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Nanostructure is the structure, at least one of whose dimen-
sions is in nanoscale, normally between 0.1 nm and 100 nm.
With the recent exciting progress of nanoscience and nan-
otechnology, kinds of materials with nanostructures are
being discovered and synthesized every day. As being one
of the key subcatalogs, biomaterials with nanostructures
are rapidly developing. The integration of nanostructures
into biomaterials gives them unique structures and special
and inspiring properties. Hence, a variety of nanostructural
biomaterials have been applied in many aspects of daily
life, like medical treatment and diagnosis. This field is still
fast developing, and it has significant effects on improving
our world. In this special issue, we collect three original
works and two overviews from the researchers in Thailand,
China, Denmark, and Germany. They present to people the
promising applications of nanostructural biomaterials in tis-
sue engineering, drug delivery, and disease diagnosis. These
works aim to inspire further researches and efforts focusing
on biofunctionalized nanomaterials and the corresponding
applications.

S. Sirivisoot et al. inThailand and X. Deng et al. in China
have provided two marvelous cases in bone-tissue engineer-
ing with biological composite nanomaterials. S. Sirivisoot
et al. (in “Improved Bonding Strength of Hydroxyapatite
on Titanium Dioxide Nanotube Arrays following Alkaline
Pretreatment for Orthopedic Implants”) have focused on
introducing nanostructures on Ti implant, in order to influ-
ence the further adsorbed hydroxyapatite (HA). They used
alkaline to pretreat titanium dioxide nanotubes (ATi) on Ti
surface, which is of capability to accelerate the formation of
HA layer on top and tune the orientation. The synthesized

HA-ATi nanocomposite successfully mimics natural bone
tissue and improves bioactivity of this type of orthopedic
implants. That makes it a kind of new approach toward
producing orthopedic implants with much longer functional
life.

Unlike S. Sirivisoot el al.’s focus, X. Deng et al. (in
“Enhanced Stem Cell Osteogenic Differentiation by Bioac-
tive Glass Functionalized Graphene Oxide Substrates”) put
their efforts to manipulate stem cell osteogenesis, in order
to regenerate bone tissue. They utilized sol-gel method to
synthesize graphene oxide (GO) and bioactive glasses (BG)
hybrid scaffold.This new kind of biofunctional nanomaterial
keeps the biological properties from the parents’ materials.
The following cellular activity analysis provided promising
evidence to demonstrate that the hybrid scaffold, with unique
nanostructure and biological properties, is of capability to
trigger osteogenic differentiation of mesenchymal stem cells.
That is a positive sign for the potential application of GO
hybrid materials in bone restoration.

The hybrid nanomaterial could havemedical applications
other than the candidates for medical treatment. J. Liang et
al. from China reported the usage of Au nanorod- (AuNR-)
peptide hybrid for tumor diagnosis (in “Micro-CT Imaging
of RGD-Conjugated Gold Nanorods Targeting Tumor In
Vivo”). They conjugated AuNRs with peptide RGD, which
is a kind of receptor targeting some tumor cells and tumor
neovasculature overexpressed Integrin 𝛼V𝛽3. The conjugated
nanoparticles eliminated the cytotoxicity of AuNRs, but they
improve the ability to target tumor cells in vivo and in
vitro. The micro-CT results also prove their feasibility to
target tumor models. And the uptaken level of AuNRs-RGD
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nanoparticles is determined by the expression level of Inte-
grin 𝛼V𝛽3 from tumor cells. All of the mentioned advantages
give the authors a kind of promising candidate to diagnose
tumors via micro-CT.

In other researches, hybrid nanoparticles have been used
as nanocarriers to deliver drugs. T. Scheper et al. from Ger-
many introduced and reviewed the application of noisome
as nanodrug carriers. Noisome is self-associated by nonionic
surfactants and cholesterol; and people have proved that it has
several key advantages to deliver drugs, like biocompatibility,
high stability in creature bodies, and feasibility to target
specific site by controlled manner.The authors systematically
introduced the structure and component of noisome. They
further summarized the available methods to prepare and
characterize noisome nanocarriers. In the end, the recent
applications of noisome in drug delivery as nanocarriers
were reviewed. We believe both academic researcher and
therapeutic engineers will be inspired from this detailed
review.

In nanoscience and nanotechnology, developing the
techniques to characterize and evaluate nanostructures and
nanomaterials is of the same importance as their fabrication
and synthesis, and corresponding applications. M. Dong
and his colleagues from Denmark, Germany, and China
reviewed the applications of atomic force microscopy (AFM)
and AFM based single-molecular force spectroscopy (AFM-
SMFS) to characterize inter- and intramolecular interactions
of amyloid self-assembly nanofibril, in order to understand
the mechanism of amyloidogenesis on nanoscale. Besides,
they also introduced the idea to consider amyloid fibrils as
nanomaterials, due to the outstanding mechanical properties
and the corresponding potentials.This reviewwill also inspire
the readers from the relevant fields of AFM and AFM-SMFS
to characterize and evaluate other kinds of biofunctionalized
nanomaterials.

In summary, all these authors present the feasibility of
nanostructural biomaterials in a number of aspects and
several promising bioapplications. They convince people of
the attractive future of biofunctional nanomaterials in daily
life, especially inmedical related fields. Hopefully, this special
issue will inspire the ideas to synthesize new biofunctional-
ized nanomaterials and the corresponding applications. We
wish that it also raises people’s enthusiastic efforts in related
researches.

Mingdong Dong
Lei Liu

Shuai Zhang
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Hydroxyapatite (HA) is a bioactive bone substitute used in biomedical applications. One approach to use HA for bone implant
application is to coat it on titanium (Ti) implant. However, adhesion of HA on Ti is major concern for their long-term use
in orthopedic implants. To enhance the adhesion strength of HA coating on titanium (Ti), the surface of the Ti was anodized
and alkaline pretreated prior to coating on Ti by electrodeposition. Alkaline pretreatment of titanium dioxide nanotubes (ATi)
accelerated the formation of HA, which mimicked the features and structure of natural bone tissue. Nanostructured HA formed on
the ATi and pretreated ATi (P-ATi), unlike on conventional Ti. This study is the first to show that the bonding of HA coating to a
P-ATi substrate was stronger than those of HA coating to Ti and to ATi. The preosteoblast response tests were also conducted. The
results indicated that HA coating improved preosteoblast proliferation after 3 days in standard cell culture.

1. Introduction

Recently, more than 90 percent of the elderly of world’s
populations suffer from bone-related trauma, such as osteo-
porosis, bone cancers, rheumatoid arthritis, or accidents,
which require spinal, hip, and knee replacements [1]. Thus,
a huge success in bone implant development is anticipated in
2030 [2]. In Thailand, the total cost of orthopedic implants
increased from $4.9 million in 2002 to $39.7 million in 2010.

Bone is composed of ceramic and biosubstance that draws
attention among material engineers, who look for material to
substitute for bone. This substituted material should possess
both high strength and fracture toughness, appropriated
for orthopedic implants [3]. Common biomaterials used
for bone replacements are stainless steels, cobalt-chromium
(Co-Cr) alloys, titanium (Ti), and Ti alloys. Among these
metals, the tensile modulus of Ti-based materials is closest

to that of bone. Additionally, wear and corrosion resistances
of Ti-based materials are higher than those of the other
two materials because of natural TiO

2
formation on the Ti-

based surface. Although TiO
2
is bioinert in physiological

environments, Ti-based implants often fail after 10–20 years
of service. Failure modes include bone fracture around the
implanted materials (due to lower elastic modulus of bone
than that of the implant), wear or corrosion of the implant,
inflammation, and infection [4]. Moreover, naturally formed
TiO
2
has low osteoconduction [5, 6], which causes implant

loosening leading to failure [7]. To provide high bioactivity
and to improve bone ingrowth, one approach is to use Ti with
a coating of nanostructured hydroxyapatite (HA).

HA is a naturally derived ceramic found in bones and
its calcium to phosphate atomic ratio (Ca/P) is 1.67 [8].
Various coating methods of hydroxyapatite (HA) on Ti sur-
face have been investigated, such as Ti soaking in simulated
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body fluid (SBF) (mimicking naturally HA forming), plasma
spraying, sol-gel deposition in HA particles solution, pulsed
laser deposition, hot isostatic pressing, and electrochemical
deposition [9–16]. HA coating by electrochemical deposition
was shown to possess excellent corrosion protection and good
biocompatibility under host environment [17]. Advantages
of this technique are that it is relatively inexpensive and
thickness of the coating can be easily controlled. Another
concern point is that mechanical bonding strength of the HA
coating should withstand the bone growth stresses, induced
during the bone healing process [18].The adhesion of electro-
deposited HA on smooth Ti surface was observed to be very
week, whichmay cause implant loosening [19–22].Therefore,
to increase the adhesion strength betweenHA and Ti surface,
one suggested method is to use TiO

2
nanotube array as a

substrate for HA electrodeposition. In addition to improving
bonding strength, HA grown on TiO

2
nanotube array is more

favorable to osteoblast (or bone-forming cell) growth and
differentiation when compared with naturally formed TiO

2

layer on conventional Ti. It was also found that nanostructure
surface could promote deposition of bone minerals, induced
by osteoblasts [23].

TiO
2
nanotubular can be formed by several methods,

such as sol-gel method [24], electrophoretic deposition [25],
and anodization [26]. These methods could form different
tube alignment on surface. The vertically aligned TiO

2

nanotube arrays can be achieved by anodizationmethodwith
various parameters (electrolytes, voltages, etc.) [27, 28]. In the
present study, anodization using pulse voltage and neutral-
viscous, fluoride-containing electrolyte was investigated to
achieve a uniform, well-oriented TiO

2
nanotube arrays (ATi).

The previous study shows that alkaline surface treatment on
ATi and subsequently annealing of HA-electrodeposited ATi
at high temperature (>300∘C) improve the bonding strength
between HA and ATi [29]. However, the results from another
study suggested that annealed HA grown in simulated body
fluid (SBF) at high temperature (>300∘C) was not always
necessary because HA grown in SBF still possesses the Ca/P
ratio of 1.67, closelymimicking natural boneminerals [30, 31].

In the present study, HA coatings were coated onto alka-
line pretreated TiO

2
nanotubes. The anodization conditions

included two different values of pulse voltage (+20/−4 and
+35/−4V) and temperatures (5 and 25∘C). The influence of
alkaline pretreatment on ATi and physical structures (e.g.,
wall thickness, diameter, and length) of TiO

2
nanotubes on

the growth of bioinspired HA was reported. The mechanical
bonding strength of HA on its substrates was studied as
an in vitro early assessment of long-term stability in the
human body. The physical and chemical characteristics (e.g.,
structure, size, and a ratio of Ca/P) of HA were investigated
to elucidate the effect of using this biomaterial to increase the
preosteoblast viability under standard cell culture conditions.

2. Experimental Materials and Methods

2.1. Forming TiO2 Nanotube Arrays. Ti plate (Supra Alloys
Inc., USA) of 99.9% purity was polished using silicon

carbide papers (TOA, Thailand) of progressively decreasing
roughness of 400, 600, 800, 1000, 1500, and 2000 grits. The
samples were then polished with 0.05 𝜇m alumina powder
(Allied, USA) to achieve a mirror quality finish. Freshly
polished Ti was then washed with deionized (DI) water and
sonicated in acetone (Sigma-Aldrich, Thailand) and 95 vol%
ethanol (Sigma-Aldrich, Thailand) for five minutes each
before immediate anodization.

Anodizationmethodwas used to produce TiO
2
nanotube

arrays. Ti was used as a positive electrode, whereas platinum
was used as a negative electrode.The electrolytewas amixture
of 90 vol% glycerol and 10 vol% ammonium fluoride (NH

4
F)

(0.36M) in water. Anodization was performed with the pulse
voltage of either +20/−4 or +35/−4V, the conditions from a
previous study by Chanmanee et al. [32]. The anodization
was carried out at either 5∘C or 25∘C for 90 minutes. Then
anodized sample was washed with deionized water before it
was dried with nitrogen gas at room temperature. All ATi
samples were then annealed at 450∘C for 30minutes to obtain
the anatase phase.

2.2. Electrodeposition of Hydroxyapatite. ATi samples were
pretreated with 1M NaOH at 50∘C for two minutes. After
the pretreatment, the HA deposition was conducted. The
electrolyte for HA deposition was prepared by dissolv-
ing ammonium phosphate (NH

4
H
2
PO
4
, 1.67mM) (Sigma-

Aldrich, Thailand) and calcium nitrate (Ca(NO
3
)
2
, 2.5mM)

(Sigma-Aldrich,Thailand) in distilledwater. To increase ionic
conductivity and to buffer pH of electrolyte at 7.2, 0.15M
NaCl (Ajax Finechem, New Zealand), tris(hydroxyl amino-
methane) (Ajax Finechem, New Zealand), and hydrochloric
acid (Ajax Finechem, New Zealand) were mixed [29]. The
pretreatment ATi (P-ATi) was used as a negative electrode,
whereas platinumwas used as a positive electrode. Electrode-
position of HA was processed at −2.5 V and at 80∘C for 10
minutes.

2.3. Physical and Chemical Characterizations of Anodized
Titanium and Hydroxyapatite Coating. Scanning electron
microscopy (FE-SEM, CamScanMX2600, UK) was used to
investigate surface morphology of ATi. The dimensions of
the TiO

2
nanotubes were measured using image analysis

software (ImageJ version 1.32, NIH).The crystal structures of
the surfaces of the NaOH-pretreated ATi and the HA-coated
samples were investigated byX-ray diffractometer (Shimadzu
Model: XRD 6000, Japan).

2.4. The Mechanical Properties of Coated Hydroxyapatite on
Anodized Titanium. The mechanical bonding strength of
coated HA on ATi was evaluated by tensile testing following
an ASTM F 1044-05 standard [33]. Two HA-coated samples
were glued together face-to-face using Plasmatex Klebbi
adhesive (Plasma-Technik AG, Switzerland) and cured at
190∘C for two hours. Tensile tests were conducted by
a computer-controlled universal testing machine (Instron,
Model 5500R, US) at a cross head speed of 0.25 centimeter
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perminute (0.1 inch/minute).The degree of bonding strength
was calculated as shown in

Bonding strength (MPa)

=

Maximum load to failure (N)
cross-sectional area (m2)

.

(1)

2.5. Preosteoblast Cell Response

2.5.1. Cell Culture. Preosteoblasts (MC3T3-E, passage num-
ber = 10, MTEC,Thailand), or bone-forming cells, were used
in the present study. Cells were cultured in alpha-modified
minimal essential medium (alpha-MEM; Invitrogen Corpo-
ration, Paisley, UK) supplemented with 10 vol% fetal calf
serum (Dominique Dutcher, Brumath, France) and 1 vol%
penicillin/streptomycin (Invitrogen Corporation) at 37∘C in
humidified atmosphere of 5% CO

2
in air. The cell culture

media were replaced every three days. Cells were seeded and
cultured on plastic polystyrene (control); Ti; ATi; P-ATi; HA-
ATi; and HA-P-ATi at the cell density of 5 × 104 cells/cm2.

2.5.2. Cell Morphology. After three days in culture, cells were
fixed with 2.5 vol% sodium phosphate buffered glutaralde-
hyde (Sigma-Aldrich,Thailand) at pH 7 for 20 minutes. After
two washes, the cells were postfixed with 1 vol% osmium
tetroxide (OsO

4
) (Sigma-Aldrich, Thailand) in saturated

mercuric chloride (HgCl
2
) (Sigma-Aldrich, Thailand). The

samples were then dehydrated with a series of ethanol washes
(20, 30, 40, 50, 60, 70, 80, 90, and 100 vol%) at room
temperature. All samples were subsequently critical-point
dried (EMSCOPECPD-750, Ashford, UK).The samples were
coated with gold (EMSCOPE SC-500, UK) at a thickness of
10 nm before being characterized by SEM. The cell morphol-
ogy on Ti, ATi, P-ATi, HA-coated on ATi (HA-ATi), and HA-
coated on P-ATi (HA-P-ATi) was observed using SEM (JEOL
J-SM-5300, Japan) at an accelerating voltage of 20 kV.

2.5.3. Cell Viability. Cells were seeded onto plastic poly-
styrene (control) and coated samples at a density of 5 ×
104 cells⋅cm−2 in 24-well culture plates. Cell viability was
tested using a commercial 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl tetrazolium bromide (MTT) assay (Sigma-Aldrich,
Thailand). The 10 vol% MTT solution in 1x phosphate buffer
saline was mixed with alpha-MEM without phenol red to
form a yellowish solution before being added onto the cell-
seeded samples at the day 3 of cultures. Mitochondrial dehy-
drogenases of viable cells cleave the tetrazolium ring, yielding
purple formazan crystals on cell-seeded samples after incu-
bation for an hour. The absorbance of purple solution was
measured at 570 nm wavelength using a spectrophotometer
(SynergyMxMultimode Reader, US). A concomitant change
in the amount of formazan formed correlates to the change in
the number of viable cells on the samples. The percentage of
viable cells on the samples was calculated as shown in

Cell viability (%) =
Absorbance of colored solution incubated with samples × 100%

Absorbance of colored solution incubated with control (Polystylene plate)
. (2)

2.6. Statistical Analysis. Two-way analysis of variance
(ANOVA) was used in the analysis of wall thickness,
diameter, and length of TiO

2
nanotubes, which were ano-

dized with different voltage pulses and temperatures.
ANOVA was used to statistically analyze the effects of
materials on bonding strength of the HA coatings and cell
viability.The statistical analysis was performed usingMinitab
16 (Minitab Inc., USA) software. Significant level of 0.05
(𝑝 < 0.05) was used for the test.

3. Results and Discussion

3.1. Characteristics of Anodized Titanium. Gong et al.
reported that a certain anodization potential must be applied
to yield ordered TiO

2
nanotube arrays [26].Therefore, in this

study, to control the size of the nanotubes, anodization
potentials were varied. Figure 1 showed top-view SEM images
of ATi, which were anodized under two different tempera-
tures and pulse voltages: 5∘C, +20/−4V (Figure 1(a)); 5∘C,
+35/−4V (Figure 1(b)); 25∘C, +20/−4V (Figure 1(c)); and
25∘C, +35/−4V (Figure 1(d)) for 90 minutes. The insets in
Figures 1(a)–1(d) showed cross sections of TiO

2
nanotube

arrays. The SEM images demonstrated that the oxide nan-
otubes formed in a uniform shape under the conditions

of +20/−4V at both 5 and 25∘C, while the nonuniform
nanotubes were found for the sample prepared under the
conditions of +35/−4V at both temperatures. The formation
of the nonhomogeneous nanotubes (at 35V) may be because
of the high electrical field inducing etching of TiO

2
at higher

anodization potential. While the electrochemical oxidation
rate was increased at the higher anodization potential, longer
tube lengths and formation oxide films were observed (inset
of cross sections). At an anodization potential of +20V, the
formation and etching of TiO

2
were slower than those formed

at +35V. Thus, the applied pulse voltage at +20/−4V in
anodization led to the formation of shorter andmore uniform
nanotube structures than that formed at +35/−4V.

Thewall thickness, tube diameter, and tube length of TiO
2

nanotubes were measured using ImageJ and were plotted as
shown in Figure 2. The effects of each anodization parameter
on nanotube diameter and wall thickness were summarized
in Table 1. The results suggested that temperature and pulse
voltage in anodization had a remarkable effect on the TiO

2

tubular features.
Electrolytes containing fluorine are known as the most

efficient electrolytes for anodic formation of TiO
2
nanotube

arrays. For electrochemical anodization with pulse potential
of +20/−4V or +35/−4V, TiO

2
nanotube layers were formed
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Figure 1: FE-SEM images of nanotube arrays anodized at 5∘C, +20/−4V (a); 5∘C, +35/−4V (b); 25∘C, +20/−4V (c); and 25∘C, +35/−4V (d)
for 90 minutes. Scale bars are 500 nm.The insets showed cross sections of the anodized TiO

2
films.

by self-organization of TiO
2
as a result of the balance between

electrochemical oxidation of Ti and TiO
2
(reaction (3)). The

induced electrical field caused dissolution of the TiO
2
by

fluorine ions (reactions (4) and (5)) [34, 35]. Dissolution
of the TiO

2
was partially suppressed by the binding of

NH
4

+/NH
3
species on the TiO

2
surfaces (reaction (6)) as

described by Chanmanee et al. [32]:

Ti + 2H
2
O → TiO

2
+ 4H+ + 4e− (3)

Ti4+ + 6F− → [TiF
6
]
2− (4)

TiO
2
+ 6F− + 4H+ → [TiF

6
]
2−

+ 2H
2
O (5)

Reactions (3) and (5) occur during positive potential,
whereas negative voltage electrostatically induces the binding
of NH

4

+ species with TiO
2
, as shown in reaction (6), to form

adsorbing TiO
2
(NH
4

+
). The role of TiO

2
(NH
4

+
) is to protect

the nanotube walls against chemical etching by fluoride ions
even in short times of negative potential (1 sec.) [32, 36–38]:

TiO
2
+NH

4

+
→ TiO

2
(NH
4

+
)ads (6)

In the present study, it was found that tube diameter and
length of ATi strongly depended on temperature and applied
pulse voltage (Figures 1 and 2). Figure 2 showed that nanotube
diameter and tube length formed at various temperatures

Table 1: The relationship between anodization parameters: (i)
increasing the system temperature from 5∘C to 25∘C and (ii)
increasing positive voltages from +20V to +35V, with the formation
of TiO

2
nanotube arrays in terms of tube width and diameter. “TW”

represents tube width, “TD” tube diameter, and “TL” tube length.

Parameter Morphology

(i) 5∘C to 25∘C
At the same voltage

TW not changed
TD ↑
TL ↑

(ii) +20V to +35V
At the same temperature
A constant voltage of −4V

TW not changed
TD ↑
TL ↑

were significantly different with significant level of at least
0.05, while the wall thicknesses were comparable. The result
suggested that the rate of TiO

2
formation and chemical

dissolution at 25∘C were faster than those at 5∘C, while the
TiO
2
formation rate and etching rate of TiO

2
induced by the

electric fieldwere similar at both temperatures [28]. However,
at low temperature, etching of TiO

2
by fluorine ions is largely

suppressed, leading to small tube diameter and similar wall
thickness. The previous study by Wang and Lin found that,
at room temperature, the TiO

2
formation rate was higher

than that in an ice bath [28], while the etching rate of TiO
2
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Figure 2: Wall thickness, diameter, and length of anodized
TiO
2
nanotubes, formed from different conditions of anodization,

analyzed by ImageJ. 𝑝 value was calculated using two-way ANOVA;
𝑛 = 3, ∗𝑝 < 0.05.

induced by electric field and fluorine ions remained similar
at both temperatures. Their results showed a difference in
inner diameter but not in the outer diameters.Their workwas
conducted in hydrofluoric electrolyte; thus, the anodization
was not suppressed by neutral-viscous electrolyte. This phe-
nomenon may be the reason to obtain different result from
this present study. However, Wang and Lin also found that,
at low temperature (∼0∘C), even though the potential was
increased, the chemical dissolution of TiO

2
by fluorine ions

was still very low in the glycerol solution containing 0.25wt%
ammonium fluorides. Therefore, only a small difference
in both wall thickness and diameter of the nanotube was
observed at a constant temperature [28].

3.2. Hydroxyapatite Electrodeposition

3.2.1. Effect of Alkaline Pretreatment. From the previous
work, the sodium titanate (Na

2
Ti
5
O
11

or Na
2
Ti
6
O
13
) was

deposited on the top of TiO
2
nanotubes and acted as nucle-

ation sites for nanoscale of HA electrodeposition [36]. The
SEM images in Figures 3 and 4 showed the HA formation on
ATi and P-ATi, respectively. From Figures 3(a)–3(d), without
alkaline pretreatment, the HA coatings appeared as an ori-
ented rod-like crystal structure on the ATi substrates with the
average HA crystal sizes of 175, 107, 155, and 316 nm, respec-
tively. On the P-ATi substrates, the HA coatings formed as
an unoriented rod-like crystal structure with the average HA
crystal sizes of 171, 194, 105, and 151 nm, respectively, as shown
in Figures 4(a)–4(d). The average size of HA crystal on ATi
(107 nm) in Figure 3(b) is smaller than the average HA crystal

Table 2: EDS analysis of HA coating on ATi and conventional Ti
represents the ratio of Ca and P. The anodized Ti was performed
under various conditions with a constant voltage of −4V. Data
represent mean ± standard deviation. 𝑝 value was calculated using
ANOVA; 𝑛 = 5, ∗𝑝 < 0.05 compared with conventional Ti.

Substrate The ratio of Ca and P
Pretreatment Without pretreatment

ATi: 5∘C/+20V 1.56∗ 1.44∗

ATi: 5∘C/+35V 1.46∗ 1.67∗

ATi: 25∘C/+20V 1.66∗ 1.68∗

ATi: 25∘C/+35V 1.43∗ 1.61∗

Conventional Ti (control) 0.89 0.97

size on P-ATi (194 nm) in Figure 4(b). In this study, the
results confirmed that the HA crystal was finer on ATi (5∘C,
+35/−4V) without NaOH pretreatment.

