
ORI GIN AL PA PER

UV-curing of simultaneous interpenetrating network
silicone hydrogels with hydrophilic surface

Jing Jing Wang • Fang Liu

Received: 17 October 2011 / Revised: 22 February 2012 / Accepted: 9 April 2012 /

Published online: 19 April 2012

� Springer-Verlag 2012

Abstract Simultaneous interpenetrating polymer network silicone hydrogels have

been prepared by UV-initiated free radical/cationic hybrid photopolymerization of a

mixture of methacrylate macromonomer polyethylene glycol diacrylate (PEGDA)

and vinyl ether terminated polydimethylsiloxane macromonomer (VESi). The

consumption of each macromonomer upon UV-irradiation was monitored in situ by

real-time infrared spectroscopy. The analysis of transmission electron microscope

indicated that the silicone hydrogels exhibited a heterogeneous morphology. The

physicochemical properties of the silicone hydrogels, such as water content, ion

permeability, oxygen permeability, and contact angle were investigated. The results

showed that water content and ion permeability increased with the PEGDA content

in the formulation, and the silicone hydrogels exhibited excellent oxygen perme-

ability with the highest Dk of 248 barrer. The results of contact angle measurements

indicated that the silicone hydrogels possessed hydrophilic surfaces with the lowest

water contact angle of 32�. The study of the protein resistance revealed that the

amount of protein adsorbed was significantly reduced with the PEGDA content in

the formulation.
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Introduction

Silicone hydrogels have been widely used as various biomedical devices, especially

as contact lens [1]. If a material to be used as contact lens, various properties

including transparency, mechanical strength, oxygen permeability, permeability to

ions as well as surface hydrophilicity, and anti-biofouling properties, must be

satisfied all together. Therefore the selection of the optimum material is very

challenging [2].

An interpenetrating polymer network (IPN), comprising two or more networks

that are interlaced on a molecular scale but not covalently bonded to each other,

may combine networks with different properties and structures [3]. From a synthetic

standpoint, IPN comes in two varieties: sequential IPN and simultaneous IPN.

Previously, the possibility of obtaining silicone hydrogels using the sequential IPN

synthesis was demonstrated. The process included the following successive stages:

the synthesis of silicone network, its saturation with hydrophilic monomers

(2-hydroxyethyl methacrylate [4], N-isopropyl acrylamide [5], methacrylic acid [6],

and 2-methacryloyloxyethyl phosphorylcholine [7]), and preparation of the

hydrophilic polymer network using ethylene glycol dimethacrylate as a crosslinker.

A drawback of this approach was a relatively rough structure of the obtained

silicone hydrogels, as indicated by the material opacity under the unhydrated state.

In addition, the primary advantage of simultaneous technique over sequential

technique lies in the convenience, high efficiency and cost-saving [8, 9]. Most of the

time, blends of methacrylate monomers, which polymerize by a radical mechanism,

and vinyl ether functionalized monomers, which polymerize by a cationic

mechanism, were irradiated to produce simultaneous IPN. Free radical/cationic

hybrid photopolymerization has been suggested as a way to combine the advantages

of free radical and cationic photopolymerizations [10–12].

The ability to resist protein adsorption is of great importance for a biomaterial,

especially for a contact lens [13, 14]. On the eye, the contact lens is immersed in the

tear film, which is largely comprised of proteins, lipids, and various electrolytes.

Adsorption of proteins from the tear fluid onto the lens is a common problem and

depends on a number of factors, including the nature of the materials from which the

lens is made. This fouling can lead to dehydration of the lens and instability of the tear

film, resulting in discomfort, and lack of tolerance in the wearer [15, 16].

Poly(ethylene glycol) (PEG) is a synthetic polymer that is very effective at preventing

protein adsorption as a result of its hydrophilicity, high surface mobility, and low

interfacial free energy with water. The covalent grafting of PEG by plasma and

chemical initiators onto a variety of substrates, including silicon [17], polyurethane

[18], polysulfone membranes [19], and poly(2-hydroxyethyl methacrylate) hydrogels

[20] has been reported along with a quite satisfactory protein-repellent effect. It may

be anticipated that the protein-repellent properties of PEG would prevent an

extracellular matrix from being formed and, thus, cells from adhering [21]. In addition

to these antifouling properties, PEG is optically transparent when hydrated, which is

of the utmost importance for materials to be used as optical devices [22].

