
Journal of Oil & Applied Science 1

Vol. 34, No. 3. September, 2017. 650~656
ISSN 1225-9098 (Print)
ISSN 2288-1069 (Online)
http://dx.doi.org/10.12925/jkocs.2017.34.3.650

- 650 -

Preparation and Characterization of Hydrogels containing 
Silicone or Fluorine

Eui Seok Kim․Sang-Yeon Shim✝

Department of Biochemical Engineering, College of Engineering
Gangneungwonju National University, Gangneung, 210-702, Korea

(Received August 23, 2017; Revised September 14, 2017; Accepted September 15, 2017)

  Abstract : The water-swollen hydrogels containing silicone or fluorine were prepared by 
copolymerization of 2-hydroxy ethyl methacylate (HEMA) with 3-(trimethoxysilyl)propyl 
methacrylate(SM) or 2,2,2-trifluoroethyl acrylate(FA). When the content of SM or FA increased in 
copolymers, there was tendency of water absorbance to decrease, whereas contact angles to 
increase. The hydrogels containing FA showed 2 ~ 4% higher water content and 4 ~ 5% lower 
contact angles compared to that of SM. Tensile strengths decreased as the content of SM increased. 
However, FA exhibited strength of 2.2 Mpa/cm2 which is similar to 2.3 Mpa/cm2 of B. FA, which 
implies comparatively low adherence, hence, showed better protein resistance properties than 
SM-based hydrogel. The photo-polymerization was also applied instead of thermal polymerization 
to enhance the energy efficiency. As a result, the reaction yield reached over 95% within 1 minute.
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1. Introduction

Hydrogels are hydrophilic polymer networks 
which have the ability to swell in water or 
aqueous systems without dissolving. These 
highly hydrophilic networks have attracted 
attention in many different fields, such as 
medical materials, agriculture, sanitary 
products, water treatment[1-7].  

Poly(2-hydroxyethyl methacrylate) (PHEMA), 
is well-known as a highly hydrophilic 
polymer, which had swelling capacity of ~ 
40%. Thus, it has been widely utilized in a    
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variety of biomedical applications such as 
contact lens, artificial skin, drug delivery and 
orthopedic implants[8-12]. However, contact 
lens consisting PHEMA have relatively low 
oxygen permeability, and thus many efforts are 
being made to overcome this shortcoming. The 
surface modification of hydrogel has been 
considered to improve oxygen uptake rate. 
Silicon or fluorine containing materials are 
strong candidates for surface modification due 
to their good oxygen permeability, low toxicity 
and good thermal stability properties[13-16]. 
Silicone or fluorine substituted polymers 
produced a hydrophobic surface and these 
silyl- or fluoro-alkyl chains imparted good 
oxygen permeability to surfaces. Meanwhile, 
this highly hydrophobic characteristic can also 
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activate protein adsorption. Thus, it is critical 
to understand changes of physical properties as 
hydrophilic HEMA and hydrophobic Si or 
F-monomers are copolymerized.

On the other hand, photo-polymerized 
hydrogels are gaining awareness for a number 
of biomaterial applications because of the 
ability to form these materials in situ 
minimally such as by injection[17-19]. 
Therefore, hydrogels containing silicone or 
fluorine were also tested in photo- 
polymerization studies for the use in the 
photo-curable process.

In this article, we prepared hydrophilic 
HEMA based hydrogels containing fluorine or 
silicone group using 2,2’-azobisisobutyronitrile 
(AIBN) initiator and then evaluated changes of 
physical properties such as water contents, 
contact angels, tensile strength and protein 
resistance. We also studied the relative order 
of reactivity of these hydrogels in 
photo-polymerization to test usefulness in 
photo-curing process.

2. Experimental

2.1. Materials 

Ethyleneglycol dimethacylate(EDMA), 
3-(trimethoxysilyl)propyl methacrylate(SM), 
2,2,2-trifluoroethyl acrylate(FA) were 
purchased from Aldrich Chemical Company 
and used without further purification. 
2-Hydroxyethyl methacylate(HEMA) was 
purified by vacuum distillation. 2,2’-azo-bis- 
diisobutyronitrile (AIBN) as an initiator was 
purified by recrystallization in ethyl alcohol. 
BSA(Bovine, serum, albumin), Folin’s reagent, 
Irgacure651 were used as received. 

2.2. Instrumentations 

  Routine infrared spectra were obtained using 
a Jasco Corp. Model 460 Fourier transform 
infrared spectrometer. Contact angles were 
measured using SEO contact angle 
measurement Model Phoenix 300. The 

cross-section morphology of the hydrogels was 
observed using FE-SEM(field emission scanning 
electron microscope) Hitachi Model SU70. 
Tensile properties were measured using Instron 
Model 3367 with a 1kg load cell. The 
crosshead speed was 10cm/min. Hydrogel 
samples were soak into distilled water and 
measured during the wet state. Reported tensile 
properties were based on the mean of five 
samples

2.3. Hydrogels preparation

  Bulk-polymerized hydrogel were prepared by 
mixing monomers in the stated weight ratio 
(Table 1, 2) with AIBN at 0.4 % w/w. The 
resulting solutions were charged into a closed 
plastic mold with a thickness of about 100 μ
m. The copolymerization reaction was 
performed for 30 min at 110 ˚C drying oven.

