,

bulk PLA has been shown to degrade in both acidic and basic

environments, whereas PLA brushes only degrade in basic con-

ditions.10,11 Conversely, other studies of cross-linked polymers

containing esters in the cross-link have demonstrated that their

gels were nondegradable on the timeframes studied. Hennink

et al. have reported that dextran hydrogels with high cross-

linking density were resistive to hydrolysis despite having an

ester group in the cross-links.12 Hydrogels formed from poly(vi-

nyl alcohol) (PVA) conjugated with an ester containing methac-

rylate moiety were also shown to be hydrolytically stable over a

period of several months.13,14

One major advantage of hydrolytically degradable synthetic

hydrogels is that the degradation rate of these gels can be tailored

according to the targeted biomedical application. Previous studies

have shown that hydrogels of tuned degradation profile can be

engineered by varying the number of degradable linkages, macro-

mer concentration and degree of cross-linking.15 Martens et al.

successfully tailored the degradation of PVA gels grafted with ester

acrylate groups from 1 to 12 to 35 days by varying the macromer

concentration from 10 to 15 to 20 wt % respectively.15 Moreover,

increasing the cross-linking density of the PVA ester acrylate gels

from 0.3 to 0.64 mol/L by fabricating the gels using macromers of
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different molecular weights also increased the degradation time

from 12 to 45 days.15 The ability to tune the degradation rate of

these hydrogels is a major advantage in terms of designing tissue

engineering matrices for various biomedical applications, such as

drug delivery.16 For example, tailoring the hydrogel degradation

also controls the drug release rate, which then permits stable

clearance of the drug from the body without exerting too much

stress on the kidney.17

We have previously reported on a system that could covalently

incorporate proteins into synthetic hydrogel networks without

the need of prior chemical modification of the biological polymer.

The synthetic base of the gel is composed of PVA functionalized

with tyramine (Tyr) groups (PVA-Tyr) that can form covalent

cross-links with tyrosine moieties of native proteins through a

visible light photopolymerization technique.18 The previous

results have shown that these PVA-Tyr gels are hydrolytically

degradable through the ester linkages located in the cross-links.18

Although the PVA-Tyr gels have great potential as tissue engineer-

ing matrices, the degradation profile and characteristics of these

gels remains unknown. Therefore, the aim of this article is to eval-

uate the degradation behavior of PVA-Tyr hydrogels in various

incubation conditions (pH and temperature), as well as tailoring

the degradation rate by changing the hydrogel macromer content.

MATERIALS AND METHODS

Materials

PVA (13–23 kDa, 98% hydrolyzed), succinic anhydride

(SA), triethylamine (TEA), 1,3-Dicyclohexylcarbodiimide,

N-hydroxysuccinimide, Tyr, sodium persulphate (SPS), 1,1-carbon-

yldiimidazole, tris(2,2-bipyridyl)dichlororuthenium(II) hexahy-

drate (Ru(II)bpy3
21), deuterium oxide (D2O), molecular sieves

(4 Å), Dulbecco’s phosphate buffered saline (DPBS), dialysis

tubing (10 kDa molecular weight cutoff), Eagle’s minimum

essential media (EMEM), trypsin, fetal bovine serum, and peni-

cillin streptomycin were purchased from Sigma-Aldrich and

used as received. Dimethyl sulfoxide was bought from Ajax

Chemicals and was dried over 4 Å molecular sieves. Hydrogel

disc moulds were made from silicone sheets (SilasticVR Sheeting,

reinforced medical grade silicone rubber, Dow Corning).

Macromer Preparation

Synthesis of PVA-Tyr. PVA-Tyr (Figure 1) was synthesized

according to a two-step reaction previously published.18 Briefly,

carboxyl groups were conjugated onto the PVA backbone using

SA and TEA. Tyr moieites were then conjugated to the carboxy-

lated PVA (PVA-COOH) using a conventional carbodiimide–

amine coupling reaction. The by-product (dicyclohexylurea)

formed during the reaction was removed using vacuum filtra-

tion. The filtered PVA-Tyr solution was further purified by dial-

ysis against water, and then freeze-dried. The PVA-Tyr used in

this article was characterized to be 2% tyraminated (7 Tyr per

PVA chain) using 1H NMR.

