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Crystalline films of syndiotactic polystyrene (s-PS), a commercially available thermoplastic polymer, hav-
ing a highly hydrophilic amorphous phase, were achieved by using a mild solid-state sulfonation proce-
dure. Despite the used mild process conditions, an easy and uniform sulfonation of the phenyl rings of the
amorphous phase is obtained. The crystallinity of the polymer was not affect by the sulfonation degree
(S), at least at S less than 20%, and the obtained polymer films show the nanoporous crystalline form
of s-PS. As widely reported in literature, the nanoporous nature of the polymer crystalline phase gives
to these materials the ability to absorb and release organic molecules of appropriate size and polarity.
This property, coupled to transparency, makes these materials potentially useful intraocular lens (IOLs)
and contact lens applications. Sulfonation procedure and sulfonated film samples characterization by
using wide-angle X-ray diffraction (WAXD), Fourier-transform infrared (FTIR) and ultraviolet-visible
(UV-vis) spectroscopy techniques and water sorption tests were reported. Furthermore, the biocompat-
ibility study demonstrated no cytotoxicity and appropriate cell interaction properties for the specific
applications.
� 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the last centenary the field of contact lens materials has been
continuously evolving. The technology of vision correction uses a
lens in intimate contact with the cornea which is anterior part of
the eye shell (Lepore et al., 2002). The cornea is a multilayer tissue
with a high water content (65–75%) whose structure is complex
and mechanical properties are mainly correlated to collagen fibrils
tridimensional distribution. In this context, the ocular environ-
ment places high demands on the performance of contact lenses
as biomaterials. Therefore, biomaterial science has led to the
development of a variety of intraocular lens (IOLs) and contact
lenses biomaterials (Chehade and Elder, 1997; Kodjikian et al.,
2004; Nicolson and Vogt, 2001). Main chemical-physical character-
istics of these materials are optical transmittance, dimensional sta-
bility and chemical stability. Moreover, materials used in
ophthalmic devices have to be non-toxic, biocompatible and anti-
adhesive to avoid the lens opacification due to the adhesion, prolif-
eration and migration of cells.

Recently, novel anti-adhesive materials have been developed to
reduce the collateral effects due to cell-material interaction with-
out affect optical properties (Lee et al., 2007). Hydrogel, soft acrylic
and silicone IOLs have gradually displaced poly(methyl methacry-
late) (PMMA) lenses. Silicone has the lowest threshold for YAG
laser damage of all IOLs materials but, due to its hydrophobic sur-
face, it gives a high risk of cellular reactions. Hydrogel lenses are
very biocompatible and resistant to YAG laser, but pigment
adheres to their surface. Soft acrylic IOLs unfold slowly, resulting
in controlled insertion, but it is possible to crack the lens
or develop glistenings due to water accumulation. s-PS is a
commercial thermoplastic semicrystalline polymer presenting
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high robustness, durability, and low cost associated with easy pro-
cessing. The mild conditions of the used sulfonation procedure
(Borriello et al., 2009; Venditto et al., 2015), allow to selectively
sulfonate only amorphous phase of s-PS leaving intact the crys-
talline phase. At the end of the sulfonation procedure, the polymer
is in the nanoporous crystalline phase, which inside the crystal lat-
tice presents empty spaces distributed in all identical cavities of
nanometric dimensions (micropores, according to IUPAC classifica-
tion). It is well known that s-PS nanoporous crystal forms, named d
(De Rosa et al., 1997) and e (Petraccone et al., 2008), are able to
absorb organic molecules of appropriate size and polarity, even if
present in traces in air or water (Daniel et al., 2011, 2013a,
2013b; Guerra et al., 2012; Manfredi et al., 1997; Mensitieri
et al., 2008). Moreover, the capacity of the s-PS nanoporous crystal
d form to release previously absorbed guests has been extensively
studied, for gases (e.g., CO2, ethylene, propene, and butadiene)
(Albunia et al., 2012; Annunziata et al., 2006) and organic mole-
cules (e.g., 1,2-dichloroethylene, carvacrol) (Albunia et al., 2014;
Venditto et al., 2006).