3.2.2. Formation of Hydroxyapatite on Different Substrates.
From Table 2, the EDS analysis of HA-ATi and HA-P-ATi
revealed that the calcium to phosphate ratios, Ca/P, were in
the range of 1.43 to 1.68 when ATi was used as a substrate.The
HAonATi and P-ATi had a Ca/P ratio closelymimicking that
of natural bone.TheHA coating on conventional Ti, however,
had a Ca/P ratio of about 0.9. This ratio is close to that of
dicalcium phosphate in bone [17]. The crystal structures of
grown calcium phosphateminerals were analyzed by XRD, as
shown in Figure 5. The XRD spectra and EDS analysis
confirmed that HA (Ca

10
(PO
4
)
6
(OH)
2
) coating formed on

ATi and P-ATi, but perhaps dicalcium phosphate formed on
the conventional Ti.

The formation of HA crystals on Ti and ATi by electrode-
position in the solution containing calcium and phosphorus
was investigated in the present study. Electrochemical reac-
tions of HA formation are shown as follows [39]:

2H
2
O + 2e− → H

2
+ 2OH− (7)

OH− +H
2
PO
4

−
→ HPO

4

2−
+H
2
O (8)

HPO
4

2−
+OH− → PO

4

3−
+H
2
O (9)

10Ca2+ + 6PO
4

3−
+ 2(OH)−ads

→ Ca
10
(PO
4
)
6
(OH)
2

(10)

The reduction of water resulted in the release of H
2
and

an increase of hydroxide ions, as shown in reaction (7). As a
result of reaction (7) [39], the pH between the cathode and
electrolyte interface increases. When pH was higher than
7.64, the rates of the HA electrodeposition of reactions (8)
and (9) were accelerated.When the interfacial pHwas high, it
provided an appropriate chemical environment to form HA,
Ca
10
(PO
4
)
6
(OH)
2
, coatings on the cathode (reaction (10))

[40]. In addition, the electric field draws Ca2+ ions to the
cathode surface causing that Ca/P ratio is closer to that of
natural bone than the Ca/P ratio obtained by conservative
methods (precipitation of calcium phosphates from aqueous
solution).
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Figure 3: SEM images of HA coating on different ATi (without 0.5M NaOH pretreatment) which were anodized under different conditions:
(a) at 5∘C, +20/−4V; (b) at 5∘C, +35/−4V; (c) at 25∘C, +20/−4V; and (d) at 25∘C, +35/−4V for 90 minutes. Scale bars are 5 𝜇m. Black arrows
represent HA crystal thickness. Inset graphs are thickness analysis of HA using ImageJ. Data are calculated from three SEM images with
𝑛 = 30.

The results from Figures 3 and 4 and Table 2 suggested
that the chemical composition of HA depends on the surface
structure of substrates. It was known that it is easier for
electrons to travel through TiO

2
nanotubes electrode than

through TiO
2
compact layers [34]. Therefore, feature of HA

(Ca
10
(PO
4
)
6
(OH)
2
) coatings on ATi electrode was more

orderly oriented than those on conventional Ti because HA
layers on ATi possess Ca/P ratios near to that of natural bone
due to Ca2+ ions enrichment on electrode (reaction (10)).
Since ATi sample can carry more OH− groups on its surface
during NaOH pretreatment, it supports a very dense for-
mation of apatite nuclei. Another study also found that HA
deposition on conventional Ti from the solution containing

Ca2+ and PO
4

3− could obtain four different kinds of calcium
phosphates, including Ca

10
(PO
4
)
6
(OH)
2
, Ca
2
(PO
4
)
3
⋅ 𝑛H
2
O,

Ca
8
H
2
(PO
4
)
6
⋅5H
2
O, and CaHPO

4
⋅2H
2
O [41].

3.2.3. Mechanical Bonding Strength of Hydroxyapatite on
Anodized Titanium. The bond strength between coated HA
and the implant material is very important because the adhe-
sive failure of implant after implantation easily takes place
when the bond strength is low. Therefore, the present study
aimed to study effect of morphology of substrates used for
HA coatings on bond strength between them. As shown
previously that only nanotube length and tube diameter
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Figure 4: SEM images of HA coating on different P-ATi (with 0.5M NaOH pretreatment) which were anodized under different conditions:
(a) at 5∘C, +20/−4V; (b) at 5∘C, +35/−4V; (c) at 25∘C, +20/−4V; and (d) at 25∘C, +35/−4V for 90 minutes. Scale bars are 5 𝜇m. Black arrows
represent HA crystal thickness. Inset graphs are thickness analysis of HA using ImageJ. Data are calculated from three SEM images with
𝑛 = 30.

varied with anodization conditions, length (𝐿) to diameter
(𝐷) of TiO

2
nanotube was used to test for this effect.

Figure 6(a) showed 𝐿/𝐷 ratio of TiO
2
nanotube arrays for

ATi and P-ATi, anodized at the following conditions: 5∘C,
+20/−4V, 𝐿/𝐷 = 1.27; 5∘C, +35/−4V, 𝐿/𝐷 = 2.92; 25∘C,
+20/−4V, 𝐿/𝐷 = 5.96; and 25∘C, +35/−4V, 𝐿/𝐷 = 7.03. The
results suggested that using either higher positive voltage or
higher temperature increased 𝐿/𝐷 ratios. It was found that
bonding strength of the HA coating on P-ATi is higher than
that of HA-ATi (such that, at 5∘C, +35/−4V with 𝐿/𝐷 =
2.92, found bonding strength of the HA coating on P-ATi
is 21MPa and via ATi is 12MPa). It is due to the fact
that the NaOH pretreatment increases the pH inside the

titania nanopores, consequently, nucleation of HA crystals
was enhanced during electrodeposition. As described by Kim
et al., during the alkaline treatment, the protective oxide
layer on Ti is dissolved into solution because of corrosive
attack by hydroxyl groups [42]. Negatively charged hydrates,
produced on the ATi substrate surface, combine with alkali
ions from the aqueous solution to form a hydrogel layer of
sodium titanate. After the hydrogel layer was exposed to high
temperature, the layer was dehydrated and was densified to
form a stable alkali titanate layer. The compact layer of alkali
titanate facilitates good adhesion between the HA coating
and Ti or ATi substrate. The bonding strength progressively
decreased as 𝐿/𝐷 increased when 𝐿/𝐷 was higher than
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Figure 5: X-ray diffraction spectra of the electrodeposited HA
coatings on Ti and ATi at the temperatures of 5∘C and 25∘C
and the applied voltages of +20/−4V and +35/−4V, with NaOH
pretreatment (P) and without NaOH pretreatment.

2.92. At 𝐿/𝐷 of 2.92, the highest bonding strength between
HA and P-ATi was obtained. This phenomenon indicated
that nanotube geometry is an important factor effecting on
bonding strength between coated HA and substrate.

According to the ASTM F 1044-05 standard, there are
three types of failures that can occur during the tensile test:
adhesive, cohesive, and a combination of these two modes
(Figures 6(b) and 6(c)). For the HA coated at 5∘C, +35/−4V
(𝐿/𝐷 = 2.92), during the shear bond tests, the frac-
ture occurred only at the HA coating layers, as shown in
Figure 6(c)(I). Accordingly, it can be stated that cohesion
strength between the HA and TiO

2
nanotube was stronger

than that between the HA layers. The same fracture surface
was found for the deposited HA prepared at 25∘C, +20/−4V
(𝐿/𝐷 = 5.96). For the HA coated at 25∘C, +35/−4V (𝐿/𝐷 =
7.03), fracture occurred at the HA and TiO

2
interface as

well as at the HA layer as shown in Figure 6(c)(II). From
Figure 6(c)(II), residues of TiO

2
nanotubewere found in both

sides of the fracture surface.This failure indicated a combina-
tion of adhesive and cohesive failures and also occurred for
the HA coated at 5∘C, +20/−4V (𝐿/𝐷 = 1.27). Using both
bonding strength and fracture surface information, the high
bonding strength was found when cohesion between HA
and TiO

2
nanotube is stronger than adhesion between HA

layers.The dependence of bonding strength on𝐿/𝐷 ratiomay
be described as the following. When 𝐿/𝐷 is 1.27, the depth
that depositedHA could form along nanotube is very shallow.
As shown in Figure 2, the nanotube length in this case is only
about 120 nm. Thus, nanotube surface area, which acts as
nucleation site for HA formation, is low, leading to less HA-
nanotube interface area. In addition, due to short nanotube
length, both the nanotubes and Ti base may be subjected
to the glue. Hence, the nanotube base was easily destroyed
during testing. For the highest 𝐿/𝐷 ratio of 7.03, the presence

of nanotube residue indicated that TiO
2
nanotubes were

damaged. From Figure 2, tube length was approximately
1120 nm, which is almost four times longer than that of the
sample whose 𝐿/𝐷 ratio is 2.97. In this case, the failure of
nanotube could be explained by the Euler equation; 𝜎cr =
𝜋
2
𝐸𝐼/(𝐴𝐿

2
) [43]. As shown in the equation, critical stress

(𝜎cr) that the column can bear is inversely proportional to the
second order of column height, 𝐿. The higher the height of
the column, the lower the critical stress that the column can
bear. As a result, tube strength of nanotube layer is inversely
proportional to nanotube length.

For the sample with 𝐿/𝐷 ratio of 5.96, the bonding
strength is lower and the tube length is about two times
higher than that for the sample with 𝐿/𝐷 ratio of 2.97. The
Euler equation may be applied for this case; nevertheless,
the fracture surface of the two samples indicated the similar
adhesion mode. Further study is needed to analyze the effect
of geometry in this range. In case of HA on conventional Ti
substrate (Figure 6(c)(III)) fracture during the test occurred
at the calcium phosphate-Ti interface, which indicated that
only adhesive failure occurred. From these results, it can be
concluded that as 𝐿/𝐷 ratio is approximately 3.00–6.00, the
interfacial adhesion between HA and TiO

2
array is stronger

than cohesion between HA layers.
In conclusion, the topography and chemical composition

of Ti substrates before the electrodeposition of bioinspired
HA directly influence the crystal structure and phases as well
as mechanical bonding strength of HA coating. Following
ISO Standard 13779-4:2002, bonding strength between coat-
ing and substrate of apatite coating implant should be higher
than 15MPa [44]. With this result, ATi samples anodized at
5∘C and +35/−4V (𝐿/𝐷 = 2.92) were further studied for cell
morphology and viability with preosteoblasts.

3.2.4. Responses of Preosteoblast Cells on Different Hydroxyap-
atite Coatings. ATi and P-ATi anodized at +35/−4V and 5∘C,
as shown in Figures 3(b) and 4(b), respectively, were chosen
for cell culture testing because the mechanical bonding
strength of HA on these substrates was high, as shown in Fig-
ure 6. Figure 7 shows cell proliferation on Ti, ATi, P-ATi, HA-
ATi, andHA-P-ATi. Previously, the samples were seeded with
MC3T3-E1 preosteoblast cells and cultured for three days in
a standard cell culture condition. The results of the MTT
assay indicated that all of the samples had good cytocom-
patibility. The percentage of viable cells was the highest on
HA-ATi. The electrodeposited HA, whose Ca/P ratio is
similar to that of natural bone, exhibited the oriented rod-
like crystal structure when it formed on ATi with an average
crystal size of 107 nm. The results suggested that osteoblasts
preferred to grow on HA-ATi compared to HA-P-ATi, whose
average crystal size was larger, 194 nm. This result is in an
agreement with other works [6, 23, 45]. Webster and Ejiofor
suggested that a small HA crystal size improved the biocom-
patibility of implants and increases osteoblast adhesion [23].
Tsuchiya et al. reported that nanostructured materials signif-
icantly improved osteoblast growth while they inhibited cell
apoptosis [6]. Moreover, the nanostructure of biomaterials
promoted cell functions, such as the synthesis of extracellular
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Figure 6: (a) Bonding strengths of HA coating on Ti, ATi, and P-ATi (with 0.5MNaOH pretreatment). 𝑝 value was calculated using one-way
ANOVA; 𝑛 = 3, ∗𝑝 < 0.05. (b) Nomenclature of specimen components and classification of failure location for the shear testing. (c) Light
microscopy images of three types of failure for the tensile testing (HA coating on 5∘C, +35/−4V ATi; HA coating on 25∘C, +20/−4V ATi and
Ti): (I) cohesive, (II) combination of cohesive and adhesive, and (III) adhesive force.

matrix proteins and calcium mineral deposition [45]. Thus,
the size of the HA crystals formed on ATi and P-ATi directly
affects osteoblast proliferation in this study.

Adhesion of osteoblast cells is a crucial prerequisite to
all subsequent cell functions. According to Webster et al.,
the use of nanostructured ceramics (such as alumina, titania,
and HA) significantly improved osteoblast adhesion [46, 47].
Importantly, the results shown in Figure 7 are in good agree-
ment with previous findings that finer HA crystals improve
cell proliferation. A study by Chou et al. demonstrated that
small plate-like HA had greater preosteoblast proliferation
after 4 days than large plate-like HA. Large plate-like HA,
however, induced higher expression of the mature osteogenic
markers osteocalcin and bone sialoprotein in preosteoblasts
after 21 days of culture compared to small plate-like HA,

polystyrene, and conventional apatite [48]. Further studies
are needed to confirm its effects on osteoblast differentiation
and new bone formation juxtaposed to orthopedic implants.

Figures 7(b)–7(f) show that osteoblasts differed in their
size, spreading, and adhesion on the samples. Figure 7(a)
shows that although Ti is a biocompatible material, it is a
bioinert material, which does not adequately increase osteo-
blast attachment, spreading, proliferation, or differentiation.
In contrast, HA, as a major inorganic component of hard
tissues, possesses excellent biocompatibility, bioactivity, and
osteoconductivity [49]. Cells exhibited larger spreading on Ti
than on all other samples, but cell peeling was observed due
to the lower cell adhesion. Particularly noteworthy are HA-
ATi and HA-P-ATi, which induced maximum cell adhesion
with a smaller cell size. Cells appeared flattened and spread
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Figure 7: (a) Cell viability of MC3T3-E1 preosteoblasts on Ti, ATi, P-ATi, HA-ATi, and HA-P-ATi after three days of cultures. Data are mean
± a standard error of mean. 𝑝 value was calculated using one-way ANOVA; 𝑛 = 3, ∗𝑝 < 0.05. SEM images of MC3T3-E1 preosteoblasts after
three days of incubation on (b) conventional Ti, (c) ATi, (d) P-ATi, (e) HA-ATi, and (f) HA-P-ATi. Arrows show peeling areas of MC3T3-E1
cells from the substrates.

more widely on Ti, ATi, and P-ATi samples (Figures 7(b)–
7(d)) than on the HA-coated samples (Figures 7(e) and 7(f)).
Osteoblasts with no appendix on their substrates and cell
peeling were observed on Ti, ATi, and P-ATi (Figures 7(b)–
7(d)). This is perhaps due to the fact that the cell adhesion
strength on the non-HA-coated samples was lower than that
on HA-ATi and HA-P-ATi. HA improves osteoblast adhesion
because it is a main component of the bone extracellular
matrix. The HA coating reduced osteoblast spreading but
improved the elongation of cell projections.

The effect of NaOH pretreatment on cell viability was
also examined. Cell morphology of preosteoblasts on the ATi
and P-ATi was similar (Figure 7). The ATi (without NaOH
pretreatment), however, was more favorable for preosteoblast

proliferation than P-ATi, possibly due to their different
surface compositions. Sodium titanate was present on the P-
ATi surface but not on the ATi surface. HA-P-ATi has a lower
ratio of Ca/P (1.46) and an unoriented rod-like crystal HA
coating (Figure 4(b)), while HA on ATi has a Ca/P of 1.67
and an oriented rod-like crystal structure. The percentage of
viable cells after 3 days of culture was greater onHA-ATi than
on HA-P-ATi, but the cell morphology of preosteoblasts on
HA-ATi was similar to that on HA-P-ATi. A previous study
suggested that osteoblast adhesion and metabolic activity
were very sensitive to surface morphology and roughness
[50]. Surface energy is also reported to be an influential
surface characteristic on cellular proliferation [51].Therefore,
the higher cell viability on nanoscale HA-ATi could be due to
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the positive effects of the surface energy. Moreover, HA with
low crystallinity may remarkably increase degradation rates
in vitro or in vivo [49]. HA is the most stable and least soluble
in aqueous media of all calcium phosphates [52]. It becomes
more acidic and water-soluble as its Ca/P ratio decreases
[53]. Thus, the dissolution of HA in HA-P-ATi may slow
the growth of preosteoblast cells. Approximately 2–4mM
of Ca2+ is suitable for osteoblast proliferation and survival,
and slightly higher concentrations (6–8mM) favor osteoblast
differentiation and mineralization. An excessively high
concentration, >10mM, can be cytotoxic to cells [54]. It is
possible that the high concentration of Ca2+ in HA-P-ATi
decreased preosteoblast proliferation in this study. On the
other hand, with a higher Ca/P ratio (1.67) of HA-P-ATi,
free phosphate level in the apatite microenvironment is also
perhaps lower, and thus fewer phosphates participating in
osteopontin regulation are transported into the cells [55].This
can cause lower cell proliferation on HA-P-ATi than on HA-
ATi after 3 days of culture. Another possible mechanism is
that high phosphate levels may induce the expression of cal-
cium channels and phosphate transporters and activation of
ERK1/2, but notMAPK, p38, or JNK signaling pathways [56].
This cascade participates in the regulation of a large variety of
processes, including cell adhesion, cell cycle progression, cell
migration, cell survival, differentiation, metabolism, prolifer-
ation, and transcription [57]. Therefore, we conclude that the
size and Ca/P ratio of the HA crystal directly affect the cell
proliferation, but not the cell morphology, of preosteoblasts.

Importantly, the nanotube formation of TiO
2
is the

predominant factor to increase the bonding strength between
the HA coating and TiO

2
nanotube substrate. The nanotube

formation can promote a HA coating in the phase closely
mimicking that found in natural bone. Therefore, the elec-
trodeposited HA coating on ATi and P-ATi can illicit more
favorable responses of preosteoblast morphology and prolif-
eration than the samples without HA coating.

4. Conclusions

TiO
2
nanotube arrays were anodized for 90min under

various conditions: 5∘C, +20/−4V; 5∘C, +35/−4V; 25∘C, +20/
−4V; and 25∘C, +35/−4V.HAwas then electrodeposited onto
ATi and P-ATi (with NaOH pretreatment). Increasing the
pulse-positive voltage (from +20V to +35V) and tempera-
ture (from 5∘C to 25∘C) during anodization increased the
nanotube length. At 25∘C, changing the anodization voltage
did not significantly affect the nanotube wall thickness. The
bonding strength of the HA coatings on ATi layers was
stronger than that of the HA coating on conventional Ti.
Importantly, the bonding strength of the HA coating was
higher on HA-P-ATi than on HA-Ti and HA-ATi. The results
suggested that the HA crystals on ATi had an oriented rod-
like crystal structure with an average size of 107 nm and
a Ca/P ratio of 1.67. The HA crystals on P-ATi had an
unoriented rod-like structure with an average size of 194 nm
and Ca/P ratio of 1.46. The percentage of osteoblast viability
at day 3 of cell culture was significantly higher on HA-P-ATi
(98%) than those on Ti (59%) and P-ATi (92%) but lower

than those on ATi (108%) and HA-ATi (117%). Higher cell
proliferation was observed on the smaller HA crystals of
HA-ATi. The Ca/P ratio (1.67) of the HA crystals on ATi
reduced the dissolution of calcium ions and phosphates, thus
allowing for better cell proliferation.The electrodepositedHA
coating improved preosteoblast adhesion as cell projections
were elongated. In summary, P-ATi increases the mechanical
bonding strength of an electrodeposited HA coating but
decreases the Ca/P ratio of HA with a larger crystal size, thus
leading to lower preosteoblast proliferation after 3 days of
culture.
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Amyloids are fibrous protein aggregates defined by shared specific structural features. Abnormal accumulation of amyloid in
organs leads to amyloidosis, which results in various neurodegenerative diseases. Atomic force microscopy (AFM) has proven
to be an excellent tool investigating amyloids; it has been extensively utilized to characterize its morphology, assembly process, and
mechanical properties. This review summarizes studies which applied AFM to detect the inter- and intramolecular interactions
of amyloid fibrils and classified the influencing factors of amyloid’s nanomechanics in detail. The characteristics of amyloid
fibrils driven by inter- and intramolecular interactions, including various morphologies of amyloid fibrils, self-assembly process,
and the aggregating pathway, are described. Successful examples where AFM provided abundant information about inter- and
intramolecular interactions of amyloid fibrils in different environments are presented. Direct force measurement of intra- or
intermolecular interactions utilizing an AFM-based tool, single-molecular force spectroscopy (SMFS), is introduced. Some
mechanical information such as elasticity, adhesiveness, and strength was obtained by stretching amyloid fibrils. This review helps
researchers in understanding the mechanism of amyloidogenesis and exploring the properties of amyloid using AFM techniques.

1. Introduction

Improper aggregation of polypeptide fragments may result
in various neurological disorder diseases [1], such as Alz-
heimer’s disease (A𝛽 aggregation) [2–5], Parkinson’s disease
[6], Huntington’s disease (Huntington aggregation) [7, 8],
prion disease (PrP aggregation) [9], and amyotrophic lateral
sclerosis (ALS) [10]. Amyloid aggregations are also found in
type II diabetes (islet amyloid polypeptide) [11–14] and dial-
ysis related amyloidosis (𝛽-2 microglobulin aggregation) [6].
Recently, more and more studies have suggested that these
diseases are related to the aggregations formed by amyloids
sharing specific structural traits. Single soluble amyloid pro-
teins start to interact with each other, and these intermolec-
ular interactions finally assemble the soluble amyloid into
various insoluble forms. In addition, a great variety of hetero-
geneous morphologies detected in self-assembly processes

indicate different assembly pathways of amyloid fibrils [15–
17]. As a whole, their assembly pathways can be simply
described as soluble protein → nucleation → fibrillar elon-
gation/lateral aggregation → mature network [18]. Though
multiple amyloids have been widely explored in recent years,
their pathogenic mechanism has not been elucidated clearly.

Atomic force microscopy (AFM) is an excellent tool
which has been used extensively to study the fibrillar ultra-
structures. AFM enables us to clearly visualize individual
biological macromolecules at the nanometer scale [19–23].
Time-lapse AFM imaging [24] has been successfully adopted
to monitor the growth of individual peptide fibrils and to
characterize the influence of the chemical environment on
amyloid aggregation [25]. AFM-based single-molecule force
spectroscopy (SMFS) [26] has made force measurement at
the single-molecule level with pico-Newton (pN) force reso-
lution possible.This technique enables researchers to analyze
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Figure 1: (a) Schematic principle of single-molecular force microscopy, (b) approaching force curve, and (c) retracting force curve. In the
schematic of Figure (a), (1)–(4) show the approaching progress. (1) AFM tip moves forward to sample. (2) AFM tip contacts sample surface.
(3) AFM tip indents sample. (4) AFM tip reaches the defined deflection value; (6)–(9) show the retracting progress, molecules firstly adsorb
on AFM tip and then are gradually pulled away from substrate and finally rupture from substrate or from AFM tip.

inter- and intramolecular interactions [27, 28]. The obtained
mechanical fingerprint [29] of amyloid fibrils has proven
that SMFS is an efficient tool to explore the mechanisms of
amyloid assembly process, the differences of various amy-
loids, and themechanisms of interactions with chemicals and
chaperones.

We review AFM techniques applied to characterize and
understand the assembly process of amyloid fibrils involved
in pathogenic disorders. We summarized AFM studies of
amyloid fibrillogenesis focusing on the morphology, kinetics,
andmodels of amyloid self-assembly.The investigation of the
inter- or intramolecular interaction of amyloid fibrils using
AFM-based SMFS was reviewed to explore the assembly
mechanism and mechanical properties of various shaped
fibrils, such as globular oligomers, protofibrils, mature inter-
twined fibrils, and network structures.

2. Principle of AFM-Based SMFS

AFM is a type of Scanning ProbeMicroscope (SPM) [65]with
high-resolution, and now it has become one of the foremost
tools in imaging, measuring, and manipulating matter at
nanoscale [66–69]. AFM allows imaging both in ambient
and in liquid environments which is of great importance for
biological molecules [70–73]. AFM-based SMFS stands out
among various single-molecule techniques [74–77] because
of its high detection rate, easy operation, andwide application
in measuring weak inter- or intramolecule interactions [78–
80]. Through SMFS technique, multiple properties, such as

elasticity and viscosity [81], can be analyzed in detail. At the
same time, SMFS is analytic technique applied not only to
measure mechanical properties of various proteins but also
to manipulate single-molecule at pico-Newton scale [78], for
example, probing the helical structure, unfolding 𝛽-fold
structure [64], and measuring intermolecular interactions.

