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Silicone oil promotes amyloid-like aggregation of
aB-crystallin
Zhiwei Shen,ab Qiqige Du,a Haozhi Lei,ab Yuhui Wei,a Jun Hu*a and Yi Zhang*a
Silicone oil is a chemically inert and biocompatible material. However, the use of silicone oil as an adjunct
for internal tamponade in the treatment of retinal detachment is accompanied by the sequelae of cataract,
the molecular mechanism of which has been a mystery for scientists. In this study, we focused on the
inﬂuence of silicone oil on the aggregating behaviors of one of the important proteins in the eyes, aBcrystallin (CRYAB). We found that silicone oil could promote the amyloid-like aggregation of CRYAB,
veriﬁed using atomic force microscopy (AFM), transmission electron microscopy (TEM), laser granularity
and number analysis (Nanosight), and turbidity measurements. Furthermore, ﬂuorescent experiments
using Thioﬂavin T (ThT), Congo red, and 1-anilinonaphthalene-8-sulfonic acid (ANS) suggested
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formation of a b-sheet structure in CRYAB in the presence of silicone oil, which was also conﬁrmed by
far-UV circular dichroism (CD) spectroscopy. These ﬁndings provide a direct evidence of the changes in
the secondary structures of CRYAB protein and amyloid aggregation behavior upon adding silicone oil in

DOI: 10.1039/c6ra27128f

the solution, and could be helpful for understanding the molecular mechanisms of the cataract formed
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in silicone oil-ﬁlled eyes.

Introduction
Silicone oil has been widely used in medical care, particularly as
an internal tamponade material in the treatment of complicated retinal detachment, owing to its outstanding properties:
low biotoxicity, chemical inertness, suitable density, and
surface tension.1 It has been shown to be especially benecial in
eyes with proliferative vitreoretinopathy aer pars plana
vitrectomy (PPV) with intraocular gas tamponade,2 in traumatic
hemophthalmos with secondary retinal detachment, and in
eyes with advanced proliferative diabetic retinopathy with
widespread tractional retinal detachment.3 However, the use of
silicone oil is accompanied by a series of complications: keratopathy,4 anterior chamber oil emulsication,5,6 glaucoma, and
cataract.7–15 Posterior subcapsular cataract has been found in
many cases in silicone oil-lled eyes.7,16
Silicone oil is a chemically inert material, and the complications it causes in the eyes are a mystery for scientists. Over the
past decades, many eﬀorts have been made to investigate the
mechanism of silicone oil-induced cataract, which may involve
the following factors: (1) bright and long-time illumination,
leading to changes in the transparency of the lens;17,18 (2)
increase in oxygen tension in the glass body, which increases
the risk of occurrence of nuclear cataract;19,20 (3) changes in the
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metabolism of lens;21 (4) and causation of an inammatory
reaction.22 The exact mechanism remains unknown because of
the lack of the research at the molecular level. For example,
there is no report on the inuence of silicone oil on the key
biomolecules in cataract.
Crystallin proteins are important proteins in the eyes that
form amyloid bril,23 and their aggregation is the most important factor in cataract formation.24 Crystallins are divided into a,
b, and g families, but the functions of b- and g-crystallin
proteins in mammalian lenses are not yet clear. The a-crystallins, which are further divided into aA- and aB-crystallins, can
reach concentration levels of about 50% of the total structural
protein mass of the lens.25 They function as structural proteins,
as well as molecular chaperones, to prevent aggregation and
precipitation of b and g-crystallins and to delay lens opacication.26 The a-crystallins, especially aB-crystallin (CRYAB), are
also extensively distributed outside the lens.27–29 The CRYAB
protein is over-expressed in many neurological diseases, and
mutations in aA or B-crystallin can cause cataract and myopathy.30 It will be interesting to see if silicone oil would inuence
the aggregation of crystallins.
Silicone oil has been reported to induce unordered amorphous aggregation of proteins.31,32 We speculate that cataract
may also be related to the possible aggregation of crystallin
proteins in silicone oil-lled eyes, where high concentrations
and highly-ordered structures of crystallin proteins in the lens
contribute to its transparency.30 In this study, silicone oil was
added to an aqueous solution of CRYAB, and the aggregation of
CRYAB was characterized using a variety of methods. It was
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found that silicone oil could indeed accelerate the aggregation
of CRYAB. Structural studies showed formation of more bsheets in the proteins upon addition of silicon oil, which led to
the formation of amyloid-like protein nanostructures. These
experimental results should be helpful for understanding the
molecular mechanisms of silicone oil-induced cataract
formation.

