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Previous work has identified crystallin proteins extracted from fish eye lenses as a cheap and readily
available source for the self-assembly of amyloid nanofibrils. However, before exploring potential
applications, the biophysical aspects and safety of this bionanomaterial need to be assessed so as to
ensure that it can be effectively and safely used. In this study, crude crystallin amyloid fibrils are shown
to be stable across a wide pH range, in a number of industrially relevant solvents, at both low and high
temperatures, and in the presence of proteases. Crystallin nanofibrils were compared to well
characterised insulin and whey protein fibrils using Thioflavin T assays and TEM imaging. Cell
cytotoxicity assays suggest no adverse impact of both mature and fragmented crystallin fibrils on cell
viability of Hec-la endometrial cells. An IR microspectroscopy study supports long-term structural

integrity of crystallin nanofibrils.

1. Introduction

Amyloid protein nanofibrils (PNFs) are highly ordered, insoluble,
self-assembling protein nanostructures often associated with protein
misfolding diseases such as Alzheimer's disease, Parkinson's disease,
Huntington's disease, and numerous others,” and also share
structural similarities with spider silk,’ curli protein,® bacterial
inclusion bodies,’ and in melanosomes of humans.®

The potential role of amyloid fibrils in the bionanotechnology sector
is a topic of growing interest as PNFs offer a number of attractive
features compared to the other nanostructures,” including ease of
self-assembly synthesis, nanoscale dimensions, and their ability to
act as scaffolds for functionalisation, for example through cross-
linking enzymes via the amino acid side chains, '*'* resulting in
improved specific activity and stability of the immobilised enzyme.'
Amyloid fibrils have been successfully explored for a number of
potential applications or as enzyme scaffolds for biosensing,
bioremediation, and other applications.'®?” Successful examples of
fibril functionalisation include cross-linking of enzymes (e.g.,
glucose oxidase, hydrolases) to fibrils?®*® and cross-linking of fibrils
to other surfaces (e.g., cotton, glass beads, gold particles).” As
research continues for successfully exploiting these PNFs for a
variety of nanotechnological uses®*>* it is important to explore the
feasibility of a large scale and low cost fibril production process.™
Previous work has reported the synthesis of amyloid fibrils from
crude crystallin protein mixtures, extracted from bovine lenses
obtained from abattoirs.'**

Fish eye lenses have also been investigated successfully for fibril
manufacture, *® due to simple extraction of the lens from the fish and
ready availability of this low value by-product from the seafood
industry. From a consumer perspective, fish eye lenses may be
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perceived as safer than bovine products in the wake of bovine
spongiform encephalopathy outbreaks.*®

To date, in vitro studies of amyloid fibril formation have focused
mostly on fibrils generated from laboratory scale quantities of
purified proteins.>”® The cost and time involved in generating fibrils
from these proteins would hinder the large scale manufacture of
amyloid fibrils for bulk nanomaterials. However, if amyloid fibrils
are to be used in an industrial setting, then methods will be required
for their manufacture that utilise inexpensive, crude mixtures of
proteins.” Thus, amyloid fibrils obtained from crude extracts of
marine waste proteins like crystallin proteins of fish eye lenses from
Macruronus novaezelandiae (Hoki), offer a cheap and readily
available source of fibril-forming protein material.

Many industrial enzymes are quite expensive and suffer from the
serious drawback of poor stability and reusability. Additionally, for
the successful application of enzymes, these catalysts need to be
fully functional under, often harsh, processing conditions. Industrial
parameters are often quite different from the natural environment of
enzymes, with respect to temperature, pH, and organic co-solvents.*’
To address some of these issues, PNFs are ideally suited as a readily
functionalised nanoscaffold for enzyme immobilisation. Successful
immobilisation of industrially important enzymes onto amyloid
fibrils leads to the creation of cheap and readily available protein
based highly efficient matrices. Thus, it is important to consider
practical issues, such as stability of these fibrils in different
solutions, over a range of pH and temperature, and to understand the
behaviour of these fibrils under different conditions, so as to ensure
that they can be effectively used as a versatile bionanoscaffold.