Compared with simple topographic characterization, the
AFM-based single-molecule force spectroscopy ismore com-
plex [26]. SMFS measurement is based on full knowledge of
the force on the tip during approach and retraction. During
the approach, the AFM tip moves slowly toward the sample
surface and the cantilever is bent toward the sample surface
when the tip-sample distance arrives at a certain force-
distance, as it starts to feel long-range attractive forces like van
der Waals forces (Figures 1(a), (1)-(2), and 1(b), A-B). With
furthermovement, the cantilever starts to feel repulsive forces
as well; it eventually recovers equilibrium. Further approach
to the sample increases the repulsive force that will bend the
cantilever away from the sample, and the tip finally stops at
the predefined force value (Figure 1(a), (4)-(5)). The com-
pressive stiffness or elasticity modulus of the molecule can be
deduced from the force-distance curve betweenC andD from
this approaching process. During retraction the probe slowly
moves away from the substrate and fingerprint information
representing themolecularmechanical properties is captured
during the stretch-relaxation process. In the retraction force
curve (Figure 1(c)), point E represents an adhesion force
caused by nonspecific interaction between the AFM tip and
substrate. Point F indicates the start of the phase when
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the molecule is pulled away from the substrate. The force
increases until point G when the molecule ruptures from the
AFM tip or substrate, and cantilever returns to the equi-
librium position (point H). The nanomechanics such as the
stretching or unzipping response of the molecule can be
obtained from this pulling process.

The mechanical responses observed in SMFS can be
divided into three categories: single nonlinear elastic curve,
saw-tooth curve, and irregular mechanical event [64, 82].
The long single nonlinear elastic curve is characterized by
a large peak which indicates the detachment of the sample
from the tip. Some groups reported that peaks in the force
plateau [82] were caused by simultaneous unzipping of the
molecular strand. The saw-tooth force curve is composed of
several peaks starting with irregular peaks and ending with a
rupture force. Each peak represents an unfolding or sudden
detachment event.The plateau force curve has a long uniform
plateau and an abrupt force drop belongs to the manipulating
response of 𝛽-sheet [64]. An irregular mechanical event
generally refers to complex multimolecular interactions [83]
in which interconnected fibrils are stretched sequentially
leading to the extension and breaking of loops or bonds in
one pulling cycle. Among the mechanical responses, single
nonlinear and orderly force patterns are useful in exploring
mechanical properties. At the same time two prominent
theoretical models, the Freely-Jointed Chain (FJC) model
[84] and theWorm-Like Chain (WLC)model [85], have been
developed to analyze these SMFS data.

3. Intermolecular Interaction

The assembly of amyloid peptides is a dynamic process.
The pathway from soluble molecules to insoluble fibrils is
driven by intermolecular interactions which usually result in
the formation of heterogeneous shaped structures. Amyloid
fibrils interact with each other and aggregate into larger fibrils
and eventually transform into texture structures. According
to previous reports, the textured structures are constituted by
different mature fibrils generated throughmultiple pathways.
Therefore, obtaining the morphologies of various structures
at different stages is essential to comprehend their assembly
process.

3.1. Self-Assembled Structures. Plenty of shapes of amyloid
structures were reported in many previous studies, including
globular, 𝛽-hairpin, 𝛽-sheet, disk-like, worm-like, rod-like,
honeycomb, parallel, and braided structures [1].Thevariety of
these assembled structures is attributed to the intermolecular
interactions including hydrogen bonds, electrostatic interac-
tion, and hydrophobic interactions [32, 38, 86–89]. The glob-
ular structures formed at the beginning of the incubation pro-
cess are easily observed in AFM (Figure 2(a)). They consist
of many monomers as well as disk-like structures [16, 39, 44,
58]. Branch-like [14] and parallel structures [38] (Figures 2(b)
and 2(c)) are the intermediate products [90] composed of
several oligomers. A mature fibrillar structure (Figure 2(d))
is a large fibril composed of two or more fibrils. Table 1 shows
the dimensions of fibrillar structures obtained at different

incubation stages, and the stages are represented by their
typical structures.

McAllister et al. [87] found that the increase of protein-
protein interaction usually resulted in morphological trans-
formations, for example, 𝛽-sheet conformation with an ele-
vated content. Gerber et al. [91] have reported disk-like struc-
tures that form stacks through interoligomer interactions.
Sandal et al. [64] have studied 𝛽-like formation of 𝛼-Syn
and found the relative abundance of the 𝛽-like structures
significantly increased in different conditions promoting the
aggregation of 𝛼-Syn, such as pathogenic A30Pmutation and
high ionic strength buffer. Sibley et al. [86] found that the
interaction between insulin and porphyrin gave rise to circu-
lar, ring-like structures as well as fibrils. The possible reason
to form various morphologies is related to the interactions
between specific residues. Jansen et al. [38] found that the
compact character or mature fibrillar structures might origi-
nate from the effort tominimize the exposure of hydrophobic
residues. In order to explore the effects of specific residues,
some functional residues were substituted during AFM-
based measurements. Various mutations showed distinctive
functions: some were prone to form amyloid fibrils while
others formed spherical aggregates; some functioned as a
𝛽-sheet breaker while others were promoting overall-length
aggregation [32, 92–94]. For example, A𝛽

40
and A𝛽

25–35 were
found to form small oligomers and thin fibrils, respectively
[94]. However, A53T and A30Pmutants of 𝛼-Syn were found
to form spherical or annular protofibrillar structures [34].
Common morphologies were observed for some residues,
for example, twisted fibrils derived from the Q24K mutant,
and spherical aggregates and short fibrils derive from other
mutants. E46K mutant displays a very distinctive smaller
periodicity [36] compared with other mutants. We summa-
rize the different shapes of amyloid with different dimensions
in Table 1.

3.2. Assembly Processes. Time-lapse monitoring of the amy-
loid aggregation process is crucial to deepen the understand-
ing of the amyloid aggregation mechanisms. The assembly of
various amyloid fibrils can be followed by in situ time-lapse
AFM images. Amyloid aggregation is commonly divided into
two stages: nucleation stage and fibril growth stage [47].

In the nucleation stage, often called lag-phase, it is critical
to understand the behavior of “seed-like” structures and
intermediate prefibrillar structures, as these are the starting
point of the overall self-assembly process [95, 96]. Fukuma
revealed that the lag-phase was related to the increase of the
mass concentration of elongated fibrils, and long incubating
time was not an important factor during the nucleation stage
[38, 97]. When studying on the process of A𝛽 aggregation,
Harper et al. [98] found that the rate of oligomers was slower
than that of fibrils and that fibrils rapidly aggregated once
sufficient nucleated oligomers formed.Their results indicated
that the elongation rate of individual amylin protofibrils was
1.1 ± 0.5 nm/min. In line with the aggregation pathway, the
stability of monomer and oligomer state was significantly
lower than that of the following stages. It is reported that the
inhibition of fibril formation could be realized by reducing
the stability of protofibrils, by blocking protofibril-protofibril
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Table 1: Dimension of different shapes for various amyloid fibrils based on molecular interaction.

Catalog Sample Shape Height Width Length Diameter Periodicity Reference

PrP

rPrP Mature fibrils 108 ± 30 nm N/A 1.0 ± 0.6 𝜇m N/A N/A [30]

PrP82–146

Globular 1.5–10 nm N/A N/A 31 ± 11 nm N/A
[16]Disc-like 1–10 nm N/A N/A 20–60 nm N/A

Fibrillar N/A 2-3 nm 5 to 10 nm N/A N/A
Mature fibrils N/A N/A 3–10 nm 5–8 nm 30–130 nm

Human PrP Disk-like 1.8 nm N/A N/A 15 ± 3 nm N/A [31]

IAPP

IAPP1–19 Mature fibrils 5–15 nm N/A 1-2𝜇m 5–15 nm N/A
[32]IAPP1–19 Protofibrils N/A N/A 1-2𝜇m 0.5–1.5 nm N/A

IAPP1–29 Fibrillar N/A N/A 0.2–2 𝜇m 5–15 nm N/A
hIAPP Mature fibrils N/A N/A 100 nm-several 𝜇m 5–7 nm N/A [33]
IAPP Mature fibrils 0.1–0.8 nm N/A 0.1–1 𝜇m 7–13 nm 4–40 nm [31]

𝛼-Synuclein

𝛼-Synuclein Protofibrils 2.5–4.2 nm N/A N/A 32–180 nm N/A [34]

𝛼-Synuclein Oligomers 1.4–7.5 nm N/A N/A N/A N/A
[35]Fibrils 4.5–6.0 nm N/A N/A N/A N/A

𝛼-Synuclein Protofibrils ∼1.2 nm ∼8 nm N/A 3-4 nm N/A
𝛼-Synuclein WT Mature fibrils 7.5 ± 0.9 nm N/A N/A 141 ± 82 nm N/A

[36]𝛼-Synuclein A30P Mature fibrils 8.7 ± 1.4 N/A N/A 139 ± 46 nm N/A
𝛼-Synuclein E46K Mature fibrils 9.8 ± 1.2 N/A N/A 59 ± 28 nm N/A
𝛼-Synuclein A53T Mature fibrils 10.4 ± 1.3 N/A N/A 151 ± 41 nm N/A

Insulin

Insulin Mature fibrils N/A N/A 30–140 nm 4–6 nm N/A [37]

Insulin

Particles 1.1 ± 0.2 nm N/A N/A N/A N/A

[38]
Oligomers N/A N/A N/A 3.2–3.9 nm N/A
Protofibrils ∼2.0 ± 0.5 nm N/A N/A N/A N/A
Mature fibrils N/A N/A 155 ± 5 nm 5–25 nm N/A

Human insulin Mature fibrils N/A N/A several microns 10–20 nm N/A [39]

TTR
TTR105–115 Rod-like N/A N/A ∼1𝜇m 7–12 nm N/A [40]
TTR105–115 Rod-like 9 ± 3 nm N/A 1 𝜇m a few nm N/A [41]

A𝛽

A𝛽26–35 Filaments 1.0 ± 0.2 nm N/A N/A N/A N/A [42]
A𝛽1–40 Oligomers 4-5 nm N/A N/A N/A N/A [43]
A𝛽1–40 Globular N/A N/A N/A ∼2 nm N/A [44]

A𝛽42

Low MW
oligomers 1–3 nm N/A N/A 5–10 nm N/A

[45]

Low MW
protofibrils ∼2 nm ∼7-8 nm 40 nm N/A N/A

High MW
oligomers 3–6 nm N/A N/A 15–25 nm N/A

High MW
protofibrils ∼1.8 nm N/A N/A N/A N/A

A𝛽
42

Rod-like N/A 5–11 nm N/A N/A 93.5 ± 21.0 nm

[46]
Protofibril ∼1.5 nm ∼5.5 nm ∼100 nm 1.1 nm N/A
Protofibrils N/A N/A N/A ∼4 nm 92.5 ± 20.3
Fibrils N/A 11.4 ± 0.8 nm N/A N/A 107.3 ± 29.0 nm

Globular ∼5 nm N/A N/A 4.4 ± 0.4 nm N/A

A𝛽
42

Beaded chains N/A N/A 18–21 nm N/A 18–21 nm

[47]
Mature fibrils 4–6 nm 25–35 nm 30–145 nm N/A N/A
Mature fibrils N/A 8–14 nm >1𝜇m N/A N/A
Sheet-structure 0.8–1 nm 12–14 nm N/A N/A N/A

Fibrils N/A N/A N/A N/A 12–18 nm

A 𝛽
42

Fibrils 0.7–1.6 nm 4.8–9 nm 15–55 nm 4–8 nm N/A
[48]Protofibrils N/A 8–10 nm 12–18 nm N/A N/A

Mature fibrils 3–7 nm 25–40 nm >1𝜇m N/A N/A
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Table 1: Continued.

Catalog Sample Shape Height Width Length Diameter Periodicity Reference

𝛽-lactoglobulin

𝛽-lactoglobulin

Worm-like 2.7 ± 0.5 nm ∼7 nm 100–500 nm N/A N/A

[49]

Protofibrils 1.2 ± 0.4 nm ∼7 nm >1 𝜇m 8 ± 2 nm 53 ± 8 nm
particles 3.8 ± 0.6 nm N/A ∼200 nm 8 ± 2 nm N/A
Oligomers 2–8 nm N/A N/A 35–70 nm N/A

Mature fibrils N/A 15–20 nm N/A N/A 60–100 nm
𝛽-lactoglobulin Mature fibrils 2-3 nm N/A >10𝜇m N/A 30–40 nm [50]

𝛽-lactoglobulin

Mature fibrils N/A 8.5 ± 1.4 nm 0.1–2 𝜇m N/A 34.3 ± 7.4 nm

[51]

Worm-like 1.1 ± 0.3 nm 7.1 ± 1.6 nm 150–500 nm N/A N/A
Protofibrils 0.9 ± 0.2 nm 2.5–4 nm N/A N/A N/A
Oligomers 1.8 ± 0.4 nm N/A N/A ∼3.6 nm N/A
Protofibril 1.4 ± 0.3 nm ∼5 nm N/A 8 nm N/A

𝛽2-microglobulin

𝛽2-microglobulin

Worm-like ∼3.5 nm N/A ∼150–160 nm N/A N/A

[52]
Rod-like ∼3.5 nm N/A ∼20–150 nm N/A N/A
Protofibril 4-5 nm N/A >1000 nm N/A N/A

Mature fibrils 5–8 nm N/A N/A N/A 30–100 nm

𝛽2-microglobulin

Mature fibrils 4–9 nm 100–500 nm N/A N/A N/A

[53]Protofibril 4 ± 1 nm 17 ± 3 nm N/A N/A 25–60 nm
Protofibrils 2.2 ± 0.5 nm 18 ± 1 nm N/A N/A 20–30 nm
Oligomers N/A N/A N/A 10–12 nm N/A

EAK EAK16

EAK16-IV
globular 2–3.2 nm N/A N/A 34 nm N/A

[54]

EAK16-IV
fibrillar 0.4–3.7 nm 28.69 ± 2.27 nm N/A 60 nm N/A

EAK16-II
fibrillar 0.3–2.2 nm 12–40 nm N/A N/A N/A

EAK16-II
globular N/A N/A N/A 48 nm N/A

Ceratoplatanin Ceratoplatanin Protruding 50–60 nm N/A N/A N/A N/A
[17]Rod-like 6–8 nm N/A N/A N/A N/A

SSP
SSP1 Mature fibrils 6.0 nm 6.4 ± 0.2 nm N/A 6.4 nm N/A

[55]SSP2 Mature fibrils 2.5 nm 6.2 ± 0.3 nm N/A 6.2 nm N/A

Glucagon Glucagon
Mature fibrils 0.1–1 𝜇m N/A 15𝜇m 52–55 nm N/A

[56]Disc-like 1.5 ± 0.5 nm 20.8 ± 5.2 nm N/A N/A N/A
Protofibrils 6.05 nm 32.9 nm N/A N/A N/A

(a) (b) (c) (d)

Figure 2: Distinctive shapes of various amyloid fibrils. (a) globular and disk-like structures [14], (b) branch-like structures [14], (c) parallel
tubular fibers of insulin [38], and (d) mature insulin fibrils [38]. (Figures 2(a), 2(b), 2(c), and 2(d) are parts of figures from reference.)

interaction or by shifting the protofibril-monomer equilib-
rium. Oligomers contain nonfibrillar 𝛽-structures, and their
total amount remains almost constant from the second half
of the nucleation phase to the end of the aggregation process
[44].

In the fibril growth stage, growth rate and aggregation
propensity of amyloid assembly are influenced by different
sequences or specific residues of the peptide. The correspon-
ding amyloid assembly has been investigated by substitution
of residues. Various amyloid peptides and their mutants were
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studied, such as A𝛽 with mutant A𝛽E22G, A𝛽
25–35 N27, or

A𝛽
40
ARC [59, 99, 100], 𝛼-synuclein with disease-related

A30P, E46K, and A53T variants [34, 36, 93, 101, 102], mutant
huntingtin (Htt) [103, 104], PAPBN1 N-WT with N-(+7)Ala
mutant [105], and 𝛽2-microglobulin with its deamidated
variant N17D [106]. Another example, rat amylin, although
84% residues are the same as in human amylin, cannot
form amyloid fibrils [107]. The possible reason is that those
residues, which differ from human amylin, influence the
peptide assembly [59, 94]. In A𝛽 mutation (A𝛽E22G), fib-
rillization process will be accelerated, while the abundance
of nonfibrillar assemblies will be decreased. Conway et al.
[101] reported that the fibrillation rate of specific mutant
peptides or mutant mixtures was faster than that of WT
peptide. Seed-induced fibrillation of N-WT of PAPBN1 was
slower than that of N-(+7)Ala. Monitoring the solubilization
kinetics, they found that the stability of N-WT andN-(+7)Ala
fibrils was different. In another case [98], A𝛽

1–40 and A𝛽
1–42

formed two discrete morphologies, and A𝛽
1–42 aggregates

grew faster thanA𝛽
1–40 ones.However, the rate ofA𝛽 amyloid

aggregation in vitro was limited by the amount of available
A𝛽 nuclei. Moreover, the amounts of aggregated A𝛽

1–40 and
A𝛽
1–42 protofibrils obviously differed from each other. Marek

et al. [92] suggested that the difference between the amount
of aggregated A𝛽1-40 and A𝛽1-42 protofibrils was caused by
different residues affecting the aggregating rate of fibrilloge-
nesis. In their study, the kinetics of amyloid assembly and
the resulting morphology were influenced by the aromatic
residues, which were important during the lag-phase in AFM
measurements. Table 2 shows the assembly parameters of
various amyloids under distinctive incubating environments.
This overview suggests that experimental factors, such as
buffer, pH, temperature, and concentration, are critical to the
result of the fibrillation process.

3.3. Assembly Pathways. The aggregation process was
reported to be associated with the pathology of the corre-
sponding amyloid protofibrils. Numerous studies have been
carried out to explore the aggregation pathway [13, 108]. For
the mechanism of amyloid fibrillogenesis, several explana-
tions have been established. It is suggested that the common
noncovalent structure of proteins such as backbone hydro-
gen bonding and hydrophobic interaction [17] were the main
forces driving the amyloid fibrils’ aggregation. In early stud-
ies, a mechanism of nucleated conformational conversion,
so-called on-pathway, was applied to explain the amyloid
aggregation. However, exceptions have been found. There-
fore, an alternative off-pathway mechanism was proposed to
explain fibrillogenesis [57, 63]. While more and more studies
explore the mechanism of amyloid aggregation, models
for various kinds of amyloid fibrils have been designed to
explain the amyloidogenesis formation. Here, we propose
a model (Figure 3) based on various previous studies
[15–17, 34, 38, 46, 53, 56, 62, 63, 109–113] to elucidate the
mechanism of multipathway aggregation and describe it in
detail in the following parts.

3.3.1. Nucleation and Elongation. AFM measurements
revealed that the most favorable nucleation pathway contains

a two-stage sequential conversion (Figure 3, steps 1 and 2), in
which soluble monomers are aggregated into small annular
and spheroidal mature oligomers [14, 114] and then these
seeds grow by further addition of more mature monomers.
Mature oligomers have accumulated more monomers but
still show globular morphology. Oligomers still have spheri-
cal superstructure but already show characteristic amyloid
folding [93]. A𝛽

1–42 [45, 47, 48, 115, 116], glucagon [56, 117],
amylin [24, 107], and 𝛽-lactoglobulin [49, 50] have been
observed to aggregate through the nucleation pathway.
Fibril elongation (Figure 3, steps 4, 5, and 6) becomes the
main process once a critical amount of oligomeric seeds
has formed. In the elongation process, the addition of more
monomers leads to a structural change into elongated prefi-
brillar intermediates, eventually resulting in the formation
of protofibrils [45, 105]. Different assembly processes of
amyloid were indicated in different color of lines in Figure 3.

3.3.2. Hierarchical Pathway. Hierarchical aggregation, which
happens after nucleation and elongation, is characterized by
two or more protofibrils intertwining through interoligomer
or interfibril interactions. They form higher ordered fibrils
and eventually helical structures. Many species, CP [17, 118],
human prion protein (PrPSc) PrP

82–146 [16], PrP106–126 [119],
Ig light-chain [62], transthyretin peptide (TTR

105–115) [120],
and 𝛽-lactoglobulin [51], were found to aggregate adopting a
hierarchical pathway. Small or large oligomers undergo elon-
gation and form heterogeneous structures, such as branch-
like structures, annular-shaped oligomers, braided structures,
and hairpin-like structures [17, 45, 46, 55]. Sbrana et al.
[17] reported that branched structures were the disordered
assembly of protruding segments. They also found that early
annular-shaped oligomers seem to function as fundamental
bricks in the hierarchical aggregation process [17]. The
braided structure [62] consisting of winding protofibrils is
usually observed in amyloid fibrillogenesis as well. In the self-
assembly experiment of A𝛽

42
peptides [48], intermediate-like

protofibrils were found to join the helical structure formation.
Generally speaking, these heterogeneous morphologies and
twisting periodicity indicated a complex hierarchical amyloid
assembly process.

3.3.3. Lateral Aggregation. Increasing evidence suggests the
existence of alternative pathways [38] in amyloid fibrillogen-
esis. One prominent example is lateral aggregation; it usually
follows the elongation phase. Ceratoplatanin (CP) [17], PrP
[109], glucagon [56, 95], insulin [38, 57], A𝛽

1–42 [46, 47], and
𝛽2-microglobulin [53, 121] were found to aggregate laterally.
In this pathway several protofibrils associate parallelly to
form a ribbon that wraps around into a fibril (Figure 3, steps
10 and 12, type 3 structure). It was reported that fibrillar bun-
dles formed loose tangles eventually leading to the formation
of mature fibrils [57]. Fibrils containing laterally associated
filaments were found to show a right-handed twist at one
point [47]. A similar aggregation pathway was also found in
the strand-swapping peptide 1 (SSP1). Nagarkar et al. [55]
reported the lateral self-assembly of SSP1 dimers via H-
bond interaction along the fibril’s long axis. Kad et al. [106]
reported that four protofibrils associated laterally wound into
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Figure 3:Model proposed based on variousmodels in the investigation of numerous amyloid aggregations.There are five processes before the
formation of mature fibrils: nucleation [56] (steps 1 and 2 in red lines), elongation [17] (steps 4, 5, 7, 8, and 9 in green lines), lateral association
(steps 10, 11, 12, and 16 in yellow lines), hierarchical aggregation [15, 38, 53] (steps 13, 14, 17, 18, 20, 21, and 23 in purple lines), and off-pathway
[63] (step 3 in blue line).

a twisted-ribbon shape with a clear periodicity, but there was
no suggestion that lateral aggregation of smaller species was
detected [49].

3.3.4. Multipathway. Multipathway is the combination of
all pathways mentioned above: monomers conformationally
change and merge into oligomers (Figure 3, steps 1 and 2);
then oligomers longitudinally aggregate leading to protofib-
rils (Figure 3, steps 4, 5, and 7). Finally protofibrils laterally
aggregate into protofibrils (Figure 3, steps 6, 10, and 11)
[122]. Homogeneous protofibrils undergo elongation to form
higher ordered mature fibrils (Figure 3, steps 13, 15, and 16)
and finally lead to complex blocks. Hierarchical and lateral-
aggregating structures were frequently observed in various
kinds of amyloid fibrils [15–17, 36, 38, 45, 48, 53, 56, 57, 62,
95, 109, 111–113, 123].

In the off-pathway assembly, soluble monomers or
oligomers directly construct fibrils [63] without the “seed-
like” aggregation (Figure 3, step 3). Natalello et al. [16]
reported that the linear PrP

82–146 aggregates formed by
oligomers aligning which suggested an off-pathway assembly.
Themain differences between on- and off-pathway oligomers
are mainly their sizes and shapes. So, it is critical to clarify
whether the aggregation is based on a nucleation phase and
seeds or the formation of an active small oligomer.

On-pathway aggregation is characterized by the appear-
ance of homogeneous nuclei, followed by elongation. At the
same time, three types of fibrils (Figure 3) were found during
the later stage of the aggregation process. These different
types represent distinctive structures: type 1 is formed by two
twined protofibrils; type 2 is formed by three twined protofib-
rils; and type 3 is formed by several parallel protofibrils
laterally associated together. Several type 1 fibrils rearrange
into intertwined style fibrils occasionally. Based on associated
segments forming larger structures, Segers-Nolten et al. [36]
proposed a segment pathway, indicating a multipathway
assembly for 𝛼-synuclein. Jansen et al. [38] revealed that
insulin amyloidogenesis in vitro involved a multipathway
assembling scheme, in which native dimers were formed
by either hierarchical intertwining or lateral interaction. A
similar observation was made by Mauro et al. [57]. The size
and shape of oligomers were measured to identify different
distinctive pathways. However, it could not be distinguished
[55] whether the hierarchical or parallel fibrils were lacking
structurally different nucleating centers. Although various
models have been proposed, the detailed mechanism needs
further exploration such as amyloids’ aggregation and inter-
or intramolecule interactions affected by constituent peptides
or chemical chaperones.



