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Abstract

Two series of multicomponent silicone hydrogels based on poly (ethylene glycol)- polydimethylsiloxane-poly (ethylene glycol)
(PEG-PDMS-PEG) triblock oligomers were prepared by copolymerization of silicon-containing monomers methacrylate-
terminated PEG-PDMS-PEG (MTSM), tris (trimethylsiloxy)-3-methacryloxpropylsilane (TRIS), and hydrophilic monomers
such as N,N-dimethylacrylamide (DMA), N-vinylpyrrolidone (NVP), and hydroxypropyl-methacrylate (HPMA). The influences
of PEG chain length on hydrophilicity, oxygen permeability, and mechanical properties of silicone hydrogels were explored. The
hydrophilic properties of silicone hydrogels were characterized by water contact angle, equilibrium water content, and swelling-
dehydration process. The results showed that the water contact angles of dry samples decreased while the swollen ones increased
with the increase of PEG chain length. The equilibrium water content decreased first and then increased as the length of the PEG
chain increased. The results of swelling and dehydration process showed that PEG chains improved the water-retaining capacity
of silicone hydrogels. Moreover, the protein adsorption of samples with PEG chains decreased. The surface morphologies of
silicone hydrogels were characterized by scanning electron microscope (SEM), and a reconstruction model was proposed. In
addition, the oxygen permeability and mechanical properties of silicone hydrogels also varied with the length of the PEG chain.
These results could provide a theoretical reference for the design and modification of new hydrogels.
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Introduction

Silicone hydrogels are hydrogels that contain silicone polymer
segments [1], and usually obtained by copolymerization of
silicon-containing monomers with hydrophilic monomers
such as N-vinylpyrrolidone (NVP) [2]. Compared with tradi-
tional hydrogels, the major advantages of silicone hydrogels
are their excellent gas permeability, impressive mechanical
property, and good biocompatibility. Silicone hydrogels have
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been used extensively as biomedical materials, such as contact
lenses [3, 4], histological engineering materials [5, 6], and
drug-delivery carriers [7, 8].

Polydimethylsiloxane (PDMS), a kind of silicone rubber
material, is widely used to prepare silicone hydrogels due to
its good oxygen permeability, elasticity, and biocompatibility
[9]. However, PDMS is hydrophobic and has low surface
energy. The siloxane groups tend to accumulate on the surface
of materials in copolymers, which leads to the hydrophobic
surface of silicone hydrogels [10—12]. The hydrophobicity of
silicone hydrogels limits their application in many fields, es-
pecially those where the hydrophilicity is a primary index. For
example, the patients may feel uncomfortable due to the low
hydrophilicity of contact lenses which are made from silicone
hydrogels, and proteins may be adsorbed on the surface of
biomaterials to form thrombosis.

Currently, many studies have focused on how to ameliorate
the hydrophobicity of PDMS and followed by the improve-
ment of the hydrophilicity of silicone hydrogels. Surface plas-
ma treatment is one of the commonly used methods, which
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can introduce hydroxyl and other hydrophilic groups on the
surface of hydrogels to improve their hydrophilicity [13].
However, the diffusion of the unreacted oligomer to the sur-
face will cause hydrophobic recovery. Oxidizing the surface
with UV-ozone is an alternative method [14]. Yilgor et al.
utilized the method to degrade the methyl groups of
silicone-urea materials and a glass-like SiO surface layer
was formed along with some hydrophilic Si-OH groups,
resulting in the decrease of hydrophobicity [15].
Unfortunately, this modification may reduce the mechanical
properties of silicone hydrogels and cause surface cracking.