Materials and methods
Materials
Recombinant human crystallin alpha B (CRYAB) (HSP-003) was
purchased from ProSpec (ISR). CRYAB produced from Escherichia coli is a single, non-glycosylated polypeptide chain containing 175 amino acids with a molecular mass of 20.1 kDa.
CRYAB was puried using proprietary chromatographic techniques at a concentration of 1 mg mL1. Medical uid silicone
oil (350CST) was purchased from Dow Corning (USA). 1Anilinonaphthalene-8-sulfonic acid (ANS), Congo red, Thioavin T (ThT) were purchased from Sigma (USA). All other
chemicals were of reagent grade and purchased from Sigma
(USA), unless otherwise specied.
Preparation of stock solutions
CRYAB was dissolved in buﬀer A (20 mM Tris–HCl, 50 mM NaCl,
1 mM EDTA, pH 7.5). A stock solution (suspension) of 1% (w/v)
silicone oil was prepared by mixing silicone oil and buﬀer A in
a 1.5 mL polypropylene centrifuge tube, followed by sonication
for 45 min, and centrifugation at 5000 rpm for 5 min. The
precipitate in the silicone oil suspension was discarded. Silicone oil suspensions were freshly prepared on the day they were
used.32 To avoid the inuence of the lubricant silicone oil on the
wall of plastic products,31 all centrifuge tubes and pipette tips
were ultrasonicated alternately in anhydrous ethanol and water
thrice for an hour each.
Turbidity measurement
Turbidity measurements of the mixture of CRYAB (1 mg mL1)
and silicone oil in buﬀer A (v/v ¼ 1 : 1) were performed by
monitoring the absorbance at 280 nm, using a U-3010 spectrophotometer (HITACHI, Japan). Three measurements were
performed, and the readings were averaged aer subtracting
the buﬀer baseline.
CRYAB aggregation of granularity and number analysis
The 1 : 1 (v/v) mixture of CRYAB (nal concentration 0.5 mg
mL1) and silicone oil (nal concentration 0.5%) in buﬀer A was
incubated at 60  C for certain time. Then, the mixture was
diluted 100 times and tested with Nanosight NS300 (Malvern,
UK) for granularity and number analysis. NTA 3.2 soware was
used for capturing and analyzing the data.33 Data from each
group were averaged from ve tests. The NTA soware was then
able to identify and track individual nanoparticles moving
under Brownian motion and relate the movement to a particle
size, according to the following formula derived from the
Stokes–Einstein equation:
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ðx; yÞ2 ¼

2kB T
3rh ph

where kB is the Boltzmann constant, ðx; yÞ2 the mean squared
speed of a particle at a temperature T in a medium of viscosity h
with a hydrodynamic radius of rh.33
1-Anilinonaphthalene-8-sulfonic acid (ANS) uorescence
spectroscopy
The mixture of CRYAB sample solutions (nal concentration
0.1 mg mL1), ANS (nal concentration 20 mM), and silicone oil
(nal concentration 0.05%) in buﬀer A was incubated in dark
for a few minutes at room temperature. ANS uorescence
emission intensity at 470 nm was recorded by exciting samples
at 380 nm using a spectrophotometer (Edinburgh Instruments
FS920, UK).
Thioavin T (ThT) uorescence measurement
ThT was dissolved in buﬀer A, and then mixed with CRYAB
(nal concentration 0.1 mg mL1) and silicone oil (nal
concentration 0.05%) to a nal concentration of 20 mM. The
ThT uorescence emission intensity at 480 nm was recorded at
an excitation wavelength of 440 nm using a spectrophotometer
(Edinburgh Instruments FS920, UK).
Atomic force microscopy (AFM) and transmission electron
microscopy (TEM) observations
The mixture of CRYAB (nal concentration 0.5 mg mL1) and
silicone oil (nal concentration 0.5%) in buﬀer A was incubated
at 60  C for a certain time. To prepare sample for AFM imaging,
the mixture was diluted 100 times with buﬀer A, containing
silicone oil (nal concentration 0.5%). A drop of 30 mL of
the diluted solution was placed on a (3-aminopropyl)
triethoxysilane-modied mica substrate.34 The sample solution
was allowed to adsorb for 3 min, then washed gently with water,
followed by air drying. A commercial AFM (Multimode
Nanoscope V, Vecco, Santa Barbara, CA) equipped with a J
scanner was employed to reveal the CRYAB aggregate
morphology. Experiments were performed in tapping mode.
Silicon cantilevers with a nominal spring constant of 48 N m1
(NSC11, MikroMasch) were used. All AFM operations were
carried out in air at room temperature.
CRYAB sample (5 mL) was applied to glow-discharged carbon
lms on 400 mesh copper grids and stained with 2.5% uranyl
formate for 30 s. Specimens were examined using Tecnai G2
TEM operated at an accelerating voltage of 120 kV. Images were
recorded using a 4k  4k charge-coupled device camera (BMEagle, FEI Tecnai).
Congo red staining
The mixture of CRYAB (nal concentration 0.5 mg mL1) and
0.5% silicone oil was incubated at 60  C for 2 h. Then the
mixture was centrifuged at 15 000  g for 20 min. The sediment
was resuspended using 100 mL buﬀer A containing 0.1 mg mL1
Congo red and incubated for 10 min at room temperature. The
mixture was centrifuged again at 15 000  g for 20 min. The
RSC Adv., 2017, 7, 6000–6005 | 6001
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supernatant containing Congo red was discarded, while the
sediment was resuspended in 30 mL water. The washing
procedure was repeated several times until the supernatant was
no longer red. The sediment was nally resuspended with 5 mL
water and pipetted onto a glass coverslip. Aer drying at room
temperature, samples were observed using an optical microscope equipped with cross-polarizers.35
Eﬀect of silicone oil on the size and quantity of protein
aggregates. (a) Evolution of CRYAB aggregate concentration during
incubation. (b) Size distribution of CRYAB aggregates.