In this article we present an investigation of crystallin PNF stability
at a wide range of pHs, a variety of temperatures, in the presence of
industrially related solvents, such as methanol (MeOH), ethanol
(EtOH), isopropanol (iPrOH), and acetonitrile (ACN), on the
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exposure to proteolytic enzymes such as bovine trypsin, pepsin and
recombinant Proteinase K, and over long periods of storage. The
Thioflavin T (ThT) assay was used to confirm the presence of fibrils
under given conditions, followed by TEM imaging, to visually
confirm the integrity of the nanofibrils. Crystallin nanofibrils were
compared to well characterised, insulin and whey protein fibrils. The
long-term structural integrity of crystallin PNFs was assessed using
FTIR microspectroscopy. A cytotoxicity study was also performed
to assess any potential toxicity of crystallin PNF using the Hec-1a
endometrial cell line, in order to assess the biosafety of crystallin
PNFs.

2. Experimental
2.1. Materials

Fish eye lenses were extracted from local Macruronus
novaezelandiae (Hoki). The work with Hec-la culture was kindly
supported by Kenny Chitcholtan (Otago University, New Zealand).
All buffers and solutions were prepared in filtered water using a
Vacuubrand 2C (John Morris Scientific, Chatswood, NSW,
Australia). All other chemicals and solutions, unless stated
otherwise, were obtained from Sigma-Aldrich, MO.

2.2. PNF formation

Fibrils were formed using in-house methods that had been adapted
from the literature. For insulin PNFs, 5.8 mg/ml of insulin (Sigma)
were dissolved in 100 mM NacCl, 25 mM HCI (pH 1.6) and sterile
filtered.** The solution was incubated at 60 °C for 22 hours. After
heat incubation, the samples were cooled down in an ice bath for 10
minutes and finally stored at room temperature for 7 days to allow
for fibril formation. For whey PNFs, aqueous solution of whey
protein isolate (10 mg/ml) were prepared and stirred for 10 min. The
pH was adjusted to 2.0 with addition of 1.0 M HCI and 0.1 M KOH
using a pH probe (Denver Instrument, Bohemia, NY, USA). The
solutions were left overnight at 4 °C while stirring, and then heated
to 80 °C for 20-22 hours in a dry bath heater (Labnet International
Inc., Woodridge, NJ, USA). After cooling for 10 min on ice, the
resulting whey PNF suspensions were kept at room temperature for
at least 1 week before proceeding with the experiments.”> For
crystallin PNFs, proteins were extracted from fish eye lenses and
PNFs formed from this crude mixture, as previously described.* The
presence of PNFs was confirmed using the thioflavin T (ThT) assay
and TEM imaging. To study the stability of fibrils, pre-formed fibrils
were subjected to the selected conditions by resuspending in an
appropriate buffer/solvent. The ThT assay was used to indicate the
presence of fibrils, and TEM was then used to visually confirm the
presence of fibrils.

2.3. Stability experiments

For temperature stability, pre-formed fibrils were incubated at
selected temperatures (-20 °C, 4 °C, 22 °C, 37 °C and 80 °C) for the
time period of 24 h and aliquots were taken after 3 h, 6 h, 12 h and
24 h to perform the ThT assay at room temperature. To study the
impact of pH and solvents, fibrils were incubated at room
temperature in a variety of buffers and solvents: 0.1 M sodium
acetate, pH 2.0, 0.1 M sodium acetate, pH 4.0, 0.1 M sodium
phosphate, pH 6.0, 0.1 M sodium phosphate , pH 7.2, 0.1 M HEPES,
pH 8.0, 0.1 M HEPES, pH 9.0, and sodium borate, pH 11.00;
Solvents: nanopure water (H,0), MeOH, EtOH, iPrOH, DMSO, and
ACN, for the time period of 24 h and 3 h respectively. For the
solvent study, PNFs formed in appropriate buffers were collected by
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centrifugation at 10,000 rpm for 10 min, and resuspended in the test
solvent. To study the impact of proteolytic enzymes, enzymes were
added in an enzyme:fibril ratio of 1:20 (w/w). For trypsin and
Proteinase K (PK) hydrolysis, the pH of the fibril solutions was
adjusted to 7.5. For pepsin it was kept at pH 1.6. The total volume
was adjusted with distilled water to yield a final protein
concentration of 10 mg/ml. The fibril samples were incubated with
the enzymes for 3 hours. PK and trypsin hydrolysis were terminated
by adjustment to pH 1 - 2 with 1 M HCI, and pepsin digestion
through adjustment to pH 7 with 1 M NaHCOs;. The presence and
morphologies of amyloid fibrils were confirmed using the Thioflavin
T (ThT) assay and TEM imaging. For ThT assay data analysis, ThT
fluorescence was monitored and compared to buffer controls.
Maintenance of the amyloid fibril structure in these buffers was
determined by comparing ThT fluorescence to a control sample
(fibril + buffer used to produce fibrils initially) and error bars
represent the SD of three replicate measurements.