In addition, introducing hydrophilic segments or monomers
into silicone hydrogels system is a preferable method. One
strategy is to blend hydrophilic polymers directly into silicone
hydrogels matrix to form an interpenetrating network structure
(IPN) [16]. Tang et al. prepared polydimethylsiloxane/2-
hydroxyethyl methacrylate (PDMS/PHEMA) silicone hydrogel
by means of sequential interpenetrating and found that the in-
corporation of PHEMA improved the hydrophilicity effectively
and reduced the protein adsorption of the material [17]. Mark
et al. immobilized hyaluronic acid (HA) in silicone hydrogels
and concluded that physical entrapping of HA was beneficial to
improve hydrophilicity [18]. Another strategy is to copolymer-
ize or graft hydrophilic polymer segments onto PDMS seg-
ments to form block or graft-modified PDMS oligomer, which
is then used to copolymerize with hydrophilic monomers to
form silicon hydrogels. Lin et al. synthesized the PDMS-PEG
copolymer network by chain coupling of hydroxy-terminated
PDMS and PEG. The modification resulted in a decrease of the
static contact angle from 105° of PDMS to 20° of PDMS-PEG
[19]. Yao and Fang added the poly (dimethylsiloxane-ethylene
oxide polymeric) (PDMS-b-PEO) into the PDMS base and the
curing agent to create hydrophilic PDMS-PEO. The contact
angle could be controlled between 21.5 and 81° according to
the change of the mixing ratio [20].

Among these methods, PEG has been explored as a pre-
ferred option to copolymerize with silicone monomers and
modify the surface of silicone, since PEG is not only non-
toxic, biodegradable, biocompatible, and non-antigenic, but
also improves the hydrophilicity of silicone hydrogels [21].
Stefanie et al. grafted PEG on PDMS and obtained an amazing
decrease of contact angle from 120° of bare PDMS to 10° of
PEG-grafted PDMS [22]. Vladkova attached PEG with differ-
ent molecular weight to silicon rubber surfaces and found that
all samples completed 5—12° decrease of contact angle after
being immersed into water for 5—15 min [23]. Cui et al. re-
ported a synthetic hydrogel synthesized by crosslinking PEG
and PDMS and the water content of obtained hydrogels in-
creased with the increase of PEG chains [24]. Moreover, PEG
is also a good solubilizer to modify PDMS molecules directly
which conveniently increases the intermiscibility of hydro-
philic and hydrophobic monomers. Many reports have proved
that PEG improves the hydrophilicity of materials. Metha
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et al. compared the unmodified chitosan with the ones modi-
fied by PEG-PDMS-PEG and found that the water contact
angles of the latter ones were smaller [25]. Fatona et al. also
reported this method as one-step in mold, and considered it an
effective way to render hydrophilicity of PDMS [26].

It is generally known that the composition and length of
segments constituting block copolymers have important effects
on the properties of the polymers. However, few studies are
reported about the effect of chain length of PEG on properties
of silicone hydrogels, especially when PEG chains are present-
ed as a segment of PDMS oligomer. In this work, two series of
silicone hydrogels based on PEG-PDMS-PEG were prepared,
and each series contained 0 g/mol, 200 g/mol, and 600 g/mol
PEG chains respectively. The influences of PEG chain length
on the hydrophilicity of silicone hydrogels were explored by
water contact angle, surface morphology, equilibrium water
content, swelling process, dehydration process, and protein ad-
sorption. In addition, the oxygen permeability and the mechan-
ical behavior of silicone hydrogels were also investigated.

Experimental section
Materials

Hydroxy-terminated poly (ethylene glycol)-polydimethylsi-
loxane—poly (ethylene glycol) triblock copolymers (PEG—
PDMS-PEG) were supplied by TECH Polymer Copolymer,
whose chemical structures were given in Fig. 1 and molecular
compositions were listed in Table 1. Isocyanatoethyl methac-
rylate (IEM) was purchased from Shanghai Ginray Industry.
Tris (trimethylsiloxy)-3-methacryloxpropylsilane (TRIS) was
bought from TCI. N,N-dimethylacetamid (DMA) was ac-
quired from Adamas-beta. N-vinyl-2-pyrrolidone (NVP), 2-
Hydroxypropyl methacrylate (HPMA), crosslinker ethylene
glycol dimethacrylate (EGDMA), photoinitiator
darocure1173 (D-1173), and dibutyltin dilaurate (DBTDL)
were supplied by Aladdin Chemical Reagent. The isopropyl
alcohol (IPA) was purchased from China National
Pharmaceutical Group Corporation. The bovine serum albu-
min (BSA), sodium dodecyl sulfate (SDS), and the
bicinchoninic acid (BCA) kits were purchased from
Beyotime Biotechnology. All other chemicals were purchased
from Sinopharm. All of these materials were used without
further purification.