Journal of Nanomaterials 9

3.4. Influencing Factors of Assembly. High-resolution AFM
has been used in many characterization studies, aimed at
the morphology and assembly pathway of amyloid fibrils
and the effects of chemicals and chaperones [14, 25, 73, 124–
126]. Concentration [36, 51, 96, 127–129], substrate [130],
temperature [38, 49, 50, 57, 131], pH value [54, 106, 121,
132, 133], ionic strength [96, 99, 129, 134, 135], and stirring
time and addition of denaturing agents [24, 50, 82, 115,
119, 128, 136] are important factors affecting the formation
of various aggregates. For example, different substrates can
affect the orientation of amyloid fibrillogenesis [4]; solvent
conditions play critical roles in amyloid aggregating propen-
sity, rate, and structural formation. In order to decipher
the molecular mechanisms and develop better strategies to
modulate aggregation, it is imperative to learn the effects of
environmental conditions on structure, molecular assembly
process, activities, and growth kinetics. In this section, wewill
have a closer look on these experimental factors.

3.4.1. Concentration Effect. Many trials indicated that the
concentration of amyloid peptides played a prominent role in
amyloid aggregation. Although differences in concentration
are correlated to the corresponding disease in vivo, their
precise relation is not well-known. Previous work showed
that the self-assembling rate of amyloid increased with the
increasing of its solution concentration [137]. Segers-Nolten
et al. [36] found that 𝛼-synuclein shows relatively normal
function at low concentrations, but it is apt to transform
into a pathogenic species at high concentrations. There are a
large number of experiments looking into surface density and
concentration of the incubation solution [36, 51, 96, 127–129].
These experiments indicate that proteins form well-defined
fibrils in low peptide concentrations with lower aggregation
rates than that in a higher concentration. So, the amyloid
fibril formation can be accelerated through increasing either
surface density or the concentration in incubation solution
[127]. In the same way, Pazzagli et al. [118] systemically
studied the lag-phases in different concentrations and found
that the transition time in higher concentration (1.3Mm, lag-
phase time being 6 hours) was sharply shortened comparing
with that of the lower concentration (0.54mM, lag-phase
time being longer than ten days). The surface density of
amyloid self-assembled fibrils can be adjusted by tuning the
bulk concentration, and many groups showed that dense
fiber-networks can be constructed starting with high peptide
concentrations [96, 129]. However, insulin is an exception, as
obvious structure change was observed for two enormously
different concentrations [57].

3.4.2. Temperature Effect. Temperature, in general, can affect
morphology, growth rate, stability, and activity of heteroge-
neous fibrils and eventually change the overall process of
amyloid aggregation [38, 49, 50, 57, 131]. For example, various
structures were observed upon increasing the temperature
to 70∘C, among them long straight rods, twisted-ribbon-
like structures, rod bundles, and rope-like structures [38].
Increasing temperature can not only shorten the aggregation

lag-phase [118] but also affect the height of the assembled fib-
rils [138]. In contrast, nucleation was inhibited at low temper-
atures. Pazzagli et al. [118] investigated the ordered aggregates
of ceratoplatanin and found that lag-time decreased from 30
to 10 days when incubation temperature was increased from
37∘C to 50∘C. Palhano et al. [60] employed 4∘C and 25∘C to
investigate the effect of temperature on the process of amyloid
aggregation.Their AFM results showed that the aggregations
were higher at 4∘C than at 25∘C. At the same time they
revealed that amyloid fibril were, on average, shorter at 4∘C
than at 25∘C. The reason for this phenomenon is that the
activity of amyloid can be influenced by temperature [131].
NativeM𝛽 activity remained stable up to 70∘C, but its activity
abruptly decreased at a temperature ranging from 70∘C to
80∘C. Bellezza also found that the main activity of adsorbed
M𝛽 decreased abruptly between 30∘C and 60∘C, while the
activity reduced slightly below 30∘C or higher than 60∘C.
Mauro et al. [57] studied the temperature impact on insulin
and found the assembly adopting double quenching exper-
iments. Their results indicated that the double quenching
allowed the growth of a few long fibrils.

3.4.3. pH Effect. An acidic environment is beneficial for the
amyloid formation [35, 87, 106, 128], and there are plenty of
studies modulating amyloid aggregation through varying pH
values [54, 106, 121, 132, 133]. In these studies, researchers
found that amyloid fibrils were not stable in either acidic
or alkaline solution environments, which easily led to the
conformational changes. Many investigations suggested that
the nanostructure of various amyloid assemblies could be
modified through adjusting pH value. Bortolini et al. [133]
built different nanostructures of peptide with three different
kinds of residues by tuning the pH value of the solution
[133]. McAllister et al. [87] reported that decreasing pH value
resulted in the prominent increase of the interaction among
protein molecules of A𝛽 (1–40) peptide, 𝛼-synuclein, and
lysozyme. This leads to a dramatic increase in aggregation
rate at the proper pH value. For most peptides there are
large differences in reaction speed and product morphology
between acidic and alkaline conditions. Short fibrils or small
globular aggregates were found at pH 2.0, and fibrillar
structures were found at pH 2.7, but there was no fibril or
large aggregate observed at pH 3.7. Hong et al. [54] studied
two kinds of amyloid aggregates at pH values varying from
4 to 11. Hong et al. found that KAK16-IV formed globular
assemblies in neutral pH environments, which changed into
fibrils under alkaline conditions. Another mutant, EAK16-
II, did not exhibit any apparent changes. Jenko et al. [139]
established that Stefin B started to form fibrils at pH 5,
whereas Stefin A needed to be acidified to a pH value of
less than 2.5. Most tests showed that acidic environments
were conducive to fibrils formation, but the transformation
of Stefin B from protofibrils into mature fibrils was inhibited
at acidic solution [128].

3.4.4. Solvent Effect. AFM experiments suggest that the
incubating medium plays an important role in the assembly
process [47, 49–51, 97, 127, 140, 141]. Chaudhary et al. [97]
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reported that AcPHF6 could be organized into fibrillar
structures when the sample peptide was dissolved in MeOH,
TFE, or HFIP. Gosal et al. [49] found that the aggregation
rate of 𝛽-lactoglobulin was correlated with solvents used in
experiments. There are more fibrillar structures presented
in TFE-water mixed solvent in contrast to other alcohols.
Gelling propensity was related to solvents: methanol >
ethanol > propanol > TFE. At pH 7, the tendency of 𝛽-
lactoglobulin to form a gel was higher in propanol than that
in ethanol, methanol, or TFE.The fibrillar aggregates formed
in TFE-water mixtures; imaged with negative-staining EM
these TFE-induced fibrils showed worm-like and granular
structures [49]. Nichols et al. [43] found rapid assembly of
amyloid-𝛽 peptide at a liquid/liquid interface which induced
unstable 𝛽-sheet fibers. The association rate of A𝛽

1–40 in a
two-phase system with chloroform was 1∼2 orders of magni-
tude faster than that in the buffer alone. Daniela et al. [50]
reported that 𝛽-lactoglobulin formed different amorphous
aggregates in alcohols and TFE. The concentration of TFE
also influenced the assembly process [128]. The aggregating
rate of human Stefin B fibrils was accelerated in a solution
containing alcohol, but, in contrast to other proteins, the lag-
phase did not change TFE concentration.

3.4.5. Cations Effect. Metal ions such as Fe3+, Cu2+, K+, and
Na+ significantly affect the process of amyloid aggregation
and morphology [96, 99, 129, 134, 135]. Ions function as
an inhibitor or accelerator to various amyloid species, and
fibril shapes may be influenced by varying the metal ions
concentration. Precisely how the ions effect the aggregation
is still controversial. Ryu et al. [96] reported that the initial
rate of amyloid fibrillation was accelerated by 6 times in the
presence of Fe3+ ions, but ions might act as an inhibitor
under other conditions. For example, high ion concentration
inhibited amyloid aggregation of rat amylin [107]. In addition,
disrupted adhesive nanofiber structures can be repaired by
solutions containing divalent cations [127].

Apart from the effects on amyloid aggregation speed,
the morphology is also influenced by cations [134], as they
interfere with peptide-peptide interaction. For example, fib-
rillar structures tend to form at low Cu2+ concentration, but
the amount of granular, amorphous aggregation increased
rapidly at higher concentrations of Cu2+. Hong et al. [129]
reported that the dimensions and surface tension of peptide
nanostructures were influenced by the NaCl concentration in
the solution.The orientation of amyloid aggregation on mica
was affected by ions [99]; this was attributed to cooperative
interaction of a positively charged A𝛽

25–35 peptide moiety
binding to themica lattice.They pointed out that A𝛽

25–35 N27C
binding to mica was sensitive to the presence of cations and
suggested that the increase of NaCl or KCl concentration
could reduce the binding strength between fibrils and mica
surface. Further research indicated that fibrils binding to
mica were more sensitive to K+ compared to Na+ ions.

3.4.6. Denaturing Additives Effect. Various additives are usu-
ally employed to modulate the behaviors of amyloid fibrils

through accelerating, inhibiting aggregation, or disassem-
bling [24, 50, 82, 115, 119, 128, 136]. Some reversible changes
can be accomplished [127, 142] by varying the concentration
of additives. Different additives have been used to study their
effects on various amyloids, such as the effect of Zn, sul-
fated glycopolymers, C

12
C
6
C
12
Br
2
micelles, Trimethylamine

N oxide, and glycerol on A𝛽 peptide [82, 141–143], TFE
on human stefin B [135], anionic lipid phosphatidylserine
(PS) and cholesterol on amylin [24], antibody scFv on 𝛼-
synuclein, insulin, and 𝛽-amyloid [136, 142], chitotriose and
NAG on HEWL [132], DTT and SDS/CTAB on lysozyme
[144], metalloporphyrins on insulin [86], SSMs-ectoine and
mannosylglyceramide (MGA) on PrP

106–126 [119], and so
forth.Though all additives affect the assembly process of amy-
loid, different additives act through different mechanisms
on amyloids. Some additives affected the whole assembly
process, whereas others acted at specific assembly stages.

Cho et al. [24] reported that the anionic lipid PS stim-
ulated amyloid aggregation only at a certain stage. ScFv-6E
enhanced the kinetic aggregation of httex1-51Q by binding
and stabilizing the nascent fibrils which reduced the ther-
modynamic lag-time of fibrillogenesis [136]. Marcus et al.
[145] suggested that the isolated scFv possibly targeted a
shared fibrillar motif which might be the cross-𝛽-sheet char-
acteristic of amyloid fibrils. Further investigation suggested
that those bonds appeared after lag-time stages. The random
coil to 𝛽-sheet conformational transition of A𝛽 was rapidly
accelerated by Trimethylamine N oxide and glycerol [82],
but the final stage of amyloid formation was dominated by
osmolyte-facilitated changes inA𝛽 hydration. Some additives
function as inhibitors in amyloid aggregation. Cholesterol
sequestered the amylin aggregation [24], metalloporphyrins
inhibited insulin aggregation [86], and chelator of Zn induced
a slow but nonfibrillar aggregation of globular A𝛽 [142].
Kanapathipillai et al. [119] suggested a preferential exclu-
sion mechanism of amyloid aggregation by adding denatur-
ing agents. In their study, mixtures of ectoine and MGA,
hydroxyectoine, and MG were employed to affect PrP

106–126
amyloid formation process. The results indicated that the
former could inhibit PrP

106–126 amyloid formation whereas
the latter could not. They found that hydroxyectoine and
MG, respectively, possessed more hydrophilic features and
negative charges because of their carboxyl group. In addition,
PrP
106–126, consisting of N-terminal polar heads and long

hydrophobic tails, seemed to only interact with its polar head
in most hydrophilic solutes. It was found that A𝛽N-terminal
hydrophilic domains could disassemble amyloid fibrils [116].
Similarly, mature A𝛽

1–40 fibrils could be disassembled by a
cationic gemini surfactant, C

12
C
6
C
12
Br
2
micelles, in vitro

[115]. Synergistic, hydrophobic, and electrostatic interactions
are responsible for the disassembling of A𝛽

1–40 fibrils. Tang
et al. [146] reported the assembly-disassembly processes of 𝛼-
synuclein (𝛼-Syn) fibrils in different solutions and chaotropic
agent guanidinium chloride rapidly breaking the long 𝛼-Syn
fibrils into fragments.

3.4.7. Substrate Effect. AFM-based experiments indicated
that identical species are apt to form different morphologies
[52] at different rates [147] on distinctive substrates such as
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mica, graphite, gold, glass, lipidmembranes, and cell surfaces.
Growth rate, orientation, and deformation of the aggregation
were greatly influenced by the substrates used in the experi-
ments. Some correlations exist between substrates and amy-
loid fibrils conformation [4, 11, 16, 29, 30, 42, 99, 107, 108, 135,
148, 149]. More andmore results attributed this phenomenon
to intermolecular interaction of static electronic interaction
between amyloids and substrates [130, 135, 137, 150, 151].
Linear structures and uniform elongated sheets formed on
mica and graphite substrates, respectively. At the same time,
the orientation of assembled sheet structures can also be
affected by substrates. The amount of fibrils, found in AFM
images [148], suggested that the aggregation rate of protein
covalently immobilized on a silicon surface was 4.6 times
faster than that on a gold surface. Distinct hydrophilic and
hydrophobic conformations formed on corresponding solid
substrates. Right-handed helical orientation of beaded fibrils
[47] formed on a hydrophobic interface, while left-handed
helical orientation formed on a hydrophilic mica surface.
However, A𝛽42 could not form fibrils on the surface of planar
lipid. The reason might be that mica is crystalline and has
negatively charged surfaces but the lipid membrane has a
soft and fluid nature. Zhang et al. [42] reported that A𝛽

26–35,
respectively, formed large-scale, highly ordered, parallel-
oriented surface patterns on different lipid membranes.Their
observation implied that the properties of lipid membranes,
such as the fluidity, were associated with the parallel-oriented
fibrogenesis. Wegmann et al. [30] and Karsai et al. [99]
also reported that heterogeneous shapes occurred on cell
surfaces. Kiselev et al. [148] revealed the deformation of
protein molecules immobilized on mica surfaces, and they
reported that some species were preferentially adsorbed on
specific substrate defects, such as edges of defects. Through
myoglobin (Mb) adsorption on ZrO

2
-P substrate, Bellezza et

al. [131] found that ZrO
2
-P nanoparticles affected the mor-

phology and the interactionwhich resulted in prefibrillar-like
aggregates. Furthermore, Liang et al. [61] found that different-
staged A𝛽 had distinctive mechanisms of aggregation. At
present, it is hypothesized that hydrophobicity is the main
driving force of A𝛽 and liposome interaction.

3.4.8. Other Disturbances’ Effect. Other factors, such as stir-
ring, dehydration, and magnetic fields, were found to have
effects on the amyloid aggregation aswell. Stirring accelerated
the formation of amyloid fibrils [147]. The internal structure
of A𝛽

1–42 fibrils was changed by dehydration [152]. Hill
[153] reported that aligned aromatic peptide tubes formed
in strong magnetic fields, which benefited the fibril growth
[139].

4. Intramolecular Interaction

Apart from the studies using AFM imaging to investigate
intermolecular interactions, the intramolecular interactions
were explored by AFM-based single-molecule force spec-
troscopy (SMFS). SMFS has been employed to probe the
mechanical properties of various biological molecules, such
as polysaccharides, DNA, and proteins. A uniquemechanical
response representing the fingerprint of the corresponding

molecule was discovered. For example, the length transi-
tions in the mechanical fingerprint of polysaccharides were
attributed to the shift of individual pyranose rings from
chair to boat or inverted chair conformations [154, 155].
The extensive conformational change of a B-S transition
was observed in stretching dsDNA. Moreover, direct mea-
surement of intramolecular interactions, including donor-
acceptor, ionic, conjugational, and hydrophobic interactions,
has been performed. Recently, various amyloid fibrils were
probed.Themechanical properties of𝛽-sheets were gradually
observed with SMFS.

4.1. Amyloid Fibrils’ Unfolding. Force measurement of amy-
loids focused on the 𝛽-sheet structures existing in A𝛽

25–35
and A𝛽

1–40 peptides [29], 𝛼-synuclein [64], TTR
105–115 [156],

unicellular Subaerial Algae [122], terrestrial alga Prasiola
linearis [83, 157], and glucagon [117]. Figure 4 illustrates the
unfolding mechanical signatures of 𝛼-Syn (there are three
tandem titin I27 domains on either side of the𝛼-Syn sequence
[64] in Figure 4(a)).The repetitive saw-tooth patterns during
the stretch process represent the typical mechanical response
of multidomain proteins of titin [158]. During the stretch
process, the increasing and the abrupt force drop in each saw-
tooth pattern reveal that one I27 domain was stretched and
unzipped. So, the six peaks on left side with identical spacing
and amplitude indicate the regular inner structure of 𝛽-sheet
(Figure 4).The last peak in the saw-tooth pattern corresponds
to the detachment activity between the molecule and the tip.
The number of unzipping peaks agreed with that of the I27
domains composing the protein, and the indistinguishable
peaks suggested a series of identical structures. The spacing
gap between each saw-tooth pattern in figure is 28 nm for
tandem titin I27 domains, and the approximate force value
of the six unzipping peaks is 200 nN.

For other amyloid fibrils, the force patterns exhibit dif-
ferent spacing and rupture forces. The saw-tooth peaks were
regularly spaced with a separation of approximately 36 nm
for unicellular Subaerial Algae, 56 ± 9 nm for cement of
the barnacle Amphibalanus amphitrite [159], 36.04 ± 6.5 nm
for terrestrial alga Prasiola linearis [157], 34.9 ± 5.6 nm for
Prasiola linearis [83], and 1600 ± 76 nm for glucagon [117].
The average magnitude of the force peaks of terrestrial alga
Prasiola lineariswas found to be 244±36 pN at the stretching
rate of 2.5 to 3.0 𝜇m/s, 235 ± 12 pN for glucagon at the
loading rate of 2 𝜇m/s, 3.5 nN for stretching cement, and
20 pN for TTR fibrils at the loading rate of 30 nm/s. The
magnitude of the force, at this extension rate, would be the
characteristic of the previous systems containing hydrogen-
bonded 𝛽-sheets. Each jump of the saw-tooth response
was attributed to a “sacrificial bond” and “hidden length”
[160]. The fingerprint of the force responses could be used
to analyze the specific structure present in heterogeneous
conformations [87]. In the study of stretching A𝛽

25–35 and
A𝛽
1–40 peptides, staircase-like force patterns were obtained.

Kellermayer et al. [29] found that the force curves for two
kinds of amyloid fibril were qualitatively similar. Comparing
the statics data of mechanical response, A𝛽

25–35 and A𝛽
1–40

exhibited the characteristics of the smallest plateau forces of
33 ± 7 pN and 41 ± 7 pN, respectively. They suggested that



12 Journal of Nanomaterials

I27 I27 I27 I27I27 I27 Cys(2)His(6)

N-term C-term

(a)

100pN

∼28nm
∼77nm

50nm

(b)
∼55nm

50nm
100pN

(c)

Figure 4: (Images of (a), (b), and (c) in Figure 4 are parts of figures from reference.)Themechanical signatures of𝛼-Syn conformational classes
recorded by SMFS [64]. (a) Schematic representation of the polyprotein constructs used in the work. (b) Example of curve characterized by
a featureless region assigned to the stretching of 𝛼-Syn moiety having, in this case, the mechanical properties of a random coil. (c) Example
of the curves featuring the 𝛽-like signature of 𝛼-Syn, showing seven practically indistinguishable unfolding events of similar magnitude and
spacing.

the smallest force was the very unit for superimposing force
pattern.

4.2. Mechanical Measurement. During the pulling process
of SMFS, the mechanical response can be indirectly used
to measure the semiflexible properties of molecules. Their
quantification was performed by fitting a Worm-Like Chain
(WLC) model for the semiflexible properties. The studies
revealed the mean persistence length of 0.44 ± 0.08 nm for
Coccomyxa sp., 0.38 ± 0.07 nm for Glaphyrella trebouxiodes
[122], 0.35±0.05 nm for barnacle cement [159], 0.38±0.06 nm
for A𝛽

1–40 [29], 0.36 ± 0.05 nm for 𝛼-Syn [64], 0.57 for
adhesive nanofibers [157], 0.34 ± 0.18 nm for EPS [83], and
0.70 ± 0.15 nm for glucagon [117]. Two kinds of Subaerial
Algae with strong attachment to anthropogenic surfaces were
selected to investigate the nanoscale adhesive properties by
SMFS [157] technology. The mechanical data shows how
amyloid provides cohesive strength to the adhesives, and
this intrinsic mechanical property can be used to explain
the attachment of these subaerial microalgae onto various
surfaces in urban environments.

The stiffness of nanoscale structures was quantified using
force indentation curves [86, 159, 161, 162]. By fitting indenta-
tion data, typically the mechanical Hertz model [74], Young’s
modulus of the material could be obtained.

Beside the useful modulus property of amyloid, the basic
force-distance curve can also provide rich information of
samples. The reproducibility of the saw-tooth pattern when
successive curves are taken at the same locations [64, 83, 122,
157] is strong point of view to prove that amyloid fibers are
able to reassemble after being stretched. Dong et al. [117]
suggested that the observed elasticity was due to a force-
induced conformational transition and the reversibility was

attributed to the 𝛽-helical conformation of protofibrils which
allows a high degree of extension.

Insulin fibrils exhibited a nearly elastic response to the
compressive load which suggested lower packing density
in amyloid fibrils [161] than that in protein crystals. The
measured lower Young modulus indicated that insulin fibrils
possess a looser internal packing compared to globular
protein crystals and agree with the loose structure of 𝛽2-
microglobulin amyloid [163].

4.3. Effects of Experimental Conditions. Force responses are,
in a similar fashion as the morphology, heavily influenced
by experimental parameters such as loading rate, ionic
concentration, pH value, and incubating time. Time-lapse
AFM imaging and force spectroscopy have been performed
to study the assembly process of A𝛽

1–40 fibrils under different
experimental conditions in situ. 𝛼-Synuclein, amyloid 𝛽-
peptide (A𝛽), and lysozymewere used to explore the pHvalue
influence on interprotein interaction of amyloid aggregation
[87]. It has been confirmed that the pH value for these
conformational transitions coincided with pH values that led
to changes in the pulling forces. The SMFS data showed that
the attractive force between homologous protein molecules
was minimal at a physiological pH value and increased
dramatically at an acidic pH value. However, it has not been
directly proven that the dramatic increase in interprotein
interaction under acidic conditions was responsible for fib-
rillation.

5. Summary and Outlook

We reviewed the latest observations of inter- or intramolecu-
lar interactions of amyloid fibrils using AFM andAFM-based
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SMFS techniques. Various morphologies of amyloid fibrils,
the assembly process, and the aggregating pathways were
summarized in order to analyze their influence on amyloid
fibrillogenesis. In addition, the fingerprint of mechanical
response through AFM-based SMFS complements the infor-
mation gained by topological AFM imaging. There is no
doubt that SMFS combined with AFM provides a useful
application in detecting inter- or intramolecular interactions.
They opened a new path to explore fibrillogenesis, provide
information of amyloid fibrils, and finally initiate a solution
to curing neurological disordered diseases.
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Pflügers Archiv: European Journal of Physiology, vol. 456, no. 1,
pp. 101–115, 2008.

[68] Q. Li, J. Song, M. Saura-Múzquiz, F. Besenbacher, M. Chris-
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Gold nanomaterials as computed tomography (CT) contrast agents at lower X-ray dosage to get a higher contrast have advantages of
longer imaging time and lower toxic side effects compared to current contrast agents. As a receptor for Cyclo (Arg-Gly-Asp-D-Phe-
Lys) (RGD) peptide, integrin 𝛼V𝛽3 is overexpressed on some tumor cells and tumor neovasculature. In this paper, we conjugated the
RGD peptide on the surface of gold nanorods (AuNRs), designated as RGD-AuNRs, a promising candidate in applications such as
tumor targeting and imaging capability for micro-CT imaging. Integrin 𝛼V𝛽3-positive U87 cells and integrin 𝛼V𝛽3-negative HT-29
cells were chosen to establish animal models relatedly and then texted the tumor targeting ability and imaging capability of RGD-
AuNRs in vitro and in vivo. TheMTT assay and stability measurement showed that RGD-conjugation eliminated their cytotoxicity
and improved their biocompatibility and stability. Dark-field imaging of U87 cells andHT-29 cells testified the binding affinities and
uptake abilities of RGD-AuNRs, and the results showed that RGD-AuNRs were more specifical to U87 cells. The enhanced micro-
CT imaging contrast of intramuscular and subcutaneous injection illustrated the feasibility of RGD-AuNRs to be contrast agents.
Furthermore, the micro-CT imaging of targeting U87 and HT-29 tumor models verified the targeting abilities of RGD-AuNRs.