2.4. Thioflavin T (ThT) assay

The ThT assay was carried out according to in-house methods. ThT
(2.5 mM) was made up in ThT buffer containing 50 mM Tris base,
100 mM NaCl, pH 7.5. This was filtered and stored in the dark for
up to a maximum of two days. ThT fluorescence was measured
using a BMG Labtech FLUOstar Optima plate reader with
excitation/emission filters of 450 and 485 nm, respectively.*!
Samples had a total volume of 200 pl containing 25 uM ThT. Three
replicates of each sample were measured. Where ThT values were
used quantitatively, it was ensured that the pH was consistent across
all samples or a normalised ThT reading with appropriate buffers or
solvents was used. This ensured that any potential effects of buffer
pH and ThT fluorescence could be eliminated, allowing
quantification of fluorescent changes solely caused by changes in
fibril quantity or morphology.

2.5. Transmission electron microscopy (TEM)

Fibril presence and morphology were assessed by TEM using
negative staining with uranyl acetate (1% w/v). TEM samples were
prepared using Formvar-coated copper TEM grids (200 mesh), and
micrographs were taken using a Morgagni 268D TEM (FEI
Company, OR, USA) operating at 80 kV and fitted with a 40 m
objective aperture.

2.6. Cytotoxicity Experiments

Cytotoxicity experiments were carried out according to in-house
protocols previously developed.*

Hec-1a cell line-Subculturing. Hec-1a cells® (passage 10) were
cultured in Minimum Essential Medium (GIBCO®, Carlsbad, CA,
USA) with GlutaMAX™ (1x), penicillin (100 U/ml), streptomycin
(100 mg/ml), and 5 % fetal bovine serum (FBS). Cells were washed
with sterile PBS and harvested in trypsin EDTA (1x) for 10-15
minutes. The cells were diluted 1:1 in PBS and centrifuged at 1,500
rpm for 5 min. The supernatant was replaced and the pellet taken up
in 10 ml of medium. Viable cell density was determined using a
hemocytometer. The Hec-1 cells were diluted to 4 x 10 cells/ml in
media and used to seed 12-well plates (500 pl/well) for 48 hours at
37 °C (80% confluence).

Treatment. Medium was removed from the seeded Hec-la cells
prior to treatment. Each treatment consisted of 500 pl of sample
protein at ~10 mg/ml in PBS (final concentration ~5 mg/ml) mixed
with 500 pl of minimal essential medium (MEM) respectively. Cells
were incubated at 37 °C for 24 hours. At least three replicates for
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each condition were measured. The used control was cells + medium
+ buffer (PBS). Further, to assess if cells use protein as a nutrient
source, cells were pre-incubated in the absence of fetal bovine serum
(FBS) overnight to starve them prior to the addition of treatments.
Crystal violet assay. The medium of the treated cells was discarded
and 300 pl of crystal violet* stain was added to each of the 12 wells.
After staining for 15 minutes the excess stain was thoroughly
washed off with distilled water until completely removed. The plates
were dried before re-solubilising the stained cells in 1 ml of 2 %
SDS solution per well. After solubilising the dye-containing cells,
the absorbance of the solutions was measured at 570 nm on a
Labtech FLUOstar OPTIMA plate reader (BMG Labtech GmbH,
Offenburg, Gemany).