In this work we summarize the preliminary characterization
results on a new hydrophilic-hydrophobic membrane as potential
IOLs and contact lenses material based on semicrystalline s-PS film
having sulfonated amorphous phase.
2. Materials and methods

2.1. Materials

The s-PS used in this study was manufactured by Dow Chemical
Company under the trademark Questra 101. The 13C-NMR charac-
terization showed that the content of syndiotactic triads was over
98%. The weight-average molar mass obtained by gel permeation
chromatography (GPC) in 1,3,5-trichlorobenzene at 135 �C
was found to be Mw = 3.2105 with the polydispersity index
Mw/Mn = 3.9 (Rizzo et al., 2002a).

All films considered in this paper have been obtained by casting
from 0.5 wt% solutions, at room temperature from chloroform
(Rizzo et al., 2002b). The films present uniplanar orientation of
crystalline phases and thickness in the 30–70 lm range.

2.2. Sulfonation procedure

The sulfonation reagent was prepared by mixing an excess of
lauric acid with chlorosulfonic acid (ClSO3H) at room temperature,
for 24 h:

CH3ðCH2Þ10COOHþ ClSO3H ! CH3ðCH2Þ10COOSO3HþHCl

In detail, 1.6 mol of lauric acid (Aldrich, �98%) was used per
1.0 mol of ClSO3H (Sigma-Aldrich, 99%). The sulfonating solution
was obtained by mixing 40 ml di CHCl3 (Aldrich, 99%) and 4.2 g
of the solution containing the acyl sulfate sulfonating reagent.
The polymer sulfonation was performed by soaking s-PS films in
the sulfonating solution, at temperature of 40 �C, for times from
2 to 24 h. The sulfonated films (Ss-PS) have been purified by possi-
ble residuals of the sulfonation process by washing with ethanol
and CHCl3, and then the solvents were extracted with carbon diox-
ide in supercritical conditions. The extractions were performed by
using a SFX 200 supercritical carbon dioxide extractor (ISCO Inc.)
using the following conditions: T = 40 �C, P = 200 bar, extraction
time t = 180 min. As well established in the literature, (Ma et al.,
2005; Reverchon et al., 1999) this procedure leads to d form of s-PS.

The S has been evaluated by elemental analysis on the whole
semicrystalline samples, by using a Flash EA 1112 analyzer from
Thermo Fisher Scientific, and is reported as molar fraction of sul-
fonated monomeric units:
S ¼ ½ðsulfur moles by elemental analysisÞ=
ðmoles of polymer styrenic unitsÞ� � 100

The membrane were examined with a scanning electron micro-
scope (SEM) (Leica Cambridge Stereoscan S440) coupled with a
probe for energy-dispersive scanning (EDS) to evaluate the S at dif-
ferent depths of films Ss-PS throughout the sample thickness. The
membranes were cryogenically fractured in liquid N2 and silver
coated prior to EDS analysis. For the EDS calibration, the following
standards were used: CaCO3 (carbon standard), SiO2 (oxygen stan-
dard), FeS2 (sulfur standard). The EDS was performed with a beam
current of 100 pA and a 20 kV acceleration voltage. As expected,
only the peaks of S, C, O and Ag atoms, the latter being used as a
coating element, were observed in this range of energy. The
observed peaks do not have any overlaps between them. The sulfur
percentage present on sample surfaces was evaluated by compar-
ing the S and C content and using a relationship similar to that
shown above.

2.3. Characterization methods

2.3.1. Wide-angle X-ray diffraction
Wide-angle X-ray diffraction (WAXD) patterns were obtained

with an automatic Theta-Theta Bruker D8 Advance powder diffrac-
tometer, equipped with a Vantec PSD (multi strip position sensi-
tive) detector, by using a nickel filtered CuKa radiation
(k = 1.5418 Å). Measurements were made in reflection, on films
horizontally mounted on sample holder, in the range 2h = 4–40�,
by using 1� soller slits both on incident and diffracted beams.
The correlation length of the crystalline domains, perpendicular
to the (010) crystal planes was evaluated using the Scherrer
formula

Dhkl ¼ 0:9k=ðbhkl cos hhklÞ
where bhkl is the full width at half-maximum expressed in radiant
units, k is the wavelength, and hhkl the diffraction angle.