1. Introduction

Medical imaging plays an important role in overall cancer
diagnostics and planning and analysis of the therapeutic
effect. Some structural imagingmodalities, such as computed
tomography (CT), magnetic resonance imaging (MRI), and
ultrasound imaging, are used to study the different biological
processes of tumor and provide some basic information
regarding tumor location, size, and shape. However, these
imaging modalities rarely detect tumors smaller than 0.5 cm,
which limits their application in early clinical diagnosis [1]. In
recent years, many different types of targeted nanomaterials,
such as gold nanostructures [2–5], superparamagnetic nano-
particles [6–8], and ultrasound microbubbles [9, 10], have
been developed for structural imaging modalities and help
them acquire much higher resolution anatomic images.

Among all the imaging techniques, X-ray computed
tomography (CT) is one of the most effective methods for the
diagnosis and treatment of diseases in hospitals today for its
availability, high efficiency, and low cost [11, 12]. There is no

doubt that CT is among the leading technologies in cancer
management. CT is able to provide supplementary anatom-
ical information to assist the diagnosis and treatment of the
tumors [2]. Due to the fact that CT relies on the X-ray atten-
uation by the tissues, electron-dense parts could get better
images. Compared to soft tissues, hard tissues have a higher
X-ray attenuation. However, the contrast between soft tissues
is not obvious due to their similar CT values in the range
from0 through 50HounsfieldUnits (HU) [13]. In terms of the
limitations of current contrast agents, CT imaging results are
not satisfied. Hence, a major challenge in CT imaging of bio-
logical tissues is to achieve a high concentration of contrast
agents gathered at the lesion site [14, 15]. Iodine containing
molecules as contrast agents are commonly used in conven-
tional CT imaging [14]. Such contrast agents have advantages
in absorbing X-ray, but they do not possess the function of
specific targeting due to the fact that they cannot conjugate to
most biological components or identify cancer markers [3]. It
is impossible for iodine containing molecules to accumulate
at focus of infection at a concentration high enough to be
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detected by current CT scanners. High osmotic pressure and
viscosity may cause side effects and renal toxicity; kidney
failure has also been reported [16]. Moreover, due to the
rapid renal clearance, they allow very short imaging times [17,
18]. Compared to traditional clinical CT equipment of high
efficiency for conventional diagnosis in terms of their short
response time (e.g., five seconds to capture effective infor-
mation), micro-CT systems are often quite insensitive (e.g.,
ten minutes to scan a mouse) [16]. Therefore, X-ray contrast
agents also need further development for better use.

It is imperative to develop contrast agents to overcome the
shortcomings of current CT imaging. It is well known that
CT contrast agents with high atomic number materials could
produce better contrast effect than iodine-based contrast
agents and have the ability to lower the radiation exposure
to patients [19]. It has been reported that compared to iodine,
gold has a higher attenuation coefficient and 2.7 times greater
contrast effect than iodine at the same X-ray dose [20]. In
addition to the advantages above, the applications of gold
nanoparticles for cancer diagnosis and CT imaging are supe-
rior with the properties of easy modification in the surface
to conjugate with specific functional molecules for targeting
tumor cells (e.g., antibody and peptides) and the satisfactory
biocompatibility [16]. In recent years, nanomaterials have
obtained more attention due to its special optical properties
and shape. With the change of the shape, gold nanorods
(AuNRs) perform tunable optical properties which could be
applied on biomedical targeting, photothermal therapy, and
in vivo imaging [21, 22]. More recently, AuNRs as a potential
X-ray contrast agent have been used in computed tomogra-
phy (CT) imaging [23]. Although the CT contrast effect is
not affected substantially by the shape of nanoparticles, gold
nanorods have the advantage of being functionally modified.
More importantly, the gold nanorods exhibit a better perfor-
mance in evading clearance by phagocytes to get a longer
circulation time than spherical nanoparticles [13]. Currently,
iodine-based CT contrast agents imaging have a very short
half-life time (<10min), and there is no specific targeting of
the tumor. In the literatures, it has been reported that PEGy-
lated gold nanorods can lead to a prolonged half-life time
of 19 h [24]. On the other hand, to increase targeting ability,
AuNRs can be functionalized by chemical modification such
as DNA, peptides, and antibodies [2, 21, 25]. It is well known
that integrin 𝛼V𝛽3 plays a decisive role in tumor growth, inva-
sion, andmetastasis. Integrin 𝛼V𝛽3 has a negligible expression
on epithelial cells andmature endothelial cells, but it is highly
upregulated on the activated endothelial cells of tumor neo-
vasculature and some tumor cells such as human glioblas-
toma cell line (U87) [26, 27]. It is noteworthy that peptides
(RGD) could target integrin𝛼V𝛽3, which can specifically track
several kinds of tumors whereas antibody can only specifi-
cally recognize one certain kind of tumor.

Over the past decade, a series of (Arg-Gly-Asp-D-Phe-
Lys) (RGD) peptides based probes has been managed in
the use of multimodal molecular imaging of integrin 𝛼V𝛽3
expression, and the RGD sequence probes with radionuclide
have been used in clinical study [27, 28]. Different from the
extensive application of radiolabeled RGD peptide for tumor

imaging, the RGD-based nanoprobes with targeting ability
are usually rare [28].

In this paper, we obtained RGD-AuNRs nanoprobes with
an ability of targeting tumor cells by modification with a
bifunctional PEG and conjugation with RGD peptide. By
cell viability assay and dark-field imaging, we verified the
biocompatibility of RGD-AuNRs which facilitated the subse-
quent in vivo experiments. First, the comparison ofmicro-CT
imaging between AuNRs and iohexol showed the advantage
of AuNRs in terms of CT contrast effect. Second, to verify
the feasibility of RGD-AuNRs for CT imaging in vivo, in vivo
micro-CT imaging of intramuscular and subcutaneous injec-
tion of RGD-AuNRs was managed. Last, RGD-AuNRs were
tail vein injected into U87 tumor model (with integrin 𝛼V𝛽3-
positive tumor cells) and HT-29 tumor model (with integrin
𝛼V𝛽3-negative tumor cells). Then, micro-CT imaging of two
tumor models were performed to detect the targeting ability
of RGD-AuNRs and the imaging effect of the tumor site.

2. Materials and Methods

2.1.Materials andReagents. Hydrogen tetrachloroaurate (III)
trihydrate (HAuCl

4
⋅3H
2
O), cetyl trimethyl ammonium bro-

mide (CTAB), poly(ethylene glycol) 2-mercaptoethyl ether
acetic acid (HS-PEG-COOH), Thiazolyl Blue Tetrazolium
Bromide (MTT), and Dimethyl Sulfoxide (DMSO) hybrid-
max were purchased from Sigma-Aldrich (St. Louis, USA).
Sodium borohydride (NaBH

4
) was purchased from Kermel

Chemical Reagent Co. Ltd. (Tianjin, China). L-ascorbic
acid (AA) was obtained from Tianli Chemical Reagent
(Tianjin, China). Silver nitrate (AgNO

3
) was obtained from

Shanghai Chemical Reagent Co. Ltd. (Shanghai, China).
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and
N-hydroxysulfosuccinimide (Sulfo-NHS) were purchased
from Aladdin (Shanghai, China). Cyclo (Arg-Gly-Asp-D-
Phe-Lys) (RGD) was prepared by GL Biochem Co. Ltd.
(Shanghai, China). All the above chemicalswere usedwithout
any further purification. Deionized water (Millipore Milli-Q
grade) with a resistivity of 18.2MΩ cm−1 was used in all the
preparations.

2.2. Preparation of AuNRs. AuNRs was prepared based on
the seed-mediated growth method of Nikoobakht and El-
Sayed [29]. Seed solution was needed to prepare AuNRs.
5mL of HAuCl

4
(0.5mM) was added into 5mL of CTAB

solution (0.2M). Then, 0.6mL of NaBH
4
(0.01M) at 0∘C was

added.The seed solution was vigorously stirred for 2min and
kept at 25∘C. Then, we prepared growth solution. 0.25mL of
AgNO

3
solution (0.004M) was mixed with 5mL of CTAB

solution (0.2M) at 25∘C. 5mL of HAuCl
4
(1mM) was added

into the mixture, and then 70 𝜇L of ascorbic acid (0.0788M)
was added which changed the color of solution from yellow
to colorless. Finally, 12𝜇L of the seed solution was injected
into the growth solution, then standing for 3 h at 27.5∘C. The
product was kept at 4∘C for further use.

2.3. PEGylation and RGD Conjugation. In order to prepare
RGD-conjugated AuNRs, CTAB on the surface of the gold
nanorods needed to be replaced with bifunctional PEG
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Figure 1: Schematic illustration of the synthesis of RGD-conjugated PEGylated AuNRs. a: CTAB was substituted for a bifunctional PEG. b:
RGD was conjugated to PEG-AuNRs.

[30]. Figure 1 shows the synthetic pathway for preparing
RGD-conjugated PEGylated AuNRs. (i) 30mg of HS-PEG-
COOH (MW = 5 k) was added into 2mL of gold nanorods
solution (CAu = 300 𝜇g/mL) and then stirred for 24 h at 25∘C.
To remove unreacted PEG, the mixture was centrifuged at
11,000 rpm for 10min and then was resuspended in 2mL of
phosphate buffered saline (PBS) (pH = 7.4). (ii) 16.91mg of
EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) and
10.15mg of Sulfo-NHS (N-hydroxysulfosuccinimide) were
added into the mixture for 30min to activate the car-
boxyl groups on the surface of AuNRs and stabilize the
activated groups of carboxyl. The mixture was centrifuged
at 11,000 rpm for 10min to remove the excess EDC and
Sulfo-NHS and resuspended in 2mL of PBS. (iii) The final
step was to conjugate RGD (MW = 5 k). 500𝜇L of RGD
(1.656 𝜇mol/mL) was added to 2mL of PEGylation-AuNRs
(PEG-AuNRs) solution and reacted at 4∘C for 6 h. After
the reaction, excess RGD was removed by centrifugation at
11,000 rpm for 10min and resuspended in 1mL of PBS.

2.4. Characterization of Gold Nanomaterials. To characterize
the gold nanomaterials, zeta potentials were measured with
a Zetasizer Nano ZS in water (Malvern Zen 3690, United
Kingdom) and UV-Vis spectrums were measured at 25∘C
by the SHMADZU UV-2450 UV-visible spectrophotometer
with 1 cm quartz cell. Transmission electron microscope
measurements were performed by H-600 (Hitachi, Japan)
operated at 75 kV accelerating voltage.

2.5. Cell Culture. Human glioblastoma cell line (U87) (inte-
grin 𝛼V𝛽3-positive tumor cells) and human colon malig-
nant tumor cell line (HT-29) (integrin 𝛼V𝛽3-negative tumor
cells) were cultured in 90% Dulbecco’s Modified Eagle’s
Medium (DMEM) of high glucose culturemedium (Hyclone,

Thermo Scientific, US) with the addition of 10% fetal bovine
serum (Hyclone, Thermo Scientific, US) and 1% antibiotics
(Hyclone, Thermo Scientific, US). Temperature and carbon
dioxide content were maintained at 37∘C, 5%.

2.6. MTT Assay. To certify the biocompatibility of gold
nanomaterials, cell viability assays were managed. The U87
and HT-29 cells were inoculated into 96-well plates (5,000
cells per well), respectively, and incubated for 24 h. The
sterile AuNRs and RGD-AuNRs were added to 96-well plates
(200𝜇L per well) at different concentrations (100, 10, 1, 0.1,
0.01, and 0.001 nmol/mL, Au).Then,TheU87 andHT-29 cells
were incubated for another 72 h. After incubation, the cells
were exhaustively washed with sterile PBS to remove residual
gold nanomaterials. 20𝜇LMTT (5mg/mL)was added to each
well subsequently and incubated for 4 h. 150𝜇L DMSO was
added to each well to dissolve the formazan crystals and then
the medium was shocked for 15min. Reading was taken in
Spectramax 190 (Molecular Devices, China) at 490 nm.

2.7. Dark-Field Imaging. To evaluate integrin 𝛼V𝛽3 binding
affinities and uptake abilities of gold nanomaterials with
tumor cells, the U87 and HT-29 cells were chosen and incu-
bated for 3 days. After trypsinized, the cells were centrifuged
at 800 rpm for 5min. The supernatant was discarded, and
the solid was suspended in 2mL culture medium which was
then distributed into two sterile tubes homogeneously. 200𝜇L
of PEG-AuNRs and RGD-AuNRs (CAu = 600𝜇g/mL) were
added to U87 cells, respectively, with HT-29 cells being the
same case. Then, U87 and HT-29 cells were incubated in
cell incubator for 30min at 37∘C. The cells were rinsed with
PBS twice and then resuspended in 200𝜇L PBS to remove
unbound nanomaterials. Glass slides were prepared and
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fastened with clean-mounts. An Olympus IX70 microscope
at 40xmagnification was used to perform dark-field imaging.

2.8. Micro-CT Imaging of Gold Nanomaterials

2.8.1. Micro-CT Imaging of AuNRs. Different concentrations
of AuNRs (CAu = 1, 5 and 10mg/mL), iohexol (10mg/mL),
and deionized water were prepared in 200𝜇L tubes. Tubes
were divided into three groups, including experiment group
(AuNRs), control group (iohexol), and blank (deionized
water), and then scanned by a micro-CT imaging system
which consisted of a microfocus X-ray source (Apogee,
Oxford Instruments) and an X-ray flat panel detector
(C7921CA-02, Hamamatsu, Japan), with the following oper-
ating parameters of 50 kV, 1mA with a 512 × 512 matrix size,
and 360 views.

2.8.2. Feasibility Verification of In Vivo Micro-CT Imaging
of RGD-AuNRs. Female mice weighing about 27 g were
purchased from the Department of Experimental Animal
of Xi’an Jiaotong University. The animals were treated in
accordance with institutional animal use and care regula-
tions. After the mouse was anesthetized (with 0.1mL 10%
chloral hydrate and 1% atropine), 100𝜇L of RGD-AuNRs in
PBS was intramuscularly injected into the right hind leg area
(CAu = 10mg/mL) and subcutaneously injected into the back
ofmouse (CAu = 5mg/mL), respectively.Themouse was fixed
on a homemade holder using the above micro-CT imaging
system with parameter setting unchanged. As a control con-
trast, the mouse was scanned before RGD-AuNRs injection.
And 10 days after injection, no proof of toxicity was observed.

2.8.3. In Vivo Micro-CT Imaging of RGD-AuNRs Targeting
TumorMouse. Twonudemicewere injectedwith cancer cells
(2 × 106) into the right arm and divided into two groups
including positive group (U87 cells) and negative group (HT-
29 cells), until the tumor reached a diameter of over 0.5 cm.
100 𝜇L PBS solution of RGD-AuNRs (CAu = 3mg/mL) was
tail vein injected into the two nude mice, respectively. The
first scanning was carried out before (0 h) tail vein injection
by NanoScan PET/CT (Mediso, Medical Imaging Systems,
USA) with operating parameters of 55 kV and 146 𝜇A to
determine the CT datum line. CT scanning was performed
after tail vein injection of RGD-AuNRs at time points of 1 and
3 h. All CT scans were performed under gases of isoflurane
anesthesia. The contrast effect was quantitatively determined
by the differential contrast in CT values (in HU).

3. Results

3.1. Characterization of the Nanoparticles. The characteristics
of the gold nanomaterials are shown in Figure 2. And the
UV-visible absorption spectrums of gold nanomaterials are
presented in Figure 2(a). Compared to the spectrum of
AuNRs, there was aminimal redshift in the longitudinal peak
when conjugated with RGD, similar to PEGylation-AuNRs
(PEG-AuNRs). The absorption spectrums demonstrated that
the AuNRs, even after modification with HS-PEG-COOH
andRGD,were able tomaintain theirmorphology andoptical
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Figure 2: (a) UV-Vis spectrums of the AuNRs, PEG-AuNRs, and
RGD-AuNRs (inset, the color changes from left to right are AuNRs,
PEG-AuNRs, and RGD-AuNRs). (b) TEM image of AuNRs with
plasmon band energies at 700 nm, and the scale bar is 50 nm.

properties in the NIR region. The structure and size of
AuNRs were evaluated by TEM, as shown in Figure 2(b).
The AuNRs had a good rod shape with a smooth surface,
with aspect ratio (AR) of 2.5. At each step, surface potentials
of AuNRs which changed with surface ligands changing are
shown in Table 1. As declared in Figure 1, the AuNRs were
first stabilized by HS-PEG-COOH and then by RGD in a
sequential manner. The surface of the synthesized AuNRs
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Table 1: Zeta potentials of gold nanomaterials.

Gold nanomaterials Zeta potential
Mean (mV) Standard deviation

AuNRs 40 ±5
PEG-AuNRs −25 ±2
RGD-AuNRs −17 ±2
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Figure 3: UV-Vis spectrums of AuNRs and RGD-AuNRs with
different dispersants (deionized water and 10% NaCl solution) at
4∘C.

was wrapped in CTAB with a positive surface charge of
40mV. The HS-PEG-COOH substituting step decreased the
surface potential to about −25mV, whereas RGD conjugation
increased the zeta potential roughly to a degree of −17mV.
The potential variation suggested that RGD was successfully
conjugated with PEG-AuNRs.

3.2. Stability of RGD-AuNRs. The test of stability of RGD-
AuNRs was very important for their applications in vivo.
Gormley et al. [31] investigated that the aggregation extent of
RGD-AuNRs could be reported by the different absorption
properties in the UV-Vis spectrum. So the stability of RGD-
AuNRs was analyzed via UV-Vis spectrometry (Figure 3).
It could be seen that in the deionized water the spectrums
of RGD-AuNRs and AuNRs did not show major changes.
However, it was a different case when they were dispersed
into 10% NaCl. RGD-AuNRs dispersed into 10% NaCl had
a similar spectrum as deionized water. But the spectrum of
AuNRs dispersed into 10% NaCl changed obviously, which
suggested that AuNRs had aggregated and were unstable.The
results indicated that RGD-conjugated AuNRs significantly
improved the stability of the particles.

3.3. The Effects of RGD-AuNRs on Cytotoxicity In Vitro.
After studying the RGD-AuNRs characteristics, we examined

the extent of cytotoxicity to tumor cells. During the AuNRs
preparation process, the surface stabilizer CTAB has a strong
cytotoxicity, so it was necessary to analyze the cytotoxicity
of RGD-AuNRs. The MTT assay results of U87 and HT-
29 cells, which are showed by open bars in Figure 4, both
indicated that when the concentration of AuNRs (here, we
actually referred to the concentration of Au) was higher
than 0.1 nM, there was a high cytotoxicity (lower than 80%
viability). When the concentration was greater than 1 nM,
the cell viability decreased apparently. On the other hand,
due to the conjugation of RGD, no significant effects on
the cell viability (higher than 80% viability) were seen
even at a high concentration of 10 nM, as shown by closed
bars in Figure 4. The data indicated that RGD conjugation
significantly improved the biocompatibility of AuNRs for
biomedical applications, especially when the concentration
of particles required was high. RGD-AuNRs possessed a
property of noncytotoxicity in the given concentration range
and should be suitable for CT imaging applications in vivo.

3.4. The Ability of RGD-AuNRs Binding Tumor Cells. The
ability of RGD-AuNRs to binding with tumor cells was eval-
uated by dark-field imaging, as shown in Figure 5. In terms
of some tumor cells that had an expression of integrin 𝛼V𝛽3
to varying degrees, our tests used human glioblastoma line,
U87 (104 cells/mL, Figures 5(a), 5(c), and 5(e)), as a positive
group and human colon cancer cell line, HT-29 (104 cells/mL,
Figures 5(b), 5(d), and 5(f)), as a negative group for compari-
son purpose. 150 𝜇L of PEG-AuNRs and RGD-AuNRs (CAu =
0.4 nM)were added to each group, respectively. Experimental
results showed that integrin 𝛼V𝛽3 had a high expression in
the positive group. And peptides RGD on the surface of
AuNRs had a strong ability to identify U87 tumor cells, as
shown in Figure 5(c). Especially in the amplified image, after
incubation with RGD-AuNRs, U87 cells displayed an appar-
ently golden color around the cells, indicating aggregation of
gold nanomaterials in the cells (Figure 5(e)). However, in the
negative group, HT-29 cells with a low expression of integrin
𝛼V𝛽3 led to a poor binding ability of RGD, as shown in Figures
5(d) and 5(f). Meanwhile, PEG-AuNRs could not effectively
recognize tumor cells, so the cells in the two experiments
did not show obvious binding in dark-field imaging (Figures
5(a) and 5(b)). Finally, the binding ability of the RGD peptide
was directly related to the expression ability of integrin 𝛼V𝛽3.
With the higher expression of integrin 𝛼V𝛽3 on the tumor
cells, it was easier for RGD-AuNRs to recognize tumor cells
which provided uswith excellent supporting for in vivo tumor
targeting micro-CT imaging.

3.5. Micro-CT Imaging of Gold Nanoparticles

3.5.1. Micro-CT Imaging of AuNRs. AuNRs have a strong
X-ray attenuation, which are promising nanomaterials as
contrast agents for CT imaging. In our study, the Hounsfield
Units (HU) of AuNRs, iohexol, and deionized water were
measured by micro-CT imaging system. Figure 6 shows
the CT images and the attenuation values (in HU) of each
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Figure 4: Viabilities of U87 cells (a) and HT-29 cells (b) after incubation with RGD-AuNRs (closed bars) and AuNRs (open bars). All data
are averages for 𝑛 = 3. The error bars represent one standard deviation.

sample. The higher the concentration of AuNRs was, the
brighter the images were, which indicated an increased X-
ray attenuation. HU quantitatively showed the proportional
relationship between the concentration of AuNRs and CT
signal intensity. When the concentration of iohexol and
AuNRs kept the same level, a higher HU value of AuNRs was
shown, which indicated that at the same X-ray dose, AuNRs
would be more ideal as CT imaging contrast agents.

3.5.2. Feasibility Verification of In Vivo Micro-CT Imaging of
RGD-AuNRs. To verify the feasibility of RGD-AuNRs for CT
imaging in vivo, 100 𝜇L RGD-AuNRs in PBS was intramus-
cularly injected into the right hind leg area (CAu = 10mg/mL)
and subcutaneously injected into the back of mouse (CAu =
5mg/mL), respectively. And then the mouse was placed on
a homemade holder after anesthesia and scanned by micro-
CT imaging system. As shown in Figure 7, compared with
other soft tissues, the back and leg area with injection had a
contrast enhancement, which was attributed to the strong X-
ray attenuation of AuNRs. Before and after injection, the CT
values of the injection sites were illustrated in Figure 8. The
corresponding injection sites of the mouse showed a clearly
distinguished CT signal intensity and a significant change in
brightness which indicated a direct evidence of the imaging
effect of RGD-AuNRs as contrast agents for CT imaging. And
with a higher concentration of RGD-AuNRs, the brightness
of the injection site was higher. CT values (in HU) changed
obviously from 11 to 100 (back) (Figures 8(a) and 8(c)) and
9 to 186 (right hind leg) (Figures 8(b) and 8(d)). Up to 10

days after injection, the mouse’s behavior was normal which
indicated that RGD-AuNRs were harmless to mouse.

3.5.3. In Vivo Micro-CT Imaging of RGD-AuNRs Targeting
Tumor Mouse. Human glioblastoma cells (U87) as a positive
group and human colon cancer cells (HT-29) as a negative
group were inoculated in nude mice. In our study, CT imag-
ing was used to detect the ability of RGD-AuNRs to target
tumor cells and tumor neovasculature during the whole
blood circulation. Figure 9 displayedmicro-CT images before
and after (1 and 3 h) intravenous injection of RGD-AuNRs in
nude mice. 1 h after injection, tumor uptake of RGD-AuNRs
was lower in HT-29 colon malignant tumor compared with
U87 glioblastoma tumor, shown in Figures 9(c) and 9(g).
After injection of RGD-AuNRs 3 h, there was a difference
in brightness of images between positive group and negative
group and the tumor site displayed an obvious contrast to
be visualized compared with other soft tissues in positive
group (Figures 9(d) and 9(h)). This result also showed U87
glioblastoma tumor had a higher expression of integrin 𝛼V𝛽3
than HT-29 colon malignant tumor. However, the contrast
effects were still not as obvious as that in intramuscular and
subcutaneous injection experiments (Figures 7 and 8). As
shown in Figures 9(b)–9(d), with blood circulation, RGD-
AuNRs gradually targeted the tumor tissue during 0∼3 h,
which was proved by the growing brightness of images.These
results directly certified the practicality of U87 cells with
high expression of integrin 𝛼V𝛽3 targeted by RGD-AuNRs
with a high specificity. Meanwhile, AuNRs could be used as
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Figure 5: Dark-field imaging of U87 cells andHT-29 cells. (a) PEG-AuNRswithU87 cells. (b) PEG-AuNRswithHT-29 cells. (c) RGD-AuNRs
with U87 cells. (d) RGD-AuNRs with HT-29 cells. (e)The corresponding amplified image of U87 cells in (c). (f)The corresponding amplified
image of HT-29 cells in (d). Integrin 𝛼V𝛽3 expression in U87 cells is positive, so the brightness of the RGD-AuNRs targeting U87 cells in the
dark-field imaging is highest. The scale bar of (a–d) is 30 𝜇m with (e–f) 10 𝜇m.
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Figure 6: Tubes CT images of water, AuNRs, and iohexol. The concentration (mg/mL) of major elements (Au and I) in each tube is provided
at the top of the image. The CT attenuation (in HU) in each tube is provided at the bottom of the image.

a potential contrast agent at the U87 tumor site to enhance
X-ray signal for CT imaging.