2.7. Infrared (IR) microspectroscopy

After storage in the original solvent for long periods of time (up to
37 months), the fibril samples were washed in water 3 times by
centrifugation (10000 rpm for 10 min each wash) and concentrated
to a final concentration > 100 mg/ml. Infrared microspectroscopy
was carried out at the Australian Synchrotron, using the IR
Microspectroscopy (IRM) beamline which combines a Bruker V80v
Fourier transform infrared (FTIR) spectrometer and a Hyperion 2000
IR microscope with a liquid nitrogen cooled narrow-band mercury
cadmium telluride (MCT) detector. A small amount of washed fibril
sample was placed between two diamond windows of a
ThermoFisher (Waltham, MA, USA) micro compression cell and the
data collected in transmission mode with a microscope aperture
defining a measurement area of 5 um x 5 pm on the sample. The
supernatant from the last wash was used as the background. Each
spectrum was collected in the mid-infrared spectral range (4000-700
cm’') with 64 co-added scans and spectral resolution of 4 cm™.
Bruker OPUS 6.5 software was used for data collection and Bruker
OPUS 7.2 for the spectral analysis and for the calculation of the
second derivative using a 9 to 15 point Savitzky-Golay filter.

3. Results and discussion
3.1. Effect of proteases on PNFs

One of the hallmarks of amyloid fibrils is their high resistance to
proteases compared to the natively folded protein.****6 To assess
the extent of fibril digestion, proteolytic enzymes such as bovine
trypsin, pepsin and recombinant Proteinase K were used. Several in
vitro digestibility assays using pepsin and trypsin have been
conducted as they are physiologically relevant proteases.*’*
Proteinase K is a broad-spectrum and highly active protease that has
been used extensively to characterise the protease resistance of
disease-related amyloid fibrils.***' Digestion reactions of fibrils
were carried out in appropriate buffers and the degree of fibril
digestion was assessed after 3 hours by the ThT fluorescence
decrease and TEM analysis.

The ThT assay was selected as it is well accepted as an indicator of
the presence of amyloid fibrils.*'*>** Upon its incorporation into
amyloid fibrils, ThT exhibits a considerable increase in the
fluorescence intensity; however, the interaction mechanism between
ThT and amyloid fibrils remains to be elucidated.”*® As the ThT
assay is known to be sensitive to pH and viscosity, >"*® care was
taken to have appropriate ThT control measurements in each of the
buffers or solvents used for experiments (see ESI Fig. S1 and S27).
ThT fluorescence during digestion was monitored and compared to
buffer controls.

Insulin PNFs, used as a well characterised standard for comparison,
proved to be the most resistant fibrils to proteolysis, followed by
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crystallin PNFs (in presence of all three proteases), as indicated by a
constant ThT fluorescence over the entire duration of the experiment
(see Fig. 1A). Both insulin and crystallin PNFs displayed high
resistance towards protease digestion. However, whey PNFs
exhibited different digestion patterns towards different proteases, a
result already confirmed by the available literature on this specific
PNF type.”>*

TEM micrographs of fibrils were obtained following the 3 hour
digestion in order to assess the change of morphology of the fibrils
before and after treatment. Although some enzymatic digestion was
present in all samples, there were still considerable amounts of
fibrils present after the 3 hour digestion by pepsin, trypsin and even
by Proteinase K (see Fig. 1B), consistent with observations from
ThT fluorescence, and indicating partial digestion of the whey PNFs
(also shown in Fig. 1B-h), whereas there was still a high
fluorescence after 3 hours of trypsin and pepsin digestion of the
whey PNFs. The general pattern is a slightly higher resistance
towards pepsin and trypsin digestion than towards Proteinase K
digestion.

3.2. Effect of solvents on PNFs

This part of the study focused on PNF’s resistance to common
biological buffers and solvents used especially in cleanroom-based
microfabrication: MeOH, EtOH, DMSO, iPrOH, ACN, and H,O.
After a washing step (3 times in nanopure water) fibrils were
resuspended in the test solvent and a ThT assay was then carried out
on these samples after a 3 hour incubation at room temperature. The
influence of different solvents on each of the PNFs used was
determined by comparing the decrease in ThT fluorescence to the
control sample (fibrils resuspended in the buffer initially used to
produce them).