Fabrication of PVA-Tyr Hydrogels. Dried PVA-Tyr was dis-

solved in DPBS at 80�C. Upon complete dissolution, the poly-

mer solution was cooled to room temperature (RT) and the

initiators, Ru (2 mM) and SPS (20 mM) were added to the

solution. The macromer solution was then placed into silicon

moulds on a glass slide and covered with a cover slip. The sam-

ples were then irradiated under 30 mW/cm2 of visible light

(400–450 nm) (Blue wave 200, Dymax) in a closed system.

Swelling and Mass Loss Analysis

Directly after polymerization, all samples were weighed for the

initial wet mass (minitial) and three samples were immediately

lyophilized to obtain their dry weights (mdry,t0). The actual

macromer fraction was calculated based on the equation below:

Actual macromer fraction5
mdry; t50

minitial; t50

(1)

These samples were then submerged in a sink of DPBS or saline

(9 g of sodium chloride in 1 L of water) solution and incu-

bated. Samples were removed from the incubator after 1 day,

blotted dry and weighed (mswollen). The swollen samples were

then freeze-dried and weighed again (mdry). The mass swelling

ratio (q) and mass loss were calculated as follows:

q5
mswollen

mdry

(2)

minitial; dry5minitial 3 actual macromer fraction (3)

Mass loss5
minitial;dry2 mdry

minitial;dry

3 100 (4)

The sol fraction is given by the mass loss at 1 day, where previ-

ous studies conducted in the lab have shown that noncross-

linked polymers will dissolve out from the hydrogel network

(incubated in 37�C and DPBS) within this time frame. 14,19

Images of the gels were taken using the Leica M80 stereo micro-

scope at 0.753 magnification. The samples were monitored

Figure 1. Schematic of PVA-Tyr; n 5 364, m 5 7.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4214242142 (2 of 9)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


daily until complete degradation was observed. The time

required for complete degradation was measured.

The effective macromer percentage at day 1 was calculated by

the equation below:

Effective macromer percentage5
mdry ; t51

mswollen; t51

3 100 (5)

The cross-linking density (qx) was calculated using the equa-

tions below:20,21

Q511
qpolymer

qsolvent

ðq21Þ (6)
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1

Q
(8)
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1

Qt50

(9)

qx5
1

�vMc

(10)

where Mc is the number average molecular weight between

cross-links, Mn the number average molecular weight in the

absence of any cross-linking (16,000 g/mol for PVA), �t the spe-

cific volume of the polymer (0.788 cm3/g for PVA),22,23 V1 the

molar volume of the solvent (18 mL/mol for PBS24), t2,s the

equilibrium polymer volume fraction, t2,r the polymer volume

fraction after cross-linking but before swelling, v the polymer

solvent interaction (0.494 for PVA in water),22,23 Mr the molec-

ular weight of the repeating unit (44 g/mol for PVA),22 and Cn

the characteristic ratio (8.9 for PVA).22

The assumptions associated with these equations are: tetrafunc-

tional arrangement of the cross-links, Gaussian distribution of

the cross-linked polymer chains, and the formation of an ideal

network (no cyclization and chain interaction).22,25

Effect of Different Incubation Conditions on Degradation of

PVA-Tyr Hydrogels

Effect of pH on Hydrolytic Degradation of PVA-Tyr Hydro-

gels. Fabricated 20 wt % PVA-Tyr hydrogels were immersed in

saline solutions of various pH (2, 6, 7.4, 10, and 12), then incu-

bated at 37�C. The mass loss and mass swelling ratios of the

gels were calculated using eqs. (1–4). The pH was also measured

at time points 1, 3, 7, 10, 14, and 21 days.

Effect of Temperature on Hydrolytic Degradation of PVA-Tyr

Hydrogels. Fabricated 20 wt % PVA-Tyr hydrogels were

immersed in DPBS (pH57.4) and incubated at various temper-

atures (20�C, 30�C, 37�C, 50�C and 60�C). At the predeter-

mined time points, the mass loss and mass swelling ratios of

the samples were calculated using eqs (1–4).