2.3.2. FT-IR spectroscopy
Infrared spectra were obtained at a resolution of 2.0 cm�1 by a

Tensor 27 Brucker spectrometer equipped with deuterated trigly-
cine sulphate (DTGS) detector and a Ge/KBr beam splitter. The fre-
quency scale was internally calibrated at 0.01 cm�1 using a He-Ne
laser. Measurements were made in transmission on dry films ver-
tically mounted on sample holder, and 16 scans were signal aver-
aged in order to reduce the signal-to-noise ratio. The degree of
crystallinity (Xc) has been evaluated by the FT-IR spectral subtrac-
tion procedure, as described by Musto et al. (1997). In detail, the
spectrum of a fully amorphous s-PS film was subtracted to the
spectra of semicrystalline samples ensuring that the 1379 cm�1

peak, related to only the amorphous phase, was reduced close to
the baseline (Albunia et al., 2006).

2.3.3. Water sorption measurements
The water content for Ss-PS with different S was measured as

follows: the dried polymer film was immersed in distilled water
at room temperature, for 24 h. The excess water on the surface of
the swollen hydrogel was gently removed with a filter paper before
to measure its weight, and the water content in the film was deter-
mined from an increase in the film weight. The water content
responsible for the swelling of the film is expressed from following
equation:

Water content ð%Þ ¼ Wwet �Wdry

Wwet
� 100

where Wwet and Wdry are the weights of the wet and dry samples,
respectively.
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The water vapor sorption of Ss-PS films was investigated by a
Q5000 SA thermogravimetric analyzer from TA Instruments, con-
taining a microbalance in which the sample and reference were
enclosed in a humidity and temperature controlled chamber. The
microbalance is able to operate in the temperature range of 5–
85 �C, controlling the relative humidity (RH) anywhere in the 0–
98% range. The temperature was controlled by Peltier elements
and was therefore easily varied. Dried N2 gas flow (200 mL min�1)
was split into two parts, of which one part was wetted by passing it
through a water-saturated chamber. In the following, water vapor
activity was expressed as p/p0 ratio (assuming ideal gas behavior
for the vapor phase and for the gas mixture, where p is the partial
water vapor pressure and p0 is the water vapor equilibrium pres-
sure at the same temperature) and it so identified with the RH.
The water vapor measurements of the samples were carried out
at 30, 35, 40, 50 and 70 �C in the activity range of about 0–0.9.
2.3.4. UV-vis absorption
The optical transparency of the Ss-PS film was examined using

UV-vis Agilent Technologies Cary 60 spectrophotometer. The sam-
ple was prepared by solvent evaporation method and immersed in
distill water for 24 h to reach swelling equilibrium. The measure-
ment was performed from 200 to 900 nm wavelength at room
temperature.
2.4. Biological experiments

2.4.1. Cell culture
Mouse embryo fibroblast NIH3T3 were maintained at 37 �C and

5% CO2 on Dubecco’s modified Eagle medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS, BioWhittaker) Wak-
ersville, MD), 2 mM 1-glutamine (Sigma, St. Louis, MO),
1000 U L�1 penicillin (Sigma, St. Louis, MO) and 100 mg L�1 strep-
tomycin (Sigma, St. Louis, MO).
Fig. 1. SEMmicrograph of a nanoporous Ss-PS film section. Black dots indicate the S
valued by EDS analysis.
2.4.2. Cell adhesion and cytotoxicity experiments
For cell adhesion experiments, 1�105 NIH3T3 cells were seeded

on polystyrene plates (control) and on Ss-PS film, pre-incubated in
serum free medium for 6 h, to avoid unspecific cell adhesion
depending on serum protein adsorption, and then incubated in
DMEM-10% FBS for the analysis. Cell distribution on polymer
plates was evaluated by optical microscope observation by Optical
microscope Olympus BX-51 M and the acquisition of images were
made by Extended Focus Image (EFI) software.