For all three types of PNFs, a significant decrease in ThT
fluorescence was seen in the samples resuspended in DMSO and
ACN, with ACN-incubation exhibiting the largest decrease, as
depicted in Fig. 2A. In the presence of MeOH, EtOH, iPrOH and
H,O, all three types of PNFs exhibited high ThT fluorescence
indicating fibril stability in the presence of these solvents. However,
in comparison to insulin and crystallin PNFs, whey PNFs in the
presence of methanol and ethanol showed a considerable and slight,
respectively, decrease in ThT fluorescence, which is hypothesized to
be due to the fibrils degrading or solubilising.%' From the obtained
ThT fluorescence readings, in all the other solvents used, except
DMSO and ACN, crystallin PNFs exhibited maximum stability,
followed by insulin PNFs and whey PNFs, without any remarkable
difference in ThT fluorescence after 3 h of incubation. The high
decrease in ThT fluorescence for the samples resuspended in DMSO
and ACN is expected, since organic solvents, mainly polar aprotic
solvents including DMSO and ACN, have previously been shown to
dissolve amyloid fibrils.®

To validate the observed changes in ThT fluorescence, TEM analysis
was carried out to confirm the presence or absence of fibrils in each
of the samples (see Fig. 2B). For all the three types of PNFs used,
resuspension in water yielded amyloid fibrils typical of a control
fibril preparation indicating that centrifugation and resuspension
procedures had not damaged the fibrils, which appeared unchanged
(g,n,u compared to a,h,o respectively). TEM images for the samples
of crystallin, insulin and whey PNFs resuspended in EtOH, iPrOH,
and MeOH also show the presence of clear fibrils (Fig. 2B).
However, in the case of the methanol sample for whey PNFs there is
a change in morphology of the fibrils.

In the case of ACN and DMSO, for insulin and whey PNFs (Fig. 2B-
e,f;1,m) no clear fibril morphology can be observed, which could be
due to fibrils dissolving, in agreement with the low ThT fluorescence
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readings. However, for the crystallin PNFs incubated in DMSO and
ACN, TEM images suggest the presence of fibrils with slightly
different morphologies (Fig. 2B-s,t). The results obtained are in
agreement to similar study done on crystallin PNFs by Domigan et
al. 2013, who investigated the effect of ACN by resuspending
fibrils in 50 % ACN. Loss of B-sheet content in amyloid aggregates
in presence of DMSO and ACN has been reported previously.” The
significant decrease in ThT fluorescence and lack of clear fibril
morphology for whey and insulin fibrils dissolved in DMSO and
ACN could be due to inhibition of hydrophobically driven
association, leading to a lack in extensive self-assembly.®* Studies
have revealed® that pure DMSO can cause complete loss of B-sheet
structure as it competes with protein carbonyl groups for hydrogen
bonding to protein amine groups, leading to destabilisation of
secondary structures. In the case of whey PNFs, TEM images
obtained indicated that, in most of the solvents, fibrils are present but
different morphologies were observed, illustrating fibril
rearrangement in different solvent environments.

Comparing the stability of crystallin amyloid fibrils with
diphenylalanine (FF) nanotubes in various solvents,®® it can be
confirmed that crystallin amyloid fibrils are significantly more stable
in solution than FF nanotubes, and therefore could be a more
appropriate choice for applications where solvent contact is
involved, such as biosensing. This high stability of crystallin
amyloid fibrils could be attributed to the presence of a high
proportion of interstrand bridges on the crystallins as compared to
other proteins.””® In general, this comparative study of PNFs
obtained from different sources has revealed that crystallin PNFs
obtained from crude proteins obtained from fish eye lenses not only
offer a cheap and readily available source for nanofibril production,
but also provide fibrils with better stability in a diverse range of
solvents compared to PNFs derived from other protein sources.

3.3. Effect of pH and temperature on PNFs

Previous studies have characterised the effect of pH on fibril self-
assembly.”>” However, not much literature is available on the long
term stability of PNFs at different pH values post-assembly. To
study the impact of pH on pre-formed PNFs, a wide range of buffers
at both acidic and alkaline pH values were selected. To test the effect
of biological pH, 100 mM phosphate buffer at pH 7.4, was selected
as a commonly used biological buffer solution.

