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Biological materials at nanoscale such as proteins, antibodies,
lipids, and nucleic acids have been highlighted not only for
their important roles in life sciences but also for their wide
range of applications in engineering and materials science.
Understanding the design principles of biomaterials allows
for gaining great insight into the creation and control of novel
materials with interesting functional properties. Therefore
it is of great importance to characterize the biomaterials’
microstructures, self-assembly mechanism, and dynamics
in high spatial and temporal resolution. During the last
two decades, with technological advances in experimen-
tal instrumentation and methodology (e.g., single-molecule
experiments) and advances in hardware and software that
lead to more realistic computer simulations (e.g., atomistic,
coarse-grained, and continuum simulations), the structures,
properties, functions, and dynamics of nanoscale biologi-
cal materials have been extensively studied. For instance,
single-molecule experiments and atomistic simulations have
revealed the underlying mechanisms of protein folding,
protein dynamics, protein aggregation, RNA/DNA unzip-
ping, and interactions between nanoscale biologicalmaterials
(e.g., protein) with other chemical compounds (e.g., drug
molecule). Understanding of these fundamental processes at
atomic scale has driven multiple applications in biomedical
engineering such as developing functional biomaterials with
rational design.

With the advancements in the area of nanoscale biological
materials as described above, this special issue is aimed
towards presenting the current state-of-the-art approaches

in understanding the structures and dynamics of biolog-
ical materials as well as their relationship with materials
properties andhence the functions of the nanoscale biological
materials including, but not limited to, DNA, RNA, pro-
tein, lipid, and self-assembled structures formed from these
building blocks. This special issue covers different aspect of
characterization of nanoscale biological materials from both
computational and experimental viewpoints.

As a first example of these nanoscale biological materials,
amyloid fibrils are discussed in this issue. Amyloid fibrils
are a hallmark of neurodegenerative diseases, yet they have
received great attention due to their remarkable structural
stability. The mechanical strength of fibrils is comparable
to that of mechanically strong protein materials such as
spider silk. In the review paper entitled “Nanomechanical
Characterization of Amyloid Fibrils Using Single-Molecule
Experiments and Computational Simulations,” B. Choi et al.
described the recent efforts to characterize the mechanical
properties of amyloid fibrils using single-molecule exper-
iments (e.g., atomic force microscopy-based experiments)
and computer simulations (e.g., atomistic and coarse-grained
simulations). As described in the review paper, experimental
and computer simulation approaches provide an estimate
of elastic modulus for amyloid fibrils to be in the order
of 1 to 10GPa, which is comparable to the elastic modulus
of a spider silk protein that is renowned as a mechani-
cally strong protein material. M. Lee et al., in their paper
“Effects of End-Terminal Capping on Transthyretin (105–115)
Amyloid Protofibrils Using Steered Molecular Dynamics,”
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explored the stability and mechanical properties of amyloid
fibrils made of transthyretin (TTR). Using steered molecular
dynamics simulations they provide great insight into the
underlying mechanisms of the end-terminal capping effect
on the fibril stability and the mechanical response of TTR
amyloid fibrils. While deoxyribonucleic acid (DNA) is an
important biomolecule that performs physiological functions
such as delivering the genetic information, it has recently
been considered as a building block for developing novel
large-scale functional structures such as DNA origami. The
mechanical properties (e.g., flexibility) of individual DNA
molecules are known to play key role in the process of form-
ing DNA origami structures. In a paper entitled “Sensitivity
Analysis for the Mechanical Properties of DNA Bundles,” Y.-
J. Kim and D.-N. Kim studied the role of the mechanical
properties of DNA bundles in forming the three-dimensional
structural motifs such as DNA junctions and strand breaks
by performing sensitivity analysis on a six-helix DNA bundle
structure using finite element modeling approaches.

Functionalization of nanomaterials with biological mole-
cules has played a vital role in developing a nanobiointerface
platform, which can be used in many ways such as for
biosensing or drug delivery. J. Nam et al., in their paper
entitled “Lipid Reconstitution-Enabled Formation of Gold
Nanoparticle Clusters for Mimetic Cellular Membrane,”
delineated the formation of gold nanoparticle clusters encap-
sulated with reconstituted phospholipid bilayers for facili-
tating cellular uptake, a process necessary for nanomaterial-
based drug delivery. J. Jung, in her review paper entitled
“Emerging Utilization of Chrysin Using Nanoscale Modi-
fication,” discussed the current state-of-the-art approaches
in nanoencapsulation and conjugation for overcoming the
utilization of chrysin in pharmaceutical applications. In a
paper, entitled “Optimal Synthesis of Horizontally Aligned
Single-Walled Carbon Nanotubes and Their Biofunctional-
ization for Biosensing Applications,” D. Jung et al. discussed
how carbon nanotubes can be used to capture disease-
related biomolecules in high sensitivity. They presented the
detailed optimal synthesis conditions for such horizontally
aligned carbon nanotube arrays functionalizedwith chemical
molecules for biosensing and optical applications. More-
over, nanoscale friction and adhesion are one of the most
important physical parameters in designing a nanobioin-
terface system and a challenging phenomenon to explain
using physical principles. S. Y. Baek and K. Kim, in their
paper entitled “Development of a Time-Dependent Friction
Model for Frictional Aging at the Nanoscale,” presented the
theoretical model of nanoscale frictional aging based on
a cohesive zone model. Their model was validated using
numerical simulations and was used successfully to interpret
the recent experimental data.

The guest editors hope that this special issue can inspire
the readers and stimulate further research in the area of
nanoscale biologicalmaterials, in particular, the characteriza-
tion of the relationship between their structures, properties,
and functions. These studies will doubtlessly lead to the
exploration of novel applications in engineering and materi-
als science while they further elucidate the physical principles
behind the properties of biomaterials at nanoscale.
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As an influential candidate for highly sensitive biomolecule sensor, which can capture disease related biomolecules, carbon
nanotube is useful material due to its unique properties. To adopt as a sensing platform, it is strongly needed to find optimal
refined synthetic condition. In order to find the optimal synthetic conditions of horizontally aligned CNT, we performed quantity
control of the mixed gases of H

2
and CH

4
injected. We successfully find that the formation of amorphous-like carbon was critically

affected by some gas condition such as the flow rate of injected gases and ratios of gas mixture. Moreover, it should be noted that
our horizontally aligned carbon nanotube array platform developed would offer another potential in developing nanoscale light
source, where light emission results from electron-hole carrier recombination.

1. Introduction

In the past decades, it has been attractive to the community to
develop the novel bioassay toolkits, which allow the fast, reli-
able, label-free, and highly sensitive detection of specific bio-
logical species, eventually resulting in early diagnosis of dis-
eases such as cancer [1–4]. To the best of our knowledge, the
detection sensitivity of conventional toolkits, such as DNA
microarray, based on fluorescence imaging is not as good as
that required for early cancer diagnosis due to the relatively
large sensing surface and ineffectiveness of fluorescence, for
example, low durability, and fluorescence quenching [5–7].

Scanning probe microscopy- (SPM-) based detection
methods have recently served as a sensing toolkit that is
able to sensitively identify the specific target biomolecules
owing to the high spatial resolution of AFM (being even
up to nanometer scale) [8–13]. For instance, tapping mode
Atomic Force Microscopy (tmAFM) and Kelvin probe force

microscopy (KPFM) have enabled the sensitive detection of
biomolecules such as DNA, RNA, and proteins [8, 13]. In
addition, SPM does not require the cumbersome processing
of samples such as the labeling of fluorescence dyes to
target biomolecules, which implies that the fabrication of the
sensing substrate is cost-effective and straightforward.

In addition to using SPM as an imaging toolkit, the
preparation of nanoscale pattern is necessary in order for
SPM-based sensing to achieve the high detection sensitivity.
One of ways to prepare the nanoscale pattern is to consider
carbon nanotube (CNT), which is useful material due to
its unique properties. Specifically, it is easy to chemically
modify the surface of CNT, particularly chemically attaching
biological probes (e.g., aptamer, DNA, and RNA) to CNT
surface. This easiness of the biological functionalization of
CNT surface leads to the preparation of carbon nanotube-
patterned surface that is able to specifically and selectively
capture target biomolecules. In addition, as the diameter of
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CNT is in the order of 1 to at most 10 nm, the very minute
amount of target biomolecules can be specifically captured to
the small area of CNT-patterned surface, which indicates the
high detection sensitivity of CNT-patterned surface.

Based on aforementioned CNT-patterned surface along
with SPM imaging technique, we have shown that a horizon-
tally aligned carbon nanotube- (HACNT-) patterned surface
enables the specific detection of biomolecules with ultra-
sensitivity for early cancer diagnostics [14, 15]. In particular,
it is shown that HACNT-patterned surface-based detection
system is able to sense specific target biomolecules such as
proteins (e.g., thrombin) and tumor marker. The detection
limit of our detection system based on SPM imaging and
HACNT-patterned surface is as low as single-molecule level,
which is much better than the detection limit of other
conventional bioassay toolkits.

For sensitive detection based on aforementioned CNT-
patterned surface, it is important to prepare the optimally
patterned CNTs on the surface. In our previous works, the
optimal patterning of CNTs on the surface has not been
fully studied yet. For instance, when CNT pattern is not
optimally designed, it is likely that amorphous carbon can
undesirably be formed when CNT is chemically grown; this
amorphous carbon may prevent the CNT-patterned surface
from exhibiting the high detection sensitivity. In this work,
we provide the optimal fabrication condition that allows us
to prepare the well-designed CNT-patterned surface, which
can serve as a biosensing platform. Moreover, we describe
the optimal condition for chemical functionalization of CNTs
patterned on the surface for specific and selective detection.
In particular, we delineate the functionalization of CNTs
with rhodamine dyes. The surface patterned with CNTs
functionalized with rhodamine can act as a nanoscale optical
device thatmay respond to the environmental change [16, 17].

2. Experimental Methods

2.1. Carbon Nanotube Synthesis and Functionalization. In
order to synthesize the HACNT array, a thermal chemical
vapor deposition (CVD) system (SciEnTech Co., Ltd.) was
employed. In our previous work, the mechanism and details
of thermal CVD system to grow the array are well described
[14, 15, 18]. In brief, the thermal CVD system we used in this
work consists of hydrocarbon feedstock gas (methane, CH

4
,

99.9%) as atomic carbon source for the nanotube growth,
both hydrogen (H

2
, 99.999%) and argon (Ar, 99.999%) as

catalytic carrier gases, and a SiO
2
/Si substrate with iron

(Fe) catalyst layer. The growth time was fixed to 3 hours;
the growth temperature varied between 1000 and 1100∘C
at atmospheric pressure. To functionalize the synthesized
HACNT array with 4-aminophenyl-diazonium tetrafluorob-
orate salt (NH

2
-diazonium), the array was dipped into a

solution of NH
2
-diazonium with a small amount of NaOH

for catalyst for this chemical reaction with stirring at 50∘C for
1 hour. After the NH

2
-diazonium functionalization, the array

was redipped into a solution of rhodamine-b-isothiocyanate
(RITC) dyes with stirring at room temperature for 10 hours.
The morphology of the HACNT array after synthesis and a

subsequent functionalization was characterized using scan-
ning electron microscopy (SEM, Hitachi S-4700).

2.2. Atomic Force Microscopy Imaging. All images of CNT
were acquired using a tapping mode at the scanned location.
The SPM-based measurement was performed using Innova
(Veeco Inc., Santa Barbara, CA, USA) with Nanocontroller V
(Veeco Inc.) under an ambient condition at room tempera-
ture. To obtain images, we have utilized TESP-V2 tip (Veeco
Inc.) as a scanning probe. Here, TESP-V2 tip has the normal
resonant frequency of 320 kHz and tip radius of ∼8 nm. The
tapping mode AFM (tmAFM) images were acquired based
on scanning speed of 1 𝜇m/s, which is suitable to guarantee
the high-quality images. We obtained the tmAFM images for
the scan size of 2 𝜇m × 2 𝜇m, which is a proper scan size to
image a couple of CNTs on the substrate. All SPM images
were generated from Nanoscope software V7.2.

2.3. Raman Spectroscopy. The degree of the functionalization
of the HACNT array with NH

2
-diazonium and RITC was

characterized using Raman spectroscopy (WITec, Alpha 300
M+, 532 nm laser excitation, and 300 nm spatial resolution).
In particular, Raman spectra of the sample were obtained
after the sample was fully dried at room temperature. Raman
mapping was carried out with a spectral area of 10 × 10 𝜇m2
using a customized built-in software, where points per line
and scan speed were 100 and 13 seconds/line, respectively.

3. Results and Discussion

Figure 1(a) shows a schematic illustration of a horizontally
aligned carbon nanotube (HACNT) array on a SiO

2
/Si sub-

strate grown by chemical vapor deposition (CVD)method. In
the case of HACNT array growth, individual carbon nano-
tubes are generally known to get nucleated from catalyst
metals prepatterned at the one end of the substrate and
then subsequently extend their length with a process time
through the kite mechanism by which carbon nanotubes
being grown are floating above the underlying substrate in
the same direction with feedstock gas flow injected into a
reactor during synthesis [19]. Figure 1(b) depicts a schematic
diagram representing a process of surface functionalization of
individual carbon nanotubes of the HACNT array with NH

2
-

diazonium after the array synthesis and then subsequent
RITC functionalization.The amine groups functionalized on
the outer surface of carbon nanotubes are generally expected
to act as an electron donor to give electrons towards the
nanotube because of their relatively high reduction potential
over the valence band of the semiconducting single-walled
carbon nanotubes [20, 21]. In addition, the NH

2
-diazonium

functionalization on the nanotubes would allowmediation of
a further functionalization of RITC on the NH

2
-diazonium

functionalized nanotube assembly by replacing NH
2
-group

with RITC, which exhibits fluorescence in the visible light
wavelength regime [22].

Scanning electron microscopic (SEM) images of the
HACNT arrays are shown in Figure 2, where the effect of
total flow rate of feedstock gases during the synthesis on the
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Figure 1: Schematic illustrations of (a) fabrication of a horizontally aligned carbon nanotube (HACNT) array by chemical vapor deposition
(CVD)method on a Si substrate and (b) subsequent functionalization of HACNTwithNH

2
-diazonium, followed by rhodamine dyemoieties.

growth morphology and density of the arrays is provided
when a relative flow rate ratio of hydrogen (H

2
) and methane

(CH
4
) gas was kept constant as two. In each subset of the

Figure 2, the left (or right) image shows the appearance
of the nanotubes in the array grown near (or far away
from) the Fe catalyst metal in the nanotube growth region,
which is indicated by a red arrow in an upper-left panel of
the Figure 2. As total flow rate of the feedstock gases was
increased from 4.5 to 9.0 stand cubic centimeter (SCCM),
the growth density of each sample was found to be different
although the morphologies seemed to be similar (Figures
2(a)–2(d)). Interestingly, when the total flow ratewas 9 SCCM
(Figure 2(d)), it was hard to find the initial nucleation of
the nanotubes allowing their substantial growth afterwards.
This result would be possibly because the hydrogen atoms
could either etch away the carbon atoms, which are thermally
dissociated from CH

4
feedstock gas, or replace the dangling

bonds of the carbon atoms prior to forming a normal nano-
tube structure [23]. It is expected that therewould be a certain
total flow rate that corresponds to the optimal quantity
making the nanotubes initiate their growth even if a relative

flow rate ratio of the feedstock gases was maintained to be
constant. Otherwise, the growth of the HACNT array would
be deactivated (Figure 2(d)).

To determine the effect of the relative flow rate ratio of H
2

and CH
4
compared to the result shown in Figure 2, where

the flow ratio is two, the flow ratio using the same gases
was slightly decreased to one and a half (Figure 3). Then, as
similarly shown in Figure 2, we have systematically increased
the total flow rate of the feedstock gases from 3.75 to
7.5 SCCM (Figures 3(a)–3(c)). In this case, the flow rate of
H
2
gas injected was reduced by 75% at a given flow rate

of CH
4
gas as compared with that in Figure 2. As the total

flow rate was increased (Figures 3(a)–3(c)), the morphology
and density of the HACNT arrays were markedly changed as
comparedwith the result shown in Figure 2.More specifically,
when the total flow rate was increased from 3.75 SCCM
(Figure 3(a)) to 6.25 SCCM (Figure 3(b)) by a factor of ∼1.7,
it was observed that the surface of the carbon nanotubes
in the array grown was covered by a large amount of the
amorphous-like carbon. This morphological appearance is
quite obviously compared with that shown in Figure 2,
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Nanotube growth direction for all of the samples

(a)

Nanotube growth direction for all of the samples

(b)

Nanotube growth direction for all of the samples

(c)

Nanotube growth direction for all of the samples

(d)

Figure 2: Scanning electron microscopy (SEM) images representing an effect of total flow rate (in unit of standard cubic centimeter
(SCCM)) of feedstock gases while maintaining a relative flow rate ratio of H

2
and CH

4
, which is two, during HACNT arrays growth on

their morphologies and densities. Total flow rate varies at (a) 4.5, (b) 6.0, (c) 7.5, and (d) 9.0, respectively. Note that no tubes were nearly
grown at the total flow rate of 9.0. Left (or right) image of each subfigure set corresponds to a regime of the array grown near (or far from) Fe
catalyst in the growth direction.

Nanotube growth direction for all of the samples

(a)

Nanotube growth direction for all of the samples

(b)

Nanotube growth direction for all of the samples

(c)

Figure 3: SEM images indicating an effect of a different relative flow rate of H
2
and CH

4
gases, which is one and a half, compared to the results

of Figure 2, on the morphologies and densities of HACNT arrays grown with the total flow rates of (a) 3.75, (b) 6.25, and (c) 7.5, respectively.
Note that few tubes were grown and covered with amorphous-like carbon debris at the total flow rate of 7.5.

where the same amount of the total flow rate was increased
(Figures 2(a) and 2(c)).Moreover, when the total flow ratewas
increased to 7.5 SCCM, which equals an increase by a factor
of 2 compared to that shown in Figure 3(a), the HACNT
array was found to be rarely grown, and most of the substrate

seemed to be coated with thick layers of the amorphous-like
carbon. In brief, with the results of Figures 2 and 3mentioned
above, the mechanism of patterned carbon nanotube growth
can be described as follows: if the relative flow rate ratio of
H
2
and CH

4
is decreased by a certain percentage (despite the
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Figure 4: Atomic force microscopy (AFM) images of a representative HACNT array.

total flow rates of feedstock gases injected into a reactor being
the same), the carbon atoms produced from CH

4
gas would

not be able to properly form a lattice structure of the carbon
nanotube due to decrease in numbers of the hydrogen atoms
created from H

2
gas, which are supposed to act as scavengers

for the carbon atoms in the gas phase reaction [24].
Figure 4 shows AFM images of the HACNT-patterned

surface. As shown in Figure 4, the diameter of CNT hor-
izontally grown on the surface is found to be ∼1.7 nm.
Here, we note that CNT horizontally grown on the surface
was fabricated based on the optimal synthesis condition as
described above.