Fig. 2

Far-UV CD spectroscopy
The change in the secondary structure of CRYAB in the presence
of silicone oil was evaluated using far-UV CD spectroscopy. CD
spectra of the mixture of CRYAB (nal concentration 0.2 mg
mL1) and silicone oil (nal concentration 0.5%) in buﬀer A
were recorded over the wavelength range of 195–260 nm using
a Chirascan (Applied Photophysics, UK) with a 0.1 cm path
length sample cell. Buﬀer A was used as control. All CD
measurements were performed at room temperature using
a bandwidth of 1.0 nm, a step interval of 1 nm, and a scanning
speed of 50 nm min1. Each CD spectrum was averaged from
three scans, and the corresponding baseline of buﬀer was
subtracted from the sample spectrum. The secondary structures
of CRYAB samples were analyzed using CDNN program.

Results and discussion
Eﬀect of silicone oil on aggregation of CRYAB
The extent of aggregation of CRYAB in the presence of silicone
oil was evaluated by measuring the turbidity of CRYAB samples
at 280 nm aer incubation for 1 or 2 days at room temperature.
As shown in Fig. 1a, though CRYAB itself aggregated to some
extent with an increased turbidity aer incubation for 24 h and
48 h, adding silicone oil into the CRYAB solution resulted in
a sharp increase in the turbidity, indicating an accelerated
aggregation process. In addition, we measured UV absorbance
of the samples that were incubated for 4 weeks at 37  C. As
shown in Fig. 1b, the absorbance (and thus the turbidity) of
CRYAB solution containing silicone oil was notably higher than
that of the pure CRYAB solution even aer incubation for such
a long time. This result indicates that silicone oil promotes
CRYAB aggregation in a long-acting way.
The size and quantity of the aggregated CRYAB were studied
using a laser particle size analyzer, Nanosight. The resolution of
Nanosight is between 30 nm and 1000 nm.33 Therefore, we

Fig. 1 (a) Turbidity measurements of CRYAB in the presence of silicone oil. Each data was averaged from 3 independent experiments. (b)
Absorbance of CRYAB solutions with or without silicone oil after
incubation for 4 weeks at 37  C.
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produced large protein aggregates by accelerating the reversible
protein aggregation process at an elevated temperature of
60  C.36 Fig. 2a illustrates the evolution of the CRYAB particle
concentration (number of total aggregated CRYAB particles in
a unit volume) during incubation. In the rst ve hours, the
CRYAB aggregate concentration increased in a similar manner
in all solutions, irrespective of the presence of silicone oil. Aer
that, the CRYAB aggregate concentration in the pure protein
solution started to decrease, probably due to the fusion of small
aggregates to form large ones. In contrast, the CRYAB aggregate
concentration in the protein solution with silicone oil increased
during the entire experimental period, indicating continuous
formation of new protein aggregates. It is worth noting that the
concentration of silicone oil particles in buﬀer was at least two
orders of magnitude lower than those in the samples, and was
thereby negligible for our study. Fig. 2b shows the evolution of
the size distribution of CRYAB aggregates during incubation,
which clearly indicates that most CRYAB aggregates had a size
less than 300 nm. Particularly, there were more CRYAB aggregates with a size less than 200 nm formed aer incubation with
silicone oil for 5 h or more than those in the pure CRYAB
solution. It is, thus, obvious that silicone oil accelerated the
CRYAB aggregation to form CRYAB aggregates had a size less
than 300 nm. Particularly, there were more CRYAB aggregates
with a size less than 200 nm formed aer incubation with silicone oil for 5 h or more than those in the pure CRYAB solution.
It is, thus, obvious that silicone oil accelerated the CRYAB
aggregation to form many large protein aggregates, which is
consistent with the previously reported aggregation of proteins
induced by silicone oil.32,37,38
Amyloid-like aggregation of CRYAB in the presence of silicone
oil
In order to know whether the CRYAB protein changed its
structure in the presence of silicone oil, 1-anilinonaphthalene8-sulfonic acid (ANS), uorescent spectra were recorded. ANS
is a hydrophobic uorescent dye, which is usually used to stain
globular proteins upon exposure of the hydrophobic core of
proteins in solvents.39 Crystallin proteins are known to be highly
hydrophilic, and are present in high concentrations in the
crystalline lens to maintain lens transparency.38 However, we
observed a sharp increase in the ANS uorescent intensity of the
CRYAB solution containing silicone oil (Fig. 3a). This result
indicates that the presence of silicone oil led to the exposure of