Fibril stability differed at varying pH, with crystallin PNFs
displaying great stability at all pHs tested. For all PNFs, no
observable decrease in ThT fluorescence was observed when fibrils
were resuspended in solutions with pH values between pH 2.0 and
8.0. (Fig. 3A). For whey and insulin PNFs between pH 9.0 and 11.0,
a considerable decrease in ThT fluorescence was observed,
indicating fibril solubilisation. The results obtained for insulin PNFs
(grown under similar pH conditions) are consistent with recent
findings’? demonstrating the dissociation of insulin amyloid fibrils in
this pH range using fibril recovery after centrifugal sedimentation.
The ThT fluorescence data were supported by examination of the
fibrils in each of the buffers by TEM (see ESI Fig. S37). In
agreement with the ThT fluorescence assay described above,
abundant fibrils were observed between pH 2.0 and pH 8.0 for all
PNFs. For whey and insulin PNFs, fewer fibrils were present at pH
9.0, and no clear fibrils were detected at pH 11.0, confirming their
dissociation in this pH range, whereas crystallin PNFs retained
morphology over the entire pH range.

Although for insulin and whey PNFs no significant decrease in ThT
fluorescence was observed for fibrils at below pH 8.0, fibrils at pH
6.0 and 8.0 were morphologically distinct from those at pH 2.0 and
4.0. For insulin fibrils, fibrils at pH 6.0 and 8.0 appear short and
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discrete whereas for whey fibrils, fibrils at elevated pH values
appear aggregated and clumped together (ESI Fig. S37).

The observation of slightly different morphologies at high pH values
was not an unexpected result, as morphological differences have
been seen previously with elevated pH in fibrils formed from bovine
insulin™ and from crude bovine crystallins.”

To study the impact of temperature on pre-formed PNFs, fibrils in
the respective buffers used to produce them were incubated at
selected temperatures for 24 h. The range of temperatures was
selected according to the optimal temperature range of industrial
enzymes, considering the application of protein fibrils as versatile
enzyme nanoscaffolds. After a 24 h incubation at the selected
temperatures, no significant decreases in ThT fluorescence was seen
for any of the fibrils. However, for insulin and whey PNFs a slight
decrease in ThT fluorescence was observed (Fig. 3B). In agreement
with the high ThT fluorescence readings, TEM images of the
crystallin fibril samples at all the given temperatures confirmed the
presence of fibrils with no major morphological differences as
compared to the control (ESI Fig. S47). A similar trend was seen for
TEM images of samples taken for insulin and whey PNFs, all
showing clear fibrils.

3.4. Effects of crystallin PNFs on Hec-1a cell proliferation

For toxicity studies, cell viability was measured in the presence and
absence of crude crystallin proteins, mature amyloid fibrils, and
sonicated (fragmented) fibrils (Fig. 4A). The crystal violet assay, a
method of similar accuracy as WST (water soluble Tetrazolium
salts) assays,*’® was performed to assess the potential toxicity of
crystallin amyloid fibrils. Hec-la cells were incubated with 10
mg/ml concentration of the crude protein, mature fibrils and
sonicated fibrils, and the number of viable cells measured by the
binding of crystal violet after 24 and 48 h. After 24 h as compared to
the control, no significant difference in the number of viable cells
exposed to any of the given treatments was observed (see Fig. 4B).
Even after 48 h incubation, no significant changes were seen. A
further study was undertaken to assess if there is any interaction
between the cell membrane and the proteins. In comparison to the
previous experiment there is a marked increase of cell viability in the
presence of fibrils after 48 h incubation (as depicted in Fig. 4C). This
indicates that the cells can metabolise the fibrillar protein, although
the contribution of non-fibrillar protein components could contribute
to the observed effect. The control (buffer + media) show that the
buffer conditions do not change the cell viability. 10 % DMSO is
toxic to cells and was therefore used as a positive control. The no-
cell control also did not show any sign of viability, demonstrating
that no contamination was present.

Despite of extensive studies in recent years, the identity of the
culprits of cytotoxicity associated with amyloidosis still remains
unclear.®® Although non-fibrillar oligomers are the main focus of
attention, significant amount of studies have reported that mature
amyloid fibrils can also produce a cytotoxic effect.*'** However,
recent studies have shown that some amyloid fibrils formed from
non-toxic protein sources are non-toxic, suggesting that there is a
combined effect of source protein, physicochemical properties of
PNFs, and cell line physiology, that affects cell viability.”* **

Our results suggest that Hec-1a cells are not adversely affected by
the presence of crystallin amyloid fibrils at the studied concentration.
There was also no indication that fragmented (sonicated) fibrils
decreased cell viability, in contrast to literature reports.*® Instead, the
in vitro studies suggest that the cells can perhaps utilise the fibrillar
proteins as a source of nutrients, although the contribution of non-
fibrillar protein components requires further investigation. As the
potential interaction of fibrils with cell membranes could differ,®
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further studies may be required using different cell lines with altered
compositions of cellular membranes.