Figure 5 depicts the results of 1-dimensional (1D) spectra
and 2-dimensional (2D) mapping images from Raman spec-
troscopy on the samples that were prepared as schematically
shown in Figure 1(b). Specifically, the Raman images were
shown for a pristine CNT (Figures 5(a)–5(c)), CNT function-
alized with NH

2
-diazonium (Figures 5(d)–5(f)), and CNT

chemically modified with RITC molecules (Figures 5(g)–
5(i)), respectively. In Raman spectroscopy, the G-band cor-
responds to planar vibrations of carbon atoms and is present

in most graphite-like materials. The D-band is present in all
graphite-like carbons and originates from structural defects.
The radial breathing mode (RBM) corresponds to radial
expansion-contraction of the nanotube. And the G-band
arises from a two-phonon, intervalley, second-order Raman
scattering process [25, 26]. From these images, we have the
following observations: first, when the carbon nanotubes in
the HACNT array were functionalized with NH

2
-diazonium,

the overall G-band intensities decreased over the whole spec-
tral regime investigated, compared to the bare ones (Figures
5(a) and 5(d)). However, the number density of bright spots
in the D-band images (Figures 5(b) and 5(e)) increased,
which would probably correspond to the region with NH

2
-

diazonium functionalization. These results indicate that the
NH
2
-diazonium functionalization would create the defect

sites on the surface of carbon nanotubes. Overall, both the
G-band and D-band images (Figures 5(g) and 5(h)) of the
carbon nanotubes functionalized with NH

2
-diazonium and

a subsequent RITCmolecules show lower spectral intensities
compared to those mentioned above. A possible reason
for this would be a large amount of loss of the carbon



6 Journal of Nanomaterials

G band

(a)

D band

(b)

RBM

(c)

G band

(d)

D band

(e)

RBM

(f)

G band

(g)

D band

(h)

RBM

(i)

Downshift

G-band

D-band

RBM

Downshift

0.0

0.2

0.4

0.6

0.8

1.0

In
te

ns
ity

 (a
.u

.)

 As-grown CNT

CNT+diazonium+RITC
CNT+diazonium

(∼1350 cm−1)

(∼1582 cm−1)

(∼2700 cm−1)
G-band

500 1000 1500 2000 2500 30000
Raman shift (cm−1)

(j)

Figure 5: 2D Raman mapping images recorded at ((a), (b), (c)) intact individual carbon nanotubes in the HACNT array, ((d), (e), (f)) the
same tubes functionalized with NH

2
-diazonium, and ((g), (h), (i)) the same tubes functionalized with NH

2
-diazonium/rhodamine dye in

sequence. All scale bars represent 2 𝜇m. (j) Three Raman spectra for each sample are depicted, indicating radial breathing mode (RBM),
D-band, G-band, and G-band.
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nanotubes during the RITC functionalization. But it is still
observed that the D-band intensities in some of the regions
(Figure 5(h)) became brighter than in those shown in Fig-
ure 5(e), revealing the higher degree of the functionalization.
The NH

2
-diazonium and a subsequent functionalization of

RITC molecules on the carbon nanotubes seem to produce
the RBM images with little difference. Figure 5(j) depicts
the representative three 1D Raman spectra of each sample
discussed above. Interestingly, it was observed that the D-
/G-band intensity ratio increased, and the G-band position
downshifted (∼15–20 cm−1) with both NH

2
-diazonium and

RITC functionalization (the resolution of the system was ∼
1 cm−1). It should be noted here that the functionalization of
CNT surface with NH

2
-diazonium would probably act as a

defect site onto a SWNT surface, whichmakes theD-/G-band
intensity ratio increase in the Raman spectra. Furthermore,
the reason for both G-band and G-band can be attributed to
the fact that NH

2
-diazonium functionalization would donate

electrons into carbon atom (n-doped) in a SWNT; therefore
the carbon-carbon (C-C) bond at the edge of a SWNT would
become extended which would directly cause the Raman
softening (i.e., Raman downshift) [20, 27].

4. Conclusion

In this work, we have determined optimal synthetic condi-
tions of the CNT horizontally aligned on the surface with
quantity control of the mixed gases of H

2
and CH

4
injected.

It was revealed that the formation of amorphous-like carbon
was critically affected by gas condition such as the flow rate
of injected gases and ratios of gas mixture. It is expected
that the optimal synthetic conditions studied in this work
enable us to prepare the high-quality CNT-patterned surface,
whichmay be employed for selective and sensitive biosensing
applications. In addition, it should be noted that the HACNT
array platform developed in this work would offer another
potential in developing nanoscale light source, where light
emission results from electron-hole carrier recombination.
This property should enable electroluminescence (EL) in the
array, which can detect subtle changes from the environ-
ments (i.e., biological and chemical). This implies that CNT-
patterned surface described in this work can be considered
for establishing a nanoscale optical device. Our study may
provide insight into optimization of the synthesis of the
HANCT array, which enables not only highly sensitive detec-
tion platforms for sensing diseases-related biomolecules, but
also a new type of nanoscale light source that are able to detect
environmental changes. Future work will be directed towards
further development of HACNT-based biosensing platform,
whichmay allow for diagnosis of fatal diseases such as cancer.
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Amyloid fibrils have recently received much attention due to not only their important role in disease pathogenesis but also their
excellent mechanical properties, which are comparable to those of mechanically strong protein materials such as spider silk. This
indicates the necessity of understanding fundamental principles providing insight into how amyloid fibrils exhibit the excellent
mechanical properties, which may allow for developing biomimetic materials whose material (e.g., mechanical) properties can be
controlled. Here, we describe recent efforts to characterize the nanomechanical properties of amyloid fibrils using computational
simulations (e.g., atomistic simulations) and single-molecule experiments (e.g., atomic force microscopy experiments). This paper
summarizes theoretical models, which are useful in analyzing the mechanical properties of amyloid fibrils based on simulations
and experiments, such as continuum elastic (beam) model, elastic network model, and polymer statistical model. In this paper,
we suggest how the nanomechanical properties of amyloid fibrils can be characterized and determined using computational
simulations and/or atomic force microscopy experiments coupled with the theoretical models.

1. Introduction

Amyloid fibrils, which are formed by self-assembly process
(i.e., protein aggregation) [1–4], have recently received sig-
nificant attention due to not only their important role in
disease pathologies [5–9] but also their excellent nanome-
chanical properties [10]. In particular, amyloid materials
have been found to be associated with various diseases
such as neurodegenerative diseases [5–7] (e.g., Alzheimer’s
disease and Parkinson’s disease), type II diabetes [8], and
cardiovascular disease [11]. These amyloid materials exhibit
multiscale structural feature [10] such that they are amyloid
small aggregate (e.g., amyloid oligomer) at nanoscale, amy-
loid fibril at submicron scale, and amyloid plaques at micron
scale. More remarkably, amyloid materials such as oligomers
and fibrils are the ordered structures made of 𝛽-strands [1].
This ordered structure of amyloid materials is responsible
for their insolubility in physiological condition and also
for their remarkable (mechanical) properties. Specifically, 𝛽
strand-rich protein structures (e.g., amyloid) are stable due

to hydrogen bonds that sustain (and stabilize) 𝛽-sheet-rich
structures [12, 13]. In addition, recent experimental studies
[14, 15] report that themechanical properties of amyloid fibril
are determined from the content of 𝛽-sheets comprising the
fibril in such a way that as the 𝛽-sheet content increases the
mechanical properties (e.g., elastic modulus) of the fibril are
improved.

The nanomechanical properties of amyloid fibrils have
recently been measured based on experimental and compu-
tational techniques. In particular, atomic force microscopy
(AFM) or cryo-electron microscopy (EM) imaging tech-
niques coupled with polymer chain statistics have allowed
for estimating the bending property (i.e., persistent length) of
amyloid fibrils [16, 17]. Specifically, themechanical properties
of protein fibrils are measured based on their fluctuation
behavior, which can be obtained from AFM images or cryo-
EM images. Recently, this imaging-based mechanical char-
acterization has been implemented in FiberApp [18], which is
an open software for analyzing the structures andmechanical
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properties of protein fibrils based on AFM images. Moreover,
AFM nanoindentation technique has enabled the mechan-
ical characterization of amyloid fibrils [19–21]. In addition,
computational simulations based on atomistic and/or elas-
tic network models have been extensively employed for
characterizing the nanomechanical properties of amyloid
fibrils [10, 22–24]. Based on experimental and computational
techniques, the elastic modulus of amyloid fibrils is measured
in the order of 1 to 10GPa [10, 22–24], which is comparable
to that of a spider silk protein [25], which is known as one of
the mechanically strong proteins. Moreover, the toughness of
amyloid small aggregates with their size of∼3 nm ismeasured
as ∼30 kcal⋅mol−1⋅nm−3 [23], which is very close to that of
spider silk crystal with its size of ∼2 nm. Recent experimental
[26] and computational studies [22, 23] report an important
role that the length scale of protein fibrils plays in their
nanomechanical properties. This length scale effect in the
nanomechanical properties of amyloid fibrils is attributed
to the fact that the deformation mechanism of the fibrils
depends on their length scale.

The remarkable mechanical properties of amyloid fibrils
have recently been found to play a pivotal role in their
biological functions such as disease pathologies [36]. For
instance, it has recently been reported that the mechanical
disruption of cell membrane due to amyloid fibril [37] is
ascribed to the fact that the elastic modulus of amyloid
fibrils is in the order of 1 to 10GPa [10], whereas the elastic
modulus of cell membrane is in the order of 100 kPa [38].This
observation suggests an evidence that the nanomechanical
properties of amyloid fibrils are highly correlated with their
biological functions. Moreover, a recent study by Tanaka and
coworkers [39] reports that prion infectivity is determined
from the fracture toughness (brittleness) of prion fibrils such
that the softer the fibril, the higher the prion infectivity. In
addition, as described in our recent study [30], the size-
dependent elastic properties of HET-s prion fibrils provide
insight into their critical size related to prion infectivity.
These observations highlight a role that the nanomechan-
ical properties of amyloid fibrils play in their pathological
functions.

In this paper, we describe recent attempts to characterize
the nanomechanical properties of amyloid fibrils by using
experiments and simulations, as the mechanical charac-
terization of the fibrils is of great importance for further
understanding of their biological functions. This paper is
organized as follows: Section 2 summarizes theoretical mod-
els such as elastic network model, elastic beam model, and
polymer chin model, which can be coupled with experi-
ments or computational simulations in order to measure the
mechanical properties of amyloid fibrils. In Section 3, we
provide the recent efforts to characterize the nanomechanical
properties of amyloid fibrils with using single-molecule
experiments based on atomic force microscopy (AFM).
Section 4 is dedicated to the review of computational efforts
to measure the mechanical properties of amyloid fibrils as
well as gain insight into their deformation mechanisms. In
Section 5, we conclude this paper with providing remarks
and further directions that can be considered for future
works.

2. Theoretical Models

In this section, we summarize theoretical models that are
useful in analyzing the experimental and simulation results
to extract the nanomechanical properties of amyloid fib-
rils. Here, we note that the principles of computational
simulations such as atomistic simulation and normal mode
analysis are not included in this review, but the principles
of these simulations including steered molecular dynamics
(SMD) simulations arewell described in [40–44]. In addition,
though we describe recent experimental attempts to charac-
terize the mechanical properties of amyloid fibrils, we skip
the details of AFMexperimentalmethods (e.g., AFM imaging
and indentation), which are well summarized in [45]. In the
following, we provide theoretical models such as polymer
chain model, elastic network model, and continuum elastic
beam model.

2.1. Polymer Chain Model: Polymer Chain Statistics. Polymer
chain models have allowed for understanding the fluctua-
tion behavior of one-dimensional polymer molecules [46].
Among polymer chain models, a wormlike chain (WLC)
model [47] has been widely accepted for analyzing the fluctu-
ation behavior of a biological molecule [48, 49] such as DNA
chain [50, 51] and protein fibril, for example, microtubule
[52]. The WLC model assumes that a biological fibril is
composed of rigid subchains. The energy (𝑉) required to
bend an angle (𝜃) between two subchains located a distance
𝜉 apart is given by

𝑉 =
𝐸
𝐵

𝐼

2𝜉
𝜃2, (1)

where 𝐸
𝐵

and 𝐼 are elastic modulus and cross-sectional
moment of inertia for a biological fibril, respectively. A prob-
ability distribution function for an angle 𝜃 obeys Boltzmann’s
distribution such as

𝑝 (𝜃) = √
𝐸
𝐵

𝐼

2𝜉𝑘
𝐵

𝑇
exp(−

𝐸
𝐵

𝐼

2𝜉𝑘
𝐵

𝑇
𝜃2) , (2)

where 𝑘
𝐵

and 𝑇 are Boltzmann’s constant and absolute
temperature, respectively. Here, it should be noted that the
persistent length (𝐿

𝑃

) of a biological fibril is defined as 𝐿
𝑃

=
𝐸
𝐵

𝐼/𝑘
𝐵

𝑇. The ensemble averages for an angle 𝜃 and its cosine
value are given by [49]

⟨𝜃2⟩ =
𝜉

𝐿
𝑃

, (3)

⟨cos 𝜃⟩ = exp(−
𝜉

2𝐿
𝑃

) . (4)

The mean-squared value of the end-to-end distance (𝑅) of
a biological fibril in a two-dimensional space (i.e., on the
surface) is represented in the form of [51]

⟨𝑅2⟩

𝐿2
= 4(

𝐿

𝐿
𝑃

)[1 −
2𝐿
𝑃

𝐿
{1 − exp(−

𝐿

2𝐿
𝑃

)}] , (5)

where 𝐿 is a contour length of a biological fibril.
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2.2. Elastic Network Model. Coarse-grained (CG) model
enables not only the computationally efficient dynamic anal-
ysis of protein molecules [41, 53–56] but also the insight
into a role that the structure of protein molecules plays in
their dynamics andmechanics.The computational efficacy of
CG model is due to the modeling strategy in that minimal
degrees of freedom are used tomodel a protein structure with
simplified interaction potential field.

Among CG models, an elastic network model (ENM)
[41, 57–64] is not only a most simple and computationally
efficient model, but also a minimalist model which can
provide an insight into the role of protein structure on the
mechanics anddynamics of a proteinmolecule.Thebasic idea
of ENM is to consider only the 𝛼-carbon atoms of a protein
structure, while interaction between these 𝛼-carbon atoms
is simplified as harmonic interaction. The potential field of
ENM is given by

𝑉 =
𝛾

2
∑
𝑖,𝑗

(
 ⃗𝑟
𝑖

− ⃗𝑟
𝑗

 −
 ⃗𝑟0
𝑖

− ⃗𝑟0
𝑗

)
2

⋅ 𝐻 (𝑅
𝑐

−
 ⃗𝑟0
𝑖

− ⃗𝑟0
𝑗

) , (6)

where 𝛾 is the force constant of a harmonic potential defined
between two 𝛼-carbon atoms 𝑖 and 𝑗, ⃗𝑟

𝑖

is the position
vector of the 𝑖th 𝛼-carbon atom, superscript 0 indicates the
equilibrium state, 𝑅

𝑐

is a cut-off distance (that is typically
defined as 𝑅

𝑐

= 10∼14 Å), and 𝐻(𝑥) is a Heaviside unit step
function defined as 𝐻(𝑥) = 1 if 𝑥 > 0; otherwise, 𝐻(𝑥) =
0. This ENM coupled with normal mode analysis is able to
provide the elastic properties of amyloid fibrils, which is well
described in [22, 27].

2.3. Continuum Model: Elastic Beam Model. Amyloid fibrils
can be modeled as a one-dimensional beam model due to
their structural feature in that their length ismuch larger than
their thickness. Here, we consider the vibrational and defor-
mation behaviors of the fibril based on Euler-Bernoulli beam
theory. In addition, we present the Timoshenko beam theory
useful for understanding the length-dependent mechanical
properties of amyloid fibrils.

2.3.1. Vibrational Behavior of Fibril Structure . Let us consider
the vibrational (bending) motion of amyloid fibril. The
equation of motion for a fibril modeled based on Euler-
Bernoulli beam [65] is given by

𝜌𝐴𝜕2
𝑡

𝑤 (𝑥, 𝑡) + 𝜕2
𝑥

[𝐸𝐼𝜕2
𝑥

𝑤 (𝑥, 𝑡)] = 0, (7)

where 𝜌, 𝐴, 𝐸, and 𝐼 represent the density, cross-sectional
area, elastic modulus, and cross-sectional moment of inertia
of the fibril, respectively, 𝑤(𝑥, 𝑡) is its transverse deflection,
and a coordinate 𝑥 is defined along the fibril axis. With
assuming 𝑤(𝑥, 𝑡) = 𝑢(𝑥) ⋅ exp[𝑗𝜔𝑡], the equation of motion
given by (7) becomes an eigenvalue problem as follows:

𝜔2𝜌𝐴𝑢 = 𝐸𝐼𝜕4
𝑥

𝑢. (8)

Consequently, the frequency of the fibril is represented in the
form of

𝜔 = (
𝜆

𝐿
)
2

√
𝐸𝐼

𝜌𝐴
, (9)

where 𝐿 is the length of an amyloid fibril and 𝜆 is a boundary
condition-dependent constant. Equation (9) clearly demon-
strates that it is straightforward to compute the elastic mod-
ulus (or equivalently, bending rigidity) of an amyloid fibril
if its natural frequency was measured from computational
simulations (e.g., atomistic simulations or ENM simula-
tions) or experiments (based on 4D electron microscopy).
In addition, the torsional shear modulus and axial elastic
modulus of amyloid fibrils can be also characterized based
on measuring their natural frequencies corresponding to
torsional (twisting) and axial stretching deformation modes,
respectively. The details of extracting these torsional shear
modulus and axial elastic modulus based on the elastic beam
model are well described in [22, 27].

2.3.2. Mechanical (Bending) Deformation of Fibril. Let us
take into account the force-driven (bending) deformation of
an amyloid fibril. The governing equation for the bending
deformation of a fibril due to a force is given by [66]

𝜕2
𝑥

[𝐸𝐼𝜕2
𝑥

𝑤 (𝑥)] = 𝑞 (𝑥) , (10)

where 𝑞(𝑥) is a distributed load acting on the fibril. In case of
a force, 𝐹, acting on the specific location (𝑥 = 𝑥

0

) of the fibril,
the governing equation given by (11) becomes the following
equation:

𝜕2
𝑥

[𝐸𝐼𝜕2
𝑥

𝑤 (𝑥)] = 𝐹 ⋅ 𝛿 (𝑥 − 𝑥
0

) . (11)

Here, 𝛿(𝑥) is a Dirac delta function. Consequently, the force-
displacement relationship of deformed fibril is given by

𝑊 =
𝐹𝐿3

𝑎𝐸𝐼
, (12)

where 𝑊 is displacement at the location where a force is
applied; that is, 𝑊 = 𝑤(𝑥

0

); 𝑎 is a constant that depends
on boundary condition and the location at which a force is
applied. It is straightforward to extract the bending rigidity
(or bending elastic modulus) of an amyloid fibril, if its force-
displacement relationship (i.e., 𝐹 versus𝑊) is obtained from
simulation or experiment.

2.3.3. Timoshenko Beam Model: Length-Dependent Property.
For understanding the effect of fibril length on the bending
properties of protein fibril, recent studies [22, 23, 27, 30, 52,
67] have employed the Timoshenko beam theory [68], which
assumes that the deformation of the fibril is attributed to both
shear and bending deformations. The total deflection of the
fibril is represented in the form of

𝑊 =
𝐹𝐿3

𝑎𝐸𝐼
+

𝑐𝐹𝐿

𝑏𝐺
𝑆

𝐴
, (13)

where 𝐺
𝑆

and 𝐴 represent the shear modulus and cross-
sectional area of an amyloid fibril, respectively, 𝑏 is a bound-
ary condition-dependent constant, and 𝑐 is a shear coefficient
that depends on the cross-sectional shape of an amyloid fibril.
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Figure 1: Nanomechanical properties of amyloid fibrils and the role of intermolecular forces in the nanomechanical properties. The elastic
modulus of amyloid fibrils is measured in a range of 1 to 10GPa (blue region in the graph), and this elastic modulus is comparable to that
of dragline silk. The nanomechanical properties of amyloid fibrils are measured based on AFM-based single-molecule experiments and
simulations such as full-atomistic simulations, backbone-based atomistic simulations, and elastic network model (as shown in figures from
lower left panel to lower right panel, resp.). Figures are adopted with permission from [32].

From (13), the effective bending rigidity of an amyloid fibril
is given by

�̃�𝐼 = 𝐸𝐼 (1 +
𝑎

𝑏

𝑐𝐸𝐼

𝐺
𝑆

𝐴𝐿2
)
−1

. (14)

The Timoshenko beam theory given by (14) provides the
length-dependent bending rigidity of an amyloid fibril, which
is ascribed to competition between shear and bending defor-
mations.