4. Discussion

X-ray computed tomography has advantages of high spatial
resolution, wide range of applications, easy operation, low
cost, and so forth. So far CT imaging is still themost basic and

primary tumor pathological examination method, and even
the preferred screening method for tumors on some parts of
the bone tissues. Since the 1970s, iodine containingmolecules
as CT imaging contrast agents have been widely applied on
CT imaging. But with the development of clinical medicine,
iodine containingmolecules as CT imaging contrast agents in
imaging depth, imaging time, and specificity of imaging have
been unable to satisfy existing imaging requirements. Since
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Figure 7: In vivo CT imaging of mouse before and after intramuscular and subcutaneous injection with different concentration of RGD-
AuNRs at different sites. (a) The photograph of mouse. (b) CT image before injection. (c) CT image after injection.
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Figure 8: CT slices of mouse before and after injection with RGD-AuNRs. (a, c) The transverse slice images of the back area, the HU values
of the injection site changed from 11 to 100. (b, d)The transverse slice images of the right hind leg, the HU values of the injection site changed
from 9 to 186.
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Figure 9: In vivo tumor targeting CT images of mice after intravenous injection with RGD-AuNRs at different time points. (a–d) The CT
images of positive group. (e–h) The CT images of negative group. (a, e) The photographs of mice. (b, f) The CT images at 0 h. (c, g) The CT
images at 1 h. (d, h) The CT images at 3 h.

2004, Hainfeld et al. [32] investigated the high atomic weight
of gold in the field of X-ray imaging; most of the examination
on inorganic nanoparticles-based X-ray contrasting agents is
focused on gold nanoparticles or their hybrids. With lower
X-ray dosage, gold has a better X-ray attenuation than iodine.
Besides the characteristic that gold nanomaterials display a
strong X-ray attenuation, researches have also focused on
their use for X-ray CT and multimodal imaging in terms of
the substantial control of their physical, chemical, and bio-
logical properties [33]. As emphasized above, the applications
of gold nanomaterials for CT imaging and cancer diagnosis
are superior with the properties of easy self-assembly with

specific functional molecules or targeting agents for targeting
tumor cells (e.g., antibody, aptamers, and peptides), pro-
longed circulation time, enhanced renal clearance, noticeable
optical properties that could be varied depending on their
particle size and shape, and the satisfactory biocompatibility
[20, 27, 29]. With the change of the shape, gold nanorods
(AuNRs) perform tunable optical properties which could be
applied on biomedical targeting, photothermal therapy, and
in vivo imaging [30, 31]. More recently, AuNRs as a potential
X-ray contrast agent have been used in CT imaging [34].
In the literatures, it has been reported that PEGylated gold
nanorods can lead to a prolonged half-life time of 19 h [35].
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Kim et al. [36] andCai et al. [37] exploited in vivo applications
of AuNPs as X-ray contrast agents with micro-CT. They
managed PEGylted AuNPs as blood pool contrasting agents
to provide apparent vascular contrast enhancement effect
with plasma half-time around 12 h and 14.6 h, respectively.
On the other hand, to enhance the targeting ability, AuNRs
can be functionalized by chemical modification such as
DNA, peptides, and antibodies.

In this study, we have prepared a new RGD-AuNRs probe
for integrin𝛼V𝛽3 targeting and tumor imaging. By PEGmodi-
fication and small molecule peptides RGD conjugation,
unspecific binding ability of AuNRs could be dramatically
decreased while targeting ability was increased obviously
which can benefit the accumulation of AuNRs in tumor
tissues and prolonged the residence time in the biological tis-
sues. Also the MTT assay and stability measurement showed
that RGD conjugation eliminated their cytotoxicity and
improved their biocompatibility and stability. RGD conjuga-
tion increased the in vitro integrin𝛼V𝛽3 binding affinity by the
contrast between RGD-AuNRs and PEG-AuNRs. The feasi-
bility of RGD-AuNRs for the noninvasive detection of inte-
grin 𝛼V𝛽3 expression was assessed in both U87 and HT-29
tumor models. And the tumor uptake of AuNRs-RGD was
also significantly higher in integrin 𝛼V𝛽3-positive U87 tumor
model than in integrin 𝛼V𝛽3-negative HT-29 tumor model.

Since AuNRs stabilized with CTAB show strong cytotoxi-
city, themanagement that barely depending on centrifugation
will lead to aggregation of AuNRs. Several methods to
eliminate the toxicity of AuNRs and stabilize them in phys-
iological environment have been researched. Jain et al. [38]
confirmed photothermal therapy and NIR cell imaging by
anti-EGFR antibody-conjugated AuNRs which could bound
to malignant cancer cells expressing EGFR as light scattering
and photothermal therapy agents in vitro. There exist several
other methods that have been reported to displace CTAB to
modify the surface chemistry and decrease the cytotoxicity of
AuNRs, including polyelectrolyte wrapping [39], substitution
by a thiol-terminal PEG [25], and alternative by alkanethiols
[40] and lipids [41]. Niidome et al. [35] demonstrated the
feasibility to reduce the toxicity by PEGmodification. In their
study, they testified the cell viability of two kinds of AuNRs
(stabilized by CTAB andmodifiedwith PEG).The results also
verified the fact that PEGmodification is an effective strategy
for preparing biocompatible materials. Here, we managed
to replace CTAB with PEG for biological applications. PEG
modification was achieved by adding PEG in the AuNRs
solution; then, excess PEG was removed by centrifugation.
PEG-modified gold nanoparticles showed a nearly neutral
surface and had little cytotoxicity in vitro. In our studies, the
results suggested that the substitution of CTAB by polyethy-
lene glycol eliminated the cytotoxicity of AuNRs to a large
extent (Figure 4). It is well known that integrin 𝛼V𝛽3 plays
a decisive role in tumor growth, invasion, and metastasis.
Gladson [42] and Bello et al. [43] proved the fact that integrin
𝛼V𝛽3 expression occurs in glioma endothelial cells using
relatively small numbers of tumor frozen sections. Integrin
𝛼V𝛽3 has a negligible expression on epithelial cells andmature
endothelial cells, but it is highly upregulated on the activated
endothelial cells of tumor neovasculature and some tumor

cells such as human glioblastoma cell line [44, 45]. It is
noteworthy that peptides (RGD) could target integrin 𝛼V𝛽3,
which can specifically track several kinds of tumors, whereas
antibody can only specifically recognize one certain kind
of tumor. Haubner et al. [46] studied for the first time the
corresponding relationship between the tumor uptake ability
of RGD probe and the integrin 𝛼V𝛽3 expression level. And
U87 cells were chosen as the integrin 𝛼V𝛽3-positive cells and
HT-29 cells were chosen as the integrin 𝛼V𝛽3-negative cells.

In vitro integrin 𝛼V𝛽3 receptor binding ability of RGD-
AuNRs was analyzed by dark-field imaging experiments. The
uptake efficiency of AuNRs-RGD by U87 cells was much
higher than HT-29 cells. For U87 cells (positive group) that
had a higher expression of integrin 𝛼V𝛽3 than HT-29 cells
(negative group), the specific binding of RGD-AuNRs with
U87 cells was more obvious (Figure 5). The RGD-AuNRs
were tail vein injected into two nude mice tumor models
of U87 (integrin 𝛼V𝛽3-positive tumor) and HT-29 (integrin
𝛼V𝛽3-negative tumor) for CT imaging. RGD-AuNRs were
capable of specifically recognizing tumor cells and tumor
neovasculature with a high expression of integrin 𝛼V𝛽3. The
accumulation of RGD-AuNRs at theU87 tumor site wasmore
significant than the HT-29 tumor site. The CT images of the
tumor site with a higher contrast than other soft tissues due to
the high X-ray attenuation of RGD-AuNRs specifically in the
U87 tumormodel (Figure 9). Because of the systemic circula-
tion andmetabolism in vivo and the character of nanomateri-
als themselves, someAuNRs intravenously injected could not
finally arrive at the tumor site. So compared to the CT imag-
ing of subcutaneous and intramuscular injection of RGD-
AuNRs into the mouse (Figures 7 and 8), the results were less
obvious. Somemethodsmay be effective inmaking the imag-
ing more clear and increasing the contrast effects. Adding
large gold doses is an optional method [47]; thus, amounts
suitable for accurate quantification can be used to provide
noise-free images clearly. Another factor is the micro-CT
unit. By tweaking these preferences, favorable contrast from
gold can also be produced owing to its significantly greater
attenuation coefficient than soft tissue [47]. Dou et al. demon-
strated that the optimal sizes of spherical AuNPs for simulta-
neous CT imaging and radiosensitization could be selected
and evaluated based on the distinctive size-dependent
enhancement effects [48]. Regulating the aspect ratio and the
size of the RGD-AuNRs that we synthesized may achieve the
same goal.The contrast effects of subcutaneous and intramus-
cular injection of RGD-AuNRs into the mouse were bright
enough to verify the feasibility of gold nanomaterials in vivo
imaging. This may due to the resistance in other organs
during the blood circulation. Niidome et al. [35] verified the
biodistribution of surface modified AuNRs after intravenous
injection by ICP mass spectrometry at different time points.
AuNRs may accumulate in the liver and other major organs
like kidneywith the flowof blood. Yang et al. [49] investigated
the interaction mechanism of nanomaterials with multiple
biological tissues. By nanomaterials passivation, hydrophob-
icity/hydrophilicity, dissolution, and coating, particles may
tend to interact with cell membranes and surrounding
medium. Thus, due to the systemic circulation and metabo-
lism in vivo, not all intravenously injected AuNRs could
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finally arrive at the tumor site. This explained the phe-
nomenon that the CT imaging of intravenous injection was
not satisfied as subcutaneous and intramuscular injection
of RGD-AuNRs. In subsequent study, we will focus on the
research of the relationship between the best contrast agent
loading or concentration and themultimodal imaging of gold
nanomaterials.

5. Conclusion

The result is noteworthy for biomedicine applications of gold
nanomaterials. And most researches have illustrated that the
well-established application between strong X-ray attenua-
tion, facile chemical and surface properties, and low toxicity
has focused on gold nanoparticles-based systems. But for
better clinical use, the targeting ability andmultimodal imag-
ing capability need to be further improved. Herein, first of
all, compared with the existing iodine containing molecules
contrast agents, gold nanorods (AuNRs) that we synthesized
are more promising as CT contrast agents for its nontoxic,
high contrast, long imaging time, and other advantages. In
the second part, the modification of RGD peptide could
improve biocompatibility and stability of AuNRs. RGD-
AuNRs targeting tumorCT imaging has improved the resolu-
tion of tumor tissue. RGD-AuNRs could be excreted without
toxic side effects. And the RGD-AuNRs based targeting
therapy agents can be applied on various tumors with high
expression of integrin 𝛼V𝛽3.

In a word, the RGD-AuNRs that we compounded as
a significant potential candidate in biomedical applications
possess many advantages. First, AuNRs have an adjustable
optical property. The longitudinal plasma resonance absorp-
tion peaks of RGD-AuNRs that we synthesized was in the
near-infrared light region. Second, the strong penetration of
near-infrared light in tissues makes it possible to improve the
imaging depth of AuNRs. Furthermore, the good biocompat-
ibility and nontoxicity of RGD-AuNRs that we prepared have
the capacity to improve themicro-CT imaging and the ability
to target U87 glioblastoma tumormodels. Due to these prop-
erties, their imaging capability has been greatly improved,
including CT imaging and optical imaging. Therefore, RGD-
AuNRs nanoprobes can be excellent materials in biomedical
applications such as tumor targeting and imaging.
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Drug delivery systems are defined as formulations aiming for transportation of a drug to the desired area of action within the body.
The basic component of drug delivery systems is an appropriate carrier that protects the drug from rapid degradation or clearance
and thereby enhances drug concentration in target tissues. Based on their biodegradable, biocompatible, and nonimmunogenic
structure, niosomes are promising drug carriers that are formed by self-association of nonionic surfactants and cholesterol in
an aqueous phase. In recent years, numerous research articles have been published in scientific journals reporting the potential
of niosomes to serve as a carrier for the delivery of different types of drugs. The present review describes preparation methods,
characterization techniques, and recent studies on niosomal drug delivery systems and also gives up to date information regarding
recent applications of niosomes in drug delivery.

1. Introduction

Delivering drug with a controlled rate and targeted delivery
received much attention in recent years. The application of
nanotechnology to medicine has provided the development
of multifunctional nanoparticles that, acting as drug carriers,
can be loaded with different drugs. Nanocarriers present
a great approach in drug delivery with promising features
such as protection of drug from degradation and cleavage,
controlled release, and in case of targeted delivery approaches
the delivery of drug molecules to the target sites [1].

Niosomes are one of the promising drug carriers that
have a bilayer structure and are formed by self-association
of nonionic surfactants and cholesterol in an aqueous phase.
Niosomes are biodegradable, biocompatible, and nonim-
munogenic. They have long shelf life, exhibit high stability,
and enable the delivery of drug at target site in a controlled
and/or sustained manner [2]. In recent years, the potential of
niosomes as a drug carrier has been extensively studied [3–
5]. Various types of nonionic surfactants have been reported
to form niosomes and enable the entrapment of a large
number of drugs with a wide range of solubility [6–8]. The

composition, size, number of lamellae, and surface charge
of niosomes can be varied and optimized to enhance the
performance of niosomes for drug delivery.

The aim of this review is to present the fundamentals
of niosome preparation and characterization as well as a
description of their use in drug delivery, with particular
attention to more recent studies. This review will provide an
overview on the increasing interest on niosomes in the field
of drug delivery.

2. Structure and Components of Niosomes

Themain components of niosomes are nonionic surfactants,
hydration medium and lipids such as cholesterol. The list
of materials used in the preparation of niosomes has been
shown in Table 1.The self-assembly of nonionic surfactants in
aqueous media results in closed bilayer structures (Figure 1).
A high interfacial tension betweenwater and the hydrophobic
tails of the amphiphile causes them to associate.The steric and
hydrophilic repulsion between the head groups of nonionic
surfactant ensure that hydrophilic termini point outwards
and are in contact with water. The assembly into closed
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Table 1: The materials used in niosome preparation.

Nonionic surfactants Examples References
Alkyl ethers

(i) Alkyl glycerol ethers Hexadecyl diglycerol ether (C16G2) [9]
(ii) Polyoxyethylene glycol alkyl ethers (Brij) Brij 30, Brij 52, Brij 72, Brij 76, Brij 78 [10–12]

Crown ethers Bola [13, 14]
Alkyl esters

(i) Sorbitan fatty acid esters (Spans) Span 20, Span 40, Span 60, Span 80, Span 65,
Span 85 [15–18]

(ii) Polyoxyethylene sorbitan fatty acid esters (Tweens) Tween 20, Tween 40, Tween 60, Tween 80,
Tween 65, Tween 85 [7, 19, 20]

Alkyl amides
(i) Glycosides C-Glycoside derivative surfactant (BRM-BG) [21]

(ii) Alkyl polyglucosides Octyl-decyl polyglucoside (OrCG110), decyl
polyglucoside (OrNS10) [22]

Fatty alcohols or fatty acids
(i) Fatty alcohols Stearyl alcohol, cetyl alcohol, myristyl alcohol [23]
(ii) Fatty acids Stearic acid, palmitic acid, myristic acid [23]

Block copolymer
(i) Pluronic Pluronic L64, Pluronic 105 [24, 25]

Lipidic components
Cholesterol [26]
l-𝛼-Soya phosphatidyl choline [27]

Charged molecule

Negative charge Diacetyl phosphate, phosphatidic acid,
lipoamino acid, dihexadecyl phosphate [28, 29]

Positive charge Stearylamine, stearyl pyridinium chloride,
cetyl pyridinium chloride [29]

Bilayer

Hydrophilic head

Aqueous core

Hydrophobic tail

Figure 1: Structure of niosomes.

bilayers usually requires some input of energy such as
mechanical or heat. Niosomes can be categorized in three
groups according to their sizes and bilayers. Small unilamellar
vesicles (SUV) (10–100 nm), large unilamellar vesicles (LUV)
(100–3000 nm), and multilamellar vesicles (MLV) where
more than one bilayer is present.

2.1. Nonionic Surfactants. Nonionic surfactants are a class
of surfactants, which have no charged groups in their

hydrophilic heads. They are more stable and biocompatible
and less toxic compared to their anionic, amphoteric, or
cationic counterparts [41]. Therefore they are preferred for
formation of stable niosome for in vitro and in vivo appli-
cations. Nonionic surfactants are amphiphilic molecules that
comprise two different regions: one of them is hydrophilic
(water-soluble) and the other one is hydrophobic (organic-
soluble). Alkyl ethers, alkyl esters, alkyl amides, fatty acids
are the main nonionic surfactant classes used for niosome
production. The hydrophilic-lipophilic balance (HLB) and
critical packing parameter (CPP) values play a critical role
in the selection of surfactant molecules for niosome prepa-
ration.

2.1.1. Hydrophilic-Lipophilic Balance (HLB). HLB is a dimen-
sionless parameter, which is the indication of the solubility of
the surfactant molecule.TheHLB value describes the balance
between the hydrophilic portion to the lipophilic portion of
the nonionic surfactant. The HLB range is from 0 to 20 for
nonionic surfactants.The lowerHLB refers tomore lipophilic
surfactant and the higher HLB to more hydrophilic surfac-
tant. Surfactants with a HLB between 4 and 8 can be used
for preparation of vesicle [42]. Hydrophilic surfactants with
a HLB value ranging from 14 to 17 are not suitable to form a
bilayer membrane due to their high aqueous solubility [43].
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Howeverwith the addition of an optimum level of cholesterol,
niosomes are indeed formed from polysorbate 80 (HLB
value = 15) and Tween 20 (HLB value = 16.7) [44, 45].
Tween 20 forms stable niosome in the presence of equimolar
cholesterol concentration. The interaction occurs between
the hydrophobic part of the amphiphile next to head group
and the 3-OH group of cholesterol at an equimolar ratio
and this interaction could explain the effect of cholesterol on
the formation and hydration behavior of Tween 20 niosomal
membranes [46, 47].

Drug entrapment efficiency of the niosomes is also
affected by HLB value of surfactant [48]. Shahiwala et al.
have incorporated nimesulide into niosomes using lipid film
hydration technique by changing the HLB. They found that
as the HLB value of surfactant decreases from 8.6 to 1.7,
entrapment efficiency decreases [43, 49].

2.1.2. Critical Packing Parameter (CPP). During the niosomal
preparation, the geometry of the vesicle depends upon the
critical packing parameter. On the basis of the CPP of a sur-
factant, the shape of nanostructures formed by self-assembly
of amphiphilic molecules can be predicted. Critical packing
parameter depends on the symmetry of the surfactant and
can be defined using following equation [50, 51]:

CPP = V
𝑙
𝑐
× 𝑎
0

, (1)

where V is hydrophobic group volume, 𝑙
𝑐
is the critical

hydrophobic group length, and 𝑎
0
is the area of hydrophilic

head group. If CPP ≤ 1/3 corresponding, for example, to a
bulky head group, small hydrophobic tail spherical micelles
may form. Nonspherical micelles may form if 1/3 ≤ CPP ≤
1/2, and bilayer vesicles can occur if 1/2 ≤ CPP ≤ 1. Inverted
micelles form if CPP ≥ 1 when the surfactant is composed
of a voluminous tail and a small hydrophobic tail [47]. CPP
could be considered as a tool for realizing, rationalizing, and
predicting the self-assembled structure and itsmorphological
transition in amphiphilic solutions [52].

2.2. Cholesterol. In the bilayer structure of niosomes, choles-
terol forms hydrogen bonds with hydrophilic head of a
surfactant [19, 53]. Cholesterol content of niosomes thereby
influences the structures of niosomes and physical properties
such as entrapment efficiency, long time stability, release of
payload, and biostability [17, 46]. Cholesterol improves the
rigidity of vesicles and stabilizes niosomes towards desta-
bilizing effects induced by plasma and serum components
and decreases the permeability of vesicles for entrapped
molecules thus inhibiting leakage [54].

Drug entrapment efficiency plays an important role in
niosomal formulations and it can be altered by varying
the content of cholesterol. Agarwal et al. demonstrated that
cholesterol improves the stability of enoxacin loaded niosome
with increasing cholesterol content, resulting in increases
of entrapment efficiency [55]. The effect of cholesterol on
flurbiprofen entrapment was studied by Mokhtar et al. and
cholesterol was found to have little effect on the flurbiprofen
entrapment into Span 20 and Span 80 niosomes. However,

a significant increase in entrapment efficiency of flurbiprofen
was obtained when 10% of cholesterol was incorporated into
niosomes prepared from Span 40 and Span 60 followed
by a decrease in encapsulation efficiency of the drug upon
further increase in cholesterol content [56]. According to the
reported results, the addition of cholesterol and its amounts
needs to be optimized depending on the physical-chemical
characteristic of surfactants and loaded drugs.

2.3. Charged Molecule. Charged molecules increase the sta-
bility of the vesicles by the addition of charged groups to
the bilayer of vesicles. They increase surface charge density
and thereby prevent vesicles aggregation. Dicetyl phosphate
and phosphatidic acid are most used negatively charged
molecules for niosome preparation and, similarly, steary-
lamine and stearyl pyridinium chloride are well-known posi-
tively chargedmolecules used in niosomal preparations. Nor-
mally, the chargedmolecule is added in niosomal formulation
in an amount of 2.5–5mol%. However increasing the amount
of charged molecules can inhibit niosome formation [29].

3. Methods of Preparation

3.1.Thin-FilmHydrationMethod (TFH). Thin-filmhydration
method is a simple and well-known preparation method. In
this method, the surfactants, cholesterol, and some additives
such as chargedmolecules are dissolved in an organic solvent
in a round bottomed flask. Then the organic solvent is
removedusing a rotary vacuumevaporator to obtain thin film
on the inside wall of the flask. An aqueous solution of drug
is added and the dry film is hydrated above the transition
temperature (𝑇

𝑐
) of the surfactant for specified time with

constant shaking [57, 58].Multilamellar niosomes are formed
by this method.

3.2. Ether InjectionMethod (EIM). In ether injectionmethod,
the surfactants with additives are dissolved in diethyl ether
and injected slowly through a needle in an aqueous drug
solution maintained at a constant temperature, which is
above the boiling point of the organic solvent. The organic
solvent is evaporated using a rotary evaporator. During the
vaporization the formation of single layered vesicles occurs
[59–61].

3.3. Reverse Phase Evaporation Method (REV). In this
method, niosomal ingredients are dissolved in a mixture of
ether and chloroform and added to aqueous phase containing
the drug. The resulting mixture is sonicated in order to
form an emulsion and the organic phase is evaporated. Large
unilamellar vesicles are formed during the evaporation of the
organic solvent [62–64].

3.4.MicrofluidizationMethod. Themicrofluidizationmethod
is based on submerged jet principle. In this method, the
drug and the surfactant fluidized streams interact at ultrahigh
velocities, in precisely defined micro channels within the
interaction chamber. The high speed impingement and the
energy involved leads to formation of niosomes.Thismethod
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offers greater uniformity, smaller size, unilamellar vesicles,
and high reproducibility in the formulation of niosomes [65,
66].

3.5. Supercritical Carbon Dioxide Fluid (scCO
2
). Manosroi et

al. have described the supercritical reverse phase evaporation
technique for niosome formation [67, 68].They added Tween
61, cholesterol, glucose, PBS, and ethanol into the view cell
and the CO

2
gas was introduced into the view cell. After

magnetic stirring until equilibrium, the pressure was released
and niosomal dispersions were obtained [67]. This method
enables one step production and easy scale-up.

3.6. Proniosome. Proniosome technique includes the coating
of a water-soluble carrier such as sorbitol and mannitol with
surfactant. The coating process results in the formation of a
dry formulation. This preparation is termed “Proniosomes”
which requires to be hydrated before being used. The nio-
somes are formed by the addition of the aqueous phase. This
method helps in reducing physical stability problems such as
the aggregation, leaking, and fusion problem and provides
convenience in dosing, distribution, transportation, and
storage showing improved results compared to conventional
niosomes [69].