2.4. Protein adsorption test

The amount of protein adsorption was 
evaluated using a modified Lowry method[20]. 

Reagent A consisted of aqueous solution of 
0.8 g NaOH and 4 g Na2CO3 and 100 ml 
distilled water. Reagent B consisted of an 
aqueous solution 2 g CuSO4 and 100 ml 
distilled water. Reagent C consisted of 4 g 
potassium sodium tartrate tetrahydrate and 100 
ml distilled water. Lowry solution was 
prepared by mixing Reagent A, Reagent B and 
Reagent C with a ratio (vol:vol) of 
15:0.15:0.15. 1 N Folin solution prepared by 
10 ml of 2 N Folin-Ciocalteau solution 
diluted with 10 ml of distilled water. 

For the protein absorption test of contact 
lens samples, BSA solution was prepared by 22 
mg of BSA in 100 ml of distilled water. The 
adsorption was carried out by shaking at 150 
rpm a 2 ml BSA solution containing the 
swollen hydrogel (diameter: 14 mm) at 37 oC 
for 12 hr. After that, the gel specimen was 
removed and washed slightly with distilled 
water to remove any non-adsorbed proteins. 
The washed gel was dipped into 2.64 ml 
mixture solution of BSA solution, Lowry 
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ID HEMA EDMA SM FA AIBN
B 98.8 0.8 - - 0.4

SM-0.2 98.6 0.8 0.2 - 0.4
SM-0.6 98.2 0.8 0.6 - 0.4
SM-1 97.8 0.8 1.0 - 0.4
SM-2 96.8 0.8 2.0 - 0.4

SM-0.7c 98.5 0.4 0.7 0.4
SM-1c 98.2 0.4 1.0 0.4
FA-0.2 98.6 0.8 - 0.2 0.4
FA-0.6 98.2 0.8 - 0.6 0.4
FA-1 97.8 0.8 - 1.0 0.4
FA-2 96.8 0.8 - 2.0 0.4

FA-0.7c 98.5 0.4 0.7 0.4
FA-1c 98.2 0.4 1.0 0.4

*SM-xc and FA-xc, where c designated the 0.4wt% of EDMA as a cross-linker in the 
formulation.

Table 1. Preparation conditions of hydrogels containing SM or FA

solution and 1 N Folin solution with a ratio 
(vol:vol:vol) of 1:1.4:0.24. Each sample was 
allowed to incubate at 37 ˚C for 30 minutes. 
After removing lens, the sample solution 
poured into UV sample cell. The absorbance 
of each sample was measured using UV 
spectrophotometer in terms of absorbance at 
750 nm. 

2.5. The photo-polymerization and 

Fourier Transform Real-Time Infrared 

(FT-RTIR) measurement 

Photo-initiated radical polymerization was 
studied by real-time infrared spectroscopy 
using the method described by Decker[21].

Samples were prepared by placing liquid 
monomers (B, FA-1, SM-1) with 0.5 ~ 1 
wt% Irgacure651 instead of AIBN between 
two 14 μm polyethylene films, which were 
then sandwich-like mounted in 5 x 5 cm slide 
frames. The RTIR measurements were 
performed on a Jasco Corp. Model 460 
Fourier transform infrared spectrometer 
equipped with a UVEX Co. Model SCU 110B 
UVEX portable UV spot cure system. All 
studies were conducted using a broad band 
and unfiltered UV light at an intensity of 1.9 
mJ/cm2 s. Light intensity measurements were 

made with an International Light Co. Model 
L290 Radiometer. The progress of 
polymerization was quantitatively determined 
by monitoring the decrease of the double bond 
absorption of a 1650-1700 cm-1 (acrylic 
group).

3. Results and Discussion

3.1. Preparation of hydrogels 

Bulk-polymerized hydrogels were prepared 
by mixing monomers in the stated weight ratio 
(Table 1) with AIBN at 0.4 % w/w. The 
resulting solutions were coated onto the slide 
glass with a thickness of about 0.2 mm or 
charged into a closed plastic mold with 
thickness of about 100 mm. The 
copolymerization reaction was performed for 
30 min at 110 ℃ drying oven. The hydrogel 
designation used is SM-x or FA-x, where x is 
the wt% of SM or FA monomers in the 
formulation.

3.2.  Measurements of physical properties

We measured water contents and contact 
angles of hydrogels. Water content in contact 
lens is an important determinant of 
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comfortable fit. Water content was calculated 
by the weight comparison of wet and dry lens 
as shown in the following equation.

Water absorbance (%) =  x 100

Where, Wwet is the weight of the lens after 
uptake of water and Wdry is the initial weight 
of the dry lens. Hydrogel lens dipped into the 
distilled water and then stay in overnight. 
After that wet state weights were measured 
repeatedly using 5 samples. Dry state weights 
were measured after vacuum dry during 12 hr. 
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Fig. 1. Water contents as a function of weight 
% of FA or SM.