3. Single-Molecule Force
Spectroscopy-Based Mechanical
Characterization of Amyloid Fibrils

Single-molecule force spectroscopy based on optical tweezer
or AFM is a useful experimental toolkit that allows for
mechanical characterization of proteinmaterials atmolecular
scale [69–72]. For a recent decade, single-molecule force
spectroscopy has been utilized to probe the mechanical
properties of amyloid fibrils [10, 45]. Here, we briefly provide
the recent key efforts to experimentally characterize the
nanomechanical properties of amyloid fibrils using force
spectroscopy based on AFM.

In recent years, Knowles and coworkers [32] have
reported the nanomechanical properties of amyloid fibrils

using AFM imaging experiments coupled with polymer
chain statistics that is described in Section 2.1. In particular,
they measured the fluctuation of angle between two tan-
gent vectors, which results in the extraction of mechanical
properties such as persistent length—for example, see (3)—
from theAFM images of amyloid fibrils.The nanomechanical
properties of several amyloid fibrils such as 𝛼-lactalbumin
fibril, insulin 𝛽-chain fibril, 𝛽-lactoglobulin fibril, insulin
fibril, and TTR (105–115) fibril were measured using AFM
imaging experiments coupled with polymer chain statistics.
The bending elastic modulus of these fibrils is measured in
a range of 1 to 10GPa (Figure 1). They found that, based
on AFM experiments and simulations such as atomistic
simulations and ENM, the excellent mechanical properties
of these fibrils are attributed to intermolecular forces that act
between 𝛽-sheet layers (Figure 1). In addition, they reported
that the elastic modulus of amyloid fibril is close to that of
mechanically strong spider silk protein and that the fracture
property of amyloid fibril is related to the growthmechanisms
of amyloid fibrils [26].

Recently, Adamcik and colleagues have reported the
nanomechanical properties of multistranded amyloid fibrils
using AFM imaging experiments together with polymer
chain statistics [16] (Figure 2). They reported that amy-
loid fibrils can be formed as a multistranded fibril that is
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Figure 2: Nanomechanical properties ofmultistranded amyloid fibrils. (a) Schematic illustration ofmeasuring the angle between two tangent
vectors to extract the mechanical properties of the fibril using polymer chain statistics. (b) The ensemble averages of correlation functions
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heights (thicknesses) of amyloid fibrils. (e) AFM images (shown in lower panel) and corresponding coarse-grained models (shown in upper
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Figure 3: AFM peak force QNM- (quantitative nanomechanical mapping-) based experiments of 𝛼-synuclein amyloid fibrils. (a) and (c)
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are obtained from AFMQNM experiments of the fibrils in liquid environment, while (c) and (d) are acquired based on AFMQNM imaging
of the fibrils in ambient condition. Figures are adopted from [20] under Creative Commons Attribution (CCA).

composed of single to five filaments. They found that the
helical structure of a multistranded amyloid fibril is deter-
mined by interaction between filaments comprising the fibril.
In addition, the persistent length of amyloid fibril is critically
dependent on the number of filaments comprising the fibril
such that the persistent length of the fibril increases with
respect to the number of filaments. This has been elucidated
based on helical ribbon model, which suggests that the
increase of persistent length with respect to the number of
filaments is attributed to the fact that the cross-sectional
moment of inertia of the fibril increases with respect to
the number of filaments. Furthermore, Usov and Mezzenga
elaborated the theoretical model based on continuum elastic
(beam) theory in order to understand the nanomechanical
properties of amyloid fibrils with respect to their various
conformations based on AFM experiments of the fibrils [73].

In addition to AFM imaging experiment, AFM-based
nanoindentation has been considered to characterize the

mechanical properties of amyloid fibrils. Adamcik and col-
leagues employed an AFM-based peak force QNM (quanti-
tative nanomechanical mapping) technique to characterize
the nanomechanical properties of 𝛽-lactoglobulin amyloid
fibrils [19]. They found that the elastic modulus of 𝛽-
lactoglobulin fibril is estimated as 3.3 GPa. A recent study
by Sweers and coworkers [20] has suggested that the elastic
modulus of 𝛼-synuclein fibril was measured as 1.3∼2.1 GPa
from AFM-based peak force QNM experiments (Figure 3).
A previous study by Guo and Akhremitchev [21] reports
the elastic modulus of insulin fibrils using AFM indentation
experiments. Their study provides that the elastic modulus
of insulin fibril is measured in a range of 5 to 50MPa. In
recent years, Gsponer and colleagues [28] utilized the AFM
experiments (based on amplitude modulation-frequency
modulation imaging, referred to as AM-FM imaging) to
measure the mechanical properties of prion amyloid fibrils.
They found that the radial elastic modulus of prion fibrils



Journal of Nanomaterials 7

Twisting

Bending
(soft axis)

Bending
(stiff axis)

Stretching

L = 9.64nm
20 layers

L = 19.28nm
40 layers

L = 28.92nm
60 layers

𝛼 = −𝜋/2𝛼 = +𝜋/2 𝛼 = −𝜋/2𝛼 = +𝜋/2 𝛼 = −𝜋/2𝛼 = +𝜋/2

Figure 4: Vibrational characteristics of A𝛽 amyloid fibrils computed from elastic network model. Four low-frequency vibrational modes
correspond to the twisting, two bending, and axial stretching modes, respectively. Here, low-frequency vibrational modes are shown for
three different types of A𝛽 amyloid fibrils with their length of 9.64, 19.28, and 28.92 nm, respectively. Figures are adopted with permission
from [27].

is measured in a range of 0.5 to 1.3 GPa and that this radial
elastic property critically depends on their thickness in such
a way that the radial elastic modulus of the fibrils decreases
as their thickness increases.

4. Computational Simulation-Based
Mechanical Characterization of
Amyloid Fibrils

4.1. Nanomechanical Characterization Based on the Vibration
of Amyloid Fibrils. A recent study by Xu and coworkers
[27] considers ENM simulations to measure the vibrational
characteristics of A𝛽 fibrils and their elastic properties. They
found that the low-frequency dynamic modes of these fibrils
correspond to twisting, bending, or axial stretching deforma-
tion modes (Figure 4) and that the elastic moduli of amyloid
fibrils are dependent on their length scales. In addition,
they report that the twisting (or helical) conformation of
amyloid fibrils results in their isotropic bending property
when the fibril length is >150 nm. Recently, our previous
study [22] reports the nanomechanical properties of human

islet amyloid polypeptide (hIAPP) fibrils, which are formed
based on four different types of steric zipper patterns, based
on ENM simulations. We found that as the fibril length
increases, the torsional and axial stretching deformation
modes of the fibril become the high-frequency dynamic
modes, while the bending deformation mode corresponds
to the low-frequency mode independent of fibril length
(Figure 5(a)). This indicates that the thermal fluctuation
behavior of an amyloid fibril is mostly contributed by the
bending deformation mode, that is, a low-frequency mode.
In addition, we have shown that the dependence of the
bending rigidity (or persistent length) of amyloid fibrils on
their length scales is well fitted to Timoshenko beam model
(Figure 5(b)), which suggests that the bending property of the
fibrils is attributed to competition between shear and bending
deformation modes. Moreover, we have also studied the
nanomechanical properties of prion amyloid fibrils based on
ENM [30]. It is found that the mechanical properties of prion
fibrils significantly depend on their 𝛽-helical structures and
that the length-dependent mechanical properties of prion
fibrils provide an insight into their critical size, at which prion
infectivity is maximized.
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Figure 5: Length-dependent vibrational and nanomechanical properties of human islet amyloid polypeptide (hIAPP) fibrils computed from
the elastic network model. (a) The mode index for three dominant deformation modes such as bending, torsional, and axial stretching
deformation modes, respectively, is shown as a function of fibril length. As the fibril length increases, the torsional and axial deformation
modes become the high-frequency vibrationalmodes, while the bending deformationmodes are the low-frequency vibrationalmodeswithout
any dependence on the fibril length. (b) The bending rigidity of hIAPP amyloid fibrils is shown as a function of their length scales based on
ENM simulations. Figures are adopted with permission from [22].

In recent years, we have studied the vibrational charac-
teristics of hIAPP (20–29) fibrils, which are formed based on
the eight possible conformations of the fibrils as suggested in
[33, 74] (Figure 6(a)), based on atomisticmolecular dynamics
(MD) simulations together with continuum elastic beam
model [24]. We have shown that the fibril structure becomes
stable when the fibril is formed based on antiparallel stacking
of 𝛽-sheets (Figure 6(b)) and that the frequencies of the
fibrils for their bending deformation modes are measured
in the order of 0.2 THz, which is much larger than the fre-
quencies measured by 4D electron microscopy experiments
[36]. The discrepancy between frequencies measured from
MD simulations and 4D electron microscopy experiments
is attributed to the fact that the fibril length considered for
MD simulation is less by a few orders of magnitude than
that for 4D electron microscopy experiment. In addition, we
have shown that the bending rigidity of hIAPP fibril becomes
optimized when the fibril is formed based on the antiparallel
stacking and that the mutation of phenylalanine to leucine in
hIAPP (20–29) leads to the decrease of not only the structural
stability but also the bending rigidity of hIAPP (20–29) fibril.
Moreover, a recent study byChang et al. [75] reports the effect
of aromatic residue (i.e., phenylalanine) on the vibrational
characteristics and mechanical properties of A𝛽 amyloid
fibrils using MD simulations coupled with continuum elastic
beam model. They found that aromatic residue such as
phenylalanine plays a key role in stabilizing the structure of
amyloid fibrils and in optimizing their mechanical proper-
ties.

Our recent study [34] reports the structure and vibra-
tional (or equivalently mechanical) properties of a mul-
tistranded amyloid fibril by using atomistic MD simula-
tions coupled with ENM. Specifically, MD simulation was
used to understand the structure of a multistranded 𝛽

2

-
microglobulin fibril, whereas ENMwas utilized to character-
ize their vibrational and mechanical properties (Figure 7(a)).
Our previous study found that the dependence of the helical
structure of 𝛽

2

-microglobulin fibril on the number of fila-
ments comprising the fibril is attributed to the nonbonded
interactions between filaments, which is consistent with
AFM-based experimental study of 𝛽-lactoglobulin fibril [16].
In particular, MM-PBSA calculations suggest that as the
number of filaments comprising the 𝛽

2

-microglobulin fibril
increases, the molecular mechanics energy of the fibril is
decreased and it is mostly contributed by nonbonded energy
such as electrostatic and van der Waals interaction energies
[34]. Moreover, our previous study suggests the persistent
length of amyloid fibrils as a function of the number of
filaments comprising the fibril with using ENM simulation
coupled with continuumbeammodel.The dependence of the
persistent length on the number of filaments is well fitted to
a scaling law of 𝐿

𝑃

∝ [(𝑛𝑞)2 − sin2(𝑛𝑞)]1/2 for a helical fibril
model [73] (Figure 7(b)).

4.2. Mechanical Deformation Mechanisms of Amyloid Fibrils.
Mechanical characterization of amyloid fibrils based on
measuring their vibrational characteristics is insufficient to
gain insight into the mechanical behaviors and properties
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of amyloid fibrils, as the vibrational properties of the fibrils
are correlated with only their elastic moduli [76]. In partic-
ular, the vibrational characteristics of amyloid fibrils cannot
provide the quantitative insight into the fracture behaviors
and properties of amyloid fibrils. Here, we take a look at
the mechanical deformation mechanisms and properties of
amyloid fibrils based on two types of deformation modes
such as (i) axial deformation and (ii) bending-like deforma-
tion.

First, we consider recent attempts to characterize the axial
deformation behavior of amyloid fibrils. A recent study by
Dong et al. [35] reports the axial extension of prion fibrils

using optical tweezer force spectroscopy. In their experiment
[35], it is found that the prion fibrils can resist force up
to 250 pN and that discontinuities in the force-extension
curve (before the fibril is ruptured) are observed possibly
due to the partial unfolding of prion proteins comprising the
fibril (Figure 8). SMD simulation-based study by Lee et al.
[77] provides that the mechanical behavior of polymorphic
amyloid fibrils is critically dependent on their molecular
structures. In particular, an amyloid fibril formed based on
antiparallel stacking of 𝛽-sheets can sustain a force even up
to ∼1500 pN. This value of the force is larger than a force
that other fibrils, which are formed based on other stacking
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Figure 7: Nanomechanical properties of 𝛽
2

-microglobulin fibrils made of one to five filaments, respectively. (a) The length-dependent
effective bending rigidity of 𝛽

2

-microglobulin fibrils composed of one to five filaments, respectively. (b) The intrinsic bending rigidity of
𝛽
2

-microglobulin fibrils made of two to five filaments, respectively, is shown as a function of the number of filaments comprising the fibrils.
The dots indicate the results of ENM simulations, while solid line presents the theoretical prediction from continuum helical fibril model.
Figures are adopted with permission from [34].
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Figure 8:Optical tweezer-based stretching experiment of prion fibrils. (a)Three representative force curves for prion fibril when it is extended
with a constant pulling speed. Arrows indicate discontinuities in a force-extension curve due to partial unfolding of prion proteins. (b)
Fracture mechanism of amyloid fibril made of 𝛽-helices due to partial unfolding. (c) Fracture mechanism of amyloid fibril made of 𝛽-sheets
due to partial unfolding. Figures are adopted with permission from [35].
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patterns, can resist. In recent years, Solar and Buehler [29]
report the tensile deformation and failure of amyloid fibrils
using SMD simulations. They considered three types of
amyloid fibrils based on their structural features (Figure 9):
(a) a fibril formed based on stacking of 𝛽-sheets, (b) a fibril
constructed based on 𝛽-helix, and (c) a fibril established
based on mixed structure, that is, stacking of 𝛽-helices. The
mechanical strength of an amyloid fibril can be maximized
(i.e., up to 1000MPa) when it is formed based on a mixed
structure. By contrast, the strength is estimated as 200∼
400MPa for a fibril formed by stacking of 𝛽-sheets, and it
is measured as ∼600MPa for the fibril constructed based on
𝛽-helix.

Now, we take into account recent efforts to characterize
the bending deformation of an amyloid fibril. A previous
study by Smith et al. [26] reports the three-point bending-
like deformation of an amyloid fibril using atomic force
microscopy (AFM) experiment. It is found that the insulin
amyloid fibril exhibits the elastic modulus of ∼3.3 GPa,
mechanical strength of ∼600MPa, and bending rigidity of
∼9.1 × 10−26N⋅m2, respectively. Our previous study [23]
considers the bending deformation mechanisms of amyloid
fibrils using SMD simulations. In our previous study, it
was found that the deformation mechanism of amyloid
fibrils is significantly dependent on their length scales
(Figure 10(a)). In particular, when a short fibril is deformed,
it undergoes shear-like deformation. By contrast, the bending
deformation occurs when a long fibril is deformed. Fur-
thermore, it was shown that Timoshenko beam model is
able to capture the length-dependent stiffness of amyloid
fibrils (Figure 10(b)) and that their length-dependent fracture
behavior (Figure 10(c)) is attributed to the length-dependent
mechanisms of hydrogen bond ruptures [23]. In addition, our
recent study [78] has shown the effect of boundary conditions
in the fracture behavior of amyloid fibrils. Moreover, a recent

study by Kim et al. [79] provides the anisotropic bending
deformation mechanisms of hIAPP amyloid fibrils using
atomistic SMD simulations. Their study has shown that the
fracture property (e.g., rupture force) of amyloid fibril is
critically dependent on bending direction, which highlights
the important role of loading mode in the fracture properties
of amyloid fibrils.

5. Discussion

In this review article, we address recent attempts to charac-
terize the nanomechanical properties of amyloid fibrils mea-
sured from computational simulations and/or AFM experi-
ments together with theoretical models.The nanomechanical
properties of amyloid fibrils are summarized in Table 1, which
shows that the elastic modulus of amyloid fibrils is evaluated
in the order of 1 to 10GPa and that their mechanical strength
is measured in the order of 1 GPa. It should be noted that
though both amyloid fibril and spider silk crystal are made
of stacked 𝛽-sheets, the mechanical strength of amyloid fibril
is less than that of a spider silk crystal, which is attributed to
the different orientation of stacked 𝛽-sheets with respect to
the fibril axis [31].

Here, we note that most of recent works reviewed in this
work do not consider the effect of physiological conditions
in the nanomechanical properties of amyloid fibrils. It has
recently been found that physiological conditions play a
crucial role in the formation and structure of amyloid
proteins. For instance, a recent study by Lee et al. [80] reports
a critical role that the physiological condition such as the pH
of a solvent plays in the morphology of amyloid fibrils. In
addition, Mizuno and coworkers [81] found the dependence
ofHET-s prion amyloid fibril structure on the pHof a solvent.
Moreover, it has been debated whether metal ion promotes
the formation of amyloid oligomers or fibrils, as previous
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Figure 10: (a) Length-dependent mechanical deformation mechanisms of amyloid fibrils. The upper panel shows the shear-like deformation
of a short fibril, while the lower panel provides the bending deformation of a long fibril. (b) Length-dependent elastic stiffness of amyloid
fibrils (black) and spider silk crystals (red). (c) Length-dependent rupture forces of amyloid fibrils (black) and spider silk crystals (red). Figures
are adopted with permission from [23].

studies [82–84] report that the high concentration of metal
ions was found for patients suffering from neurodegenerative
diseases. In addition, recent studies [85, 86] have shown the
important role of metal ion in the formation and structure
of amyloid fibrils. Despite these recent studies showing
the role of physiological condition in the formation and
structure of amyloid proteins, how physiological condition
may make an impact on the nanomechanical properties
of amyloid fibrils has remained elusive. Future studies
may be directed towards understanding how physiological

conditions affect the nanomechanical properties of amyloid
fibrils.

In conclusion, this review article summarizes the excel-
lent nanomechanical properties of amyloid fibrils, which
are measured with using experiments (based on AFM)
and computational simulations (based on atomistic sim-
ulations or ENM). The nanomechanical characterization
of amyloid fibrils may allow for further insight into not
only the mechanics-driven biological functions of the
fibrils but also the design principles showing how the
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Table 1: Nanomechanical properties of amyloid fibrils measured from simulations and experiments.

Material Measurement method Length (nm) Bending rigidity
(×10−26N⋅m2)

Young’s
modulus (GPa)

Shear modulus
(GPa)

Strength
(GPa) Ref.

hIAPP
20–29 fibril

Steered molecular dynamics
(simulation) 3.41–17.5 7.73–37.7 5.97–6.71 4–8 [23]

hIAPP
20–29 fibril

Elastic network model
(simulation) 10–300 ∼8 12–14 1.1 [22]

hIAPP
20–29 fibril

Molecular dynamics
(simulation) 10 0.01–0.04 0.4–0.6 [24]

A𝛽
1–40 fibril

Cryoelectron microscopy
(experiment) 500–1000 ∼13 0.0127 [17]

A𝛽
1–40 fibril

Elastic network model
(simulation) ∼30 21–63 4.3–5.6 [27]

𝛽-lactoglobulin
fibril AFM imaging experiment 500–15,000 0.4–1.6 ∼4 [16]

𝛽-lactoglobulin
fibril

AFM indentation experiment
(peak force QNM) 500–15,000 3.3 [19]

Mouse prion fibril AFM experiments (AM-FM
imaging) >1000 0.5–1.36 [28]

𝛼-synuclein fibril AFM indentation (peak force
QNM) >1000 1.2 ± 0.2 [20]

Insulin fibril AFM bending experiment >∼1500 ∼9.1 ∼0.28 [26]
Insulin fibril AFM imaging experiment >∼2000 ∼17 ∼0.13 [26]

HET-s prion fibril Steered molecular dynamics
(simulation) 5.38 9.8 0.917 [29]

HET-s prion fibril Elastic network model
(simulation) 8.93 0.115 1.5 [30]

Spider silk crystal Steered molecular dynamics
(simulation) 2–7 ∼2.8 4.6 [12]

Spider silk crystal Steered molecular dynamics
(simulation) 30–70 [31]

properties of protein materials can be determined or con-
trolled.
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[31] S. Xiao, S. Xiao, and F. Gräter, “Dissecting the structural
determinants for the difference in mechanical stability of silk
and amyloid beta-sheet stacks,” Physical Chemistry Chemical
Physics, vol. 15, no. 22, pp. 8765–8771, 2013.