3.7. Transmembrane pH Gradient. In this method, surfactant
and cholesterol are dissolved in chloroform and evaporated to
form a thin lipid film on the wall of a round bottomed flask.
The film is hydrated with a solution of citric acid (pH = 4) by
vortex mixing and the resulting product is freeze-thawed for
niosome formation.The aqueous solution of drug is added to
this niosomal suspension, after that phosphate buffer is added
to maintain pH between 7.0 and 7.2 [70]. According to this
method, the interior of niosome has a more acidic pH value
than the outer medium. The added unionized drug passes
through the niosomemembrane and enters into the niosome.
Thedrug ionizes in an acidicmediumand cannot escape from
the niosomal bilayer [71].

3.8. Heating Method. This is a patented method which was
created byMozafari et al. [72, 73]. Surfactants and cholesterol
are separately hydrated in buffer and the solution is heated to
120∘Cwith stirring to dissolve cholesterol.The temperature is
reduced and surfactants and other additives are then added
to the buffer in which cholesterol is dissolved while stirring
continues. Niosomes form at this stage, are left at room
temperature, and then are kept at 4-5∘C under nitrogen
atmosphere until use [53].

3.9. The “Bubble” Method. In this method, surfactants, addi-
tives, and the buffer are added into a glass flask with
three necks. Niosome components are dispersed at 70∘C
and the dispersion is mixed with homogenizer. After that,
immediately the flask is placed in a water bath followed by
the bubbling of nitrogen gas at 70∘C. Nitrogen gas is passed
through a sample of homogenized surfactants resulting in
formation of large unilamellar vesicles [74].

4. Characterization of Niosomes

The characterization of niosome is essential for the clini-
cal applications. Characterization parameters have a direct
impact on the stability of niosomes and a significant effect on
their in vivo performance. Therefore these parameters such
as morphology, size, polydispersity index (PI), number of
lamellae, zeta potential, encapsulation efficiency, and stability
must be evaluated.

4.1. Size and Morphology. Dynamic light scattering (DLS)
[75], scanning electronmicroscopy (SEM) [76], transmission
electron microscopy (TEM) [77], freeze fracture replication-
electron microscopy (FF-TEM) [68], and cryotransmission
electron microscopy (cryo-TEM) [67] are the most used
methods for the determination of niosome sizes andmor-
phology. DLS provides simultaneously cumulative infor-
mation of particle size and valuable information on the
homogeneity of the solution. A single sharp peak in the DLS
profile implies existence of a single population of scatterers.
The PI is helpful in this respect. It less than 0.3 corresponds
to a homogenous population for colloidal systems [75]. The
microscopic approaches are generally used to characterize the
morphology of the niosomes.

4.2. Zeta Potential. Surface zeta potential of niosomes can be
determined using zetasizer andDLS instruments.The surface
charge of niosome plays an important role in the behavior
of niosomes. In general, charged niosomes are more stable
against aggregation than uncharged vesicles. Bayindir and
Yuksel prepared paclitaxel loaded niosomes and investigated
the physicochemical properties such as zeta potential of
niosomes. They found that negative zeta potential values
ranging between −41.7 and −58.4mV are sufficiently high for
electrostatic stabilization of niosomes [12].

4.3. Bilayer Characterization. Bilayer characteristics of nio-
somes have an importance on drug entrapment efficiency.
The number of lamellae can be determined by AFM, NMR,
and small angle X-ray scattering (SAXS) for multilamellar
vesicles [54]. Membrane rigidity of niosomal formulations
can be measured by means of the mobility of fluorescence
probe as a function of temperature [20]. DPH (1,6 diphenyl-
1,3,5-hexatriene) is most used fluorescent probe and added
to niosomal dispersion. DPH normally exists in hydrophobic
region in the bilayer membrane. The microviscosity of nio-
somal membrane is determined by fluorescence polarization.
High fluorescence polarization means high microviscosity of
the membrane [78]. Moreover, the bilayer thickness can be
characterized using the latter method, together with the in
situ energy-dispersive X-ray diffraction (EDXD) [79].

4.4. Entrapment Efficiency. Entrapment efficiency (EE%) is
defined as the portion of the applied drug which is entrapped
by the niosomes. Unencapsulated free drug can be removed
from the niosomal solution using centrifugation [80], dialysis
[24], or gel chromatography [81]. After this step the loaded
drug can be released from niosomes by destruction of
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Figure 2: Niosomes in drug delivery.

vesicles. Niosomes can be destroyed with the addition of
0.1% Triton X-100 or methanol to niosomal suspension. The
loaded and free drug concentration can be determined by a
spectrophotometer [82] or high-performance liquid chroma-
tography (HPLC) [83].

4.5. Stability. The stability of niosomes can be evaluated
by determining mean vesicle size, size distribution, and
entrapment efficiency over several month storage periods
at different temperatures. During storage the niosomes are
sampled at regular intervals of time and the percentage of
drug which is retained into the niosomes is analyzed by UV
spectroscopy or HPLC methods [82, 84].

4.6. In Vitro Release. One often applied method to study in
vitro release is based on using of dialysis tubing. A dialysis
bag is washed and soaked in distilled water. After 30mins,
the drug loaded niosomal suspension is transferred, into this
bag. The bag containing the vesicles is immersed in buffer
solution with constant shaking at 25∘C or 37∘C. At specific
time intervals, samples were removed from the outer buffer
(releasemedium) and replaced with the same volume of fresh
buffer. The samples are analyzed for the drug content by an
appropriate assay method [17].

5. Niosomes as Drug Carriers

Niosomes are very promising carriers for the delivery of
numerous pharmacological and diagnostic agents. A number

of publications have reported the preparation, characteri-
zation, and use of niosomes as drug carriers. Because of
their nonionic nature, they offer excellent biocompatibility
and low toxicity. The unique structure of niosomes allows
the development of effective novel drug delivery systems
with ability of loading both hydrophilic and lipophilic drugs.
Hydrophilic drugs and lipophilic drugs are entrapped into the
aqueous core and membrane bilayer of niosome respectively
(Figure 2).

5.1. Anticancer Drug Delivery. The current treatment for
cancer is usually chemotherapy. The therapeutic efficacy of
many anticancer drugs is limited by their poor penetration
into tumor tissue and by their severe side effects on healthy
cells. Various attempts have been made to overcome these
drawbacks, including the use of niosomes as a novel drug
delivery system.

5.1.1. Melanoma. Artemisone is a 10-amino-artemisinin
derivative exhibiting antimalarial activity and also possessing
antitumor activity. Dwivedi et al. encapsulated artemisone
in niosomes using thin-film hydration method. The for-
mulations showed highly selective cytotoxicity towards the
melanoma cells with negligible toxicity towards the normal
skin cells [85]. 5-Fluorouracil (5-FU), largely used in the
treatment of different forms of skin cancers, was encapsulated
in an innovative bola-niosomal system made up of 𝛼,𝜔-hex-
adecyl-bis-(1-aza-18-crown-6) (bola-surfactant), Span 80, and
cholesterol. The percutaneous permeation of 5-FU-loaded
bola-niosomes was evaluated by using human stratum
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corneum and epidermis membranes. Bola-niosomes pro-
vided an increase of the drug penetration of 8- and 4-fold
with respect to free drug aqueous solution [13]. The use
of cisplatin is limited due to its severe toxic effects. Gude
et al. synthesized niosomal cisplatin by using Span 60 and
cholesterol and investigated the antimetastatic activity in
experimental metastatic model of B16F10 melanoma. Their
results suggest that cisplatin encapsulated in niosomes has
significant antimetastatic activity and reduced toxicity when
compared to free cisplatin [86].

5.1.2. Breast Cancer. 5-FU-loadedpolyethylene glycol- (PEG-)
coated and uncoated bola-niosomes were prepared by Cosco
et al. and were tested on breast cancer cell lines (MCF-
7 and T47D). Both bola-niosome formulations provided
an increase in the cytotoxic effect with respect to the free
drug. In vivo experiments on MCF-7 xenograft tumor SCID
mice models showed a more effective antitumor activity of
the PEGylated niosomal 5-FU at a concentration ten times
lower (8mg/kg) than that of the free solution of the drug
(80mg/kg) after a treatment of 30 days [87]. Cantharidin-
entrapped niosomes were prepared by injection method.
Their potential in enhancing the antitumor activities of the
drug and reducing its toxicity was evaluated on human
breast cancer cell line MCF-7. Moreover, in vivo therapeutic
efficacy was investigated in S

180
tumor-bearing mice. Mice

treatedwith 1.0mg/kg niosomal cantharidin showed themost
effective antitumor activity, with an inhibition rate of 52.76%,
which was significantly higher than that of the same concen-
tration of free cantharidin (1.0mg/kg, 31.05%) [88]. Recently,
tamoxifen citrate niosomes were prepared by film hydration
technique for localized cancer therapy through in vitro
breast cancer cytotoxicity as well as in vivo solid antitumor
efficacy. The optimized niosomal formulation of tamoxifen
showed significantly enhanced cellular uptake (2.8-fold) and
exhibited significantly greater cytotoxic activity on MCF-7
breast cancer cell line. In vivo experiments showed enhanced
tumor volume reduction induced by niosomal tamoxifen
when compared to free tamoxifen [89].

5.1.3. Ovarian Cancer. Uchegbu et al. prepared doxorubicin
loaded niosomes. The activity of doxorubicin in hexadecyl
diglycerol ether (C

16
G
2
) and Span 60 niosomes was studied

against a human ovarian cancer cell line and its doxorubicin
resistant subline. According to the results, there was a slight
reduction in the IC

50
against the resistant cell line when the

drug was encapsulated in Span 60 niosomes in comparison
to the free drug in solution [90].

5.1.4. Lung Cancer. Adriamycin was encapsulated into the
noisome using a monoalkyl triglycerol ether by Kerr et al.
and the activity of niosomal adriamycin compared with free
adriamycin solution on human lung tumor cells grown in
monolayer and spheroid culture and in tumor xenografted
nude mice. The growth delay (i.e., the time taken for
the tumor volume to double) was significantly longer for
adriamycin (15 days) and niosomal adriamycin (11 days)
than for control (5.8 days). It is possible that the thera-
peutic ratio of adriamycin could be further enhanced by

administration in niosomal form [91]. In another study,
pentoxifylline loaded niosomes were prepared by lipid film
hydration method. Intravenous administration of niosomal
pentoxifylline (6mg/kg and 10mg/kg) resulted in significant
reduction in lung nodules in an experimental metastatic
B16F10 model suggesting accumulation of pentoxifylline in
a distant target. Light microscopic observation of histologic
sections showed a decrease in number of tumor islands in the
lung [92].

5.2. Targeted Delivery. The efficiency and particularly the
specificity of cellular targeting of niosomal drug delivery
systems can be further improved by active targeting for
tumor therapy, by using a ligand coupled to the surface of
niosomes, which could be actively taken up, for example,
via a receptor-mediated endocytosis. Niosome surfaces can
be conjugated with small molecules and/or macromolecu-
lar targeting ligands to enable cell specific targeting [93].
Proteins and peptides, carbohydrates, aptamers, antibod-
ies, and antibody fragments are the most commonly used
molecules that bind specifically to an overexpressed tar-
get on the cell surface [94–96]. Bragagni et al. developed
brain targeted niosomal formulation using with the glucose-
derivative as a targeting ligand. They formulated nioso-
mal doxorubicin composed of span : cholesterol : solulan : N-
palmitoylglucosamine. Preliminary in vivo studies in rats
showed that intravenous administration of a single dose of
the developed targeted-niosomal formulation with respect
to the commercial one was able to significantly reduce the
hearth accumulation of the drug and to keep it longer
in the blood circulation and also to allow the achieve-
ment of well detectable doxorubicin brain concentrations
[30]. Moreover, an efficient tumor-targeted niosomal deliv-
ery system was designed by Tavano et al. Niosomes were
prepared from a mixture of Pluronic L64 surfactant and
cholesterol and doxorubicin was entrapped into the niosome.
After the preparation, transferrin was conjugated to nio-
somes surface using EDC (N-[3-(dimethylamino)propyl]-N-
ethylcarbodiimide hydrochloride) chemistry. Doxorubicin-
loaded niosome anticancer activity was achieved against
MCF-7 and MDA-MB-231 tumor cell lines, and a significant
reduction in viability in a dose and time related manner was
observed [24].The information about some recent studies on
niosomal targeted drug delivery is summarized in Table 2.

5.3. Codrug Delivery. In recent years, nanoparticles have
emerged as a promising class of carriers in codelivery of
multiple drugs for combination therapy [97]. Combinational
therapies enhance therapeutic efficacy and decrease dosage
while obtaining equal or greater levels of efficacy and
reducing drug resistance [98]. Anticancer drugs often have
serious side effects. With multidrug delivery system Pasut et
al. achieved higher anticancer activity for carcinoma cells,
whereas multidrug delivery system decreased cytotoxicity
against endothelial cells and cardiomyocytes, with respect to
free drug treatment. In their system, they have developed
simultaneous anticancer drug epirubicin and nitric oxide car-
rying system, in which nitric oxide and epirubicin were cova-
lently conjugated to each terminal of PEG. Nitric oxide acts
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as not only protecting reagent against anthracycline induced
cardiomyopathy but also sensitizer of anticancer drug treat-
ment. In order to increase anticancer efficacy and enhance
cardiocyte protecting ability of codelivery system, they used
branched PEG as polymer backbone instead of linear one
[99]. Multidrug resistance (MDR) of malignant neoplasm
is the survival ability of cancer cells under the treatment
with structurally and functionally diverse anticancer drugs.
Increased drug efflux is mostly mediated by ATP-driven
extrusion pump proteins of the ATP-binding cassette (ABC)
superfamily, such as P-glycoprotein (P-gp) encoded byMDR-
1, multidrug resistance (MDR) proteins (MRPs/ABCC) and
breast cancer resistance protein (BCRP/ABCG2).These drug
efflux pumps noticeably decrease the intracellular concentra-
tion of numerous therapeutic agents [100]. Chemosensitizers,
such as Verapamil, Elacridar, Tariquidar, and cyclosporine A
mainly act as antagonist for P-gp and suppress drug efflux and
consequently recover chemosensitivity of MDR cancer cells.
Paclitaxel was coencapsulated with cyclosporine A within
actively targeted polymeric lipid-core micelles. P-gp inhibi-
tion with cyclosporine A caused an enhanced cytotoxicity of
paclitaxel. Micelles loaded with this dual cargo demonstrated
significantly higher cytotoxicity in the MDCKII-MDR1 cells
than micelles loaded with paclitaxel alone [101].

Niosomes are promising nanocarriers inmultidrug deliv-
ery applications [102]. Recently Sharma et al. reported the
dual encapsulation of hydrophobic curcumin andhydrophilic
doxorubicin in niosomes for cancer multidrug delivery [44].
Results showed that dual-drug loaded niosomes had higher
cytotoxicity on HeLa cells when compared to free drugs.
In another study, gallic acid, ascorbic acid, curcumin, and
quercetinwere encapsulated into the niosome as single agents
or in combination and the effect of the drugs coencapsulation
on the physicochemical properties of the carriers, on their
antioxidant properties and capability to release the encap-
sulated materials, was evaluated [103]. Furthermore, Mari-
anecci et al. prepared, characterized, and applied multidrug
niosomes using lidocaine and ibuprofen. Results suggest the
potential application of niosomes in dermal administration
of the two drugs at the same time in the same pharmaceutical
formulation, as useful carriers for the treatment of various
skin diseases, such as acute and chronic inflammations in
presence of pain [104].

5.4. Antibiotics. Niosomal carriers are also suitable for the
delivery of antibiotics and anti-inflammatory agents. These
carriers have been used extensively to improve poor skin
penetration and as well as enhance skin retention of the
drugs. Begum and coworkers designed rifampicin, a broad
spectrum antibiotic, encapsulated in a niosomal delivery
system.They investigated the activity of this system in in vitro
conditions and this study showed that niosomal formulation
of rifampicin is able to provide consistent and prolonged
release of the drug [105]. In another study to increase efficacy
of the antibiotics and reduce the dose, Akbari et al. syn-
thesized ciprofloxacin loaded niosomes using different non-
ionic surfactants and cholesterol in various concentrations
by film hydration method. Drug release through bilayers
and antibacterial activity of the niosomes were examined.

The results showed that cholesterol content and phase tran-
sition temperature of the surfactants influenced the perfor-
mance of niosomes. Besides, all formulations presentedmore
antibacterial activity as compared to free ciprofloxacin [106].

Vesicular systems, niosomes and liposomes, are mostly
used in ophthalmic controlled delivery. Abdelbary and El-
Gendy examined the feasibility of the niosomes as a car-
rier for the ophthalmic controlled delivery of gentamicin
antibiotic. Various surfactants (Tween 60, Tween 80, or Brij
35) were combined with cholesterol and a negative charge
inducer dicetyl phosphate in differentmolar ratios.The ability
of these vesicles to entrap the selected drug was evaluated
and the obtained results showed that entrapment efficiency
and the release rate of gentamicin is affected by cholesterol
content, type of surfactant, and the presence of charge
inducer. Gentamicin loaded niosomes composed of Tween
60, cholesterol, and dicetyl phosphate were the most effective
in terms of prolongation of in vitro drug release [107].

5.5. Anti-Inflammatory Drugs. Nonsteroidal anti-inflamma-
tory drugs (NSAIDs) loaded niosomes have been prepared
by several groups. These drugs may cause adverse effects
such as mucosal irritation. Topically applied NSAIDs loaded
niosomes can substantially improve drug permeation. To
investigate the potential application of the niosomes for deliv-
ery of anti-inflammatory agents,Marianecci et al. synthesized
ammonium glycyrrhizinate (AG) loaded niosomes using
several surfactants and cholesterol at various concentrations.
Drug entrapment efficiency, anisotropy, cytotoxicity and skin
tolerability, and some further analysis have been performed
for characterization.The AG-loaded niosomes demonstrated
no toxicity and good skin tolerability and were able to
improve the anti-inflammatory activity in mice. Moreover,
an enhancement of the anti-inflammatory activity of the
niosome delivered drug was observed on chemically induced
skin erythema in humans [7].

5.6. Antiviral Drugs. Niosomes have also demonstrated the
capability to deliver various antiviral agents. Ruckmani and
Sankar synthesized zidovudine, which is the first anti-HIV
compound approved for clinical use, encapsulated niosomes,
and examined their entrapment efficiency and as well as
sustainability of release. The niosomes were formulated by
combining the proportions of Tween, Span, and cholesterol.
Niosomes composed Tween 80 entrapped large amounts of
zidovudine and the addition of dicetyl phosphate enhanced
drug release for a longer time [108]. The drug leakage from
Tween 80 formulations stored at room temperature was
significant compared to niosomes stored at 4∘C for 90 days.
Besides, the results of a pharmacokinetic study in rabbits
also confirmed that Tween 80 formulations with dicetyl
phosphate were cleared from the circulationwithin five hours
[109].

6. Recent Studies

Over the past three decades, niosomes have been successfully
used as a drug carriers to overcome some major biophar-
maceutical problems such as insolubility, side effects, and
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Table 3: Recent studies on niosomes in drug delivery.

Type of the drug Name of the drug Composition Experimental model Year References

Angiotensin receptor
blockers

Candesartan
cilexetil

Span 60, cholesterol,
dicetyl phosphate,
maltodextrin

In vitro dissolution test for
proniosomal tablets, in vivo evaluation
of proniosomal tablets,
pharmacokinetic analysis

2016 [36]

Anti-inflammatory
Naproxen Tween 80, Tween 20,

cholesterol
In vitro drug release study,
preformulation study 2016 [37]

Dexamethasone Span 60, cholesterol Characterization of niosomes, in vitro
release studies, stability test 2015 [38]

Antibacterial

Moxifloxacin Tween 60, cholesterol In vitro release studies, antimicrobial
activity 2016 [39]

Cefixime C-Glycoside derivative
surfactant, cholesterol

In vitro release study, biocompatibility
and bioavailability studies using
experimental animals

2016 [21]

Anticancer
Doxorubicin

Span 60, cholesterol,
dicetyl phosphate,

N-lauryl glucosamine

Optimization studies for formulation,
skin irritancy, histopathological
investigation of rat skin

2016 [35]

Paclitaxel Span 40, cholesterol,
dicetyl phosphate

Formulation studies, Pharmacokinetic
and tissue distribution studies 2015 [6]

Antiviral Nevirapine Tyloxapol, cholesterol
Diffusion kinetics of drug,
microviscosity studies, in vitro release
study

2015 [8]

H
2
receptor antagonist Famotidine Span 60, cholesterol Kinetic analysis of drug-release

profiles, ex vivo permeability study 2016 [40]

poor chemical stability of drug molecules [110]. Table 3
summarizes themost recent applications of niosomes as drug
delivery systems.

7. Strengths and Limitations of Niosomes in
Drug Delivery

One of the most important strengths of niosomes compared
with liposomes is their chemical stability. Niosomes are more
stable against chemical degradation or oxidation and have
long storage time compared to liposomes [51].The surfactants
which are used for niosomes preparation are biodegradable,
biocompatible, and nonimmunogenic [83]. Handling and
storage conditions of surfactants do not need any specifica-
tions. Moreover composition, size, lamellarity, stability, and
surface charge of niosomes can be controlled by the type of
preparation method, surfactant, cholesterol content, surface
charge additives, and suspension concentration [66].

On the other hand niosomes show physical stability
problems. During storage of dispersion niosomes are at risk
of aggregation, fusion, drug leakage, or hydrolysis of encap-
sulated drugs. Furthermore the sterilization of niosomes
needsmuch effort. Heat sterilization andmembrane filtration
are unsuitable for niosomes. Thus, these areas need further
research to produce commercially niosomal preparations.

8. Conclusion

Niosomes are novel nano drug carriers to design effective
drug delivery systems. They offer a great opportunity for
loading hydrophilic, lipophilic drugs, or both drugs together.

Numbers of studies have been performed with different
types of niosomes in delivery of the anticancer agents, anti-
inflammatory agents, anti-infective agents, and so forth.
The relevant studies demonstrated that niosomes improve
the stability of the entrapped drug, reduce the dose, and
enable targeted delivery to a specific type of tissue. The
structural properties and characteristics of the niosomes
can be enhanced by using novel preparations, loading, and
modificationmethods for particular routes of administration.
Thus, niosomes present itself as promising tools in commer-
cially available therapeutics.
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An unmet need in engineered bone regeneration is to develop scaffolds capable of manipulating stem cells osteogenesis. Graphene
oxide (GO) has been widely used as a biomaterial for various biomedical applications. However, it remains challenging to
functionalize GO as ideal platform for specifically directing stem cell osteogenesis. Herein, we report facile functionalization of GO
with dopamine and subsequent bioactive glass (BG) to enhance stem cell adhesion, spreading, and osteogenic differentiation. On
the basis of graphene, we obtained dopamine functionalized graphene oxide/bioactive glass (DGO/BG) hybrid scaffolds containing
different content of DGO by loading BG nanoparticles on graphene oxide surface using sol-gel method. To enhance the dispersion
stability and facilitate subsequent nucleation of BG in GO, firstly, dopamine (DA) was used to modify GO.Then, the modified GO
was functionalized with bioactive glass (BG) using sol-gel method.The adhesion, spreading, and osteoinductive effects of DGO/BG
scaffold on rat bone marrow mesenchymal stem cells (rBMSCs) were evaluated. DGO/BG hybrid scaffolds with different content
of DGO could influence rBMSCs’ behavior. The highest expression level of osteogenic markers suggests that the DGO/BG hybrid
scaffolds have great potential or elicit desired bone reparative outcome.

1. Introduction

Graphene oxide (GO), a two-dimensional monolayer of
carbon atoms intimately packed into a honeycomb lattice,
has shown great promise for biomedical applications [1, 2],
such as cell imaging [3], drug delivery [4, 5], and biomedical
device [5, 6]. Furthermore, due to its unique nanostructures,
remarkable mechanical properties, and large surface area
[7–9], GO has gained tremendous attentions as a new
nanoplatform for stem cell culture. Lee et al. indicated that

GO substrates could promote adipogenic differentiation of
MSCs because of their high affinity to insulin [10]. Kim et
al. demonstrated that GO substrates provide a suitable envi-
ronment forASCs adhesion, proliferation, and differentiation
with presence of osteogenic chemical inducers [11, 12]. Recent
work also demonstrated that GO can act as both an effective
reinforcement and a bioactivator of biopolymers such as
gelatin [13] and chitosan [14], offering the biopolymer-GO
composites the possibility to manipulate bone cells behavior.
However, in terms of stem cells osteogenesis, it remains
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a great challenge to functionalize GO as ideal substrate for
the effective specification of stem cell fate to enhance bone
repair.