Cell viability and proliferation were evaluated by using the Ala-
mar Blue assay. For each plate of s-PS and Ss-PS, 2 mL of DMEM
mediumwithout Phenol Red (HyClone, UK) containing 10% v/v Ala-
mar Blue (AbD Serotec Ltd, UK) were added, followed by incuba-
tion at 37 �C and 5% CO2 for 4 h. The solution was subsequently
removed from the plates and analyzed by a Spectrophotometer
(multilabel counter, 1420 Victor, Perkin Elmer, Italy) at wavelength
of 570 and 600 nm. The number of viable cells was calculated by
the fluorescence values measured. Statistical analysis was carried
out using one-way ANOVA at the significance level p < 0.05.
Fig. 2. WAXD patterns (CuK radiation) of Ss-PS films with S = 0 (A), S = 6% (B) and
S = 17% (C).
3. Results and discussion

3.1. Ss-PS films: structural and morphological properties

The solid state sulfonation procedure on semi-crystalline s-PS
films was described for the first time by us (Borriello et al.,
2009). This procedure selectively acts on the phenyl rings of the
polymer amorphous phase, leaving the crystalline phase substan-
tially unchanged. In addition, it provides a uniform distribution
of the sulfonic groups throughout the film thickness, as shown in
Fig. 1.

It has been hypothesized that highly permeable nanoporous
crystal forms of s-PS, plasticized by the chloroform used in the sul-
fonation, allow rapid and uniform diffusion of sulfonating reagents
inside the films and as a consequence uniform sulfonic groups dis-
tribution (Borriello et al., 2009).

In Fig. 2, the WAXD pattern of unsulfonated s-PS casting film
(pattern A) is compared with those Ss-PS films having a S of 6
and 17%, pattern B and C, respectively.

In all WAXD spectra the only observed reflections are those typ-
ical of the s-PS nanoporous crystal form having uniplanar orienta-
tion (Rizzo et al., 2002a,b). In detail, peaks located at 2h � 8.4 and
17 (d = 1.05 and 0.52 nm) correspond to the (010) and (020)
reflections of the monoclinic cell unit of the s-PS nanoporous crys-
tal form (De Rosa et al., 1997) whose a e c axes are preferentially
parallel to the film plane (Rizzo et al., 2002a,b). This orientation
gives the film better mechanical properties (D’Aniello et al., 2005).

WAXD spectra of sulfonated films (Fig. 2 B and C) show a pro-
gressive increase of amorphous of halo intensity when increasing
S. In addition, the enlargement of the intense peak (010) with
increasing S, shows a reduction in the crystal sizes, although the
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nature of the crystalline phase is essentially unaltered. In detail,
the full width at half maximum of the (010) peak is 1.2 and 1.9�
for pattern A (S = 0%) and C (S = 17%), respectively, which corre-
spond to a reduction from 6.6 to 4.3 nm of correlation length of
the crystalline domains.

FT-IR spectra of unsulfonated s-PS casting film (curve A) and
those of Ss-PS films having a S of 6 and 17%, curve B and C respec-
tively, are compared in Fig. 3. All the FT-IR spectra present the typ-
ical infrared absorbance bands of the s-PS nanoporous crystal
phase (which are located at 1354, 1320 e 1277 cm�1) (Musto
et al., 1997). The peak at 1412 cm�1, only present in the spectra
B and C, is due to sulfonation and it increases with the increasing
of S. A crystallinity degree ranging from �35 to 50%, evaluated
by using a procedure described by Albunia et al. (2006) was
observed. It is worth noting that, with increasing S, the infrared
bands of s-PS nanoporous crystal phase are only slightly reduced,
so that crystallinity of Ss-PS film with S of 17% is comparable with
that of unsulfonated film.
3.2. Characterization of partially sulfonated s-PS as material for
contact lens