[32] T. P. Knowles, A. W. Fitzpatrick, S. Meehan et al., “Role of
intermolecular forces in defining material properties of protein
nanofibrils,” Science, vol. 318, no. 5858, pp. 1900–1903, 2007.

[33] J. T. Nielsen, M. Bjerring, M. D. Jeppesen et al., “Unique identi-
fication of supramolecular structures in amyloid fibrils by solid-
state NMR spectroscopy,” Angewandte Chemie—International
Edition, vol. 48, no. 12, pp. 2118–2121, 2009.

[34] G. Yoon, M. Lee, K. Kim et al., “Morphology and mechanical
properties ofmulti-stranded amyloid fibrils probed by atomistic
and coarse-grained simulations,” Physical Biology, vol. 12, no. 6,
Article ID 066021, 2015.

[35] J. Dong, C. E. Castro, M. C. Boyce, M. J. Lang, and S. Lindquist,
“Optical trappingwith high forces reveals unexpected behaviors
of prion fibrils,”Nature Structural andMolecular Biology, vol. 17,
no. 12, pp. 1422–1430, 2010.

[36] A. W. P. Fitzpatrick, S. T. Park, and A. H. Zewail, “Exceptional
rigidity and biomechanics of amyloid revealed by 4D electron
microscopy,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 110, no. 27, pp. 10976–10981,
2013.

[37] M. F. M. Engel, L. Khemtémourian, C. C. Kleijer et al., “Mem-
brane damage by human islet amyloid polypeptide through
fibril growth at the membrane,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 105, no.
16, pp. 6033–6038, 2008.



Journal of Nanomaterials 15

[38] S. E. Cross, Y.-S. Jin, J. Rao, and J. K. Gimzewski, “Nanomechan-
ical analysis of cells from cancer patients,” Nature Nanotechnol-
ogy, vol. 2, no. 12, pp. 780–783, 2007.

[39] M. Tanaka, S. R. Collins, B.H. Toyama, and J. S.Weissman, “The
physical basis of how prion conformations determine strain
phenotypes,” Nature, vol. 442, no. 7102, pp. 585–589, 2006.

[40] M. J. Buehler, S. Keten, and T. Ackbarow, “Theoretical and
computational hierarchical nanomechanics of protein materi-
als: deformation and fracture,” Progress inMaterials Science, vol.
53, no. 8, pp. 1101–1241, 2008.

[41] K. Eom, G. Yoon, J.-L. Kim, and S. Na, “Coarse-grained elastic
models of protein structures for understanding their mechan-
ics and dynamics,” Journal of Computational and Theoretical
Nanoscience, vol. 7, no. 7, pp. 1210–1226, 2010.

[42] K. Eom, Simulations in Nanobiotechnology, CRC Press: Taylor
& Francis Group, Boca Raton, Fla, USA, 2011.

[43] M. Sotomayor and K. Schulten, “Single-molecule experiments
in vitro and in silico,” Science, vol. 316, no. 5828, pp. 1144–1148,
2007.

[44] M. J. Buehler and S. Keten, “Colloquium: failure of molecules,
bones, and the Earth itself,” Reviews of Modern Physics, vol. 82,
no. 2, pp. 1459–1487, 2010.

[45] J. Adamcik and R. Mezzenga, “Study of amyloid fibrils via
atomic force microscopy,” Current Opinion in Colloid and Inter-
face Science, vol. 17, no. 6, pp. 369–376, 2012.

[46] K. F. Freed, “Functional integrals and polymer statistics,”
Advances in Chemical Physics, vol. 22, pp. 1–128, 1972.

[47] H. Yamakawa and M. Fujii, “Wormlike chains near the rod
limit: path integral in the WKB approximation,”The Journal of
Chemical Physics, vol. 59, no. 12, pp. 6641–6644, 1973.

[48] S. Kumar and M. S. Li, “Biomolecules under mechanical force,”
Physics Reports, vol. 486, no. 1-2, pp. 1–74, 2010.

[49] T. Strick, J.-F. Allemand, V. Croquette, and D. Bensimon,
“Twisting and stretching single DNA molecules,” Progress in
Biophysics and Molecular Biology, vol. 74, no. 1-2, pp. 115–140,
2000.

[50] A. K. Mazur, “Wormlike chain theory and bending of short
DNA,” Physical Review Letters, vol. 98, no. 21, Article ID 218102,
2007.

[51] C. Rivetti, M. Guthold, and C. Bustamante, “Scanning force
microscopy of DNA deposited onto mica: equilibration versus
kinetic trapping studied by statistical polymer chain analysis,”
Journal of Molecular Biology, vol. 264, no. 5, pp. 919–932, 1996.

[52] F. Pampaloni, G. Lattanzi, A. Jonáš, T. Surrey, E. Frey, and E.-L.
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Gold nanoparticles (AuNPs) encapsulated within reconstituted phospholipid bilayers have been utilized in various bioapplications
due to their improved cellular uptake without compromising their advantages. Studies have proved that clustering AuNPs can
enhance the efficacy of theranostic effects, but controllable aggregation or oligomerization of AuNPs within lipid membranes is still
challenging. Here, we successfully demonstrate the formation of gold nanoparticle clusters (AuCLs), supported by reconstituted
phospholipid bilayers with appropriate sizes for facilitating cellular uptake.Modulation of the lipidmembrane curvatures influences
not only the stability of the oligomeric state of the AuCLs, but also the rate of cellular uptake. Dynamic light scattering (DLS) data
showed that 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), with its relatively small head group, is crucial for
establishing an effective membrane curvature to encapsulate the AuCLs. The construction of phospholipid bilayers surrounding
AuCLs was confirmed by analyzing the secondary structure of M2 proteins incorporated in the lipid membrane surrounding the
AuCLs. When AuCLs were incubated with cells, accumulated clusters were found inside the cells without the lipids being removed
or exchanged with the cellular membrane. We expect that our approach of clustering gold nanoparticles within lipid membranes
can be further developed to design a versatile nanoplatform.

1. Introduction

Gold nanoparticles (AuNPs) have been widely studied in
the field of biomedicine for a number of years because of
their advantages in biocompatibility and distinguished pho-
tothermal properties [1–5]. Recent progress in the synthesis of
AuNPs has allowed for precise control of their optical proper-
ties, which hasmotivated the development ofmultifunctional
theranostic nanocomplexes [6–8]. Several studies have
shown that the plasmonic effect of nanoparticles is intensified
when the distance between particles is reduced, and thereby
the surface-enhanced Raman scattering (SERS) signal is sig-
nificantly amplified within the interparticle region [9–11].
However, the fine-tuning of surface association with func-
tionality and aggregation control of gold nanoparticles
toward developing the ultrasensitive biosensors or noninva-
sive bimodal detection of target diseases are still daunting

challenges [11, 12]. Inspired by biological membranes, solid-
supported lipid assembly has been widely investigated to pro-
vide artificial lipid layers for studying membrane-associated
biological phenomena [13, 14]. Unlike synthetic micelle or
liposomes, lipids reconstituted on solids possess structural
stability that enables prolonged experiments even for in vivo
studies [15]. Liposomes prepared from phospholipids and
phospholipid mimics have also been used to deposit vari-
ous nanoparticles, to enhance biocompatibility and delivery
efficiency [16, 17]. For instance, phospholipid-encapsulated
quantum dots were used for in vitro and in vivo imaging with
reduced toxicity [18], and mesoporous silica nanoparticles
within phospholipid envelope were used as drug cargo for
cancer treatment [19]. Phospholipid-encapsulated AuNPs
have been highlighted as theranostic agents because their
lipid coating can provide a platform to design the nanopar-
ticle to target certain molecules within cells while retaining
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the benefits of gold nanoparticles [20–22]. Several methods
have been proposed to cluster lipid-coatedAuNPs to enhance
their therapeutic effect, but the addition of aggregation
inducers or chemical modification of lipids was necessary to
achieve this aggregation.

In this work, we demonstrate the construction of gold
nanoparticle clusters (AuCLs) solely driven by the self-assem-
bly of a synthetic phospholipidmembrane,which can possibly
be used for multifunctional drug cargo through cellular
internalization. The synthesis of AuCLs was followed by two
steps: (1) three different kinds of synthetic phospholipids, 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS),
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE), were mixed in a molar ratio of 7 : 1 : 2, respectively,
to create uniformly sized small unilamellar vesicles (SUV);
and (2) incubating SUV with 20 nm AuNPs allowed the
reconstitution of phospholipids on the surface of the particles
that drive the formation of AuCLs. The presence of lipid
layers was confirmed with transmission electron microscopy
(TEM), UV-vis spectrometer, and dynamic light scattering
(DLS). We analyzed the secondary structure of the M2
protein, a membrane protein from the influenza A virus, to
verify the presence of the lipid layer, and this result confirmed
that the phospholipids are assembled in bilayers on the
surfaces of AuCLs. Furthermore, when cells were treatedwith
AuCLs, hundreds of particles found inside the cells proved
the ability of cellular uptake. Overall, this work demonstrates
a facile method to cluster nanoparticles without chemical
modification and the possibility of developing nanocarriers
of various sizes that can be used as nanobiomedicine.

2. Materials and Methods

2.1. Materials. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
L-serine (sodium salt) (POPS), 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphoethanolamine (POPE), and L-𝛼-phosphati-
dylethanolamine-N-(lissamine rhodamine B sulfonyl) were
obtained fromAvanti Polar Lipids, Inc. (Alabaster, AL, USA).
A solution of 20 nm gold nanoparticles (6 × 1012 particles per
milliliter, stabilized suspension in citrate buffer)was purchased
fromSigma-Aldrich (Steinheim,Germany). All solutionswere
prepared using ultrapure water, obtained using a Millipore
Milli-Q water purification system (Darmstadt, Germany).

2.2. Synthesis of Phospholipid-Coated Gold Nanoparticles. For
the preparation of liposomes, lipids of POPC, POPS, and
POPE with the molar ratio of 7 : 1 : 2 were prepared in chlo-
roform and transferred into a small glass vial. Chloroform
was slowly evaporated with a gentle stream of nitrogen gas
in order to form a thin film of lipid multilayers on the bottom
of the glass vial. After lyophilizing for 2 days, distilled water
was slowly added until it reached the desired volume, and
the solution was sonicated in order to produce homogeneous
uniformly sized small unilamellar vesicles (SUV). The final
concentration of lipids was 5mM. The solution was cen-
trifuged at 9300 rcf for 10min, and the supernatant, kept in
ice, was used for further experiments.

Phospholipid-coated gold nanoparticles were prepared
by mixing a solution of gold nanoparticles and SUV in a
volume ratio of 1 : 9 and incubating the mixture at 4∘C for
12 hours. In order to thoroughly mix the two components,
an inverting motion was applied with a rotating mixer. To
isolate AuCLs from the mixture of single gold nanoparticles
and SUV, the sample solution was centrifuged at 12,000 rpm
for 10min, and the supernatant was removed.The precipitant
was resuspended in a 1x PBS solution. The concentration of
gold nanoparticles in AuCLs was measured by UV-vis spec-
trometer at an absorbance at 525 nm (UV-1800, Shimadzu,
Columbia, MD, USA).

2.3. Particle Characterization. Transmission electronmicros-
copy (TEM) (JEM ATM 200F, JEOL, 200 kV) and UV-
vis spectrometer was used to characterize the formation of
AuCLs. The size distribution of AuCLs, according to time,
was measured by dynamic light scattering (DLS) (ZEN3690,
Nano-ZS90, Malvern, UK).

2.4. Synthesis of M2 Protein by Solid-Phase Synthesis. Wild-
type M2 protein, spanning the transmembrane helical
motif, was synthesized by solid-phase synthesis adopt-
ing Fmoc chemistry on the H-Rink amide ChemMatrix�
resin (0.47mmol/g loading, PCAS BioMatrix Inc., Quebec,
Canada) [23]. The amino acid sequence was SSDPLVVAASI-
IGILHLILWILDRL. The product was cleaved from the resin
with a cleavage cocktail solution containing 95 : 2.5 : 2.5 of tri-
fluoroacetic acid (TFA) : triisopropylsilane (TIS) : deionized
water, in a volume ratio, for 2 hours. Resin was removed by
filtration, and the remaining solution was vaporized under
nitrogen gas. Purification by reverse phase high-performance
liquid chromatography (HPLC, Quaternary Gradient Mod-
ule 2545, Waters) using a Vydac C4 column employed a
linear gradient of buffer A (99.9% H

2
O and 0.1% TFA) and

buffer B (90% acetonitrile, 9.9% H
2
O, and 0.1% TFA). The

molecular mass of M2 was confirmed by matrix-assisted
laser desorption/ionization-time of flight (MALDI-TOF)
mass spectroscopy (Ultraflex III, Bruker, Massachusetts, MA,
USA).

2.5. Circular Dichroism (CD) Spectroscopy. To analyze the
secondary structure of the M2 proton channel, the stock
solution ofM2 protein was prepared in a 10% (w/v) methanol
solution. For lipid insertion, 200𝜇M of M2 protein stock
solution was added to 30 nM of AuCLs in 1x PBS and incu-
bated for 15min with an invertingmotion. ExcessM2 protein
was removed by centrifugation, and the precipitant was
resuspended in 1x PBS for analysis. The secondary structure
of theM2 proton channel was speculated byCD spectrometer
(J1500, Jasco Inc., Maryland, MD, USA). The CD spectra
measurement was performed in quartz cells with 1mm path-
lengths, with the far UV light ranged from 190 nm to 260 nm.

2.6. Cellular Uptake of AuCLs (Fluorescence). Fluorescent-
labeled AuCLs were prepared for optical microscopy. The
lipid layer was tagged with 2mol% of L-𝛼-phosphatidyletha-
nolamine-N-(lissamine rhodamine B sulfonyl), which



Journal of Nanomaterials 3

(c)

O

O
HO

O P
O

O

O

O

O
HO

O P
O

O

O

H
O

O

O
HO

O P
O

O

O

POPC

(a) (b)

POPS

POPE

AuNPs

Lipid bilayer

N+

NH +
3

NH+
3

O−

O−

O−

O−

Na+

Figure 1: Self-assembling gold nanoparticles with synthetic phospholipid membranes driving gold nanoparticle clustering. (a) Schematic
image of the formation of lipid-coated AuCLs. (b) Reconstituted lipid membrane enveloping the surface of AuCLs is visualized in a
transmission electron microscopy (TEM) image, which shows surface coverage of a phospholipid membrane surrounding the AuCL dimer
with a thickness of 4∼6 nm. Incubation of AuNPs with SUV allows encapsulation of AuCLs. (c) Types of phospholipids used in this study:
molecular structures of POPC, POPS, and POPE.

achieved excitation and emission at 560 nm and 579 nm,
respectively.

SH-SY5Y neuroblastoma cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) with 10% fetal
bovine serum and incubated at 37∘C with 5% CO

2
. For

cellular uptake studies, 2 × 104 SH-SY5Y cells were seeded in
96-well plates, and 5 nM of fluorescence-tagged AuCLs were
added in 100 𝜇L cell media. After 1 hour of incubation, cells
were washed with fresh media and placed on the stand of
themicroscope (TCS SP8, LeicaMicrosystems, Germany) for
imaging.

3. Results and Discussion

3.1. Preparation and Characterization of AuCLs. The AuCLs,
illustrated in Figure 1, were prepared by reconstituting phos-
pholipids on the surface of gold nanoparticles. Phospholipids

are the most abundant components in cellular membranes
and consist of two parts: a hydrophilic head group and
hydrophobic alkyl chains [24]. The amphiphilic property
of phospholipids leads the molecules to self-assemble into
organized structures and the size and shape of the vesicles
are highly dependent on the size of head groups and length of
side chains [25, 26]. We utilized three different phospholipid
components, including POPC, POPS, and POPE, in a molar
ratio of 7 : 1 : 2, for formulating uniformly sized SUV. Upon
the incubation of citrate-capped AuNPs with SUV, citrates
were exchanged with phospholipids and a thin layer of
phospholipid membrane was reconstructed on AuNPs.

To confirm the formation of clusters, TEM images of
AuCLs were taken (Figure 2(a)). The nanoparticles appeared
to be clustered as dimers, trimers, and tetramers, and a
few were aggregated in higher numbers. Some particles
were found to exist as monomers, but we assume that
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Figure 2: Characterization of synthesized AuCLs. (a) TEM image of AuCLs, in low resolution (left) and high resolution (right). Oligomeric
states of AuCLs were indicated by red circles. High-resolution TEM images provide direct evidence for the presence of lipid layers enveloping
nanoparticle clusters. (b) DLS data for AuCLs as a function of time. Hydrodynamic radius of AuCLs increases until the average size reaches
100 nm and is sustained for at least 24 hours. (c) UV-vis spectra of AuNPs (black) and AuCLs (red).

the individual particles would have clustered as well if more
incubation time had been allowed. High-resolution TEM
images at low accelerating voltage in an electron beam, to
increase the contrast of lipid compartments, provided direct
evidence of the presence of lipid layers surrounding nanopar-
ticle clusters. DLS was used to observe kinetic phenomena of
the clustering process and to examine the stability of AuCLs
(Figure 2(b)).The hydrodynamic radius of AuCLs was signif-
icantly increased for 4 hours and saturated when the average
size reached 100 nm.Theaverage size of clusterswas sustained
for 24 hours, indicating that the lipid layer inhibits uncon-
trolled aggregation of AuNPs. UV-vis spectra revealed that
phospholipid-supported AuCLs caused a slight red shift in a
maximum absorbance peak, because of plasmonic coupling
in the interparticular regions of AuCLs (Figure 2(c)) [27].

The stiffness and curvature of membranes are highly
dependent on their lipid compositions, because lipids having
different shapes or charges influence the interaction between

each component [26, 28]. To validate the effect of lipid com-
position on clustering nanoparticles, lipid vesicles compris-
ing two types of phospholipids, POPC and POPS, were pre-
pared and incubated with nanoparticles. As Figure 3 shows,
liposomes made up of POPC, POPS, and POPE clustered
nanoparticles well, while the liposomes prepared without
POPE failed to generate oligomeric states of nanoparticles. It
is assumed that the relatively small head group of POPE sta-
bilizes the stiff lipid curvature on the surfaces of AuCLs and
is thus likely to generate tighter membranes on the clusters.

3.2. Incorporation of M2 Proton Channel and Circular Dichro-
ism (CD) Spectroscopy for Its Secondary StructureAnalysis. To
verify the formation of lipid bilayers, M2 proteins were incor-
porated into the AuCLs and the secondary structure of the
protein was analyzed (Figure 4).M2 protein is one of the viral
proton channels in the membrane of the influenza A virus
[23]. It is known to have a tetrameric coiled-coil structure in
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Figure 3: Hydrodynamic radius of AuCLs with POPC, POPS, and
POPE in a molar ratio of 7 : 1 : 2 (red) or POPC and POPS in a molar
ratio of 9 : 1, respectively (black). The result indicates that POPE is
necessary to construct stable lipid curvature on nanoparticles.

natural lipid bilayer environments, while having randomcoil-
ing in nonmembrane environments [29, 30]. We anticipated
that M2 proteins would exhibit their inherent 𝛼-helical con-
formations when incorporated into the lipid layer of AuCLs
andwould ultimately prove that the phospholipids are assem-
bled into a bilayer (Figure 4(a)). The CD spectra of M2 pro-
teins incubatedwithAuCLs exhibited strong negative absorp-
tion atwavelengths of 208 nmand 222 nm, consistentwith the
spectrumof a typical𝛼-helical conformation (Figure 4(b)). In
order to eliminate the absorbance by the excess M2 protein
in solution, unbounded M2 proteins were separated from
the AuCLs by centrifugation with a PBS solution. Although
the intensity of the peaks decreased, the CD spectrum of
the resuspended AuCLs clearly showed the same 𝛼-helical
propensity of fully folded 𝛼-helices of M2 protein in the liter-
ature.The result confirmed that the reconstituted lipid mem-
brane on AuCLs provides a folding environment for M2 pro-
teins by acting as a mimetic of cellular membranes. For con-
trol experiments, M2 proteins were incubated with citrate-
capped monodispersed AuNPs as a negative control. The
mixture did not generate any appreciable absorbance peak
in the wavelength range from 190 nm to 260 nm after same
centrifugation process was applied. Overall, these results
provide the possibility of expanding the use of AuCLs into
therapeutic purposes by conjugating the lipid surface with
functional molecules, or targeting cell membrane proteins.