In the current report, silicone hydrogels were prepared by free radical/cationic

hybrid photopolymerization of PEGDA and bifunctional vinyl ether terminated

686 Polym. Bull. (2012) 69:685–697

123



polydimethylsiloxane macromonomer (VESi). The consumption of each macromo-

nomer upon UV-irradiation was studied using real-time infrared (RTIR) spectros-

copy as an analytical tool, which allows to monitor in situ the polymerization of

each macromonomer of the mixture and to record directly the conversion versus

time profiles. Finally the physicochemical properties of the prepared silicone

hydrogels were evaluated.

Experimental section

Materials

Free radical photoinitiator (Darocur 1173 from Ciba Specilty Chemicals) was used

to generate the free radicals that were to initiate the polymerization of the

methacrylate monomer. A diaryliodonium hexauorophosphate salt (DAI from Ciba

Specialty Chemicals) was used to generate the protonic acid, which would initiate

the cationic polymerization of the vinyl ether terminated macromonomer. The

macromonomer polymerizing by free radical mechanism was polyethylene glycol

diacrylate (PEGDA from Aldrich Chemicals). The macromonomer polymerizing by

cationic mechanism was bifunctional vinyl ether terminated polydimethylsiloxane

macromonomer (VESi), which was prepared by the method as described in the

literature [23]. BCA Protein Assay Reagent Kit K3000 was purchased from

Shanghai Biocolor BioScience & Technology Company.

Kinetic analysis of the photopolymerization

A mixture of PEGDA and VESi containing 2 wt% of each free radical and cationic

photoinitiators was applied onto a silicon wafer, at a typical thickness of 24 mm.

The sample was placed in the compartment of an infrared (IR) spectrophotometer

where it was exposed to the UV-radiation of a medium pressure mercury lamp. The

light intensity at the sample position was fixed at 60 mW/cm2, as measured by

radiometry (IL-390 radiometer). The polymerization of the sample exposed to both

the UV beam and the analysis IR beam was followed in situ by real-time infrared

(RTIR) spectroscopy. The disappearance of each one of the two functional groups

was monitored continuously by setting the wave number of the IR detection at the

proper value: 1,638 cm-1 for the methacrylate double bond [24] and 3,116 cm-1 for

the vinyl ether double bond [25]. By operating the IR-spectrophotometer in the

absorbance mode, conversion versus time curves were recorded. The amount of

unreacted functionalities in the UV-cured polymer was determined from the value

of the final conversion reached at the end of the UV exposure.

Preparation of silicone hydrogels

The macromonomers PEGDA and VESi were first dissolved in ethanol; subsequently

2 wt% of each free radical and cationic photoinitiators were added. The mixture of

each formulation was introduced between two glass plates (7.5 9 2.5 cm2) and cured
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under a high-pressure mercury lamp emitting overwhelmingly light at 365 nm for 1 h.

Film thickness was controlled by a Teflon gasket which gave a fairly consistent

thickness of 0.25 mm. The films were extracted with ethanol and water for 24 h,

respectively. Subsequently, the films were swollen to equilibrium in distilled water

before characterization and the silicone hydrogels were obtained.

Characterization of silicone hydrogels

The morphology of the silicone hydrogels was characterized by transmission

electron microscope (TEM). The silicone hydrogels at dry state were embedded in

Epon 812 epoxy resin which then polymerized overnight at 60 �C. Hundred

nanometer ultrathin sections were cut using a Power Tome XL microtome and

placed on a 200 mesh formvar-coated copper grid. Cross-sections of the films were

observed and photographed using a Hitachi H-7650 transmission electron micro-

scope with an 80 kV electron beam.

The equilibrium water content (EWC) of the silicone hydrogels was measured in

buffer solution (pH 7.4) at 37 �C, and was calculated as follows:

EWCð%Þ ¼ Ws �Wd

Ws

� 100 %

where Ws and Wd were the weights of hydrogels at hydrated state and dry state,

respectively.