As shown in Fig. 1, the water content of 
the hydrogel without SM or FA was about 37 
%. Water contents slightly decreased with the 
increase of content of SM or FA in the 
copolymer due to hydrophobic characteristic of 
alkylsilyl or fluorine group. The water contents 
were 34% or 32% when the content of FA or 
SM was 1wt%. Generally, SM-x showed more 
hydrophobic characteristic than that of FA-x. 

The contact angles were measured within 5 
sec after dropping water to the dried hydrogel 
surface using Sessile drop (water-in-air) 
method with mean of 3 samples. Either of 
hydrogels containing FA-x or SM-x show 
higher contact angles than that of HEMA 
based hydrogel. Furthermore the content of 
SM-x or FA-x increased, contact angle 

increased probably due to the hydrophobic 
characteristics of SM and FA in Fig. 2. 

Contact angles of dried hydrogels were 
increased from 38° to 44°(FA-1) or 
48°(SM-1). The strong hydrophobic 
characteristics of SM-x are due to bulky 
tri-alkylsilyl group at the end of side chain.
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Fig. 2. Contact angles as a function of weight 
% of FA or SM.

The cross-section morphology of the 
hydrogels was examined by SEM. Fig. 3 show 
SEM images for freeze dried samples. All 
surfaces appeared to be smooth and uniform 
and couldn’t find any phase separation. 
  Tensile strength of B, FA and SM series 
were measured. As shown in the Figure 4, FA 
has comparable strength of 2.2 Mpa/cm2, 
compared to 2.3 Mpa/cm2 of B. However, SM 
series have bigger decline relatively than B and 
FA and the content of SM increased, the 
strength decreased. It is presumably because 
Si-O bond length was longer than C-O or 
C-C, which enhanced chain flexibility causing 
decrease in strength. As a result, when the 
content of SM was 1%, the strength dropped 
to 1 Mpa/cm2.
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Fig. 3. SEM images of (a)(d) B, (b)(e) FA-1, (c)(f) SM-1.
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Fig. 4. Tensile strength of B, SM and FA series

3.3. Protein adsorption test

The amount of protein adsorption on the 
lens surfaces was measured by the absorbance 
at 750 nm using modified Lowry method. Fig. 
5 shows the amount of detached BSA from 
the lens surfaces with respect to content of 
SM or FA. The amount of detached BSA 
increased, the amount of protein absorption on 
the lens surface decreased. The detached 
amount was observed 17 ~ 18 mg/lens, which 
decreased gradually as the SM contents 
increased from 0 to 2 wt% due to the 
hydrophobic characteristic property. While, the 
content of FA increased, the amount of 
protein increased slightly maybe due to 
no-adhesive property of fluorine group. 
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Fig. 5. The amount of detached BSA from the 
hydrogel surfaces versus the content of 
SM or FA

3.4. Photo-polymerization studies

Photoinitiated radical polymerization of 
acrylated monomers was performed using 
photoinitiator, Irgacure651 at a concentration 
0.5 ~ 1 wt% to the monomers. As shown in 
Fig. 6, the rate of polymerization and 
conversion to polymer increased with the 
concentration of the photo-initiator. The RTIR 
curves for the polymerization of B shows 
lower reactivity than FA-1, SM-1 probably 
due to the relatively higher content of HEMA 
containing hydroxyl group in Fig. 7, Fig. 8 
depicts a three dimensional spectral profile of 
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Fig. 6. RTIR curves for the photopolymerization 
of B, FA-1, and SM-1 in the presence 
of 0.7 wt% Irgacure 651 
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Fig. 7. RTIR curves for the photo- 
polymerization of FA-1 in the presence 
of 0.5 and 0.7 wt%  Irgacure 651 

Fig. 8. RTIR study of the radical 
polymerization of FA-1 in the presence 
of 0.7 wt% Irgacure 651

decrease of the methacrylate absorption band 
of monomer in the presence of 0.7 wt % 
Irgacure 651. This figure shows a rapid 
decrease in the methacrylate band, indicating 
that this monomer is highly reactive toward 
photo-initiated radical polymerization.

4. Conclusion

Hydrogels containing fluorine or silicone 
were prepared by copolymerization of SM or 
FA with HEMA. The water contents of SM-x 
and FA-x were a little lower compared to 
HEMA based hydrogel. Contact angles 
increased from 38o to 50o with the content 
increase of SM-x or FA-x. Comparing FA-x 
and SM-x, FA-x presented higher water 
contents and lower contact angles than that of 
SM-x.

The tensile strength of SM series was lower 
than B or FA, and the decrease in strength 
increased when the SM content increased. 
Hydrogels containing fluorine group appeared 
slightly better protein resistance properties than 
silicone-based hydrogel. The SM-x or FA-x 
shows excellent reactivity in photo-initiated 
radical polymerization in the presence of 
photo-initiator. The rate of polymerization and 
conversions to polymer increased with the 
concentration of Irgacure-651. The reaction 
yield reached 95% within 1 minute. In the 
future, we will try to examine oxygen 
permeability of SM-x or FA-x lens.
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