3.3. Cellular Uptake of AuCLs. We next investigated cellular
internalization of AuCLs. Fluorescence-tagged POPE was
used to visualize AuCLs, and their average size was not
changed by the fluorescence-tagging.When the fluorescence-
tagged AuCLs were incubated with cells, large amount of
nanoparticles was found to be internalized within a short
period (Figure 5). In spite of crossing biological membrane
environments, phospholipids surrounding AuCLs were not
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Figure 4: Secondary structure analysis of incorporated M2 proton
channels in the lipid layers of AuCLs. (a) Illustration of an M2
protein, having a folded structure, in a lipid bilayer environment.
The M2 protein has an inherent 𝛼-helical conformation in cellular
membrane environments. (b) Circular dichroism (CD) spectra of
M2 proteins with citrate-capped AuNPs (black), incubated with
AuCLs (blue), or after eliminating excess M2 protein in supernatant
(red). Strong negative peaks appear at wavelengths of 208 nm and
222 nm, which represent an 𝛼-helix conformation.

removed nor exchanged with cellular lipids, which would
result in fluorescence appearing on the peripheral cellular
membrane. The mechanism of internalization is unknown
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Figure 5: In vitro SH-SY5Y cellular uptake studies of AuCLs. (a) Dark field image and (b) confocal fluorescence image of SH-SY5Y
neuroblastoma cells incubated with fluorescence-tagged AuCLs. 5 nM of AuCLs was directly added to cell media and incubated for 1 hour.
Images were taken after washing cells with fresh cell media.

at this stage. AuCLs can enter cells either by direct internal-
ization [31] or through the mechanism of endocytosis [32].
If AuCLs entered the cell membrane through endocytosis,
it would have the sequential addition of a lipid layer [33].
Even though further study of the internalization process
is necessary, the microscopic data confirms the stability of
lipid assemblies on AuNPs and suggests the possibility of
developing AuCLs as a drug cargo.

4. Conclusions

We have demonstrated controlled clustering of AuNPs using
cellular membrane mimicking phospholipid bilayers. Three
different kinds of phospholipids, POPC, POPS, and POPE,
were used, and the modulation of their concentration ratio
successfully encapsulated AuNPs with an average size of
100 nm that were capable of self-assembling into dimers,
trimers, and tetramers. High-resolution TEM images also
showedAuNPs are enveloped by lipid layers in the oligomeric
state, and the stability of these states lasted at least for 24
hours. In addition, the helical folding of theM2 proton chan-
nel, when it was incubated with AuCLs, was examined by CD
spectrometer, and the results showed that M2 proteins form
their inherent 𝛼-helical structures in the presence of AuCLs.
The results confirmed the formation of lipid bilayers on the
nanoparticles and proved the possibility of functionalizing
the surface of gold clusterswith various, specific cell-targeting
membrane proteins. Fluorescence-tagged AuCLs were also
demonstrated to be capable of cellular entrance. In spite of
the exposure to the cellular membrane, AuCLs retained their
lipid layers while being internalized into cells. Our approach
of clustering nanoparticles can be further developed to
design nanoclusters with desired sizes. With the advantage
of enhanced biocompatibility due to enveloping the surface
of AuNPs with cell-like membranes, these AuCLs can also
be used as imaging agents with enhanced spectroscopic
sensitivity.
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Numerous degenerative diseases are associated with amyloidosis, which can be caused by amyloid proteins.These amyloid proteins
are generated frommisfolded and denatured amyloidmonomers under physiological conditions. Changes in protonation state, pH,
ionic strength, and temperature, in addition tomutations, are related to the promotion of amyloidosis. Specifically, an understanding
of the mechanical characteristics of amyloid protofibrils is important, since amyloid growth proceeds by a mechanism involving
cycles of fragmentation and elongation. However, there remains a lack of knowledge of amyloid structural conformations and
their mechanical characteristics, particularly considering end-terminal capping effects. In the present study, we investigated the
mechanical characteristics of transthyretin amyloid protein (TTR), which have been implicated in cardiovascular disease, and
specifically considered the contribution of end-terminal capping effects. Using steered molecular dynamics (SMD) simulations, we
report different structural behaviors between uncapped and capped TTR amyloid protofibrils. We show that end-terminal capping
strengthens the structural stability and improves the mechanical properties of amyloid protofibrils. This study provides useful
information concerning the structural and mechanical characteristics of TTR amyloid protofibrils, with a particular emphasis on
end-terminal capping effects.

1. Introduction

Many of the major types of degenerative disease are associ-
ated with denatured and misfolded amyloid proteins [1–3].
For example, type II diabetes has been associated with human
islet amyloid polypeptide (hIAPP), since hIAPP triggers beta-
cell death in pancreas [4]. As for dialysis-related degenerative
diseases, beta-2-microglobulin amyloid proteins are found
in the joints of patients due to long-term hemodialysis
treatments [5, 6]. Moreover, transthyretin (TTR) amyloid
proteins can contribute to cardiovascular disease by nar-
rowing cardiac vasculature [7, 8]. The phenomenon shared
by these degenerative diseases is the deposition of amyloid
proteins to normal functional cells, where they are hard to
degrade under physiological conditions [9, 10].

These amyloid proteins exist in several forms such as
monomers, oligomers, fibrils, and plaques. A specific under-
standing of oligomeric amyloid fibrils is crucial, due to
their toxic characteristics [11–14]. Such toxicity was estab-
lished by several experimental studies, and it the results

of amyloid toxicity were the generation of ion channels
across membranes, removal of lipid layers from membranes,
permeation of oligomers to membranes, and additional
growth of amyloid fibrils [11]. Specifically, investigations
have highlighted that the size of oligomeric protofibrils is a
critical parameter, since the fragmentation and elongation
mechanism is related to fibrillar size. According to Collins
et al., they experimentally investigated the amyloid growth
mechanism using prion protein Sup 35 via three step models
(i.e., nucleation,monomer addition, and fiber fragmentation)
[15]. Based on this point, fundamental computational and
experimental studies on fracture phenomena of amyloid
fibrils may provide mechanical insights [10, 16].

Detailed computational studies have been conducted on
amyloid protofibrils, examining the polymorphic character-
istics [17–21], point-mutation effects [22–24], and amyloid
fibrils of differing cross-sections under physiological con-
ditions [25–27]. Paparcone et al. have provided mechanical
characterization of A𝛽 fibrils, which are associated with
Alzheimer’s disease [23]. They varied the salt bridge region
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and examined effects on structural stability ofmutating lysine
and aspartate residues for each. In similar manner, Chang
et al. found via molecular dynamics (MD) that the effect
of mutating residues depends on their being located within
hydrophobic core of A𝛽 [22]. Ndlovu et al. [28, 29] and Yoon
et al. investigated the effects of polymorphic characteristics
and point mutations on hIAPP using equilibrated MD and
steered molecular dynamics (SMD) [19, 30]. In their studies,
they investigated the effects of altering the orientation of beta-
strands and the effect of mutating leucine residues to phe-
nylalanine residues on structural conformation and mechan-
ical characteristics. In these computation studies, structural
stabilities and mechanical properties of fibrillar amyloid
proteins have been reported, in order to better understand
the mechanisms of fragmentation under physiological con-
ditions.

Recently, several groups considered whether end-
terminal capping or altered protonation state have an effect
on the structural characteristics of amyloid fibrils associated
with degenerative and neurodegenerative diseases [31–34].
For example, the effects of capping hIAPP amyloid fibrils were
studied experimentally and computationally. Andreasen et
al., demonstrated that different conformations and structural
characteristics of hIAPP fibrils are dependent on terminal
capping (i.e., N-terminal acetylation and C-terminal amida-
tion) by a combination of transmission electron microscopy
(TEM), atomic force microscopy (AFM), and MD
methods [32]. Specifically, they investigated the molecular
characteristics of hIAPP amyloid proteins arising from
terminal capping effects via twisting angle between each
beta-strand and the number of hydrogen bonds. Porrini et
al. used MD simulations to consider the effect of different
protonation states on the oligomeric characteristics of
amyloidogenic peptide derived from TTR 105–115 [31].
Different structural characteristics were observed depending
on the protonation state, including different beta-strand
content and altered twisting angles and the root mean square
deviations (RMSDs). In similar manner, Lee and Na recently
investigated the structural characteristics of TTR 105–115
amyloid protofibrils by end-terminal capping effects using
equilibrated MD simulation methods [35]. However, the
effect of capping on mechanical characteristics of TTR amy-
loid protofibrils remained unstudied using SMDmethods.

In this study, we report themechanical characteristics and
material properties of end-terminal capped and uncapped
TTR 105–115 amyloid protofibrils, using SMDmethods. Dur-
ing the SMD simulation, we noticed a considerably stronger
reaction force from the capped fibrils than from uncapped
fibrils. We also report Young’s modulus of the capped TTR
amyloid protofibrils, and we found a larger number of hydro-
gen bonds in the capped fibrils. Using our SMD simulation,
we also calculated the variation in electrostatic force due to
end-terminal capping.

2. Material and Methods

2.1. Computational Model Construction for the SMD Simula-
tion. In order to investigate the mechanical characteristics

of capping effect on TTR amyloid protofibrils, we used
the computational results of capped and uncapped TTR
amyloid protofibrils from our previous study [35]. Basically,
the atomic coordinates of TTR amyloid protofibrils contained
in the protein data bank (PDB-ID: 2M5N) were used as a
building block for a protofibrils [36]. Geometrical conditions
for protofibrils construction were also same as those in
the previous experimental studies which were revealed by
Dobson’s group [36–38].

From our previous study [35], autopsf plugin of VMD
1.9.1 was used to give the capping effect on TTR amyloid
protofibrils, by acetylating the N-terminus and amidating the
C-terminus of the modeled fibrils [39]. Equilibrium simula-
tion of each capped and uncapped protofibril was computed
using NAMD package 2.8 [40] with CHARMM27 force field.
Each protofibril model was minimized over 10,000 steps
via the conjugate-gradientmethod. Subsequently, protofibrils
were solvated in a TIP3P water box without counter ions
because TTR amyloid protofibrils carried no net charges.
Additionally, aminimumborder-distance of 20 Åwas applied
from each side of the solvent box.

The MD simulations were performed for 50 ns after the
simulated models to reach local minima on the potential
energy surfaces. MD simulations were equilibrated at a
constant-temperature (298K) and constant-volume condi-
tion. Equilibrated results of both uncapped and capped
TTR amyloid protofibrils are confirmed through the root
mean square deviation and their twist angle between each
beta-strands along the fibrils axis from previous study [35].
After that, the final coordinates of capped and uncapped
protofibrils were obtained to use in a steered molecular
dynamics (SMD) simulation in this study. Obtained capped
and uncapped TTR fibrils after equilibrated MD simulations
are shown in Figure 1.

2.2. Steered Molecular Dynamics (SMD) Simulation Proto-
col. To analyze the different mechanical behavior between
uncapped and capped TTR amyloid protofibrils, SMD sim-
ulations were performed to measure tensile properties. The
same NAMD package 2.8 and CHARMM27 force field was
used in the SMD simulations [40].The constant-temperature
(298K) and constant-volume ensemble was also adopted
during the SMD simulations, until fracture of the fibrils
occurred. The spring constant was 7.2 kcal/mol ⋅ Å2, where
1 kcal/mol equates to 69.489 pN⋅Å, throughout the entirety
of the simulations. As shown in Figure 2, the two bottom
layers were fixed, and the two top layers were pulled at
several constant velocities, such as 0.001 Å/ps and 0.005 Å/ps.
Reaction forces were calculated using 𝐹(𝑡) = 𝐾spring(V𝑡 − 𝑋),
where V is a pulling speed, 𝑡 is time, and 𝑋 is a displacement
variable. The resulting relationship between the reaction
forces and displacements for pulling rate was obtained after
the SMD simulations. Initial fibril lengths and cross-sectional
areas, for both capped and uncapped fibrils, were calculated
by computing stress-strain relationships.

2.3. Calculating the Mechanical Characteristics and Proper-
ties of TTR Protofibrils. For the analysis of the mechanical
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Figure 1: A schematic image of TTR amyloid protofibrils depends on end-terminal capping. (a) Amodel of a capped fibril.The capped region
is represented with red and blue spheres. (b) A model of an uncapped fibril for the simulation.
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Figure 2: A constraint for the tensile simulations, computed by
SMD simulation. The blue boxed region of TTR amyloid protofibril
was fixed. The red boxed area, corresponding to the top two layers
of the protofibril, was pulled along the fibril axis, which is parallel to
𝑦-axis.

characteristics of TTR amyloid protofibrils, classical beam
theory was used to calculate Young’s modulus for each
case. The TTR protofibrils were regarded as beam models.
The constitutive relation is given by Hooke’s law, which
represented as 𝜎

𝑦𝑦
= 𝐸 ⋅ 𝜀

𝑦𝑦
. Here, 𝜎

𝑦𝑦
is the stress along the

fibril axis which is parallel to 𝑦-axis (Figure 1), 𝐸 is Young’s
modulus, and 𝜀

𝑦𝑦
is the strain along to the fibril axis (i.e.,

𝑧-axis). Stress could be expressed as 𝜎
𝑦𝑦
= 𝐹/𝐴. Here, 𝐹 is

the calculated force during the SMD simulation, and 𝐴 is

the measured cross-sectional areas, where we assumed the
cross-section area of TTR amyloid protofibrils as rectangular
shapes. Four alpha carbons located on the end-terminus
of two beta-strands of bottom layer are regarded as edges
of rectangular shape from cross-section of TTR amyloid
protofibrils.Therefore, the cross-sectional areawas calculated
by measuring the width and height from rectangular shape.
Stress was computed by calculating the tensile loading on the
cross-sectional area of fibrils over time, and strain variation
was obtained by dividing the change in length of a fibril
during the same time by its initial length (∼10 nm).

3. Results and Discussion

3.1. Different Fracture Behavior of TTR Amyloid Protofibrils
Caused by End-Terminal Capping. Our previous study, using
a 50 ns equilibratedMD simulation and principle component
analysis (PCA), examined that N-terminal acetylation and
C-terminal amidation of TTR amyloid protofibrils alter
their structural conformations and mechanical characteris-
tics [35]. Based on those results, we reported considerably
improved structural stabilities and Young’s moduli of capped
TTR amyloid protofibrils. Differences in Young’s modulus
values were two times larger than the excepted torsional
modulus.

In this study, employing constant-velocity loading sim-
ulations, we showed that TTR 105–115 amyloid material
strength is different, depending on end-terminal capping
status. Further, in order to detect end-terminal capping
effects in detail, we applied two different loading conditions
(0.001 Å/ps and 0.005 Å/ps). As shown in Figures 3(a)–3(d),
in both 0.001 Å/ps and 0.005 Å/ps constant-velocity loading
conditions, we found higher peak forces for capped protofib-
rils. Under 0.001 Å/ps constant-velocity loading simulations
(see Figures 3(a) and 3(b)), the first peak force events for both
uncapped and capped TTR were observed around the 1 ns
period. At the peak force value, however, both the rupture
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Figure 3: Time versus force graphs comparing different fracture features of capped and uncapped fibrils for time. Both (a) and (b) show the
results of SMD simulation with a pulling rate of 0.001 Å/ps for the capped model and the uncapped model, respectively. Panels (c) and (d)
show the results for the capped model and the uncapped model, respectively, at a pulling rate of 0.005 Å/ps. Fracture processes over time are
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force and the fracture behavior of capped and uncapped
TTR protofibrils differ. During time-force analysis, the peak
force for capped protofibrils was 1400 pN, while the peak
force of uncapped protofibrils was 1000 pN.Different fracture
behaviors were also observed in the time-force graphs and
rupture trajectories. In the case of capped protofibrils, we
see only one peak force value, while uncapped protofibrils
display multiple peak forces during SMD simulations. These
tendencies can be supported by the rupture process as shown
on the right side in Figures 3(a) and 3(b). For the capped
fibrils, we see that only the top layer fractured over the 5–
10 ns period. However, uncapped fibrils undergo multiple
fracture processes and fractured beta-strands contents during
this same 5–10 ns period. Around the 3 ns period, one side of
two beta-strands fractured (marked as 𝑡

2
), with the other side

fracturing around the 5.5 ns period (marked as 𝑡
3
).

Similar findings resulted from the 0.005 Å/ps constant-
loading simulations as shown in Figures 3(c) and 3(d), respec-
tively. Due to the higher constant-loading condition (0.005
compared to 0.001 Å/ps), short fracture events were observed
for both capped and uncapped protofibrils over the same
time period. In addition, different fracture behavior and peak
force were observed, relative to 0.001 Å/ps constant-loading
simulation. Only a single peak force value was observed for
capped protofibrils (marked as 𝑡

2
), while multiple peak forces

were observed for uncapped TTR protofibril (denoted 𝑡
2
, 𝑡
3
,

and 𝑡
4
).The peak force difference between the two protofibril

types was 800 pN, which was similar to the value from the
lower loading simulation (i.e., 0.001 Å/ps). Specifically, for the
uncapped protofibrils, multiple fracture spots were revealed,
while only the top layer was fractured in capped protofibrils.
These different peak force results along with the different
constant-velocity loading conditions could be compared to
previous similar computational hIAPP fibril study by Choi et
al. [41].They found the different rupture force of hIAPP fibrils
when different pulling speed was applied. These different
rupture phenomena along with various pulling velocity also
can be found in our study, where higher peak force was
observed when faster pulling speed was applied [41].

Interestingly, end-terminal capping on TTR amyloid
protofibrils did not affect the calculated peak force occur-
rence time, even under different loading and velocity condi-
tions. Lee et al., who investigated themechanical andmaterial
characteristics of polymorphic hIAPP protofibrils, reported
that each polymorphic structure (i.e., APHO, AHPE, PHO,
and PHE model) has a different peak force value with a dif-
ferent peak force occurrence time, based on their time-force
analysis [17]. However, uncapped and capped TTR amyloid
protofibrils only exhibited different peak force values, while
sharing similar peak force occurrence times. Therefore, our
simulations suggest that end-terminal capping only affects
reaction force values, not peak force occurrence times.

Thus, fromour analysis of the time-force profiles and frac-
ture trajectories from 0.001 Å/ps and 0.005 Å/ps constant-
loading simulations, we can see that the end-terminal capping
is predicted to result in different fracture behavior, albeit over
similar time periods.