The ion permeability of the silicone hydrogels was determined at 37 �C using a

basic experimental set-up that involved the use of a cell with both a ‘‘donating’’ and

a ‘‘receiving’’ reservoir, separated by the silicone hydrogel under study. Ion

permeability was established by measurement of the flow of ions from the donor

reservoir (loaded with a buffer solution of NaCl with known ionic concentration),

across the silicone hydrogel and into the receiver (loaded with pure water) by a

conductivity electrode and meter. The diffusion coefficient (D, mm2/min) for ion

transport could then be calculated using the gradient of the resulting graph to

provide the rate of ion transport (n0, mol/min) and substituting into the following

formula [2]:

D ¼ n0

A� ðdc=dxÞ

where A is the area of ion transport (mm2), dc the concentration difference (mol/

mm3), and dx the thickness of silicone hydrogel film (mm).

Stress–strain measurements were carried out using an Instron series IX materials

testing system at room temperature. Dog-bone shaped samples were cut from the

hydrogels (5 mm wide at the narrowest point with a gage length of 15 mm).

Thickness of the samples was measured with a digital micrometer having a

precision of 1 lm. A crosshead speed of 10 mm/min was used and at least triplicate

was tested for each sample.

The oxygen permeability was measured by the two-chamber method [26] on a

Mocon OX-TRAN� model 2/21 oxygen transmission rate tester and was expressed

as Dk in unit of barrer (1 barrer = 10-11 cm2 mL O2/s mL mmHg).
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The surface elemental composition of the silicone hydrogels at dry state was

analyzed by X-ray photoelectron spectroscopy using a Shimadzu ESCA 750

spectrometer using MgKa radiation. The take-off angle of photoelectron was 45�.

The water contact angles were measured at ambient humidity and temperature by

the sessile drop method, using JC2000C1 goniometer of Zhongchen Digital

Technical Co., China. The contact angle reported here was an averaged value of at

least three measurements.

In vitro single protein adsorption experiments were performed in phosphate-

buffered saline (PBS, pH 7.4). Samples were immersed in 4.5 mg/mL of bovine

serum albumin, 0.3 mg/mL of fibrinogen from bovine serum, and 2.0 mg/mL of

lysozyme from chicken egg white solutions, respectively. Silicone hydrogel

membranes were first immersed in PBS filled 24-well plate for 24 h in order to

be fully hydrated. The samples were moved into wells containing single protein

solutions, and adsorptions were allowed to proceed at 37 �C for 12 h under gentle

shaking. Each sample was then rinsed in the fresh PBS by 50 dippings. The samples

were subsequently transferred into a well-plate filled in 1 mL of PBS solution

containing 1 wt% of sodium dodecyl sulfate (SDS), and the adsorbed protein was

completely desorbed by sonication for 5 h. The concentration of protein in the SDS

solution was determined by the bicinchoninic acid assay method [17]. From the

concentration of protein, the amount of protein adsorbed on the surface was

calculated.

Results and discussion

Photopolymerization of the PEGDA/VESi system

In this research, a hydroxyphenylketone (Darocur 1173) was used to generate the

free radicals which would initiate the polymerization of polyethylene glycol

diacrylate (PEGDA). A diaryliodonium hexafluorophosphate salt (DAI) was used to

generate the protonic acid, which would initiate the cationic polymerization of

bifunctional vinyl ether terminated polydimethylsiloxane macromonomer (VESi). A

distinct characteristic of cationic-type polymerization is that the propagating

polymer cations are not reacting among themselves, unlike the propagating polymer

radicals. Once initiated, the cationic polymerization will therefore continue to

proceed after the UV exposure upon storage of the sample in the dark [10, 12]. This

post-polymerization reaction can be easily visualized by RTIR spectroscopy, simply

by continuing to record the decay of the vinyl ether IR band after the UV-

irradiation.

Figure 1 shows the typical polymerization profiles recorded for the mixture of

PEGDA and VESi (PEGDA/VESi = 1/1 by weight) exposed to UV-radiation for

only 15 s. The adsorption peak for VESi in IR band at 0, 0.25, and 50 min has also

been shown in Fig. 1. It can be seen that the vinyl ether macromonomer VESi

continued to polymerize slowly after the light had been switched off (from 55 to

79 % within the first 1 min), while the conversion of PEGDA stayed constant at

77 %. In spite of the short UV exposure, a complete reaction of the vinyl ether
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groups was achieved after storing the sample for 40 min in the dark. This behavior

can be explained by the incomplete polymerization of PEGDA which leaved a

greater molecular mobility to the vinyl ether macromonomer VESi within the IPN

formed [12].