Preparation of methacrylate-terminated siloxane
macromonomer

Based on Peng’s [27] method and our preceding study [28],
methacrylate-terminated siloxane macromonomer (MTSM)
was prepared. PEG-PDMS-PEG and IEM were used and the
mole ratio was 1:2. Dichloromethane (DCM) and DBTDL
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were selected as solvent and catalyst respectively. The reac-
tants were mixed and agitated at 35 °C for 24 h for complete
reaction, which can be confirmed by the disappearance of the
characteristic peak of the isocyanate group (-NCO) at
2272 em ' in FTIR spectrum of the solution at the end
(24 h) of the reaction. (Figure S1, Supporting Information)
Subsequently, the catalyst and the unreacted monomers were
removed by petroleum ether extraction and MTSM was
gained by evaporating under subatmospheric pressure. The
chemical structure of MTSM was given in Fig. 1 and was
demonstrated by the appearance of new characteristic peaks
of methacrylate group termination (§ = 5.52 ppm (s, C=CH,),
0 =6.05 ppm (s, C=CH,), (§ =4.14 ppm (¢, N-CH,)) in the
"H-NMR spectra. (Figure S2, Supporting Information) Other
monomers, crosslinker, and photoinitiator used in this work
were also included in Fig. 1.

Table 1 Abbreviation and molecular weight of PEG-PDMS-PEG
Abbreviation a value! b value! M,? PDI?
0-1 K-0 12 1200 1.7
200-1 K-200 12 5 1600 1.6
600-1 K-600 12 14 2400 1.3
0-4 K-0 52 3900 1.9
200-4 K-200 52 5 4400 2.0
600-4 K-600 52 14 5100 2.1

! The values of a and b obtained from the manufacturer

2 The molecular weight of PEG-PDMS-PEG obtained from gel perme-
ation chromatography (GPC) results

Preparation of silicone hydrogels

The multicomponent silicone hydrogels were manufactured ac-
cording to our previous work [28]. The silicon-containing
monomers (MTSM, TRIS) and hydrophilic monomers (NVP,
HPMA, and DMA) were successively added to the beaker,
followed by D-1173 as photoinitiator and EGDMA as
crosslinking agent. In the two series, the concentrations of D-
1173 and EGDMA are constants, both are 0.5 wt%. Lastly, the
IPA was added to form a transparent mixed solution. After
blending, the mixtures were dripped into the dual-layer poly-
propylene molds and photopolymerized under 360 nm ultravi-
olet light at 13 mW/cm” for 45 min. After the molds were
cooled to room temperature, the copolymer membrane was
taken out and washed with ethanol to remove the unreacted
monomer and then transferred to distilled water to replace the
ethanol. Finally, a transparent silicone hydrogel had been suc-
cessively prepared. The copolymerization formulations are giv-
en in Table 2. The silicone hydrogel samples made from PEG-
PDMS-PEG with molecular weights of 0-1 K-0, 200-1 K-200,
600-1 K-600, 0-4 K-0, 200-4 K-200, and 600-4 K-600 are
labeled as S(0-1 K-0), S(200-1 K-200), S(600-1 K-600), S(0-
4 K-0), S(200-4 K-200), and S(600-4 K-600), respectively.

Characterization
Measurement of contact angle Static water contact angles

were measured via the sessile drop method using an optical
contact angle goniometer (JY-401). The contact angles were
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Table 2 Copolymerization

formulations of silicone Sample-MW of MTSM TRIS NVP HPMA DMA IPA EG unit'

hydrogels with different MTSM (mol) (mol) (mol) (mol) (mol) (mol) (mol)%*

MTSM monomers
S(0-1 K-0) 1.9 28.8 17.6 18.4 21.7 11.6 0.0
S(200-1 K-200) 1.9 28.8 17.6 18.4 21.7 11.6 14.8
S(600-1 K-600) 1.9 28.8 17.6 18.4 21.7 11.6 32.7
S(0-4 K-0) 0.9 29.2 17.8 18.6 21.9 11.6 0.0
S(200-4 K-200) 0.9 29.2 17.8 18.6 21.9 11.6 6.3
S(600-4 K-600) 0.9 29.2 17.8 18.6 21.9 11.6 15.8

"EG unit referred to -CH,CH,O-, which was the basic component of PEG

2 mol% of EG unit= MTSM x 2 x b/ [MTSM X (a + 2b) + TRIS+NVP + HPMA+DMA]. The values of @ and b in
the calculation formula were given in Table 1

tested for a minimum of three identical operations by dropping
5 pL water onto the random position of the sample with a
microinjector. The data obtained were expressed as the mean
+ standard deviation.