3.2. Fracture Characteristics of TTR Amyloid Protofibril by
the End-Terminal Capping. During constant-velocity loading
simulations, we found that the different fracture behavior of
TTRamyloid protofibrilswith different end-terminal capping
status exhibited different time-force graphs and fracture
trajectory profiles. In this section, we analyzed the different
material fracturing behaviors of protofibrils by investigating
the number of hydrogen bonds formed and the electrostatic
force as a function of time. Calculating andunderstanding the
contributions of hydrogen bonds and “nonbonding” forces
such as electrostatic and van der Waals (VdW) energies are
all important for assessing the stability of amyloid fibrils.
For example, a previous study addressed the role of the
nonbonding forces and hydrogen bonds in altering the
structural conformation and mechanical properties of A𝛽
amyloid protein by mutating the leucine residue on the 19th
and 20th phenylalanine residue regions [22]. Specifically, the
nonbonding forces and the number of hydrogen bonds are
different in each model. Notably, replacing leucine residue
on the 19th phenylalanine residue region results in a lower
number of hydrogen bonds, increased VdW energies, and
decreased mechanical properties. Furthermore, our previous
equilibrated TTR 105–115 protofibrils handled the structural
stability and their electrostatic energy effect by end terminal
capping [35].

In our study (see Figure 4), a constant decrease in the
number of hydrogen bonds was observed under 0.001 Å/ps
and 0.005 Å/ps constant-velocity conditions. For the 0.001 Å/ps
constant-velocity condition, reduction in the number of
hydrogen bonds stopped around the 10 ns period, while
the loss of hydrogen bonds under 0.005 Å/ps constant-
velocity conditions halted around the 2 ns period. After the
constant decrease in the number of hydrogen bonds reached
a threshold, there were no additional decreases of hydrogen
bonds, with the protofibrillar structures reaching a complete
fracture. This tendency to decrease the number of hydrogen
bonds is similar to that reported for several computational
studies of amyloids using SMD simulations [17, 25, 35, 41–
44]. When an external force is applied to amyloid proteins,
the loss of hydrogen bonds or their renewal following fracture
proceeds regardless of the amyloid protein species or size.
For example, our previous loading simulation study on
polymorphic hIAPP fibrils showed that loss of hydrogen
bonds increases in step with strain [17]. In a similar manner,
Solar and Buehler reported that the incremental rupture
of hydrogen bonds depends on the cross-sectional area of
different amyloids (i.e., A𝛽 and HET-s) [25]. Specifically,
from our analysis of the number of hydrogen bonds over
time in this study, we were unable to detect any difference
in the material characteristics of capped or uncapped TTR
protofibrils. According to Kim et al., hIAPP amyloid fib-
rils behave differently under constant bending simulations,
depending on the structure of the polymorph tested [21].
Since polymorphism may alter material behavior, and TTR
105–115 does not have any polymorphs, end-terminal capping
was only predicted to improvemechanical strength, not other
material behaviors.

Further, we measured the variation in electrostatic force
of uncapped and capped TTR protofibrils, from the initiation
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Figure 4: Time versus the number of hydrogen bond graphs: comparing mechanical strength differences between capped and uncapped
models. (a) shows the comparison graph for the simulation performed using a velocity of 0.001 Å/ps, and (b) is the graph using a velocity of
0.005 Å/ps. To reduce the noise of hydrogen bonds per time graphs, we smoothed the data using a weighted moving average with over 100 ps.

of the loading simulation to the first peak force events. In
contrast, the electrostatic forces were tracked throughout
the entirety of the constant-velocity loading simulations.
As shown in Figures 5(a) and 5(b), electrostatic energies
increased between the initiation of loading and the occur-
rence of the first peak force events. These tendencies are sim-
ilar to those calculated for loading simulation on A𝛽 amyloid
fibrils in the study by Paparcone and Buehler. They reported
that the energy density of A𝛽 amyloid fibrils increased in step
with increasing strain [42]. We also calculated the stabilities
of uncapped and capped TTR protofibrils via fluctuation of
electrostatic forces. Our simulation shows that electrostatic
energy fluctuations of uncapped fibrils were observed during
both the 0.001 Å/ps and the 0.005 Å/ps loading conditions.
In contrast, capped fibrils have fewer such fluctuations.
These phenomena can be expressed as the released quantity
of electrostatic energies, both uncapped and capped TTR
protofibrils. Using the electrostatic energies over the whole
time period, we measured the released electrostatic energy
quantity of both capped and uncapped TTR protofibrils until
observation of first peak force event as shown in Figure
S1 in Supplementary Material available online at http://
dx.doi.org/10.1155/2016/1863065. From the result of Figure S1,
we found that the electrostatic energy release of capped TTR
amyloid protofibrils was constant until first peak force event
for two different loading velocity conditions, which means
energy release is almost zero. However, for the uncapped
TTR amyloid fibrils, energy release of electrostatic energies
constantly increased and their amount was occupied up to
300 kcal/mol. Specifically, we calculated the fluctuation of
electrostatic energies by measuring the standard deviation
as shown in Figure 5(c), where the standard deviation of
electrostatic forces is represented as error bars of average

electrostatic forces. From the figure, a large-value error bar of
uncapped TTR protofibril was observed, while a small-value
error bar of capped TTR protofibril was observed. Therefore,
end-terminal capping on TTR protofibrils not only lowers
the electrostatic forces but also strengthens and lowers the
electrostatic energies fluctuations.

Our analysis of hydrogen bond prevalence, together with
our analysis of electrostatic energies, supports our earlier
results that end-terminal capping of TTR protofibrils effects
an increase in disruptive forces, resulting in a lower fraction
the beta-strands contents compared to uncapped protofibrils.

3.3. Material Properties of Capped and Uncapped TTR Amy-
loid Protofibrils. Based on time-force analysis, we assessed
the mechanical properties of capped and uncapped TTR
amyloid protofibrils by generating stress-strain curves. Stress-
strain curves for our in silico protofibrils were produced by
calculating the strain and using Hooke’s law as described in
Section 2.3. The stress-strain graphs are depicted in Figure 6.
As can be seen in Figure 6(a), under 0.001 Å/ps constant-
velocity loading simulation, capped protofibrils have higher
stress values than uncapped protofibrils at around 0.5 strain
regions. The calculated strain differs under the velocity
loading condition of 0.005 Å/ps, as shown in Figure 6(b).
Using this stress-strain relationship, we calculated Young’s
modulus, as shown in Figure 6(c). Under both loading
simulation conditions (0.001 Å/ps and 0.005 Å/ps), we can
saw that Young’s modulus of capped protofibrils (7-8GPa)
was larger than that of uncapped protofibrils (6–6.5GPa).
These results are consistent with our previous equilibrated
MD and PCA analysis results, in which the axial elastic
modulus of capped TTR protofibrils was higher than the
uncapped TTR protofibrils. Furthermore, Young’s modulus
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Figure 5: Time versus electrostatic energy graphs: comparing the structural characteristics effect of end-terminal capping on TTR (105–115)
protofibrils. (a) shows the comparison graph for the simulation performed using a velocity of 0.001 Å/ps, (b) shows the graph using a velocity
of 0.005 Å/ps, and (c) shows the average number of electrostatic energies. Error bars represent the standard deviations.

difference of capped and uncapped TTR amyloid protofibrils
with respect to various pulling speed also can be compared
to bending simulation on hIAPP fibrils along with various
length size [41]. From their result of bending and shear
stress, both stresses were increased when pulling speed also
increased. Considering the similar elastic modulus results
obtained in this study, our Young’s modulus of TTR amyloid
protofibrils is higher when applied 0.005 Å/ps than those of
0.001 Å/ps. That means that higher mechanical response of
amyloid fibril comes from the faster pulling speed.

Young’s modulus values we obtained using SMD simula-
tions can be compared to previous experimental studies on
TTR 105–115 fibrils. Meersman et al. reported that the bulk

modulus of TTR 105–115 fibril is 2.6GPa [45]. Consider-
ing that our capped and uncapped fibrils are nanoscale
structures, our calculated material properties are reliable
results in terms of having a similar degree of order. Our
Young’s modulus results can also be compared to the results
obtained for different amyloid proteins, using both experi-
mental and computational methods. As shown in Table 1,
our results have a similar Young’s modulus degree of order
compared to previously studied amyloid, despite differences
in the underlying amyloid proteins. When compared to the
“parallel/homo” polymorph structure of hIAPP fibrils, our
structure is predicted to have a higher Young’s modulus
[17, 18, 21]. In addition, our simulations suggest that both
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Figure 6: Stress versus strain graphs and Young’s modulus graphs. Stress-strain curves for each pulling rate (0.001 Å/ps and 0.005 Å/ps)
to compute Young’s modulus for both capped and uncapped fibrils. (a) Strain-stress curve calculated from pulling rate of 0.001 Å/ps, (b)
strain-stress curve obtained from pulling rate of 0.005 Å/ps, and (c) Young’s modulus of uncapped and capped TTR 105–115 protofibrils from
stress-strain curves.

Table 1: The tensile Young’s modulus of several amyloid fibrils for
the comparison.

Structures Elastic modulus (GPa)
hIAPP (SMD) [17, 18] 2.4–12
hIAPP (ENM) [19] 12–14
A𝛽 (SMD) [42–44] 12.4–17.2
TTR (experiment) [45] 2.6
TTR (our study) 6–8

uncapped and capped TTR 105–115 protofibrils have a higher
Young’s modulus than insulin amyloid fibrils.

From our computational stress-strain and Young’s mod-
ulus analyses, we predict that end-terminal capping of TTR

105–115 protofibril results in material with a higher Young’s
modulus than uncapped protofibrils. Our results including
time-force graphs, fracture trajectory analysis, the number
of hydrogen bonds, and electrostatic force analysis due to
the end-terminal capping effects are consistent with previous
similar amyloid studies. Further, our results show the reliable
data compared to previous experimental and computational
TTR 105–115 amyloid fibril studies.

4. Conclusions

In this study, we calculated material properties of capped
and uncapped TTR (105–115) protofibrils by investigating
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their structural and mechanical response to different load-
ings at constant-velocity, using steered molecular dynamics.
Analysis of the time-force and rupture trajectory profiles
showed that capped protofibrils have a greater rupture force
but lower ruptured beta-strand contents than uncapped
protofibrils. These profiles were consistent with an analysis
of electrostatic energy fluctuations and the number of the
hydrogen bonds. During the fracture process, we found larger
electrostatic force fluctuations in uncapped protofibrils than
capped protofibrils. Further, we computationally derived
and predicted the material properties of the protofibrils
from our SMD simulations. Stress-strain curves indicated
that capped protofibrils are likely to have a larger Young’s
modulus (7-8GPa) than uncapped protofibrils (6–6.5GPa).
Understanding the mechanical characteristics of amyloid
protofibrils is important, since their growthmechanism relies
on fragmentation and elongation.Our study provides a useful
model of the effect of end-terminal capping on TTR 105–
115 amyloid protofibrils. In particular, since amyloid fibrils
are increasingly being used as basic templates for functional
material [46], our study suggests an additional material
design methodology for templating biofunctional materials.
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In structural DNA nanotechnology, programming a three-dimensional shape into DNA bundles has been a primary design
objective. However, the mechanical properties of these DNA bundle structures are another important factor to be considered in the
design process. While the mechanics of the individual DNA double helix has been explored extensively and hence its properties are
well known, themechanical properties of structuralmotifs such asDNA junctions and strandbreaks important to bundlemechanics
have not been well characterized due to experimental limitations, rendering it difficult to predict themechanical properties of DNA
bundles. Here, we investigate the effect of these structural motifs on the global bundle rigidities by performing sensitivity analysis
on a six-helix DNA bundle structure using the finite element modeling approach. Results reveal the primary structural features and
their parametric values required to reproduce the experimental bundle rigidities.

1. Introduction

Structural DNA nanotechnology has enabled us to build var-
ious molecular structures with desired patterns and shapes at
the nanometer scale [1, 2]. By designing a connectivity map
between DNA double helices at discrete crossover positions,
one can fold DNA strands into the two- to three-dimensional
structures [2–8] with target curvatures or twists [9, 10].
These structures have been widely used in many applications
including the nanometer-precision arrangement of nanopar-
ticles, proteins or florescence molecules [11–13], the con-
trolled growth of gold nanoparticles into a three-dimensional
shape by usingDNAnanostructures as amold [14, 15], and the
measurement of single-molecule properties [16].

While the solution shape has been a primary design
objective for constructing a target DNA nanostructure, the
mechanical properties should be also taken into considera-
tion in the design process as they not only govern the stability,
flexibility, and deformability of the structure but also affect
the derived functional properties facilitated by interacting

with molecules or particles attached to it. Although studies
on the mechanical properties of the B-form DNA double
helix are abundant, those for DNA bundles [17–19] are scarce
because of the lack of information on the mechanical prop-
erties of structural motifs such as DNA junctions and strand
breaks important to bundle mechanics due to experimental
limitation. Therefore, it is difficult to predict the mechanical
properties of DNA bundles in the design process.

Here, we investigate the effect of the mechanical proper-
ties of structural motifs, which have been ill-characterized
and largely unknown, on the DNA bundle rigidities by
analyzing a six-helix DNA bundle structure whose bending
and torsional rigidities were known experimentally [17]. We
employ the finite element (FE) method to calculate the
bundle rigidities for systematically varied model parameters
including the distance between the adjacent helices and the
rigidities of crossovers and nicks. Results reveal plausible
roles of these parameters on the global bundle rigidities and
provide their values reproducing the experimental bundle
properties.
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Figure 1: Six-helix DNA bundle structure. (a-b) Two-dimensional
blueprint, (c) three-dimensional rendering of the structure, and
(d) finite element models of a crossover (left) and a nick (right).
In (d), black, green, and yellow lines represent beam elements
used to model normal DNA double helices, crossovers, and nicks,
respectively. Red dots are FE nodes.

2. Materials and Methods

2.1. Six-Helix Bundle. The six-helix DNA bundle [17] is a
straight, 371 nm long structure designed in the honeycomb
lattice and consisting of a 6552-base-long scaffold strand
and 156 short staple strands most of which have 42 bases
(Figure 1). Originally, it has two supporting parts at both ends
of the structure for experiments, but we excluded them in this
study as they are not necessary in our computational analysis.
Thehelices are connected discretely at 595 crossover positions
that are almost evenly distributed along the helical axis. 156
strand breaks or nicks exist almost every 42 base pairs in the
bundle as it is folded by the short staple strands. More details
on the six-helix DNA bundle are available in [17] including
sequence information of comprising DNA strands, connec-
tivity maps between helices, and experimental methods to
synthesize and characterize the bundle.

2.2. Finite Element Model. The three-dimensional FE model
of the six-helix DNA bundle structure is constructed from its
two-dimensional blueprint [20] that provides the location of
each helix on a lattice and the crossover positions where the
helices are connected to one another. Each helix is modeled
as a straight, homogeneous, isotropic, and elastic rod using a
set of two-nodeHermitian beam elements with the stretching
(𝑆B-DNA = 1,100 pN), bending (𝐵B-DNA = 230 pNnm2), and
torsional (𝐶B-DNA = 460 pNnm2) rigidities measured exper-
imentally for the B-form DNA [21] neglecting any sequence
dependency. FE nodes are placed at the center of base pairs
where six degrees of freedom (DOFs) are assigned to each
node to describe the displacement of the center position
and the rotation of the beam cross section. They exist every
0.34 nm along the helical axis in the undeformed configu-
ration with the right-handed twist rate of 34.29∘ per base
pair determining the orientation of the beam cross section.
At the nick positions where one of the phosphate backbones

is broken, beams with reduced bending and torsional rigidi-
ties are used instead while the same stretching rigidity as the
B-form DNA is used. Six helices form a bundle structure
on the honeycomb lattice with the interhelical distance
between the neighboring helices. Two FE nodes between the
adjacent helices at a crossover position are connected to each
other using a beam element whose rigidities determine the
flexibilities between the helices at the junction position.

2.3. Sensitivity Analysis. We investigate the sensitivity of
the bundle rigidities on the principal structural parameters,
which are difficult to measure experimentally, governing the
geometry and themechanical properties of the six-helixDNA
bundle structure. We calculate the stretching (𝑆), bending
(𝐵), and torsional (𝐶) rigidities of the bundle for exhaustively
varied parametric values including the interhelical distance
(𝐷), the reduced bending (𝐵nick) and torsional (𝐶nick) rigidi-
ties of the beam element at nicks, and the stretching (𝑆cross),
bending (𝐵cross), and torsional (𝐶cross) rigidities of the beam
element at crossover positions. At the ends of the bundle,
two fictitious FE nodes are generated on the mean position
of the helix centers and connected rigidly to the nodes on
the same cross-sectional plane where boundary conditions
and loading conditions are applied. 𝑆, 𝐵, and 𝐶 of the bundle
for each parameter set are obtained by performing linear
static analysis where we impose a unit tensile displacement,
a unit shear displacement for bending, or a unit torsional
angle on one end of the bundle while fixing the other end
andmeasure the axial reaction force, the shear reaction force,
or the torsional reaction moment, respectively. The default
values used for these parameters when not varied are 𝐷 =
2.25 nm, 𝑆cross/𝑆B-DNA = 𝐵cross/𝐵B-DNA = 𝐶cross/𝐶B-DNA =
10
5, and 𝐵nick/𝐵B-DNA = 𝐶nick/𝐶B-DNA = 10

−2.

3. Results and Discussion

3.1. Isotropic Bending Rigidity. Due to the helicity of the
B-form DNA (two full turns per 21 base pairs), crossover
positions are rotating 240 degrees every seven base pairs
along the helical axis on the honeycomb lattice, resulting in an
asymmetric crosslinking arrangement. Therefore, the bend-
ing rigidity of the bundle naturally varies with the direction
of curvature.The bundle exhibits the highest bending rigidity
for bending along the vertical axis while it shows the lowest
rigidity for bending along the horizontal axis. Nevertheless,
the difference between themaximum andminimum bending
rigidities is negligibly small (less than 0.2% of the mean
value) and hence we can assume that the bending rigidity
of the bundle is almost isotropic (Figure 2). This is because
the bundle uses the highest crossover density available for
honeycomb-latticed structures. More specifically, a DNA
double helix in the six-helix bundle is connected to one of its
three neighboring helices every seven base pairs forming a 21-
base-pair-long repeating unit. Approximately 50 units exist
along the helical axis that are large enough to attenuate the
effect of crossover asymmetry on the overall bending rigidity
of the bundle.



Journal of Nanomaterials 3

θ

x

y

z
Min.

Max.

(a)

0 50 100 150 200 250 300 350
17680

17685

17690

17695

17700

17705

17710

𝜃 (
∘
)

B
(p

N
nm

2
)

(b)

Figure 2: Bending rigidity. (a) Definition of the axis along which the bundle bends and (b) the bending rigidity of the bundle.

3.2. Effect of the Interhelical Distance. Here, we investigate
the effect of the distance between the helices on the overall
bundle rigidities. It is well known that the diameter of the B-
form DNA is about 2 nm, which might be a natural choice
for the interhelical distance if we assume that the helices
are in contact with one another almost all the way along
the helical axis. However, as the DNA double helix is highly
negatively charged, the repulsive forces whose strength is
dependent on the ionic condition exist between the helices.
On the other hand, it is shown experimentally that the
interhelical distance at crossover positions is smaller than
the helix diameter amounting to 1.85 nm. As a result, the
helices undulate in the bundle rather than taking a straight,
parallel configuration because they expel one another while
constrained at crossover positions. Nonetheless, we often
model the structure as a bundle of straight DNA helices
separated at an effective interhelical distance corresponding
to the mean distance between the undulating helices without
including electrostatics explicitly into the model, which has
been successful to predict the three-dimensional shape of
DNA origami nanostructures [1, 22].

Here, we adopt thismodeling approach and study how the
effective interhelical distance affects the bundle rigidities by
varying it from 1.8 nm to 2.5 nm. Results clearly demonstrate
that the stretching rigidity of the bundle is invariant to the
interhelical distance (Figure 3(a)). This is because the axial
force is divided and applied equally to each helix resulting
in a uniform axial deformation of the helices regardless of
their relative locations. Bending and torsional rigidities of
the bundle, in contrast, are dependent on the interhelical
distance (Figures 3(b) and 3(c)) resulting primarily from the
fact that areamoments of inertia increasewith the interhelical
distance as the helices become located farther from the
bundle’s central axis.