3.5. Long-term storage stability

The long term stability of the crystallin amyloid fold was
investigated by infrared microspectroscopy (IRM). The analysis was
focused on amide I vibrations (1600-1700 cm™), which are
commonly used as conformational markers for peptides and
proteins.®® Amide 1 vibrations mainly arise from stretching
vibrational modes of the backbone carbonyl groups and correspond
to different strengths/types of hydrogen bonds in which the
backbone carbonyl groups are involved. They can hence be assigned
to specific secondary structures.®

IRM spectra were collected on crystallin fibrils aged for 2 to 37
months in water at room temperature. These were compared to IRM
spectra collected for recently formed fibrils kept under the same
conditions (less than a month old). IRM spectra were consistent
within the same sample (data not shown). Representative amide I
vibrations are here shown as a function of the aging time together
with the corresponding second derivatives (Fig. 5, left and right
panel respectively). Independent of the aging time, the amide I
region exhibited two well-defined infrared absorption peaks at
around 1620 cm™ and 1690 cm™ for all the samples, as for the
recently formed fibrils (Fig. 5, Table 1). In accordance with the
literature, this pair of absorption peaks was assigned to extended
antiparallel f-sheet networks, which are a hallmark of the amyloid
fibril fold.>****

Less defined vibrations could be detected at around 1650 cm™ and
1670-1680 cm™' from the second derivative spectra (Table 1). These
were assigned to respectively random coil and turn secondary
structures.®™ The variation of the type of turn from one sample to
another (1 or 2 absorption peaks) is likely due to the variation in
content of the types of crystallins.®® Similar IR amide I vibrations
including antiparallel B-sheet, random coil and turn, were previously
reported for amyloid fibrils generated from a yD-crystallin domain.®
Taken together, the IRM results show that the crystallin fibrils
conserve the same conformational features for up to 37 months when
kept in water at room temperature. These features are typical of the
amyloid fold and consistent with previous conformational
characterizations of yD-crystallin amyloid fibrils.

Conclusions

Crude crystallin proteins extracted from fish eye lenses have been
previously identified as an economically viable source of PNFs,
allowing for amyloid fibril production in large quantities at a low
cost. This paper has investigated the suitability of this material as a
bionanoscaffold, specifically in terms of stability under a variety of
parameters. Crystallin PNFs were shown to be stable across a wide
pH range, in a number of industrially relevant solvents, at both low
and high temperatures, and in the presence of proteases. A
comparative study, including insulin and whey nanofibrils suggests
that crystallin PNFs obtained from cheap and readily available
protein source, offer similar and often improved stability properties.
No evidence of cytotoxicity of crystallin PNFs has been found by
preliminary cytotoxicity assays using Hec-la cells. An IR
microspectroscopy study illustrates the long-term (up to 3 years)
structural integrity of crystallin nanofibrils. This study supports the
use of crystallin PNFs as nanomaterials, particularly in applications
such as biosensing and enzyme immobilisation, which require
prolonged solvent contact and stability over a wide range of pHs and
temperatures. Due to their excellent aspect ratio and stability,
crystallin amyloid fibrils show promise as a novel nanosupport for
the creation of functional bionanomaterials, for example, active