Measurement of surface morphology The surface morpholo-
gy was measured by a scanning electron microscopy (SEM,
FEI Inspect F50). The samples were cut into strips and then
fixed on the sample table with conductive copper glue.
Afterwards, the samples were sprayed with gold before being
put into the sample chute for testing.

Measurement of equilibrium water content The obtained
membrane was dried to constant weight in a vacuum oven at
90 °C, and the dry weight W, was accurately measured. Then
the membrane was immersed in water for 24 h to hydrate
sufficiently. The wet weight W, was measured after wiping
the water on the surface of swollen hydrogels with filter paper.
EWC was calculated by Eq. (1).

W—W,

s

EWC = x 100% (1)

Measurement of swelling and dehydration process The swell-
ing and dehydration performance were measured by weight.
For the swelling process, the weights of dry samples were
measured as W, before they were immersed in water. Then,
at regular intervals, the samples were taken out of the water
and their weights W, were measured after wiping the water on
the surface of samples by filter paper. Afterwards, the samples
were replaced into the water. The steps were repeated until
silicone hydrogels reached equilibrium in the water. The water
content (WC) was calculated by Eq. (2).
WC = WieWa x 100% (2)
W,

For the dehydration process, the test was carried out in a
windless room with a temperature of 23-25 °C, and a relative
humidity of 72—75%. The saturated swelling samples were
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taken out of the water and wiped by filter paper quickly. The
initial water mass was recorded as M,,.. Then, the samples
were put into analytical balance. Their weights were recorded
to calculate the mass of the lost water called M, every once in a
while until the value remained unchanged. The dehydration
process of silicone hydrogels is shown in Eq. (3). In Eq. (3), &
is the constant of dehydration rate and # is the dynamic series
which determines the dehydration mechanism.

M,
M()C

=Ky ©)

Measurement of protein adsorption Protein adsorption was
determined by a static protein adsorption method with
Synergy HT microplate analyzer (Bio-Tek). The BSA solution
and SBS solution were prepared with phosphate buffer saline
(PBS) solution whose pH was about 7.4. The concentrations
of the BSA and SBS solutions were 5 mg/mL and 1 wt%
respectively. Silicone hydrogel samples were transferred from
the PBS solution to a vial containing 3 mL BSA solution and
were incubated at 37 °C for 24 h. After the incubation, the
samples were immersed twice in a fresh PBS buffer solution
for 30 min each time to wash away the unadsorbed protein.
Finally, the samples were transferred to a vial containing 3 mL
SDS solution and shaken at 37 °C for 4 h to fully elute the
unadsorbed protein, which was the protein solution to be test-
ed. Meanwhile, the BCA working solution was prepared. The
BCA solution and the protein solution were dropped into a 96-
well plate at a volume ratio of 10:1 and incubated at 60 °C for
30 min to accelerate the color development. The incubated
samples were measured with a microplate analyzer by refer-
ring the standard curve at 562 nm. Five sets of equilibrium
groups were taken for each hydrogel sample.

Measurement of oxygen permeability coefficient The oxygen
permeability coefficient (Dk) of silicone hydrogels was evalu-
ated by the polarographic method. The oxygen permeation an-
alyzer (Createch 201T Oxygen Permeameter) was used. During
the test, the temperature and the moisture content of the
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atmosphere should be controlled at 35+ 5 °C and 95%, respec-
tively. The center thicknesses of samples after fully absorbing
water were measured. Then these samples were put on the
electrode to get the electric current values. Finally, a function
curve of the center thickness-electric current value was made,
and the reciprocal of the slope of this curve was the Dk value.
The measured values of oxygen permeability were expressed in
terms of barrer, which represented the volume of oxygen trans-
mitted. (1 barrer=10""" (cm® x cm)/(cm® x s x cmHg)).

Measurement of mechanical properties The mechanical prop-
erties of resulting silicone hydrogels were evaluated by using
the electronic tensile machine (PC-XLW(L)) with a crosshead
speed of 50 mm/min at room temperature. The copolymer
membranes were circular shapes with fixed diameter (2 cm)
and thickness (0.3 mm).