3.3. Effect of the Mechanical Properties of Crossovers. The
mechanical properties of crossovers are the most crucial
factors affecting the global bundle rigidities as DNA double
helices are interconnected only at these discrete positions.
These crossovers are four-way Holliday junctions that are
structurally polymorphic when free in solution and can
undergo the transition between an unstable, open conformer
and more stable, stacked conformers [23]. These junction
structures take a right-handed stacked conformation in
a bundle under usual ionic conditions and provide the
crosslinking stiffness between the adjacent helices. While it
has been shown both experimentally and computationally
that crossovers are quite flexible in scissor-like motion of
junction arms [5, 24], their exact mechanical properties
have not been characterized well. Here we explore how the
mechanical properties of crossovers affect the bending and
torsional rigidities of the six-helix bundle by varying the
stretching, bending, and torsional rigidities of crossovers.
The stretching rigidity of the bundle does not change with
the crossover rigidities as all six helices are stretched or
compressed uniformly.

Results indicate that both bending and torsional rigidities
of the bundle are almost independent of the stretching
rigidity of crossovers (Figure 4). This is because the global
bending or twisting of the bundle requires the bending or
twisting of individual helices relative to one another without
the change in the interhelical distance. On the contrary,
the bending rigidity of crossovers exerts a strong influence
on the bundle rigidity in both bending and torsion. As
crossovers become flexible in bending, beam elements across
the neighboring helices at crossover positions can bend under
externally applied bending or torsionalmoments, resulting in
the decrease of the interhelical distance and the consequent
reduction of the bundle rigidities (Figure 3). The torsional
rigidity of crossovers controlling the scissor-like rotation
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Figure 3: Effect of the interhelical distance. (a) Stretching, (b) bending, and (c) torsional rigidities of the bundle at various interhelical
distances.

of the interconnected helices affects the torsional bundle
rigidity only since the scissor-like rotation does not occur in
bending of the bundle. It is noteworthy that both bending and
torsional rigidities of crossovers should be smaller than those
of the B-form DNA double helix in order to reproduce the
experimental bundle rigidities.

3.4. Effect of the Mechanical Properties of Nicks. As DNA
bundles are formed by the aid of many short single stranded
DNA segments, nicks (or strand breaks) always exist in
a DNA bundle and hence it is important to understand
their mechanical roles on the bundle rigidities. However, the
mechanical properties of nicks have not been well quantified
yet while there is a general consensus that they act like a hinge

or swivel with smaller rigidities than those of nonnicked
DNA. Hence, we explore the effect of the mechanical proper-
ties of nicks on the bundle rigidities by varying the bending
and torsional rigidities of nicks while fixing their stretching
rigidity to that of the B-form DNA.

It turns out that nicks affect the torsional rigidity of the
bundle but have a negligible influence on the bending rigidity
(Figure 5). In torsion, the bundle is more sensitive to the tor-
sional rigidity of nicks than the bending rigidity as individual
helices can be twisted locally at nick positions in addition to
global twist of the bundle. But, if the bending rigidity of nicks
is sufficiently small, then it can reduce the torsional rigidity of
the bundle significantly as individual helices now can be bent
or kinked locally at nick positions under torsion. Therefore,
we need to take the location, the density, and the mechanical
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Figure 4: Effect of the mechanical properties of crossovers. (a) Bending and (b) torsional rigidities of the bundle computed using various
crossover rigidities. Shaded areas represent the experimentally measured rigidities.
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Figure 5: Effect of the mechanical properties of nicks. (a) Bending and (b) torsional rigidities of the bundle computed using various nick
rigidities.

properties of nicks into consideration whenwe design aDNA
bundle structure exposed to torsional loadings.

3.5. Comparison with Other Models. Based on the results of
sensitivity analysis, we can estimate the parametric values of
the model reproducing the bending and torsional rigidities
of the six-helix bundlemeasured experimentally. If we use the

interhelical distance of 2.25 nm representing an effective heli-
cal diameter at usual ionic concentrations used for DNAbun-
dles, themodel predicts the bending and torsional rigidities of
7,247 pNnm2 and 2,198 pNnm2, respectively, for the bundle.
These values lie in the range of experimental rigidities, 6,624∼
8,846 pNnm2 for bending and 2,098∼2,263 pNnm2 for tor-
sion corresponding to one standard deviation from the mean
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Figure 6: Bundle rigidities computed using several DNA models. (a) Bending and (b) torsional rigidities of the bundle. M1, M2, and M3
are continuum models where each DNA double helix is modeled as an isotropic cylinder. The helices are not connected in M1, continuously
connected over the helices in M2, and discretely connected only at crossover positions in M3. B.M represents the beam model of the bundle
(Figure 1). Shaded areas represent the experimentally measured rigidities.

rigidities [17]. Parametric values used to obtain these bundle
rigidities are 𝐵cross/𝐵B-DNA = 0.000125, 𝐶cross/𝐶B-DNA = 0.1,
and 𝐵nick/𝐵B-DNA = 𝐶nick/𝐶B-DNA = 0.065 indicating that
both crossovers and nicks are much softer than the B-form
DNA. The torsional rigidity of crossovers inferred from our
sensitivity analysis is similar to the one obtained using the
molecular dynamics simulation [24]. It would be valuable to
investigate the other mechanical properties of crossovers and
nicks using atomistic simulations as well in order to further
validate our analysis and obtain molecular-level insights into
their properties.

When compared with other models, the capabilities of
the beam finite elementmodel becomemore prominent (Fig-
ure 6). Three continuum bundle models [17] are considered
where each DNA double helix is treated as an isotropic
cylinder characterized by its Young’s modulus and Poisson’s
ratio. These models are distinguished by the assumption
in crosslinking the helices: no crosslink (M1), continuous
crosslink over the entire helix (M2), and discrete crosslink at
crossover positions (M3).M2 predicts excessively high rigidi-
ties of the bundle particularly in torsionwhileM1 predicts too
low rigidities particularly in bending. M3 predicts the bundle
rigidities close to experimental ones, but it is noteworthy that
two different Young’s moduli had to be used for bending and
torsion because M3 is unable to reproduce the bending and
torsional rigidities of the bundle simultaneously using single
Young’s modulus.

4. Conclusions

In this paper, we investigate the mechanical properties of
DNA bundles by performing sensitivity analysis for the
six-helix DNA bundle structure using the finite element
modeling approach. The bending and torsional rigidities of
the bundle that are measured experimentally are calculated

using our computational model with systematically var-
ied parametric values including the interhelical distance,
the crossover rigidities, and the nick rigidities. Results
reveal that (1) the bending rigidity of the bundle is almost
isotropic as a sufficiently large number of crossovers are used,
(2) the interhelical distance affects the bending and torsional
rigidities but has no influence on the stretching rigidity of the
bundle, (3) the bending rigidity of crossovers has a dominant
effect on the bundle rigidities, and (4) nicks are important for
the torsional rigidity of the bundle. In addition, it is shown
that the beam model can reproduce the experimental bundle
rigidities while the previous continuum models cannot. Our
findings are expected to be useful to design more complex
DNA-based nanostructures with target shapes, mechanical
properties, and derived functional properties.
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Chrysin is a flavone found in several plants, mushroom, and honeycomb. This constituent is broadly used in herbal medicine
in Asia. Since its biological activities were identified in various studies, the focus has shifted to the development of chrysin as a
complementary medicine for health promotion. Chrysin is known to have chemopreventive and therapeutic effects in skin aging,
atherosclerosis, inflammation, diabetes, AIDS, and cancer. However, its poor bioavailability is a bottleneck for pharmaceutical
applications. To overcome the limitations and enhance the bioactive effects, methods like nanoencapsulation or conjugation have
been attempted. In this review, current trends of chrysin use in the biomedical field are summarized.

1. Introduction

Flavonoids including flavones, flavanols, and flavans possess
various biological activities.Their effects are utilized in herbal
medicines. Chrysin (5, 7-dihydroxyflavone, Figure 1) is a
flavone contained in several plants (Passiflora caerulea [1],
Passiflora incarnate [2], Oroxylum indicum [3, 4],Matricaria
chamomilla [5], etc.) and natural products (Pleurotus ostrea-
tus [6], propolis [7, 8], honey [9], etc.).

Recently, chrysin was reported as a bioactive ingredient.
In this review, the effects of chrysin are briefly summarized
(Figure 2) and its complementary application is discussed.
Finally, emerging nanoscale modification of chrysin is intro-
duced.

2. Biological Activities of Chrysin

2.1. Effect on Inflammation. Inflammation is a protective
reaction of the body to infection, physiological stress, drugs,
and so on and activates the immune system. Acute inflam-
mation is induced by mediators including arachidonic acid,
platelet-activating factor, prostanoids, leukotrienes, lipoxins,
interleukins, histamine, serotonin, and lysosomal hydro-
lases. Chrysin alleviates inflammation through inhibition of
COX-2 [10], prostaglandin-E2 [11], histamine [12], NF-𝛾B

pathway [13–15], tumor necrosis factor- (TNF-) alpha [16,
17], iNOS [16], and cytokines (interleukin-1𝛽, interleukin-
2, interleukin-6, and interleukin-12) [18] and activation of
peroxisome proliferator-activated factor 𝛾 (PPAR𝛾) [19].
These reports suggest that chrysin could be a good agent
in inflammatory diseases. When acute inflammation does
not clear up, inflammatory cells persist and chronic inflam-
mation promotes organ dysfunction [16, 20, 21]. Disabling
inflammatory diseases include Parkinson disease [22], cancer
[13], cerebral ischemia [23], allergy [12], and autoimmune
neuritis [18]. The anti-inflammatory mechanism of chrysin
could prevent inflammation-related diseases.

2.2. Effect on Atherosclerosis. Atherosclerosis and hyperc-
holesterolemia are risk factors for coronary heart disease,
which is a major cause of mortality. In atherosclerosis, a
fibroinflammatory lipid plaque consisting of inflammatory
cells, smooth muscle cells, lipid, and connective tissue accu-
mulates in arteries. The major factor in atherosclerosis is
oxidative metabolism of plasma lipoproteins. Oxidation of
low-density lipoproteins by oxygen free radicals generates
reactive oxygen species (ROS). Thus, ROS play a central
role in the incidence of atherosclerosis. Overproduction
of ROS also injures endothelial cells. Originally, ROS are
intermediate products in oxidative phosphorylation and
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Figure 1: Structure of chrysin.
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Figure 2: Biological activities of chrysin as a complementary
medicine.

are eliminated by sufficient levels of superoxide dismutase
(SOD), glutathione peroxidase (GPx), and catalase (CAT).
However, oxidative stress-induced ROS accumulate and
impair cells when these enzymes are depleted. Chrysin can
scavenge ROS as chrysin increases SOD, GPx, and CAT
[11, 24, 25]. Furthermore, chrysin controls cholesterol efflux
[26] and suppresses TNF-alpha-induced adhesion molecule
expression [27]. These activities of chrysin could prevent
atherosclerosis.

2.3. Effect on Diabetes. Diabetes, one of the lifestyle diseases,
is described as a high glucose level in blood. Diabetes-
induced complications depreciate the quality of the patient’s
life and often become the cause of death. The ethanolic
extract of Oroxylum indicum Kurz, which includes chrysin,
inhibits the activities of 𝛼-glucosidase, thus decreasing glu-
cose absorption in blood. It also induces GLUT-4 translo-
cation in 3T3-L1 adipocyte cells, suggesting an increase of
glucose uptake into those cells [28]. Several studies showed
that chrysin has hypoglycemic effects on diabetic mice [29,
30]. Pancreatic beta cells, the function of which is important
to prevent diabetes mellitus, are protected by the antioxidant
activity of chrysin [31]. The antioxidant effect of chrysin
can assuage the complications of diabetes. Chrysin decreases
malondialdehyde and increases CAT, SOD, and glutathione.
Its effect ameliorates cognitive deficits [32] and renal dys-
function [33] in diabetic animal models. Chrysin decreases
total cholesterol, triglyceride, and low-density lipoprotein
in streptozotocin-nicotinamide induced diabetic rats [34].
Nitric oxide-releasing chrysin attenuates diabetes-induced

complications [35–38]. Because of these activities, chrysin
derivatives have been synthesized for development as antidi-
abetes agents [38].

2.4. Effect onAIDS. Chrysin is known to inhibit casein kinase
II involved HIV-1 transcription [39] and to suppress HIV
replication in H9 cells [40]. Chrysin inhibits HIV expression
in OM-10.1 cells or ACH-2 cells treated with TNF-alpha or
phorbol myristate acetate (PMA) and 8E5 cultures [41].Thus,
chrysin has anti-HIV activity [41, 42].

2.5. Effect on Aging. Physiological functions degrade with
advancing years. Among these functions, synthesis of sex
hormones is important in the development of reproductive
organs and maintenance of sexual function. With age, sex
hormones decline and sexual function is enervated. Chrysin
stimulates cyclic AMP-induced steroidogenesis in Leydig
tumor cells and increases the expression of steroidogenic
acute regulatory protein [43]. Moreover, chrysin ameliorates
sexual functions in 2-year-old male rats, suggesting that
chrysin can inhibit aromatase activities [44]. On the other
hand, oral administration of chrysin to immature rats did not
change sex hormone-induced uterine growth [45]. Urinary
testosterone level was also measured in sportsmen drinking
propolis including chrysin because aromatase inhibition
can trigger the conversion of testosterone into estrogen.
However, oral supplementation of propolis did not alter
urinary testosterone levels [46]. These results may be due
to poor absorption or bioavailability of chrysin in vivo.
Nevertheless, chrysin was recently utilized as a testosterone
booster supplement for bodybuilders and athletes [47].

Aged mouse brain shows memory declines, but chrysin
prevents age-related cognitive decline by mitigating the
decrease of brain-derived neurotrophic factor and ROS in the
prefrontal cortex and hippocampus of aged mice [48].

Skin aging is also a matter of great interest. Ultraviolet
(UV) exposure is a risk factor for skin aging. In particular,
ROS promote photoaging by UV and induce cell damage.
So ROS accumulation is observed in the aging process.
Matrix metalloproteinase level is also increased by ROS. The
antioxidant effect of chrysin inhibits the expression of matrix
metalloproteinase and prevents UV-induced skin aging [49–
51].

2.6. Effect on Cancer. Chrysin, a component of natural prod-
ucts, shows anticancer activities in various cancer cell lines
[52, 53]. Several studies on chrysin have sought to explain the
mechanisms of its anticancer effects, which include inhibition
of the PI3K/Akt pathway, activation of caspase-3 and caspase-
8 [54], and depletion of cellular glutathione [55]. Chrysin
also increases mitochondrial membrane depolarization, Bax,
and cleaved-PARP levels in cervical cancer cell lines [56].
Chrysin activates the transcription pathway mediated by
TNF-alpha and TNF-beta via aryl hydrocarbon receptor in
colorectal cancer cells [57]. Chrysin, as an HDAC inhibitor,
arrests the cell cycle through induction of p21 [58, 59] and
then suppresses cellular proliferation. Also, chrysin as an
aromatase inhibitor potentially reduces tumor growth in
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estrogen receptor-positive breast cancer MCF-7 cells [60].
Chrysin derivatives have been synthesized and evaluated in
the development of anticancer drugs [61].

In chemotherapy, metastasis is a problem that needs to
be solved. Matrix metalloproteinase-9 (MMP-9) plays a key
role in the metastatic cell invasion. Chrysin inhibits MMP-
9 expression via suppression of ERK and JNK pathways
in gastric cancer cells [62]. These activities of chrysin are
of interest for its application in the pharmaceutical field.
Furthermore, up to 3 g/day of chrysin showedno toxicity [47].
Although its advantages are attractive, chrysin has weaker
therapeutic efficacy than commercial anticancer drugs. Gen-
erally, chrysin is ingested as a dietary food and utilized
as a complementary medicine. Recently, the combination
of chrysin and anticancer drug was shown to enhance
cytotoxicity in various cancer cell lines and to be devoid of
toxicity to normal cells. In human lung cancer H460 cell
lines, chrysin improved the anticancer efficacy of doxorubicin
and cisplatin by depletion of glutathione [63, 64]. In Hep G2
cells, the combination of chrysin and cisplatin enhanced p53
levels and induced apoptosis [65]. Also, chrysin increased
the responsiveness in adriamycin-resistant cancer cells, indi-
cating that chrysin could be developed as a chemosensitizer
[66]. Moreover, the combination of chrysin and 1, 2, 3,
4, 6-penta-O-galloyl-𝛽-D-glucose suppressed tumor growth
through the reduction of S-phase kinase-associated protein
2 and low-density lipoprotein receptor-related protein 6 in
triple-negative breast cancer [67].

3. Improvement Strategies for Chrysin

Although the bioactive effects of chrysin are diverse, its
medicinal application is limited. One of the reasons is that
chrysin has poor solubility as well as rapid metabolism and
excretion [68]; the bioavailability of chrysin therefore needs
to be enhanced. Nanoscale natural products are emerging as a
good strategy.The nanoscale modification increases the ratio
of surface area to volume and thus may improve solubility.

Bottom-up manufacturing method involves assembly of
a nanoscale structure from small molecules (e.g., organic
synthesis and self-assembly on protein) [69]. To improve
the activities of chrysin, chemical conjugation with other
chemicalswas performed.Conjugation of chrysinwith indole
and barbituric acid increased the anti-inflammatory activity
above that of chrysin itself [70]. Organogermanium had
antioxidative activity like chrysin [71, 72]. And conjugation
of chrysin-organogermanium had synergistic antioxidant
effects and enhanced anticancer effects through apoptosis-
associatedmitochondrial function and antiangiogenesis [73].
Selenium containing chrysin showed significant cytotoxicity
with 18-fold lower IC

50
than that of chrysin. Moreover, the

cytotoxic activity of selenium containing chrysin was supe-
rior to that of cisplatin, a commercial anticancer drug [74].
These results suggest that chrysin and other chemicals that
have similar biological activity elicit increasing therapeutic
efficacy with conjugation.

The other method for overcoming the disadvantages of
chrysin is the utilization of a drug delivery system (DDS).

DDS have been used to solubilize a drug or modify the
properties of a drug. Furthermore, DDS could be used to
accumulate encapsulated drug at a target site (e.g., tumor).
Nanoscale carriers include a drug reach and accumulate in
tumor tissue much more than in normal tissues through the
enhanced permeability and retention (EPR) effect [75]. Gen-
erally, this is called passive targeting. Recently, researchers
have been concerned about manipulating nanoscale carriers
in order to control drug release at the desired target site.
Tumor specific antibodies or ligands are utilized in addition
to the tumormicroenvironment in order to achieve the active
targeted delivery of drug. Eventually, DDS enhance the final
concentration of drug at targeted site and improve the drug
bioavailability. The technology of nanoscale modification as
DDS is applied to infectious diseases as well as cancer therapy
[76]. Use of natural products including chrysin as encap-
sulated materials has increased. Plant- or microorganism-
derived materials are known to have biological activities and
low toxicity compared to commercial drugs [77]. So natural
products have been utilized as complementary medicine or
preventive medicine. Recently, it was reported that nanoscale
natural products are prospects for homeopathic medicine
[69, 78–80]. Chrysin is also a good candidate for homeo-
pathic medicine.

A successful strategy includes the selection of suitable
carriers that could encapsulate the respective drugs. Based on
the literature analysis, DDS for chrysin have utilized liposome
[13],micelles [81], and nanoparticles [82–84] as carriers. Until
now, chrysin-incorporated polymer as a nanoscale medicine
was made from poly(𝜀-caprolactone) (PCL), polylactic-
glycolic acid (PLGA), and polyethylene glycol (PEG). By
improving the drug-loading contents, chrysinmodified poly-
mer increased chemotherapeutic efficacy. Chrysin interacted
with PEG-PCL and formed polymer micelles composed of
a single layer. With solubilization of chrysin, the micelle
enhanced doxorubicin-induced cytotoxicity [81]. Moreover,
chrysin was bound to the terminal group of methoxy PEG
(mPEG) and doxorubicin was incorporated into mPEG-
chrysin conjugate [82]. Inmicellesmodifiedwith chrysin, the
chain lengths of their components were important. So mPEG
(2 k)-PCL (5 k)-chrysinmicelles were optimized tomaximize
the anticancer effect in vitro [85]. Chrysin has been used
in attempts to enhance chemotherapeutic efficacy in various
cancer cell lines.