Effect of Varying Macromer Concentration on Physical

Properties of PVA-Tyr Hydrogels

Tailoring the Degradation of PVA-Tyr Hydrogels. PVA-Tyr

hydrogels of 10, 15, and 20 wt % were fabricated as outlined in

Fabrication of PVA-Tyr Hydrogels section. The sample names

correspond to the nominal initial wt % of the gels (e.g., 10%

PVA-Tyr). The gels were then immersed in DPBS (pH 5 7.4)

and incubated at 37�C. Equations (1–4) were used to calculate

the mass loss and mass swelling ratios corresponding to the fab-

ricated samples.

Measuring the Viscosity of PVA-Tyr Macromer Solutions. The

viscosity of PVA-Tyr macromer solutions was obtained using a

Kinexus Pro Rheometer (Malvern) with a cone and plate

arrangement (Temperature 5 21�C, Gap 5 100 mm,

Frequency 5 1 Hz and Strain 5 0.005%).

Compression Testing. The mechanical properties of the PVA-

Tyr hydrogels were characterized using unconfined uniaxial

compression testing at room temperature. Samples (5 mm

diameter 3 1 mm thick) were immersed in DPBS and incu-

bated at 37�C. At predetermined time points (0, 1, 3, 7, and 10

days) the samples were removed from DPBS and compressed at

a strain rate of 1 mm/min using an Instron 5543 mechanical

tester. The slope of the linear regression of the stress–strain

curve generated within 5–15% strain was used to calculate the

compressive modulus (K).

Statistical Analysis

All samples for each study were prepared in triplicates, and

each study was repeated three times. Minitab 15 statistical anal-

ysis software was used to perform two-way ANOVA on the

results. The same software was also used to conduct general

regression analysis on slopes of data sets collected for mass loss

and swelling studies.

RESULTS AND DISCUSSION

Degradation of PVA-Tyr Hydrogels at Different Incubation

Conditions

Effect of pH on Degradation Profile of PVA-Tyr Hydrogels.

Previously published results have shown that PVA-Tyr hydrogels

are hydrolytically degradable through the ester bonds present in

the cross-links.18 However, literature suggests that the hydrolysis

rates and mechanisms of ester bonds vary at different condi-

tions; therefore, the behavior of PVA-Tyr hydrogels at neutral,

acidic, and basic conditions was examined in this study. It was

observed that the PVA-Tyr gels did not degrade in acidic envi-

ronments (pH 5 2 and 6, Figure 2), and the mass loss remained

constant in the range of �20–30% throughout the study.

The initial loss likely corresponds to the noncross-linked macro-

mers (sol fraction) diffusing out from the gel, and agrees with

previous sol fraction values reported for these kind of gels

(25.6 6 4.79%).18 At pH 5 7.4, hydrogel degradation occurred

with a linear degradation profile where the gels completely dis-

sociated within 19 days. In a basic environment the degradation

was accelerated, where the samples were completely degraded

within 5 and 1 day at pH 5 10 and 12, respectively (Figure 2).

For carboxylic esters and phosphoester groups it has been

shown that increasing acidity or alkalinity resulted in faster

hydrolysis rates.1,3 Conversely, the PVA-Tyr hydrogels in this

study only degraded in pH� 7.4. This observation suggests that

although degradation occurred at the ester bonds present in the

hydrogel network, other chemical groups around the ester
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bonds, such as the aromatics/phenols of the Tyr moieties might