Results and discussion

To clarify the influences of molecular weight of PEG on the
properties of silicone hydrogels, two series of silicone
hydrogels with 1000 g/mol PDMS and 4000 g/mol PDMS
respectively were successfully prepared, which could be proved
by the existence of characteristic peaks originated from silicon-
containing and hydrophilic monomers (Si—CH3 bending vibra-
tion at 1260 cm ™", Si~O-Si stretch vibration at 1100 cm ™", Si-
CHj stretching vibration at 800 cmfl, C=0 stretching vibration
at 1720 cm ") and the disappearance of C=C characteristic peak
at 1630 cm ™' in the ATR-FTIR spectrum of the prepared mem-
brane. (Figure S3, Supporting Information). And each series
included three different PEG chain length, which were 0 g/
mol, 200 g/mol, and 600 g/mol. The silicone hydrogels all have
good thermal stability. (Figure S4, Supporting Information). In
these multicomponent copolymers, all components were con-
sistent except for siloxane macromolecule MTSM.
Furthermore, the effect of the methacrylate terminal groups on
the properties of silicone hydrogels can be ignored, because the
molecular weight of methacrylate terminal groups is negligible
compared with that of the PEG-PDMS-PEG chains. Therefore,
the difference of hydrogel properties was mainly attributed to
PEG and PDMS segments. The hydrophilicity of silicone
hydrogels was characterized by contact angle, equilibrium wa-
ter content, and swelling-dehydration process, including protein
adsorption. The results of oxygen permeability and mechanical
properties were also analyzed.

Water contact angle of silicone hydrogels

The water contact angle is an important parameter to measure
the wettability of a material [29]. The images and values of
contact angles of silicone hydrogel samples in dry and swollen
states were shown in Fig. 2. Two series of silicone hydrogels

showed analogous trends of variation. With the increase of
PEG chain length, the water contact angle of the dry samples
decreased, while that of the swollen samples increased.
Moreover, the difference value between dry and swollen states
increased as the chain length of PEG increased. In order to
explore the cause for this interesting phenomenon, the surface
morphologies of dry samples were characterized.

Surface morphology of silicone hydrogels

The surface morphologies of dry silicone hydrogels were ob-
served by SEM and the results were shown in Fig. 3. Whether
the PDMS chains were 1000 g/mol or 4000 g/mol, the varia-
tion tendencies of the surface of silicone hydrogel samples
were similar. PEG chains can increase the flatness of silicone
hydrogels. The silicone hydrogels without PEG chains pre-
sented a plicated surface morphology, as shown in Fig. 3(a)
and (d). As the PEG chain length increased, the surface of the
samples became smoother, as shown in Fig. 3(b) and (e). The
effect of PEG chains on silicone hydrogel surface was more
obvious when the PEG chain length was 600 g/mol, which
presented almost homogeneous and flat surface in Fig. 3(c)
and (f). The different surface morphologies of silicone
hydrogels with different PEG chain length may be attributable
to several factors. Firstly, due to the amphipathy of PEG
chains, the intermiscibility between MTSM with longer PEG
chains and hydrophilic monomers was better than the ones
with none or shorter PEG chains, which was beneficial to form
a homogeneous prepolymer. Secondly, the PEG chains of
MTSM interfered with the aggregation of PDMS chains and
decreased the size of the silicone phase, and so as decreased
the roughness of surface. In addition, during the preparation,
some PEG chains occupied surface sites and decreased the
silicone content on the surface, which also made contributions
to reduce the roughness.

Actually, the surface morphology has a significant influ-
ence on the hydrophilicity of materials [30]. With the rough-
ness of the surface increasing, the hydrophilic and hydropho-
bic membranes will be more hydrophilic and hydrophobic
respectively [31]. Since the surfaces of silicone hydrogels
were hydrophobic in dry state, the flat surface increased the
hydrophilicity. Therefore, the water contact angle of dry sam-
ples decreased when the PEG chain length increased.