This journal is © The Royal Society of Chemistry 2012
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surface coatings for the production of fine chemicals, chemical
detoxification, or biosensing.
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Figure 1. (A) ThT fluorescence of insulin (INS), whey protein (WPI) and crystalline (CP) PNFs in presence of proteolytic enzymes, after 3h
incubation at room temperature. ThT fluorescence is represented as % decrease in fluorescence compared to the control sample. For data
analysis, the data was normalised to a control sample. Samples from left to right: (a) trypsin, (b) pepsin, and (c) Proteinase K. Error bars
represent the SD of three replicates. (B) Representative TEM images of PNFs after incubation with proteolytic enzymes. Row 1: insulin
PNFs - (a) control, (b) trypsin, (c) pepsin, and (d) Proteinase K. Row 2: whey PNFs - (e) control, (f) trypsin, (g) pepsin, and (h) Proteinase K.
Row 3: crystallin PNFs - (i) control, (j) trypsin, (k) pepsin, and (1) Proteinase K. Scale bar is 100 nm
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Figure 2. A) ThT fluorescence of insulin (INS), whey (WPI) and crystallin (CP) PNFs resuspended in various solvents, after 3 h incubation.
ThT fluorescence is represented as % decrease in fluorescence compared to the control sample. Samples from left to right: (a) MeOH, (b)
EtOH, (c) DMSO, (d) iPrOH, (e) ACN, and (f) H,O. Fluorescence values have all had the appropriate control value subtracted. Error bars
represent the SD of three replicates. B) Representative TEM images of fibrils resuspended in solvents. Row 1: insulin PNFs - (a) Control, (b)
MeOH, (c) EtOH, (d) iPrOH, (¢) DMSO, (f) ACN, and (g) H,O. Row 2: whey PNFs - (h) Control, (i) MeOH, (j) EtOH, (k) iPrOH, (1)
DMSO, (m) ACN, and (n) H,O. Row 3: crystallin PNFs - (o) Control, (p) MeOH, (q) EtOH, (r) iPrOH, (s) DMSO, (t) ACN, and (u) H,O.
Scale bar is 100 nm
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Figure 3. A) ThT fluorescence of insulin (INS), whey (WPI) and crystallin (CP) PNFs resuspended in buffers at different pH values, after 24
h incubation. Samples from left to right: (a) 0.1 M sodium acetate, pH-2.0, (b) 0.1 M sodium acetate, pH-4.0, (c) 0.1 M sodium phosphate,
pH-6.0, (d) 0.1 M sodium phosphate , pH-7.2, (e) 0.1 M HEPES, pH-8.0, (f) 0.1 M HEPES, pH- 9.0, and (g) sodium borate, pH-11.0. B)
ThT fluorescence at a variety of temperatures, after 24 h incubation. Samples from left to right: (a) -20°C, (b) 4°C, (c) 22°C, (d) 37°C, (e)
60°C, and (f) 80°C. Fluorescence values have all had the appropriate control value subtracted, and are represented as % decrease in
fluorescence compared to the control sample. Error bars represent the SD of three replicates.
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Figure 4. A) Representative TEM images of crystallin PNFs: (a) mature fibrils and (b) fragmented fibrils. Scale bar is 100 nm. B) Hec 1a cell
viability, in presence of (a) mature fibrils and (b) fragmented fibrils, (c) crude crystallin protein (10mg/ml), (d) control- nutrient medium +
PBS, (e) 10% DMSO, and (f) no-cell sample. C) Hec 1a cell viability, in presence of (a) mature fibrils, (b) fragmented fibrils, (c) crude
crystallin protein (10 mg/ml), (d) control- nutrient medium + PBS, (e) control- starvation medium + PBS, (f) 10% DMSO, and (g) no-cell
sample. Cell viability is represented as % decrease/increase in number of cells as compared to control (d), nutrient medium is set to 100 %.
Error bars represent the SD of three replicates. White columns 24 hours, black columns 48 hours.
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Figure 5. IR absorbance spectra (A, B, C, D, E, F) and 2™ derivative spectra d®A/dv? (A", B”, C”, D”, E”, F”) of crystallin amyloid nanofibril
samples after long-term storage with periods of A) 37, B) 27, C) 13, D) 5, E) 2 and F) 0 months.
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Table 1. IRM amide I vibrations of aged crystallin fibrils (wavenumbers taken from minima in second

derivatives of IRM spectra) and corresponding secondary structures.

Crystallin PNF age Antiparallel B- Random coil Turn (cm™) Antiparallel
(months) sheet (cm'l) (cm™) B-sheet (cm™)

0 1619 1655 1662, 1676 1693

2 1620 1650 1663, 1670 1693

5 1620 1650 1660, 1676 1689

13 1618 1656 1664, 1675 1693

27 1618 1652 1672 1693

37 1621 1652 1670 1692
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