have affected the hydrolysis. Ghandehari et al. also showed that

hydrogels containing azoaromatic cross-links were stable in

acidic environment but degradable in basic conditions.26 It was

speculated that these gels had low levels of ionization in an

acidic environment which hindered the accessibility of the

degradable bonds, thus no degradation occurred.26 Similarly,

hydrogels containing weak acid groups such as carboxylic acid

were also reported to be pH sensitive with higher ionization lev-

els in basic media compared to acidic media.26–29 For example,

hyaluronic acid hydrogels cross-linked through hydrazides were

shown to be stable in acid but degradable in basic environments

because of the different ionization levels of pendant carboxyl

groups in the network.28 The higher ionization level leads to

greater water uptake into the gels, which subsequently cause

faster degradation.28 As the pendant phenol groups in PVA-Tyr

are also weak acids, it was hypothesized in this study that the

lack of ionization in acidic solutions was the cause of the

reduced degradation observed at pH< 7.4. This statement

agrees with previous work done by Riegelman et al. where the

degree of ionization of the phenol groups of phenylephrine and

Tyr was shown to increase with pH.30

Similarly, the mass swelling ratios (q) of PVA-Tyr hydrogels

incubated in acidic saline remained constant over the time

period of the study (Figure 3). This result agrees with the mass

loss study where no degradation occurred at pH 5 2 and 6. At

pH 5 7.4 and 10, it was shown that the q increases over time

linearly as per the degradation profile. As the hydrogel is

degrading, the cross-links are being cleaved leading to formation

of larger mesh sizes that allow more water to be imbibed in the

network.31 Similarly, the q in basic conditions (pH 5 10) are

significantly higher when compared to physiological conditions

(pH 5 7.4) at respective time points (Figure 3). Once again it

was speculated that more water was entrapped in the PVA-Tyr

hydrogels in basic conditions because of the higher ionization

level.

Effect of Temperature on Degradation Profile of PVA-Tyr

Hydrogels. It has been reported in the literature that heat/tem-

perature affects the hydrolysis rate of ester bonds therefore the

effect of temperature on the degradation rates of PVA-Tyr

hydrogels was also examined. For these studies, the pH was

kept constant at 7.4. No sign of degradation was observed when

the PVA-Tyr gels were kept at 20�C, where mass loss values

were consistent with the sol fraction percentage (�20–30%) for

all the time points (Figure 4). When the temperature was

increased to 30�C, a slow degradation was noted. Further

increasing the temperature to 37�C, 50�C, and 60�C yielded lin-

ear degradation profiles where the gels were all completely

degraded within 19, 3 and 1 day, respectively (Figure 4). These

observations agree with the literature where ester hydrolysis at

neutral pH can be accelerated with heat. Xu et al. showed that

PLA hydrogel brushes degraded more rapidly at higher tempera-

ture.10 Comisar et al. also reported that hydrolysis rate con-

stants of esters increase with temperature.32 At elevated

temperature, more thermal energy is provided to the system to

Figure 3. Mass swelling ratio, q of PVA-Tyr gels at different pH. The tem-

perature was kept constant at 37�C. No significant differences (P> 0.05)

were observed between samples in pH 2 and 6 for all time points. Regres-

sion analysis showed that the slopes of samples in pH 7.4, 10, and 12

were statistically different (P< 0.05).

Figure 4. Mass loss profiles of PVA-Tyr gels at various temperatures. The

pH was kept constant at 7.4. Vertical error bars represent standard devia-

tion for mass loss (%) while horizontal error bars represent standard devi-

ation of degradation period. The slopes of all degradation profiles were

statistically different (P< 0.05).

Figure 2. Mass loss profiles of PVA-Tyr gels at different pHs. Temperature

was kept constant at 37�C. Vertical error bars represent standard deviation

for mass loss (%) while horizontal error bars represent standard deviation

of degradation period. No significant differences (P> 0.05) were observed

between samples in pH 2 and 6 for all time points. Regression analysis

showed that the slopes of samples in pH 7.4, 10, and 12 were statistically

different (P< 0.05).
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facilitate the hydrolysis of ester bonds, hence the faster degrada-

tion rate achieved.2

Again the swelling values correlate with the mass loss data. The

q of PVA-Tyr gels remained constant (�10) at 20�C, which was

the temperature where no degradation was observed (Figure 5).

As degradation only started to happen when heat was applied

to the system, the increase in q over time was also only

observed at elevated temperatures (30�C, 37�C, and 50�C).

Tailoring Degradation of PVA-Tyr Hydrogels by Varying

Macromer Concentration

It has been shown in other systems that the degradation rates of

hydrogels can be tailored by altering the macromer con-

tent.15,33,34 In this study, the degradation profiles of 10%, 15%,

and 20% PVA-Tyr hydrogels were examined. The pH (7.4) and

temperature (37�C) were kept constant for all three macromer

contents.