Transmission electron microscope (TEM) analysis

The morphology of the silicone hydrogels observed by TEM is shown in Fig. 2. The

silicone hydrogels were heterogeneous with phase domain sizes less than 10 nm. It

was assumed that interpenetrating process between the crosslinked PEGDA and

VESi networks improved their compatibility. Furthermore, the silicone hydrogel

prepared with PEGDA content of 40 % had smaller phase domain size than that

prepared with PEGDA content of 20 % in the formulation, which suggested the

higher degree of interpenetrating between the two networks in the IPN for the

silicone hydrogel derived from PEGDA content of 40 % in the formulation [8].

Water content

Figure 3 illustrates the relationship between water content of the silicone hydrogels

and PEGDA content in the formulation. It was shown that the water content of the

silicone hydrogels correlated significantly with the PEGDA content. The linear

regression (R = 0.9978) was positive, which indicated that increasing PEGDA

content would result in an increase in water content due to the excellent

hydrophilicity of PEGDA. Presumably the hydrogel domains in the silicone

hydrogel formed by the crosslinked PEGDA network were connected together so

that water molecules could easily diffuse to the hydrogel domains.

Ion permeability

Another property that is considered to be of great importance for silicone hydrogels

if used as contact lenses is the ability to allow transport of ions and other nutrients
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through the lens to the cornea. One measure of the lens’ ability to perform this

function is the ion diffusion coefficient (D). The D values for the silicone hydrogels

are shown in Fig. 4. Kim et al. [27] reported that a D value[6.0 9 10-6 mm2/min

was required to insure adequate transport of ions to the cornea. As shown in Fig. 4,

all of the silicone hydrogels had sufficient values of D, i.e., contact lenses made of

these silicone hydrogels would transfer enough ions to the cornea to satisfy the

needs of metabolism. The D value increased with the PEGDA content in the

formulation, which was reasonable because the ions were expected to move through

the hydrogel phase.

Mechanical property

The mechanical strength of the PEGDA/VESi hydrogels is shown in Fig. 5. It is

well known that the tensile strength of a hydrogel is associated with hydrogen

Fig. 2 TEM images of dried silicone hydrogels prepared with PEGDA content of a 20 %, b 40 % in the
formulation, respectively
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bonds, Van der Waals forces and chemical crosslinking in the hydrogel network. At

a lower swelling ratio, the polymer chains are close to each other, and the network

density is tight. The interaction between polymer chains in hydrogels is reinforced,

and the hydrogel exhibited good mechanical strength. On the contrary, at a higher

swelling ratio, the hydrogel network is diluted and the Van der Waals forces are

weakened, which leads to the decrease of the tensile strength of hydrogels. Owing to

the higher hydrophilicity of PEGDA than VESi, the swelling ratio decreased with

the increase of the VESi content in the formulation. Therefore, the mechanical

strength of PEGDA/VESi hydrogels increased with the VESi content.

Oxygen permeability

Oxygen permeability is an important factor for silicone hydrogels if used as

biomaterials, such as contact lenses and artificial lungs. Figure 6 shows the oxygen

permeability of the silicone hydrogels, which was evaluated by directly measuring

the Dk values. The expression Dk, which is the product of the oxygen diffusion

coefficient (D) and the oxygen solubility coefficient in the material (k), has become
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universally accepted, as the term referring to the intrinsic property of a material to

transport oxygen through its bulk.

Seen from Fig. 6, with the increase of the VESi content in the formulation,

the oxygen permeability gradually increased, ranging from 88 to 248 barrer. The

silicone hydrogels exhibited excellent oxygen permeability by virtue of the

bulkiness and chain mobility of the siloxane group (–Si(CH3)2–O–), which

characterized such materials and was responsible for the high diffusivity of oxygen

through silicone-containing materials [8].