According to the previous work, if the silicone hydrogels
were immersed in water, PEG and PDMS chains would re-
construct over time [32]. In order to explain the reasons for the
increase of water contact angle in swollen state, a model of
reconstruction was proposed as shown in Fig. 4. Compared
with the dry samples, the swollen ones had looser network and
the chains stretched further. As shown in Fig. 4(b) and (c), the
PEG chains occupied some surface sites in dry states. During
the swelling process, the surface reconstruction occurred be-
cause of the low surface energy of PDMS chains. The PEG
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Fig. 2 Water contact angle of ample
silicone hydrogels in dry and 0 (°) S(0-1K-0) | S(200-1K-200)( S(600-1K-600)| S(0-4K-0) |S(200-4K-200) |S(600-4K-600)
swollen states State
i _ﬂ_ A .‘. ‘ .‘
e 1 =
102.0+1.3 87.2+26 849+ 1.8 91.7+ 1.6 88.4+ 1.7 82.8+23
Swollen
100.8 +2.3 107.1+1.2 1104+ 0.7 103.6 +2.9 111.8+0.9 1132417

chains on the surface in dry state transferred into the network
while the PDMS chains transferred to the surface, as shown in
Fig. 4(e) and (f), resulting in a more hydrophobic surface.
Besides, in the formula of these samples, the mole number
of every monomer was constant in each series, which meant
that the mol% of hydrophilic monomers decreased while the
number of EG unit increased in silicone hydrogels which
contained long PEG chains. Meanwhile, the hydrophilcity of
hydrophilic monomers is better than that of PEG chains, and
the longer PEG chains are more flexible and more conducive
to the transfer of PDMS chains to the surface. Therefore, the
swollen silicone hydrogels with long PEG chains have larger
contact angles than the ones with short or none PEG chains.

Equilibrium water content of silicone hydrogels

The hydrophilicity was also measured by equilibrium water
content, and the results were shown in Fig. 5. The trends of the
two series were similar. The samples free from PEG chains
and containing 600 g/mol PEG had higher water content than

Fig. 3 SEM graphs of silicone
hydrogels in dry states.

a S(0-1 K-0), (b) S(200-1 K-200),
(¢) S(600-1 K-600),

(d) S(0-4 k-0),

(e) S(200-4 K-200),

(f) S(600-4 K-600)

@ Springer

the ones with 200 g/mol PEG. The mole number of every
monomer was same in each series of samples. Among these
monomers, hydrophilic fraction, including hydrophilic units
(EG) and hydrophilic monomers (NVP, HPMA, DMA), con-
tributed greatly to the equilibrium water content. There was a
difference in water-absorbing capacity between EG and hy-
drophilic monomers due to different molecular structure.
Besides, MTSM had two methacrylate terminal groups that
could act as cross-linkers. Therefore, the crosslinking density
of silicone hydrogels decreased along with the PEG chain
length increasing. In the two series, NVP, HPMA, DMA were
considered as a whole due to the fixed molar ratio and the
same changing trend. As shown in Table 2, the mol% of EG
increased with the increase of PEG chain length and it could
be deduced that the mol% of hydrophilic monomers decreased
due to the increasing total mole number. In brief, there was an
inverse correlation between the mol% of EG and hydrophilic
monomers. Therefore, S(0-1 K-0) and S(0-4 K-0) contained
most hydrophilic monomers as the content of EG unit was the
least. And these monomers had a great water-absorbing
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capacity, which led to higher water content. The hydrophilic
monomers of S(200-1 K-200) and S(200-4 K-200) were fewer
than that of S(0-1 K-0) and S(0-4 K-0), while they contained
200 g/mol PEG chains. The water-absorbing capacity of short
PEG chains is inferior to the ones of reduced hydrophilic
monomers, which may lead to a decrease of equilibrium water
content. As expected, there was a decrease in each series when
the silicone hydrogels contained 200 g/mol PEG chain. S(600-
1 K-600) and S(600-4 K-600) had higher water content. This
may result from a higher water-absorbing capacity of longer
PEG chains and a lower crosslinking density of the network,
although the hydrophilic monomers were least corresponding
to the highest mol% of EG unit in respective series.

These results showed that PEG chain length, the content of
hydrophilic monomers, and crosslinking density in the copol-
ymer synergistically affected the water-absorbing capacity of
the silicone hydrogel. In order to study the relationship be-
tween PEG chain length and hydrophilicity of silicone
hydrogels comprehensively, more details about the swelling
and dehydration process were explored.