It was shown that 10% PVA-Tyr has the lowest sol fraction

(15% sol fraction), followed by 15% PVA-Tyr (20% sol fraction)

and 20% PVA-Tyr (22% sol fraction) (Table I). The sol fraction

has generally been reported to decrease with increasing nominal

macromer concentration.35 However, the results in this study

are in contrasts with those findings. The effective macromer

percentage, which is defined as the ratio of the mass of cross-

linked macromers in the hydrogel to the total mass of the

hydrogel (mass of cross-linked macromers and mass of water in

the hydrogel) after equilibrium swelling (1 day) was also

calculated [eq. (5)]. Interestingly, the samples with the lowest

nominal macromer concentration (10% PVA-Tyr) ended up

with the highest effective macromer percentage (�12 wt %),

which was significantly different to both 15% and 20% PVA-Tyr

gels (�10 wt % effective) after equilibrium swelling (Table I).

This observation indicates that after equilibrium swelling and

sol fraction extraction, the total amount of macromer in the

10% PVA-Tyr gels was higher than both the 15% and 20%

PVA-Tyr gels. Furthermore, the swelling (q) of the fabricated

samples was also shown to increase with higher nominal macro-

mer concentration (Table I), which agrees with the trend

observed for the sol fraction and effective macromer percentage

values. This result was further supported by the macroscopic

images of PVA-Tyr hydrogels taken directly after polymerization

(before swelling, t 5 0) and after 1 day of swelling. It was clearly

seen that 10%, 15%, and 20% PVA-Tyr gels had similar dimen-

sions before swelling (Figure 6). After 1 day, 20% PVA-Tyr

hydrogels were observed to swell the most, as compared to 15%

and 10% PVA-Tyr gels (Figure 6).

This difference in swelling can be explained by the cross-linking

density which is known to directly correlate to the swelling

behavior of the gels [eqs. (5–8)].22,36 The 10% PVA-Tyr hydro-

gels had the lowest mass swelling ratio and the lowest sol frac-

tion, which equates to the highest cross-linking density when

compared to 15% PVA-Tyr and 20% PVA-Tyr gels (Table I). In

a tighter network (i.e., higher cross-linking density) the mobility

of the polymeric chains are more restricted, and thus less water

can be absorbed in the network.34,37,38 Zustiak et al. showed

that the swelling of PEG-based hydrogels decreased with

increasing cross-linking density.5 Burdick et al. also reported

that increasing cross-linking density of methacrylated hyalur-

onan hydrogels resulted in smaller mesh size and lower swel-

ling.37 Moreover, statistical analysis revealed that the cross-

linking densities were significantly different for all three

compositions.

The increased sol fraction and swelling that was observed for

gels with higher nominal macromer percentage in this study is

because of the relative initiator concentration present in the

gels.39 In this system, Ru21 photo-oxidizes to Ru31 by donating

an electron to SPS during the polymerization process. The

excited Ru31 then reverts back into Ru21 by abstracting elec-

tron from the Tyr groups attached to the PVA, generating tyro-

syl radicals that are responsible for the cross-link. Therefore, the

cross-linking cascade terminates when the entire electron

accepting SPS has been consumed. As the concentration of SPS

Figure 5. Mass swelling ratio, q of PVA-Tyr gels at different temperatures.

The pH was kept constant at 7.4. Regression analysis of the swelling

behavior showed that samples were statistically different at each tempera-

ture examined (P< 0.05).

Table I. Physical Properties of 10%, 15% and 20% PVA-Tyr Hydrogels

Nominal macromer
concentration (wt %)

Sol
fraction (%)

Effective macromer
percentage (wt %)a

Mass
swelling ratio, q

Cross-linking density,
qx (3104 mol/L)b

Viscosity
(mPa s)

10% PVA-Tyr 14.85 6 2.65 12.19 6 0.62 8.14 6 0.56 2.95 6 0.19 22 6 1.2

15% PVA-Tyr 19.07 6 4.24 10.65 6 0.95 9.46 6 0.84 2.39 6 0.17 90 6 5.0

20% PVA-Tyr 21.37 6 3.36 9.97 6 0.72 10.1 6 0.77 2.11 6 0.13 326 6 30.2

a As determined from the mass loss and swelling at 24 hours (Eq. (5)).
b Calculated from the equations (6–10).
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was kept constant at 20 mM for all three nominal hydrogel