Analysis of the elemental surface compositions

X-ray photoelectron spectroscopy (XPS) was used to characterize the surface of

silicone hydrogels. The main reason for the use of XPS was the information depth of

this analytical method (approximately 10 nm for polymeric materials) and the

ability of this method to obtain comprehensive information about the elemental and

chemical composition of samples in a single experiment.

The elemental surface compositions of the silicone hydrogels determined by XPS

are summarized in Table 1. With the increase of the PEGDA content in the

formulation, the compositions of C and O increased, while the composition of Si

decreased. The C/O ratios of the silicone hydrogel surfaces were close to the

theoretical 2/1 ratio calculated from the repeat unit (CH2CH2O) of PEGDA and

(CH3)2SiO of VESi, indicating that both of PEGDA and VESi were present on the

silicone hydrogel surfaces, although the amount of the latter decreased as the

PEGDA content in the formulation increased [17].

Contact angle

The water contact angles of the silicone hydrogels are summarized in Fig. 7. It was

clear that when the PEGDA content in the formulation increased, the contact angle

was reduced from 65� to 32�. The results revealed that the silicone hydrogels

possessed highly hydrophilic surfaces due to the excellent hydrophilicity of

PEGDA. These contact angle data agreed with the results of XPS. As determined by
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XPS, when the amount of PEGDA in the formulation increased, the amount of

crosslinked PEGDA network on the surface would increase. Therefore, surface

hydrophilicity of the silicone hydrogels increased with the PEGDA content in the

formulation.

Protein adsorption resistance

Figure 8 shows the amounts of albumin, fibrinogen, and lysozyme adsorption on the

silicone hydrogel membranes. It was found that the amount of protein adsorptions

decreased effectively with increasing PEGDA content in the formulation. The least

amounts of albumin, fibrinogen, and lysozyme adsorptions on the silicone hydrogel

surfaces were, respectively, 0.4, 0.49, and 0.36 lg/cm2. The protein adsorption

results were in agreement with the water contact angle measurements. The smaller

the water contact angle, the greater was the protein repelling ability. The reduction

in protein adsorption to the silicone hydrogel surface must be due to the hydrated

chains from PEGDA which were enriched on the silicone hydrogel surface. The

hydrated chains may prevent protein molecules from their direct contact with the

silicone hydrogel surface owing to their steric hindrance effect [20, 22].

Table 1 Surface elemental compositions of the silicone hydrogels determined by XPS at a 458 take off

angle

Sample C O N Si C/O

Silicone hydrogel 1 62.1 28.1 1.8 8.0 2.2100

Silicone hydrogel 2 63.5 28.9 1.2 6.4 2.1972

Silicone hydrogel 3 64.9 29.5 0.9 4.7 2.2000

Silicone hydrogel 4 65.8 30.0 0.7 3.5 2.1933

Silicone hydrogel 5 66.9 30.6 0.5 2.0 2.1863

Silicone hydrogel 6 67.6 31.0 0.4 1.0 2.1806

Silicone hydrogels 1, 2, 3, 4, 5, and 6 were prepared with PEGDA content of 5, 10, 20, 30, 40, and

50 wt% in the formulation, respectively
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Conclusions

Simultaneous interpenetrating polymer network (IPN) silicone hydrogels with

hydrophilic surface were prepared by free radical/cationic hybrid photopolymer-

ization of a mixture of methacrylate macromonomer polyethylene glycol diacrylate

(PEGDA) and vinyl ether terminated polydimethylsiloxane macromonomer (VESi).

In the case of the hybrid photopolymerization of PEGDA and VESi, the living

character of the cationic polymerization of VESi was beneficial because it allowed

the unreacted vinyl ether groups to further polymerize upon storage of the sample in

the dark, thus leading to a fully cured IPN polymer. The IPN silicone hydrogels had

heterophase morphology and the interpenetrating process between the two networks

in the IPN improved their compatibility. The water content of the silicone hydrogels

correlated significantly with the PEGDA content in the formulation, and the silicone

hydrogels had excellent oxygen permeability with the highest Dk of 248 barrer. The

contact angle measurements indicated that the silicone hydrogels possessed

hydrophilic surfaces with the lowest water contact angle of 32�. The protein

adsorption results were in agreement with the water contact angle measurements.

The smaller the water contact angle, the greater was the protein repelling ability.
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