To reduce the toxicity, carriers should be degradable in
the body. One such carrier is PLGA-PEG, an FDA-approved
polymer. Chrysin encapsulated into PLGA-PEG exhibited
increased solubility and cytotoxicity in breast cancer T47D
cells [83, 84]. The IC

50
s of PLGA-PEG with chrysin and pure

chrysin were 44.8 and 46.7 𝜇M, respectively, in T47D cells
[66].Moreover, PLGA-PEGwith chrysin decreased cyclinD1,
a protooncogene, more than pure chrysin [66]. In Zarghami
et al.’s study [83, 86], chrysin-curcumin in PLGA-PEG also
inhibited the proliferation of breast cancer cells by decreasing
cyclinD1 expression.This result with this technology suggests
that bioavailability of chrysin is improved by PLGA-PEG
[86].

Until now, chrysin has been modified for anticancer
therapy in most studies, but various nanoparticles including
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Table 1: Summary of modified chrysin for improvement strategies.

Methods Structure Pharmaceutical application Ref. number

Conjugation

Chrysin-indole-barbituric acid Anti-inflammatory activity [70]

Chrysin-organogermanium Antioxidant activity
Anticancer effect [71–73]

Chrysin-selenium Anticancer effect [74]

Encapsulation

Liposome Anticancer effect [22]
Micelle (PEG-PCL) Enhancement of chemotherapeutic efficacy [81]

Nanoparticles (PLGA-PEG) Anticancer effect [82–84]
Nanoparticles (PLGA) Prevention of S. Typhimurium infection [87]

chrysin, have the potential to be used for other applica-
tions. For example, PLGA-honeybee, a complex of chrysin
and other components, was utilized for prevention of S.
Typhimurium infection [87].

4. Conclusions

The technology of nanoscale modification could overcome
obstacles in the development of functional dietary supple-
ments and medicines. Nanoscale material changes the orig-
inal material’s physicochemical properties, (especially, solu-
bility). In this review, chrysin is described as a good example
of nanoscale modification. Chrysin, a natural flavonoid,
possesses various biological activities and shows promise
as a complementary medicine. However, the limitations of
chrysin (poor solubility inwater and low stability in the body)
are a hurdle in terms of application. To enhance the bioavail-
ability, chemical conjugation using bottom-up manufactur-
ing and encapsulation using nanoparticles were designed
and applied (Table 1). These trials could be developed for
the commercial exploitation of chrysin. Hereafter nanoscale
modification could be increased in the pharmaceutical field,
although scale-up processing and quality control remain to
be solved.
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A model for describing frictional aging of silica is developed at the nanoscale. A cohesive zone is applied to the contact surface
between self-mated silica materials. Strengthening of interfacial bonding during frictional aging is reproduced by increasing
fracture energy of a cohesive zone. Fracture energy is expressed as a function of hold time between self-mated silica materials.
Implicit finite element simulation is employed, and simulation results are compared with experimental ones found in the literature.
Calculated friction evolutions with various hold times are found to be in good agreement with experimental ones. Dependence of
mesh size and cohesive thickness is identified for obtaining accurate simulation result.

1. Introduction

Frictional aging is the contact phenomenon that interfacial
bonding between two bodies is strengthened with increas-
ing hold time. The strengthening of interfacial bonding is
attributed to increase in the maximum frictional force. The
maximum frictional force was found to increase logarithmi-
cally with hold time [1]. Frictional aging is widely observed
in macroscale and nanoscale contacts [2–5]. Strength of
the contact between rocks was found to increase with the
age of the contact [2]. Rate-dependent friction behaviour
of granular materials was studied [3]. It was observed that
friction behaviour of granular materials was dependent
upon humidity; the transition from velocity strengthening
to velocity-weakening frictional behaviour was found under
certain humid condition. The aging behaviour of a single
nanoscale contact was investigated by conducting slide-hold-
slide experiments with silica [4]. In a slide-hold-slide friction
experiment, one body was held for certain time after the
initial slip between two bodies. Slip was then induced at
contact, and both frictional force and relative displacement

were measured. It was identified that measured frictional
force increased with respect to hold time. Effect of oscillation
on fiction in nanoscale contact was studied with atomic force
microscopy (AFM) measurement [5]. Small-amplitude in-
plane oscillation of a tip in AFM was found to affect the
kinetics of frictional aging. Despite some studies on frictional
aging, little is found on simulation of frictional aging at the
nanoscale due to lack of adequate description of interfacial
bonding.

Cohesive zone law is a useful method for describing
interfacial failure between two physical parts. Various cohe-
sive zone models were developed and used for simulating
damage such as creep, fatigue, fretting fatigue, and interfacial
cracking at the macroscale and microscale [6–9]. Creep-
rupture of aluminium alloys was modelled with a time-
dependent bilinear cohesive zone law [6]. Fretting fatigue
cracking was reproduced with a cohesive zone law using
cycle-jump strategy [7]. Stress amplitude versus cycles-to-
failure curves were determined with aluminium alloys. At the
microscale, interfacial cracking between alumina particles
was simulated with a bilinear cohesive zone law [8]. Shear
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Figure 1: Bilinear cohesive zone law.

and normal loads representing kinetic friction between a
head and a cup in a hip prosthesis were induced to an
alumina microstructure. Crack initiation and propagation
were simulated with a two-dimensional finite elementmodel.
Softening behaviour of aluminium alloy under pure-tension
loading was modelled with a nonlinear cohesive zone law
[9]. Nonlinear softening behaviour of heat-treated and non-
heat-treated specimens was described with the properties of
a cohesive zone.

In this study, a bilinear cohesive zone law was proposed
for describing static friction and frictional aging at the
nanoscale.The strengthening of interfacial bonding resulting
from frictional aging was achieved with the increase in cohe-
sive energy. A three-dimensional finite element model was
generated with a thin cohesive layer.Themaximum frictional
force and the relative displacement between two parts were
determined after calculation. Direct comparison between
simulation and experimental results was then employed.

2. Time-Dependent Friction Model Using
a Cohesive Zone Law

When one body is pressed by the other, interfacial bonding is
formed at the contact between two bodies. Once a tangential
force is induced to the body, the bonding becomes weakened.
If the tangential force is sufficient to break the bonding, slip
initiates at the contact. Interfacial bonding is strengthened as
hold time is increased (known as frictional aging). In other
words, themaximum frictional force increases with increased
hold time due to strengthening of interfacial bonding.

In this study, strengthening of interfacial bonding was
described with the properties of a cohesive zone (i.e., cohe-
sive energy). A bilinear cohesive zone law was used to
describe interfacial bonding between two bodies. In a bilinear
cohesive zone law, cohesive strength, cohesive stiffness, and
displacement at failure determine fracture behaviour of a
cohesive zone. In this study, cohesive strength was assumed
as frictional strength.

Figure 1 shows the proposed bilinear cohesive zone law.
Once the maximum stress of a cohesive element meets (1),
partial slip at contact or separation is assumed to initiate:

( 𝜎𝜎max )
2

+ ( 𝜏𝜏max )
2

= 1, (1)

where 𝜎max is the maximum tensile stress associated with
pull-off adhesion strength and 𝜏max is the maximum shear
stress related to static friction.

If a displacement continues to increase after satisfying
(1), stress is then reduced according to a softening curve. A
softening curve is described with the damage variable (𝐷)
defined as

𝐷 = 𝛿
𝑓 (𝛿max − 𝛿𝑜)
𝛿max (𝛿𝑓 − 𝛿𝑜) , (2)

where 𝛿max is total displacement determined with the normal
displacement (𝛿

𝑛
) and the shear displacement (𝛿

𝑠
). 𝛿𝑓 is

the final displacement to complete failure, and 𝛿𝑜 is the
displacement that (1) satisfied.

When 𝐷 remains zero, no slip occurs at the contact
without separation in the normal direction. If 𝐷 is equal to
unity, either full slip or complete separation occurs at the
entire contact. The area within the stress-displacement curve
corresponds to cohesive energy per unit area for friction
and pull-off adhesion. In order to focus on friction, pull-off
adhesion was excluded in this study.

It was identified from the literature that static friction
between two solids increases with hold time, and time-
dependent frictional force (𝑄max) is expressed with a simple
log function [1]. The logarithmic increase of a frictional force
is attributed to the deformation creep in plastic contacts:

𝑄max (𝑡) = 𝑄max
0
+ 𝛽 ⋅ 𝑃 ⋅ ln (𝑡) , (3)

where 𝑡 is hold time. 𝑄max
0

is initial frictional force, 𝑃 is
normal force, and 𝛽 is the constant.
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By dividing (3) with an actual contact area (𝐴), the
maximum shear stress is given as

𝜏max (𝑡) = 𝜏max
0
+ 𝛽 ⋅ 𝜎

𝑐
⋅ ln (𝑡) , (4)

where 𝜎
𝑐
is compressive stress.

Time-dependent cohesive energy, 𝐺(𝑡), can then be
derived from a bilinear cohesive law (i.e.,𝐺(𝑡) = 0.5 ⋅ 𝜏max(𝑡) ⋅
𝛿𝑓
𝑠
(𝑡)). Consider

𝐺 (𝑡) = (𝜏
max
0
+ 𝛽 ⋅ 𝜎

𝑐
⋅ ln (𝑡)) ⋅ 𝛿𝑓

𝑠
(𝑡)

2 , (5)

where 𝛿𝑓
𝑠
(𝑡) is total shear displacement leading to complete

failure.
Meanwhile, the total shear displacement can be expressed

with cohesive shear stiffness (𝑘
𝑠
) and the effective relative

shear displacement to failure (Δ𝛿𝑓
𝑠
):

𝛿𝑓
𝑠
(𝑡) = 𝜏

max (𝑡)
𝑘
𝑠

+ Δ𝛿𝑓
𝑠
. (6)

Measured results for silica (SiO
2
) showed that cohesive

stiffness and the effective relative shear displacement to
failure (Δ𝛿𝑓

𝑠
) were maintained as constant without regard to

hold time.
Equation (5) can be rewritten as

𝐺 (𝑡) = (𝜏
max
𝑜
+ 𝛽 ⋅ 𝜎

𝑐
⋅ ln (𝑡))2

2𝑘
𝑠

+ (𝜏
max
𝑜
+ 𝛽 ⋅ 𝜎

𝑐
⋅ ln (𝑡))
2 Δ𝛿𝑓

𝑠
.

(7)

Figure 2 shows the frictional strength with respect to hold
time. It is possible to express measured frictional strength
with a simple log function as presented in the literature
[4]. Figure 3 shows cohesive energy of SiO

2
with respect to

hold time. Markers show measured data of self-mated SiO
2

specimens, and a smooth curve denotes a calculated one with
(5). Good agreement was obtained between two values of
cohesive energy data.

3. Finite Element Simulation

A three-dimensional model was generated by commercial
finite element software (ABAQUS�). The model consisted of
a rounded tip (a radius of 15 nm), a plate, and a cohesive
layer between a tip and a plate. A cohesive layer was thin and
circular.The diameter (2𝑎) of a cohesive zonewas determined
by Hertz contact theory [11]:

𝑎 = (3𝑃𝑅4𝐸∗ )
1/3

, (8)

where 1/𝐸∗ = (1 − ]2
1
)/𝐸
1
+ (1 − ]2

2
)/𝐸
2
. 𝑃 is normal force, 𝑅

is the radius of a rounded tip, 𝐸
1
and ]
1
are elastic modulus

and Poisson’s ratio of a rounded tip, and 𝐸
2
and ]
2
are elastic

modulus and Poisson’s ratio of a plate, respectively. Table 1

Table 1: Mechanical properties of silica (SiO
2
) [10].

Elastic modulus (GPa) Poisson’s ratio
68.9 0.17
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Figure 2: Frictional strength with respect to hold time on the
semilog scale. Markers show measured data of self-mated SiO

2

specimens at a normal force of 1 nN and 60% RH [4]. A smooth line
denotes a fitted curve.
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Figure 3: Cohesive energy of SiO
2
for describing frictional aging.

Markers show measured data of self-mated silica, and a smooth
curve denotes a calculated one with (5).

shows elastic modulus and Poisson’s ratio of silica used in this
study.

An upper surface of a cohesive part was fixed to the
contact surface of a tip in all directions, while the lower
one of a cohesive part was fixed to a plate. A tetragonal
element type was applied to the tip and the plate; the element
size was 1 nm. Parts of the tip and the plate contacted to a
cohesive layer were meshed with an element of 0.1 nm. All
of the cohesive layer was meshed with a hexagonal element
0.05 nm long. The thickness of a cohesive layer (ℎ

𝑐
) was

defined as 0.05 nm. Table 2 shows the mechanical properties
of a cohesive layer used in this study. The cohesive stiffness,
the maximum nominal stress, and the effective displacement
at failure were determined on the basis of experimental data
[4]. The cohesive stiffness and the effective displacement at
failure were assumed to be constant regardless of hold time.
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Table 2: Mechanical properties of a cohesive layer.

Properties Value
Shear stiffness, 𝑘

𝑠
, (GPa⋅nm) 7.7

Normal stiffness, 𝑘
𝑛
, (GPa⋅nm) 7.7

Max. nominal shear stress after a hold time of 1 sec. (GPa) 67.1
Max. nominal tensile stress after a hold time of 1 sec. (GPa) 67.1
The effective displacement at failure, Δ𝛿𝑓, (nm) 1.2

Rounded
tip

Plate

Cohesive layer between a tip 
and a plate

z

y

x

Uy = URx = URz = 0

Uy = URx = URz = 0

Ux = URy = URz = 0

hc

2a

Figure 4: A finite element model with boundary conditions. 𝑈 and
𝑈𝑅 denote displacement and rotation, respectively.

Initial sliding in a slide-hold-slide experiment was
excluded in this simulation, since the initial sliding did
not greatly affect frictional strength. Pressure of 1.41MPa (a
normal force of 1 nN) was imposed to the upper surface of
a tip. Then, the whole part of a tip was horizontally moved
at a predescribed displacement, while the plate was fixed as
shown in Figure 4.

4. Results and Verification

Implicit finite element modelling was employed to simulate
frictional aging of self-mated silica. Cohesive energy pre-
sented in Figure 3 was used for describing the strengthening
of bonding resulting from frictional aging. The maximum
shear and normal stresses for a bilinear cohesive law were
determined with time-dependent cohesive energy. After sim-
ulation, the maximum shear stress at the contact surface of
a plate was recorded, along with the relative displacement
between a tip and a plate. Frictional force was then calculated
from the maximum shear stress.

Figure 5 shows the direct comparison between calculated
and experimental frictional forces for the hold time of 1
second. Markers were measured data found in the literature
[4] and a smooth curve was a calculated one. Excellent
agreement was obtained between calculated and experimen-
tal contact stiffness values. In the plot, the maximum value
was used for determining the coefficient of static friction.
There was the difference of 11 percent between experimental
and calculated values in the maximum frictional force. In
addition, the decrease rate after themaximum frictional force
was different.

Simulation for different hold time was employed. The
effect of increased hold time in an experiment was repro-
duced with increase of cohesive energy presented in Figure 3.
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Figure 5: Direct comparison between measured and calculated
frictional forces. Markers are measured data found in the literature
[4] and a smooth curve is a calculated one.
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Figure 6: Comparison between calculated and experimental fric-
tional forces after 10 and 100 seconds. Markers are measured data
[4] and smooth curves are calculated ones.

Simulation was terminated when a cohesive zone was com-
pletely broken. Figure 6 shows calculated frictional forces
after 10 and 100 seconds. A calculated frictional force for
the hold time of 10 seconds was in excellent agreement with
the experimental one (markers in Figure 6). However, the
drop rate of the calculated force was different than that found
in the experiment. The calculated maximum force for hold
time of 100 seconds was 9 percent as low as the experimental
one. Variance of chosen cohesive energy might be attributed
to the difference in the maximum force. In this simulation,
the effective displacement at failure for cohesive zone was
constantwithout regard to hold time.Thismight be attributed
to the difference between the drop rates of the force.

Figure 7 shows the dependence of cohesive element
size in the maximum frictional force. In case the cohesive
element size was 0.05 nm, the difference between measured
and calculated forces remained lower than 11 percent in the
maximum frictional force. If the cohesive element size was
greater than 0.1 nm, the difference betweenmeasurement and
calculation increased greatly (more than 17 percent). Figure 8
shows the dependence of cohesive thickness in themaximum
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Figure 7: Dependence of cohesive element size in the maximum
frictional force.
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Figure 8: Dependence of cohesive thickness in the maximum
frictional force. Cohesive element size was 0.05 nm in all cases.

frictional force; in case of a cohesive thickness of 0.1 nm and
an element size of 0.05 nm, the difference between measured
and calculated forces was greater than 20 percent. Figures
7 and 8 provide adequate mesh size and cohesive thickness
for obtaining accurate simulation result. That is, cohesive
element size and cohesive thickness need to be lower than
0.05 nm to obtain the error of 10 percent in the maximum
frictional force.

In this study, a bilinear cohesive zone law was applied
to the modelling of frictional aging of self-mated silica. A
proposed method allows simulating the strengthening of
bonding resulting from frictional aging. The transition from
partial slip to full slip was simulated with the softening

of a cohesive zone law. The drop rates of the calculated
frictional force after 10 and 100 seconds were somewhat
different than experimental ones. Thus, further work needs
to include an investigation into the difference between the
drop rates. In addition, increase in contact area occurs during
frictional aging. In this study, the contact area between silica
materials was assumed to be constant regardless of hold time.
Therefore, further modelling should include the increase in
actual contact area with hold time.

5. Conclusions

The following conclusions were drawn:

(i) It was possible to simulate static friction between self-
mated silica materials with a bilinear cohesive zone at
the nanoscale.

(ii) Strengthening of interfacial bonding during frictional
aging can be reproduced with the increased cohesive
energy in a bilinear cohesive zone law.

(iii) An element size of 0.05 nm and a cohesive thickness
of 0.05 nmwere proposed to obtain simulation results
with less than 10 percent in error.

Furtherworkneeds to simulate the transition frompartial slip
to full slip (kinetic friction). In addition, the increase of actual
contact area during frictional aging needs to be included in a
model.

Nomenclature

a: Actual contact radius
𝐴: Actual contact area
𝐷: Damage variable
𝐸: Modulus of elasticity
𝐺: Time-dependent cohesive energy
𝑘
𝑠
: Shear stiffness
𝑘
𝑛
: Normal stiffness
𝑃: Normal force
𝑄max: Maximum frictional force
𝑄max
0

: Initial frictional force
𝑅: Radius of a rounded tip
𝑡: Time
𝛿
𝑛
: Normal displacement
𝛿
𝑠
: Shear displacement
𝛿𝑓: Final displacement to complete failure
𝛿max: Total displacement
𝛿𝑜: Displacement at the maximum stress
𝛿𝑜
𝑠
: Shear displacement at the maximum shear stress
𝛿𝑓
𝑠
: Final shear displacement to complete failure
𝛿𝑜
𝑛
: Normal displacement at the maximum tensile stress
𝛿𝑓
𝑛
: Final normal displacement to complete failure

]: Poisson’s ratio
𝜎: Tensile stress
𝜎
𝑐
: Compressive stress
𝜎max: Maximum tensile stress
𝜏: Shear stress
𝜏max: Maximum shear stress
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𝜏max
𝑜

: Initial shear stress
𝛽: Constant for time-dependent frictional

force
Δ𝛿𝑓
𝑠
: Effective relative shear displacement to
failure.
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