This journal is © The Royal Society of Chemistry 2017

View Article Online

Open Access Article. Published on 18 January 2017. Downloaded on 20/06/2017 06:51:36.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Paper

RSC Advances

Fig. 4 Far-UV CD study of the CRYAB. (a) Spectra of CRYAB solution
incubated with (solid lines) or without (dotted lines) silicone oil. (b)
Software analysis of the far-UV CD spectra in the range of 195–260 nm
revealing the ratio of each kind of secondary structure of CRYAB.

Fluorescent studies indicating the change in molecular
conformation of CRYAB in the presence of silicone oil. (a) Dynamic
scanning of ANS ﬂuorescence intensity. Data was collected every two
minutes. The ﬂuorescence intensity of the silicone oil in buﬀer was
about 1  105, which could be neglected, since this value is much
lower than that of the protein solutions. (b) ThT ﬂuorescence intensity
of CRYAB. Each data was averaged from 3 independent experiments.
(c) Representative natural light microscopy image of Congo redstained CRYAB aggregates. (d) Image of Congo red-stained CRYAB
aggregates under cross polarized light.
Fig. 3

the hydrophobic core of CRYAB in solution. The ANS uorescent intensity increased immediately aer mixing of the protein
and the silicone oil, suggesting that the protein exposed its
hydrophobic core quickly. We hypothesize that the hydrophobic
silicone oil molecule may maintain the structure of the coreexposed CRYAB protein and act as a seed for its nucleation.40–42 Then CRYAB monomers could add to the seeds to
form long brils, following the classic nucleation-growth
mechanism.43–46
To understand if the aggregated species were unordered
amorphous aggregates or ordered amyloid brils, we monitored
the changes in Thioavin T (ThT) and Congo red uorescent
emissions in solutions with or without silicone oil. ThT has
been used as a molecular probe to detect the b-sheet structure
in proteins during the formation of amyloid aggregates.47 It was
found that the intensity of ThT uorescence increased aer
incubation with CRYAB. However, it increased to a higher level
in CRYAB with silicone oil than in the pure protein solution
(Fig. 3b). This diﬀerence was observed in all ThT experiments.
Similarly, Congo red staining is also widely used to determine
the existence of b-sheet structure in proteins.48,49 In our experiments, Congo red-stained CRYAB aggregates formed in the
presence of silicone oil appeared red under a normal optical
microscope (Fig. 3c) and yellow-green under cross-polarized
light (Fig. 3d), indicating the existence of b-sheet in CRYAB.
These uorescent studies suggest that CRYAB protein easily
formed amyloid-like aggregation in vitro, which is consistent
with previous reports,50 and silicone oil promoted the formation
of a b-sheet secondary structure such that it accelerated the
protein aggregation process.
To further understand the role of silicone oil in the changes
in secondary structure of CRYAB, far-UV circular dichroism
(CD) spectra were monitored (Fig. 4a). Among these spectra, the
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spectrum of CRYAB incubated with silicone oil for the longest
time (solid blue line) showed the most drastic diﬀerence from
its original protein state (dotted green line), indicating a sharp
change in secondary structures. Based on these spectra,
secondary structure calculations were done using CDNN
program, which provided quantitative information about the
secondary structures of CRYAB: percentages of a-helix, b-antiparallel and b-parallel, b-turn, and random coils (Fig. 4b). In
both types of CRYAB solutions, those incubated with and
without silicone oil, an increase in the percentages of b-antiparallel and random coils, and a decrease in those of a-helices
were observed. In particular, a 20% increase in the content of bantiparallel sheets was observed in CRYAB solution incubated
with silicone oil for 24 h, in contrast to only 13% increase in
pure CRYAB solution (Fig. 4b), suggesting that silicone oil
promoted the formation of a b-antiparallel structure. The
secondary structures, b-parallel and b-turn, changed relatively
little, implying a spherical to linear transformation of the
protein structure. Obviously, CRYAB is quite diﬀerent from
other proteins that were previously reported, which showed no
changes in their secondary structures.31,32