Described results suggested to evaluate the Ss-PS as potential
material for IOLs and contact lenses. Hence, some of the key fea-
tures required for this application have been evaluated such as
water sorption, optical transparency and cytotoxicity on this
hydrophilic/hydrophobic membrane.
3.2.1. Water sorption
The capacity of the contact lens material to absorb water and

swell is very important. It is a property that mainly depends on
the ratio of hydrophilic/hydrophobic functional groups of the poly-
mer and on the nature of these groups as well (Muter, 2015). As
hydrogels consist of cross-linked networks, they generally have
an ability to absorb considerable amounts of water. Sulfonation
of the amorphous phase gives s-PS films hydrophilic properties
maintaining unaltered hydrophobic feature and the sorption
capacity of the nanoporous crystalline phase. In Fig. 4, the water
Fig. 3. FT-IR of s-PS films with S = 0 (A), S = 6% (B) and S = 17% (C). The peaks
associated with the s-PS nanoporous crystal phase (1354, 1320, and 1277 cm�1) and
the peak associated with S (1412 cm�1) is indicated.
uptake in Ss-PS films with different S, is shown. Swelling data, cal-
culated by measuring the size change of a rectangular film
(10 � 20 mm, 100 lm thick), range from 0 to 40%, for membranes
with S ranging from 0 to 30%, respectively. In detail, the Ss-PS film
with S = 17% showed a swelling of 32%.

It is worth noting that, after the water removal the nanoporous
nature of the crystalline phase is maintained without a significant
reduction in crystallinity. As an example, in the Ss-PS film with
S = 17%, crystallinity, estimated by using FT-IR analysis on dry sam-
ples, remains close to 30%. Swelling data calculated by measuring
the size change of a rectangular film (10 � 20 mm, 100 lm thick)
emerged as 40%. The sulfonation of s-PS film in its clathrate form
introduces sulfonic acid groups on the side phenyl groups of the
polymer backbone to obtain a hydrophilic membrane with
hydrophobic crystalline nanoporosity able to guest molecules. In
fact, as confirmed by FT-Raman Spectroscopy (Musto et al.,
2010), the amorphous regions supply hydrophilic sulfonated
regions while the clathrate crystalline regions, which result unaf-
fected by the reaction, represent the hydrophobic phase. This
allows to obtain high S samples (�50 mol%), water-insoluble,
which swell extensively in water. For example, this could enables
implantation of a semi-hydrated lens through a small incision, also
with the advantage of small drug molecules delivery.

On the basis of described results, S = 17% was identified as the
most suitable S of s-PS to be studied as potential material as IOLs
and contact lens. Hence, the following experiments were per-
formed on 17% Ss-PS.

Water vapor sorption was evaluated for 17% Ss-PS at different
temperatures by thermogravimetric measurements and it is
reported in Fig. 5A as function of water vapor activity. Results indi-
cated that the sorption is not significantly quite dependent on tem-
perature in the 20–60 �C range, and it is higher than common soft
lens hydrogel materials such as Polymacon (Weinmüller et al.,
2006), especially at higher water activity (Fig. 5B).

3.2.2. Optical transparency
For a material to be suitable for contact lenses it must have

transmittance properties not only for ultraviolet radiation (UVR)
protective properties (Moore and Ferreira, 2006), but also for visual
performance (Muter, 2015).

As showed in UV-vis spectrum (Fig. 6), an ultraviolet radiation
wavelength cutoff is only evident below 300 nm while in the visi-
ble light wave range of 400–700 nm no absorbance is practically
measured. Hence, optical transparency, which is correlated to
absorbance (A = �logT), results relatively constant and approxima-
tively �95%, that is comparable to data of common contact lens
material (Faubl and Quinn, 2000), as well as a high UV protection .
Fig. 4. Liquid water uptake of nanoporous Ss-PS films vs S.