macromer concentrations in this study, the molar ratios of SPS

to Tyr functional groups were actually highest in the 10% PVA-

Tyr gels (0.46 : 1) followed by 15% (0.31 : 1) and 20% PVA-Tyr

(0.23 : 1) hydrogels. This change in initiator: functional group

ratio was hypothesized to be the main reason for the changes in

sol fraction and degradation. In a separate study this was tested

and it was shown that increasing the SPS: Tyr ratio did success-

fully decrease the sol fraction of 10% PVA-Tyr hydrogels until a

saturation point (see Supporting Information Table S1 and Fig-

ures S1 and S2). However, this decrease was not observed in the

20% PVA-Tyr hydrogels. The difference observed between the

10% and 20% PVA-Tyr samples is hypothesized to be because

of the viscosity of the initial macromer solutions. During fabri-

cation, the PVA-Tyr macromer solutions’ viscosity dramatically

increased with macromer concentration (Table I). It was

observed that the 20% PVA-Tyr macromer solution has a vis-

cosity of 326 mPa s, which is approximately 15-fold higher than

the 10% PVA-Tyr (�22 mPa s). This was not unexpected as it

has previously been shown that PVA solutions with higher con-

centrations have higher viscosities.25,40–42 This increase in vis-

cosity reduced the cross-linking efficiency by affecting the

mobility of macromer chains during photopolymerization. Dur-

ing the cross-linking process, the Tyr groups conjugated to the

PVA chains are being converted to tyrosyl radicals to facilitate

cross-links formation. Therefore, the increase in overall solution

viscosity restricts the mobility of the PVA chains and their

pendant tyrosyl radicals and thus limited the cross-linking reac-

tion. In addition, an increase in viscosity is known to have an

impact on the reaction rate constant.43

Mass loss studies revealed that 10%, 15%, and 20% PVA-Tyr

hydrogels were completely degraded in � 27, 22, and 19 days,

respectively (Figure 7). This phenomenon can again be explained

by the differences in the effective macromer fraction and the

cross-linking density of the fabricated gels. Theoretically, the

number of cross-links formed is directly proportional to the

cross-linking density.38,44–46 Furthermore, the swelling capacity of

the gel also decreases because of the tighter network formed, caus-

ing the hydrolysable ester bonds to be less accessible to water mol-

ecules.33,34,47,48 Hence, 10% PVA-Tyr hydrogels which were

determined to have the highest effective macromer concentration

Figure 6. Macroscopic images of PVA-Tyr gels fabricated at t 5 0 (before swelling) and 1d (after swelling); A 5 10% PVA-Tyr; B 5 15% PVA-Tyr;

C 5 20% PVA-Tyr; Scale bar 5 1 mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(�12%) and to be the most cross-linked gel would be expected to

degrade at a slower rate compared to 15% and 20% PVA-Tyr

(both �10% effective gels). A study conducted by Burdick et al.

showed that increasing the cross-linking density of methacrylated

hyaluronan hydrogels resulted in longer degradation period.37

Similarly, Martens et al. showed that increasing the cross-linking

density of PVA ester acrylate gels also resulted in slower degrada-

tion.15 Furthermore, Lee et al. revealed that tyraminated hyalur-

onan hydrogels had a slower degradation rate when the cross-

linking density was increased.49

The mass swelling ratios of the gels followed the same trend as

the mass loss profiles (Figure 8). During degradation, the cross-

links in the hydrogel are cleaved, leading to a larger mesh and

more water uptake (i.e., increase in mass swelling ratio). About

10% PVA-Tyr gels were found to exhibit a lower mass swelling

ratio at all the time points studied, followed by 15% and 20%

PVA-Tyr samples. This result is in accordance to previous sec-

tions where 10% PVA-Tyr gels had the slowest degradation rate.