30
28}
26

24}

EWC %

22t

——PDMS-1K
—— PDMS-4K

20

18

0 100 200 300 400 500 600
PEG molecular weight (g/mol)

Fig. 5 Equilibrium water content of silicone hydrogels

internal PEG; we external PDMS;  # external PEG

Swelling process of silicone hydrogels

Except for the ultimate water content, the swelling property of
silicone hydrogels also changed according to the PEG chain
length. The swelling period shortened with the increase of
PEG chain length, as shown in Fig. 6. S(0-1 K-0), S(200-
1 K-200), and S(600-1 K-600) took 38 min, 21 min, and
16 min to get equilibrium in water respectively. The decreas-
ing trend was similar to the other series whose PDMS chain
was 4000 g/mol. S(0-4 K-0), S(200-4 K-200), and S(600-4 K-
600) took 120 min, 43 min, and 20 min to get equilibrium in
water respectively.

PEG chains made significant contributions to shorten
the swelling period of silicone hydrogels. This result
was in accordance with that of Zhang’s [33]. PEG
chains contained a high density of hydroxy, which had
strong hydrogen bond interaction with water molecules,
resulting in a short swelling period. Longer PEG chains
contained more hydroxy and shortened the swelling pe-
riod further more.

30t

=25 —
S
E 20
E 15 ——S(0-1K-0)
3 —e—S(200-1K-200)
810 —— S(600-1K-600)
§ —— S(0-4K-0)

5 —— $(200-4K-200)

0 —— S(600-4K-600)

0 25 50 75 100 125 150 175 200
Time (min)

Fig. 6 Swelling process of silicone hydrogels
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Dehydration process of silicone hydrogels

The series of silicone hydrogels with 1000 g/mol PDMS
chains was measured as representative to explore the effect
of PEG chain length on dehydration process. The relationship
between M/M,,. and ¢ or £ is shown in Fig. 7. It can be seen
from Fig. 7(a), during the first period, M,/M,,. and ¢ presented a
linear relationship, which meant that the dehydration process
depended on the evaporation of water on the surface of sam-
ples. During this period, the dehydration rate was independent
of the equilibrium water content of the hydrogel. S(0-1 K-0),
S(200-1 K-200), and S(600-1 K-600) spent 20 min, 22 min,
and 24 min for evaporation period respectively. After the wa-
ter on the surface evaporating completely, the dehydration
process turned into the second period, during which M,/M,,.
and "7 had a linear relationship, as shown in Fig. 7(b). This
period relied on the diffusion of inner water to the surface. The
second period lasted longer with the PEG chain length in-
creasing. S(0-1 K-0), S(200-1 K-200), and S(600-1 K-600)
spent 10 min, 16 min, and 25 min for diffusion period respec-
tively. Comparing the swelling and dehydration process of
silicone hydrogels with different PEG chain length, it was
concluded that longer PEG chains gave silicone hydrogels
better ability to retain water, which also increased hydrophi-
licity of silicone hydrogels.

Protein adsorption of silicone hydrogels

Protein adsorption is an important index of silicone hydrogels
especially when used as biomaterials. In this work, the BSA
was used as the model protein and the samples with 4000 g/
mol PDMS chains were measured as a representative to study
the effect of PEG chains on protein adsorption of silicone
hydrogels. The results are presented in Fig. 8. Protein adsorp-
tion of swollen S(0-4 K-0), S(200-4 K-200), and S(600-4 K-
600) were 0.31 mg/em?, 0.16 mg/cm?, and 0.23 mg/cm? re-
spectively, which indicated that the samples with PEG chains
had lower protein adsorption.

Previous studies have shown that PEG segments could in-
hibit protein adsorptions of materials [34]. Besides, the surface

chemical structure and surface morphology of materials also
affect the protein adsorption [35, 36]. For the sample S(0-4 K-
0), the surface was rough and had no PEG segments, resulting
in the highest protein adsorption. According to the SEM re-
sults and reconstruction model above, with the increase of
PEG chains, the surfaces of silicone hydrogels became
smoother and some PEG segments occupied the surface sites,
which decreased the protein adsorption. During the surface
reconstruction, the longer PEG chains were more flexible,
which facilitated the transfer of PDMS segments to the sur-
face, resulting in less PEG segments on the surface of S(600-
4 K-600) than that of S(200-4 K-200). Therefore, the surface
protein adsorption of S(600-4 K-600) was slightly higher than
that of S(200-4 K-200). This result was consistent with that of
the contact angle.