Fig. 5. Water vapor uptake of Ss-PS at different temperatures (A) and compared with Polymacon (B).

Fig. 6. UV-vis absorption spectrum of 17% Ss-PS film.

Fig. 7. Indirect cytotoxicity assay (Alamar Blue): evaluation of proliferation cell rate
on control surface (polystyrene) and Ss-PS film (sample) with a statistical
significance of p < 0.05.
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3.3. Biological experiments

In order to evaluate cytotoxicity of a material many indirect
known methodologies exist which measure cell proliferation and
viability (Ahmed et al., 1994; Mosmann, 1983; Squatrito et al.,
1995). Among all, the one-step Alamar Blue (AB) assay is probably
the most used for quantifying in vitro viability of various cells
(Ahmed et al., 1994; Fields and Lancaster, 1993) due to its numer-
ous advantages (Nakayama et al., 1997). The water-soluble Alamar
Blue dye is an alternative fluorogenic indicator of the cellular redox
state, which in cell proliferation is reduced from a blue non-
fluorescent form to a red fluorescent product due to metabolic
activity of the cultured cells (Gloeckner et al., 2001). The redox
reaction of Alamar Blue dye that occurs into growing cells culture
is a reflection of cell viability, can be quantified by its optical den-
sity or fluorescence for greater sensitivity. On this basis, by mea-
suring the fluorescence value of the sample it is possible to trace
the number of cells. Cytotoxicity of the Ss-PS films was indirectly
evaluated by using Alamar Blue assay and viable cells count was
calculated against untreated controls. The results (Fig. 7) are ana-
lyzed from five experiments on polymer samples, and there was
a statistically significance of p < 0.05 in the cell number over the
culture period. NIH3T3 cells appeared to be not sensitive to the
growth inhibitory effects of Alamar Blue, therefore the material
results non-cytotoxic.

Cell adhesion on the polymer films was evaluated by optical
microscope observation (Fig. 8). In particular, NIH3T3 cells appear
fusiform and aligned on polystyrene films (A) while round and iso-
lated on the Ss-PS films (B), thus indicating a low adhesion to the
material also confirmed by the count of adhered cell number which
is lower than on control surfaces (Fig. 8C).

This result enhanced anti-adhesive properties useful to avoid
cell adhesion, proliferation and migration which cause opacifica-
tion phenomena on lenses, particularly injurious in IOLs uses.
Indeed, it is well known capsular opacification mainly occurs on
the posterior side, usually referred to as posterior capsular opacifi-
cation, that occurs in approximately half the cases 2–5 years after
the surgery (Bozukova et al., 2007).

Among the many suitable properties, a good elasticity of mate-
rials is generally required to provide contact lenses which are
easier to fit and more comfortable to wear (Nicolson and Vogt,
2001). In addition, has developed preferring foldable IOLs and
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(sample) with a statistical significance of p < 0.05.

492 S. Zuppolini et al. / Journal of King Saud University – Science 29 (2017) 487–493
especially those suitable for micro incision cataract surgery (MICS),
i.e. those IOLs that can be implanted through sub-2 mm incision
(Antoniac et al., 2015). From a preliminary observation these mate-
rials would own a good elasticity, when a like lens 17% Ss-PS film
was manually folded by using a tweezer (Fig. 9). This property
minimize YAG laser damaging while their hydrophilic nature
reduces mechanical friction with ocular tissues.
Fig. 9. Picture of manually folded Ss-PS lens.
4. Conclusions

The results obtained confirm that it is possible to control chem-
ical and physical characteristics of the final polymeric product,
such as hydrophilicity, hydrophobicity, water content, optical clar-
ity, adhesive properties, permeability and other mechanical
properties.

Preliminary characterization results on partially sulfonated
(17%) s-PS membranes show a good elasticity and optical trans-
parency, a high water-vapor sorption and a low cell adhesion, con-
firming that this new hydrophilic-hydrophobic material is a
potential candidate for IOLs and contact lenses application. Further
experiments and tests are in progress to verify the feasibility in this
application.
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