Another possible explanation for this observation is the differ-

ent mol content of charged Tyr groups present in the hydrogels

of various macromer concentrations, as increasing the number

of ionic groups in hydrogels has been reported to increase their

swelling capacities.50,51 Previous work has shown that incorpo-

rating charged molecules, such as heparin and chondroitin sul-

phate, into the hydrogel network caused an increase in

swelling.19 Durmaz et al. also showed that increasing the ionic

group concentration in polyacrylamide gels from 0 to 80 mol %

resulted in a 27-fold increase in the volumetric swelling ratio.51

This increment was explained by the overall increase of

counter-ions in the gels, causing an additional osmotic pressure

that swells the gel.50 As 20% PVA-Tyr hydrogels have the highest

concentration of Tyr groups in the network, the anionic repul-

sion between these moieties can also lead to a larger mesh and

higher water content.52,53

Mechanical Properties of PVA-Tyr Hydrogels with Various

Macromer Concentrations. The hydrogel’s mechanical proper-

ties during degradation were also studied. At t 5 0, the com-

pressive modulus of the fabricated hydrogels increased in

relation to the nominal macromer concentration (Figure 9).

About 10%, 15%, and 20% PVA-Tyr gels had compressive mod-

ulus of �135, 233, and �250 kPa, respectively. This result was

expected at this time point as all the macromer chains (cross-

linked and noncross-linked) were still present in the gel. As the

total amount of macromer in the 10% PVA-Tyr is the least, it

was expected that the compressive modulus would also be the

lowest. This result is in agreement with a study conducted by

Martens et al. where the modulus was shown to increase with

the amount of macromer in the hydrogel.25 After immersing the

gels into DPBS for 1 day to extract the sol fraction and allow

equilibrium swelling, all the gels had a major decrease in the

compressive modulus. This loss was because of the removal of

Figure 7. Mass loss profiles of 10%, 15%, and 20% PVA-Tyr gels at physi-

ological conditions. Vertical error bars represent standard deviation for

mass loss (%) while horizontal error bars represent standard deviation of

degradation period. No statistical significance was observed at time points

1, 3, 5 and 7 days (P> 0.05). About 10%, 15%, and 20% PVA-Tyr gels

were significantly different at 10 days (P< 0.05). The time to complete

degradation was also statistically different for all three compositions

(P< 0.05). The slopes of degradation profiles for 10%, 15%, and 20%

PVA-Tyr gels were statistically different (P< 0.05).

Figure 8. Mass swelling ratio, q of 10%, 15%, and 20% PVA-Tyr gels at

physiological conditions. No statistical difference was observed for time

points 1, 3, 5, and 7 days (P> 0.05).At 10 days, 10% PVA-Tyr was signifi-

cantly different to 15% and 20% PVA-Tyr (P< 0.05). Regression analysis

on the swelling profiles for 10%, 15%, and 20% PVA-Tyr gels showed

statistically different slopes (P< 0.05).

Figure 9. Compressive modulus of 10%, 15%, and 20% PVA-Tyr hydro-

gels at various time points. 10% PVA-Tyr was statistically different to 15%

and 20% PVA-Tyr at 0, 1, and 3 days (P< 0.05). All three compositions

were significantly different at 7 and 10 days (P< 0.05).
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noncross-linked macromer chains (sol fraction) which leads to

a decrease in the total amount of polymer chains in the final

hydrogel network.25,48,54 Moreover, at day 1 the 10% PVA-Tyr

exhibited a compressive modulus of �90 kPa which was much

higher than 15% (�25 kPa) and 20% PVA-Tyr gels (�20 kPa).

This observation was now expected, because of the higher effec-

tive macromer concentration and more tightly cross-linked net-

work. Bryant et al. showed that increasing gel cross-linking

density from 0.119 to 0.376 mol/L resulted in gels with 11-fold

higher compressive modulus.55 Moreover, all gels had a decrease

in compressive modulus throughout the degradation period. It

has been demonstrated in the literature that during degradation,

hydrolysis of network chains cause a decrease in the degree of

cross-linking, which further reduces the gels’ mechanical

strength.37,56

CONCLUSION

In conclusion, it has been demonstrated that the hydrolytic deg-

radation of PVA-Tyr hydrogels is strongly related to the pH and

temperature of the degradation medium. It was also highlighted

that PVA-Tyr hydrogels with lower nominal macromer concen-

tration resulted in gels with higher effective macromer fraction

and cross-linking density. The cross-linking efficiency of this

system is highly influenced by the initiator to functional groups

ratio, as well as the viscosity of the macromer solution, which

further influenced the degradation rates and mechanical

strength of the fabricated PVA-Tyr hydrogels.
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