Oxygen permeability of silicone hydrogels

The Dk values of swollen samples are shown in Fig. 9. The
silicone hydrogels with 4000 g/mol PDMS had better capabil-
ity for oxygen transferring than the ones with 1000 g/mol
PDMS. Although the siloxane repeat units were of same
amount in each series, oxygen permeability presented a de-
creasing trend as the PEG chain length increased. Because the
loose structure of silicone can provide more free volume for
the transfer of gas molecules, the silicone component has an
extremely high permeability to oxygen [37] and the high ox-
ygen permeability of silicone hydrogels mainly depended on
the silicone component. The silicone hydrogels with 4000 g/
mol PDMS contained more siloxane repeat units, resulting in
higher Dk values.

Due to the poor compatibility between silicon-containing
monomers and hydrophilic monomers, microphase separation
structures were usually formed in multicomponent silicone
hydrogels [38]. The better continuity of silicon phase was
more beneficial to oxygen penetration. The PEG chains in-
creased the compatibility of silicon-containing monomers
with hydrophilic monomers, which may be hindered the for-
mation of continuous silicon phase and leaded to the slight
decrease of Dk value.

Fig. 7 Dehydration process of | |
silicone hydrogels L0 (a) . 1.0 (b)
0.8F o-o-® 0.8}
Q g ‘A—A
=) L L
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=04} § 0.4}
02f —=S(0-1K-0) 0.2t —=—S(0-1K-0)
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Fig. 8 The protein adsorption of silicone hydrogels with different PEG
chain length

Mechanical properties of silicone hydrogels

There are several different indicators for evaluating the me-
chanical properties of a material. The elongation is positively
correlated with the tensile properties, so is the tensile strength
with the maximum resistance to damage. Meanwhile, the
smaller modulus of elasticity reflects the better flexibility of
the material. Figure 10 showed the relationship of PEG chain
length with elongation, modulus, and tensile strength of sili-
cone hydrogels. Both series of silicone hydrogels presented a
decreasing trend of mechanical properties with the increase of
PEG chain length.

In the previous work, PEG chains can improve the mechan-
ical properties of materials if they form crystalline region in
silicone hydrogels [39]. However, no crystalline region is
found in these samples, so PEG chains are also “soft part” of
the material, resulting in the decrease of the hardness of sili-
cone hydrogels. Therefore, the moduli of silicone hydrogels
decreased when the PEG chain became longer. Moreover,
with the increase of PEG chain length, the crosslinking den-
sity of samples decreased, and this maybe the other reason for
the decrease of elongation and tensile strength.

90

5

70}

<

S

=60} —— PDMS-1K

—— PDMS-4K

50 B }\‘\.
40 L—

0 100 200 300 400 500 600
PEG molecular weight (g/mol)

Fig. 9 Oxygen permeability of silicone hydrogels in swollen state
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Fig. 10 a Elongation, (b) modulus, and (c) tensile strength of silicone
hydrogels in swollen state

Conclusions

Two series of silicone hydrogels containing different PEG chain
length were synthesized through copolymerization of silicon-
containing and hydrophilic monomers. As the PEG segment
increased, water contact angles of dry samples presented a de-
creasing trend while the ones of swollen samples presented an
increasing trend. The surface morphology showed that the flat-
ness of surface increased with the PEG chain length increasing.
The increasing flatness of surface and wettable PEG segment
resulted in the decrease of contact angle in the dry state. A
reconstruction model of swollen samples was proposed, and
explained that PDMS and PEG chains reconstructed during
the swelling process, resulting in a hydrophobic recovery of

@ Springer
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surface and the increasing water contact angle of swollen sam-
ples. The equilibrium water content of silicone hydrogels
depended on the synergy of PEG chain length, hydrophilic
monomer content, and crosslinking density in the copolymer.
The samples with 600 g/mol PEG chains had higher water
content. Swelling and dehydration process indicated that longer
PEG chain length improved the water-absorbing ability of sil-
icone hydrogels. PEG chains inhibited the protein adsorption
because the surfaces of silicone hydrogels became smoother
and some PEG segments occupied surface sites. The oxygen
permeability presented a slight decrease as the PEG chain
length increased. In addition, the mechanical properties of sili-
cone hydrogels decreased due to the soft PEG chains.
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