Aggregate morphology of CRYAB
Finally, the morphology of the CRYAB amyloid aggregates was
investigated using atomic force microscopy (AFM). In general,
CRYAB monomers assembled into short brils in the rst
several hours, which further formed large aggregates (Fig. 5a
and b). The brils had a height of 9–10 nm and an apparent
width of about 40 nm. Considering the tip convolution
eﬀect,51,52 the deconvoluted width of the brils would be
20 nm in case an AFM tip with a radius of 10 nm was used in
the experiment. Furthermore, the morphology of CRYAB brils
obtained aer 2 h incubation was studied using TEM (Fig. 5c
and d). Statistical analyses from the TEM images indicated
widths of 15.7  1.2 nm (N ¼ 50) and 16.5  1.5 nm (N ¼ 50),
respectively, for CRYAB brils obtained aer incubation with or
without silicone oil. The morphologies of the short brils were
similar to those previously reported.23 The formation of short
brils and large aggregates also indicates a heterogeneous
multimeric assembly of the protein.30
From the AFM and TEM experiments, no obvious diﬀerence
was found in the morphology of the short brils and aggregates
that were formed by CRYAB with or without silicone oil,
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assembled into nanometer-sized amyloid aggregates. The
change in the secondary structure of CRYAB in the presence of
silicone oil was also conrmed by CD spectroscopy. AFM studies
revealed that CRYAB assembled into short brils and large
aggregates. These ndings provide direct evidence of the
changes in secondary structures of CRYAB protein and amyloidlike aggregation upon adding silicone oil in the solution, and
should be helpful for understanding the molecular mechanisms of cataract formed in silicone oil-lled eyes. In addition,
as silicone oil is able to migrate to the brain,53,54 our results call
for a test study of the possible risk of the silicone oil-induced
amyloid aggregation in neurodegenerative disease-related
proteins in the brain, which could be the focus of our future
research.

Acknowledgements
(a–d) Typical AFM (a and b) and TEM (c and d) images of CRYAB
aggregates. (a and d) Pure CRYAB solution. (b and c) CRYAB solution
incubated with silicone oil. Numbers 0 to 3 indicate the incubation
time. The incubation time of samples for TEM measurement was 2 h.
The lateral and Z scale bars shown in (b) apply to all AFM images. The
lateral scale bar shown in (d) also applies to (c). (e) The distribution of
contour lengths of ﬁbrils statistically measured from TEM images. For
short ﬁbrils or round-shaped particles, their longest contour lengths
were measured. In total 287 and 417 ﬁbrils were measured from pure
CRYAB and CRYAB with silicone oil, respectively.

Fig. 5

suggesting that silicone oil may not change the structure of the
protein aggregates. However, large aggregates were more
frequently observed in the late incubation solution of CRYAB
with silicone oil. For example, as shown in Fig. 5e, pure CRYAB
samples contained higher ratio of shorter particles less than
20 nm (probably oligomers), while the CRYAB samples incubated with silicone oil contained higher ratio of longer brils.
Previous studies showed that silicone oil only induced an
amorphous aggregation of proteins, with no change in the
secondary structure of the proteins.31,32 However, our results
clearly indicated that silicone oil induced a change in secondary
structure in CRYAB, and promoted amyloid-like aggregation of
the protein, as veried using AFM and TEM morphology study,
ThT uorescence and Congo red staining analyses, and far-UV
CD spectroscopy. It seems that silicone oil has direct eﬀects
on the intramolecular interactions responsible for conformation transformation, probably through interaction with the
hydrophobic core of CRYAB protein.

Conclusion
In summary, we studied the eﬀect of silicone oil on the aggregation of CRYAB using a variety of methods. Measurements of
the turbidity of CRYAB solution and aggregate size and
concentration of the protein conrmed that silicone oil was able
to promote the formation of numerous and large CRYAB
aggregates. ThT, Congo red, and ANS uorescent analyses of the
protein aggregates suggested the formation of b-sheet structure
in the CRYAB in the presence of silicone oil, which further
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