Bioactive glasses (BG), with biomimetic composition
and significant degradation [15], have been contemporarily
confirmed to possess high efficiency in bonding with bone. In
vivo experiments results showed that implanted BGproduced
no systemic or local toxicity [16, 17], no inflammatory
affection, and no repulsive response. Some in vitro studies
suggested that the bioactivity of BG was associated with
the formation of a crystalline hydroxyapatite surface layer
and controlled release of ionic dissolution products [18, 19].
Furthermore, these ion dissolution and release of BG could
exert a genetic control over the osteoblast cell cycle and the
rapid expression of osteogenic genes [20, 21]. These discov-
eries have stimulated more extensive investigations of BG
utilization for bone defect repair. BG decoration on carbon
fibers has been demonstrated to promote hydroxyapatite
nucleation, biomineralization, and cellular ALP activity [22].
BG incorporation in PLGA was also reported to induce BG-
dose-dependent cell proliferation and ALP expression [23].
As such, we hypothesized that the BG might present as a
prospective candidate to functionalize GO so as to provide
effective environments to modulate structure and function of
GO and facilitate stem cells’ osteogenic differentiation.

In this study, we designed and fabricatedDGO/BGhybrid
scaffold using sol-gel method as osteoinductive substrates to
manipulate stem cell fate. SEM, Raman, and EDS character-
ization confirmed the incorporation of BG on GO without
compromising their characteristic bands. The cellular activ-
ities analysis demonstrated that DGO/BG hybrid scaffolds
could significantly promote the adhesion, spreading, and
osteogenic differentiation of mesenchymal stem cells, due to
their unique nanoscale topography, biomimetic composition,
and mechanical cues.

2. Materials and Methods

2.1. Preparation and Characterization of Graphene. Graphene
oxide (GO) and its reduzate have been successfully prepared
using an improved Hummers’ method [24] and a reduction
process using hydrazine hydrate and a chemical method
for the simultaneous reduction and surface functionalization
of GO using dopamine hydrochloride. TEM (HRTEM, H-
7650B, Hitachi, Japan) was chosen to observe the structure
and morphology of the samples. The composition and phase
purity of the products were examined by X-ray diffraction
spectroscopy (XRD, Rigaku D/max 2500 VB2+/PC, Japan),
Raman spectra (LabRAM HR Evolution, HORIBA Jobin
Yvon, France), and Fourier transform infrared spectroscopy
(FTIR, Avatar 360, Nicolet Co., USA).

2.2. Synthesis and Characterization of Dopamine Functional-
ized Graphene Oxide/Bioactive Glass (DGO/BG). DGO/BG
composite with 1 wt.% and 5wt.% GO was synthesized by
sol-gel-melting method through the following steps just as
Figure 1. Tetraethoxysilane (TEOS, Aldrich, USA), calcium
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Figure 1: Schematic of process to synthesis DGO/BG by sol-gel-
melting method in this study.

nitrate tetrahydrate (CN, Aldrich, USA), and triethyl phos-
phate (TEP, Aldrich, USA) were used to prepare 58S type
BG by sol-gel solution. Briefly, TEP was added into a mixed
solvent of distilled water, absolute ethyl alcohol, and ammo-
nia water and stirred at 80∘C for 24 h to obtain a hydrolyzed
TEP solution. CN and TEOS were then dissolved into the
hydrolyzed TEP solution and stirred continuously at room
temperature for 120 h to generate a sol-gel solution.TheDGO
was dissolved in dimethylformamide (DMF, analytic pure,
99.5 wt.%, Tianjin Fine Chemical Co., China), followed by
ultrasonication for 2 h. The preprepared sol-gel solution was
added into the solution of DGO to a total concentration of
1 wt.% and 5wt.%DGOwith different ratios. After 2 h ofmag-
netic stirring, suspensionswere dried on a hotplate at 80∘C for
12 h. The composite was carbonized at 300∘C for 1 h, 750∘C
for 2 h, and then at 1000∘C for 3 h in N2 atmosphere. Surface
topography and elementary composition were observed by
SEM and EMAX EX-300 system (Horiba, Japan) to confirm
the successful reduction of resulting material as well as its
immobilization with dopamine.

2.3. Preparation of DGO/BG-Based Substrates. Coating of
glass coverslips with DGO/BG was performed as described
below. In order to clean substrate, the glass coverslip with
14mm diameter was first immersed into the piranha solution
(hydrogen peroxide/sulfuric acid with the volumetric ratio
of 1 : 3) for 10 minutes at 120∘C, rinsed with ethanol and
water for 5 minutes, and then blown dried by nitrogen gas at
room temperature. Then the coverslip was immersed in 3%
toluene solution of 3-aminopropyltriethoxysilane (3-APTES)
for 30min for functionalization. At last, it was baked with
nitrogen at 125∘C after being rinsed with toluene, ethanol,
andwater for 5minutes again. 30 𝜇LDGO/BGwas uniformly
coated on a coverslip surface by Spin Processor (Smart
Coater 100, Analysis China Co., LTD) and then dried with
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Table 1: Primers sequences utilized for real time RT-PCR.

Target gene Forward primer sequence (5-3) Reverse primer sequence (5-3)
BMP2 TGCTCAGCTTCCATCACGAAG TCTGGAGCTCTGCAGATGTGA
BSP GAGAACGCCACACTCTCAGG GAGCCTTGCCCTCTGCATCT
OPN TTTGCTTTTGCCTGTTCGGC AGTCATCCGTTTCTTCAGAGGAC
RUNX2 AATGCCTCCGCTGTTATG TTCTGTCTGTGCCTTCTTG

high temperature. The other samples were handled with the
same way. Finally, substrates coated with these composite
nanomaterial come into being four different samples: (i)
functionalized graphene oxide with dopamine (DGO), (ii)
1 wt.% DGO/BG, (iii) 5 wt.% DGO/BG, and (iv) BG.

2.4. Cell Cultures and Conditions. Rat bone marrow mes-
enchymal stem cells (rBMSCs, Cyagen Biosciences, Inc.,
China) were routinely maintained in mesenchymal stem
cell basal medium supplemented with 10% fetal bovine
serum (FBS), 100 IU/mL penicillin-streptomycin, and 2mM
glutamine (Cyagen Biosciences, Inc., China) at 37∘C in a
humidified atmosphere of 5 wt.% CO2 in air. Cells were
seeded at 2.5 × 104 cells per cm2 after two passages.

2.5. Immunofluorescence Staining for Cell Adhesion, Spread-
ing, and Osteogenic Differentiation. Initial adhesion can be
measured in early time ranging from 2 h to 1 d and the
osteogenic differentiation usually in 7 d [25–27]. To assess the
initial adhesion and osteogenic differentiation of rBMSCs,
the cells were incubated with DGO/BG disks for 3 h, 1 d,
and 7 d. Immunocytochemistry samples were harvested at
each time point and then cells were fixed with 4.0% (w/v)
paraformaldehyde for 30min, permeabilized with 0.1 wt.%
(w/v) TritonX-100 for 10min, and blocked with 3wt.%
bovine serum albumin (BSA) for 1 h at room temperature.
Samples were incubated with primary antibodies in 1 wt.%
BSA for 2 h against BMP2 (abcam, ab14933), OPN (abcam,
ab8448), RUNX2 (abcam, ab76956), and/or vinculin (abcam,
ab18058). After removing the primary antibody, samples
were incubated with secondary antibodies for 1 h at room
temperature: goat anti-rabbit IgGH&L (TRITC) preadsorbed
(abcam, ab50598) and goat anti-mouse IgG H&L (FITC)
(abcam, ab6785). Then cells were treated with Phalloidin–
Atto 565 (Sigma) for 1 h at room temperature and then stained
with DAPI (Roche) for 10min. The figures were captured
by laser scanning confocal microscopy (Zeiss, LSM 780,
Germany). DAPIwas used to quantify cell number.The initial
adhesion was evaluated by counting the number of live cells
per unit area on each substrate and each group was repeated
for three times.

2.6. Quantitative Real-Time PCR Analysis. rBMSCs were
harvested after 7 days by TRIzol (Invitrogen) cultured on
different samples. Then the isolated RNA was reverse-
transcribed into cDNA utilizing the Reverse Transcrip-
tion System (Promega, Madison, WI) with the manufac-
turer’s instructions (Toyobo). Bone morphogenetic protein 2
(BMP2), bone sialoprotein (BSP), runt-related transcription

factor 2 (RUNX2), and osteopontin (OPN) were performed
on the Applied ABI PRISM 7500 Real Time PCR System
(Applied Biosystems, Foster City, CA) utilizing the Quan-
tiTect SYBR Green Kit (Qiagen). The primer sequences of
osteogenic genes are listed in Table 1.

2.7. Statistical Analysis. Fluorescence microscopy images
were analyzed utilizing Matlab (MathWorks, Inc., R2011b)
software. All quantitative data were expressed asmean± stan-
dard deviation (SD). The one-way ANOVA was performed
for statistical analysis. Differences between groups of ∗𝑝 <
0.05 were considered statistically significant and ∗∗𝑝 < 0.01
was considered highly significant.

3. Results

3.1. Characteristics of Graphene. TEM images and digital
photographs of graphene before and after the modification
are shown in Figure 2(a). The GO sheets and DGO were
smooth with folded shapes at the edges and aqueous disper-
sions of DGO showed a homodisperse state (Figure 2(a)(A),
(B)). While following the chemical reduction, G sheets
displayed a crumpled andwrinkled structure and the aqueous
dispersions appeared to precipitate (Figure 2(a)(C)).

The composition and phase purity of the products were
examined by XRD (Figure 2(b)). After reduction and mod-
ification, the typical GO peak at 11.28∘ disappears, and a
new broad diffraction peak appears at 25∘, corresponding to
a decrease of interlayer spacing from 0.78 nm to 0.39 nm.
Further characterization of the products was carried out by
Raman. GO showed a D band at 1336 cm−1 and G band
at 1586 cm−1, respectively. After modification and reduction
of GO, the intensity ratio of the D band and G band
(ID/IG) increased significantly (Figure 2(c) and Supplemen-
tary Figure S1 in Supplementary Material available online at
http://dx.doi.org/10.1155/2016/5613980). FTIR was also used
to characterize the products in Figure 2(d). The FTIR spectra
of GO and DGO showed broad bands ranging from 3400 to
3500 cm−1. The oxygen-containing functional groups of GO
were revealed by the bands at 1054, 1226, 1617, and 1719 cm−1.

3.2. Characterization of DGO/BG. SEM images showed
topography and distribution of pure BG and BG in DGO/BG
composites with different loading ratio and reaction temper-
ature (Figures 3 and 4(a), Supplementary Figure S2). In all
cases the BG particles showed a round shape. As indicated,
BG particles only emerged above reaction temperature of
600∘C with sol-gel method (Figure 3(a)(A)). At 1000∘C, even
distribution of BG particles with diameter ranging from 50 to
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Figure 2: Characterization of GO, DGO, and G. (a) Digital photographs of aqueous dispersions (left) and TEM images (right) of (A) GO,
(B) DGO, and (C) G. (b) XRD patterns. (c) Raman spectra. (d) FTIR spectra of GO, DGO, and G.

100 nmwas achieved on 1wt.%DGO/BG; relatively speaking,
5 wt.% DGO/BG composite resulted in more heterogeneous
microscale topography with nucleation of BG particles on
GO (Figures 3(b)(C) and 3(c)(C)). It should be notified that
BG particles appeared to be melted and more aggregated and
at 1200∘C, besides fusion and densification, there is also an
increase in the particles’ size (Figure 3(a)(D)).

Raman spectrum (Figure 4(c)) showed that the character-
istic peak of BG is at ∼850 cm−1. DGO has two broad peaks
known as G andD bands (∼1590 cm−1 and ∼1335 cm−1, resp.).
Both 1 wt.% DGO/BG and 5wt.% DGO/BG have three broad
peaks including the characteristic peaks of DGO and BG
without apparent shift, suggesting that these characteristic
bands were not destroyed during the functionalization pro-
cess. EDS spectra (Figure 4(b)) showed that C andO elements
were detected in pure DGO, the elements of C, O, Si, and
Ca were detected in pure BG, and all of this elements can
be detected in 1 wt.% DGO/BG and 5wt.% DGO/BG with
different ratio. These results indicated that functionalization
of GO with BG has yielded DGO/BG composite scaffold.

3.3. Evaluation and Biological Properties of DGO/BG

3.3.1. Adhesion and Spreading Patterns of rBMSCs on Bioactive
DGO/BG. rBMSCs cell morphology on different substrates
after 3 h and 1 day of culture was observed and counted
by CLSM after immunofluorescent staining (Figure 5). At
3 h, the rBMSCs presented a round shape on all substrates

(Figure 5(a)). The cell area was slightly wider on the 1 wt.%
DGO/BG scaffold than other groups. After 1 day, cells
cultivated on 1 wt.% and 5wt.% DGO/BG scaffold showed
more spreading, larger area, and more confluence. Cells on
DGO and BG substrates showed spindle-shapedmorphology
with constricted cell area (Figures 5(a) and 5(c)).

3.3.2. rBMSCs Viability on DGO/BG. Figure 5(e) showed the
cell viability of rBMSCs cultured on various samples at 3 h
and 1 day. Cell initial adhesion on 1wt.% DGO/BG yielded
the best results followed by 5wt.% DGO/BG. There was no
significant difference between pure BG and 5wt.%DGO/BG;
both of them facilitate the cell initial adhesion, while the cell
initial adhesion showed decrease on pure DGO.

3.3.3. Osteogenic Differentiation of rBMSCs on DGO/BG.
BMP2, BSP, RUNX2, and OPN mRNA expression profiles
at 7 days are shown in Figure 6. DGO/BG composites
promoted higher expression of selected osteogenic genes.
When compared to pure DGO and BG, 1 wt.% DGO/BG
yielded the best results. BMP2, OPN, and RUNX2 were
chosen to have immunofluorescence staining (Figure 7). All
of samples allowed for osteogenic differentiation of rBMSCs
but led to different differentiation characteristics. The quan-
titative results demonstrated that 1 wt.% DGO/BG induced
significantly higher expression levels of OPN and RUNX2
compared to other samples. DGO and BG substrates show
similar osteogenic differentiation propensity.
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Figure 3: SEM images of DGO/BG composites with different loading ratio and reaction temperature. BG (a), 5 wt.%DGO/BG (b), and 1 wt.%
DGO/BG (c) synthesized with different reaction temperatures: (A) 600∘C, (B) 800∘C, (C) 1000∘C, and (D) 1200∘C.

4. Discussion

Since the discovery of GO, much attention has been paid on
improvement of its potential risks to biological systems so
as to extend its application in biomedicine. The GO resulted
hemolysis and cytotoxicity could be directly associated with
its surfactant-like chemical structure with hydrophilic edges
(ionized carboxyl groups) and hydrophobic plane (unoxi-
dized sp2 carbon skeleton), leading to strong electrostatic and
hydrophobic interactions between GO and cell membrane.
To enhance the biocompatibility of GO, dopamine (DA),
a mussel-adhesive-protein inspired molecule, was used to
partly reduce the ionized carboxyl groups onGO in thiswork.

TEM showed GO and DGO sheets have the typical
fold morphology. While following the chemical reduction,
G sheets displayed a more crumpled and wrinkled structure
than GO and DGO, which is due to the lack of mutually
exclusive polar groups; graphene atomic layers can stick
together more easily by the van der Waals force.

The XRD showed a decrease of interlayer spacing from
0.78 nm to 0.39 nm, indicating that removal of oxygen and
water from the interlayer occurred during reduction and
modification. This broad peak also suggested a loss of the
long range order in graphene. As indicated in Raman, the
increase of the intensity ratio of the D band and G band

(ID/IG) was corresponding to high level defects with the
insertion of functional groups during the modification of
graphite oxide. Furthermore, the broad bands of GO and
DGO ranging from 3400 to 3500 cm−1 shown in FTIR were
corresponding to the O–H stretching vibration of adsorbed
water molecules. The oxygen-containing functional groups
of GO were revealed by the bands at 1054, 1226, 1617, and
1719 cm−1.These bands can be assigned to the C–O stretching
vibration, C–O–H deformation vibration, C=C stretching
vibration, and C=O stretching vibration of COOH group,
respectively [28, 29]. The bands associated with oxygen-
containing functional groups decreased or disappeared sig-
nificantly after reduction. Peak located at 1635 and 1558 cm−1
in the FTIR spectrum of DGO corresponds to the vibration
of amide. Furthermore, the absorption peak of hydroxyl
and epoxy group decreased after modification because of
the reaction of phenolic hydroxyl group on amide and
functional groups on GO and the part reduction of GO
by amide. The FTIR results further agree with the XRD
analyses results. Taken together, the XRD, Raman, and FTIR
spectrums indicated that successful removal of oxygen and
water from the interlayer occurred during reduction and
high level defects with the insertion of functional groups
during the modification of graphite oxide. As an amphiphilic
molecule, DA has been modified onto various biopolymers,
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Figure 4: SEM images (a), EDS spectra (b), and Raman spectra (c) of different samples with 1000∘C reaction temperature: (A) DGO, (B)
1 wt.% DGO/BG, (C) 5wt.% DGO/BG, and (D) BG.

and the as-prepared biopolymers exhibited excellent adhesive
ability to many kinds of solid surfaces. More recently, DA
has been found to connect with GO by 𝜋-stacking. In our
experiment, DA modification was found to enhance the

dispersion stability of GO, and it might also provide catechol
groups to facilitate subsequent nucleation of BG on GO.

To improve the bioactivity of DGO in osteogenesis, BG
was used in further surface functionalization due to its
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Figure 5: Adhesion and spreading patterns of rBMSCs on various samples. Immunostaining of vinculin (green), actin (red), and nuclei (blue)
for rBMSCs cultured on the samples for 3 hours (a) and 1 day (b): (A) DGO, (B) 1 wt.% DGO/BG, (C) 5wt.% DGO/BG, and (D) BG. Scale
bars, 20 𝜇m. The quantitative analysis of cell spreading area (c) and vinculin (d) on different samples. (e) Initial adhesion was evaluated by
counting the number of live cells per unit area on each substrate at 3 hours and 1 day, and each group was repeated for three times (∗𝑝 < 0.05,
∗∗𝑝 < 0.01).

excellent osteoinductivity and osteoconductivity [21, 30, 31].
Previously, biopolymers such as polysaccharide, protein, and
DNA have been used to promote the bioactivity of GO.
However, in these studies, the biopolymer loading ratio, the
elution of the adsorbed biopolymer, and the 2D surface
morphology were difficult to be controlled. In our studies,
the influences of different DGO/BG loading ratio and the
sol-gel-melting technique on physical and chemical features
of final composites were exquisitely controlled. As indicated
in Figure 3, BG particles only emerged above reaction
temperature of 600∘C with sol-gel method, which proved the
previous studies demonstrating that the nucleation of BGwas
impeded by low temperature [32]. Heterogeneous microscale
particles presented on 5wt.% DGO/BG composite scaffold,

while homogeneous distribution of nanospheric particles
with diameter ranging from 50 to 100 nm was achieved at
1000∘C on 1wt.% DGO/BG. EDS spectra indicated that these
particles are BG. These results indicated that the addition of
DGO had generated the porous inner microstructure and
coarse surface morphology for BG, which was attributed
to the microphase separation between DGO and BG in
the blend solution. During the carbonization and pore
structure formation, BG precursors transformed into BG
nanoparticles by thermodynamic driving force [33]. EDS
spectra also showed that DGO/BG scaffold possessed the
C element of GO and Si and Ca elements of BG. Raman
spectrum demonstrated that DGO/BG composite scaffold
has the characteristic peaks of both DGO and BG without
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apparent shift, suggesting that these characteristic bandswere
not destroyed during the functionalization process. These
results indicated that with unique topographical DGO/BG
composite scaffolds were achieved with controlled DGO/BG
loading ratio and sol-gel-melting technique.

As the first fundamental step of interaction with scaffold,
cell adhesion could significantly impact the spreading mor-
phology and capacity of cell proliferation and differentiation
[34, 35]. Therefore, the cell adhesion and subsequent growth
are essentially important markers to determine whether
materials could be used as scaffolds in bone regeneration.
In this study, to investigate whether the functionalization
of BG on DGO would influence the initial behavior of
rBMSCs, we examined the cell adhesion and spreading
patterns by immunofluorescent staining at 3 h and 1 day. The
immunofluorescent staining showed that rBMSCs cultivated
on DGO/BG scaffolds are more favorable to rBMSCs than
DGO and BG substrates with respect to cell adhesion. The
stable adhesion of stem cells on substrates is a fundamental
and important requirement for regulating stem cell functions.
Furthermore, the qualified morphological analysis suggests
that 1 wt.% and 5wt.% DGO/BG scaffolds present much
higher cell spreading area. It is widely accepted that enhanced
cell spreading is an important factor to be considered for
enhancing differentiation of stem cells. Additionally, cells
on the DGO/BG substrates have higher cell viability than
those on pure DGO and BG substrates regardless of the
incorporated DGO/BG molar ratio. These results suggested
that the incorporation of DGO and BG has improved the
biocompatibility of both of them, yielding a suitable environ-
ment for the rBMSCs growth.

A growing number of studies suggested that the physical
geometry as well as chemical composition of substrates
could direct specific tissue lineages of stem cells [36].
Since as achieved DGO/BG has unique properties including
topographic features and bioactive chemical components,
we expected that DGO/BG scaffold would influence the
differentiation of stem cells. Our study shows that all
the DGO, BG, and DGO/BG scaffolds can be used to

modulate the osteogenesis of rBMSCs. In particular, 1 wt.%
DGO/BG scaffold exhibits significantly highest osteogenic
differentiation propensity compared to those on the other
substrates, indicating that the 1 wt.% DGO/BG scaffold may
have great potential for bone defect healing applications.
According to the previous research, the effect of GO sub-
strate on promoting stem cell differentiation was intimately
related to its high Young’s modulus [37] and the surface
oxygen functional groups as well as proteins absorption
[10, 38, 39]. On one hand, the favorable osteogenic lineage
effect of BG was clarified to be ascribed to the release and
exchange of critical concentrations of soluble Si and Ca
ions. The BG nanoparticles with large surface area/volume
ratio have been reported to facilitate quick ions release
and high mineralization and have a significant function in
genetic control over the cellular response to favor osteoge-
nesis. Meanwhile, extensive works have demonstrated that
the BG concentration is critical in cellular response to
BG containing composites [40]. Moreover, the growth and
differentiation of osteoblast-like cells and the kinetics of Ca–
P chemistry on PLGA/BG and PDLA/BG films were shown
to depend on BG content. As such, although a combination
of factors including stiffness, reactive functional groups, and
absorption of biomolecules on DGO/BG composite scaffolds
could affect the rBMSCs osteogenic behaviors, the unique
nanotopography and high bioactive BG content of 1 wt.%
DGO/BG scaffold might provide more chances compared to
microtopographical 5 wt.% DGO/BG to promote stem cell
osteogenic differentiation. These findings suggest that the
DGO/BG composite scaffolds could be used as an enabling
tool for modulating the osteogenesis of stem cells.

5. Conclusions

In this study, from evaluation of the biocompatibility of
DGO/BG, we found that DGO/BG hybrid scaffolds con-
taining different content of DGO could enhance rBMSCs’
adhesion, spreading, and differentiation. The TEM, XRD,
Raman, and FTIR spectrums indicated successful synthesis
of the typical fold morphology DGO by insertion of func-
tional groups during the modification of graphite oxide. The
dopamine modification enhanced the dispersion stability of
GO and might provide catechol groups to facilitate subse-
quent nucleation of BG on DGO with sol-gel method. Scan-
ning electron microscopy (SEM) showed that unique homo-
geneous nanospheric topography could be achieved on GO
by controlling theDGO/BGmolar ratio and reaction temper-
ature. The Raman and EDS characterization confirmed the
modification of BG on DGO. Higher cellular activities of cell
adhesion and spreading were achieved on DGO/BG scaffolds
compared to pure DGO and BG substrates. Enhanced cell
adhesion and spreading were achieved on 1wt.% and 5wt.%
DGO/BG scaffolds, indicating the favorable biocompatibility
of DGO/BG. The highest expression level of osteogenic
markers including BMP2, OPN, and RUNX2 was observed.
The significantly high osteogenic markers expression on
DGO/BG scaffold suggests that the proposed DGO/BG
scaffolds could promote the osteogenic differentiation of
rBMSCs. Taken together, we envision that the DGO/BG
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Figure 7: Semiquantitative analysis of GO/BG stimuli induced osteogenic differentiation of rBMSCs. (a) Immunostaining of osteogenic
proteins BMP2,OPN, andRUNX2on different samples at 7 days: (A)DGO, (B) 1 wt.%DGO/BG, (C) 5wt.%DGO/BG, and (D) BG. Scale bars,
20 𝜇m. (b) Quantification ofmean immunofluorescence intensities of BMP2, OPN, and RUNX2 in groups as defined in (a). All measurements
were performed in triplicate and analyzed by one-way ANOVA with Tukey’s posttest to account for multiple comparisons. Data were plotted
as mean; error bars are SEM. BMP2, red; OPN, red; RUNX2, green (∗𝑝 < 0.05, ∗∗𝑝 < 0.01).

scaffold will open avenues for next-generation graphene
applications in the realm of functional biomaterial. However,
further studies in situ are still needed to evaluate their efficacy
in promoting bone regeneration and neovascularization.
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