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Welcome to this special issue. Nanoscience and nanotech-
nology concepts are applicable across all fields of science
and a more widespread application of nanomaterials and
nanotechnologies is imminent or already occurring in many
areas, including health care. Today’s scientists take those
cutting-edge technologies and concepts and apply them to
medicine and dentistry. They are finding a wide variety of
ways to make medical and dental materials at the nanoscale
to take advantage of their enhanced physical and biological
properties.

The purpose of this special issue is to publish high-quality
research papers as well as review articles addressing recent
advances in the field of nanomaterials for medical and dental
applications. A particular interest is given to papers exploring
or discussing nanomaterials and nanotechnologies related to
delivery system, bonding substitutes, and surface modifica-
tion techniques applicable in these areas. For this special
issue, several investigators were invited to contribute original
research findings that can stimulate continuing efforts to
understand the cutting-edge applications of nanomaterials in
medicine and dentistry.

The physiological interaction between the titanium (Ti)
surface and bone cells, especially osteoclasts, is a crucial
factor in determining successful osseointegration. However,
the details of such an interaction remain elusive. S. Oh et
al. demonstrated that nanotopography on the Ti surface is a
crucial factor formodulating intracellular signal transduction
in bone marrow-derived macrophages (BMMs). In their
study, UVphotocatalysis of TiO

2
immediately elicited [Ca2+]i

increase and [ROS]i reduction in cells growing on TiO
2

nanotubes. UV photocatalysis-mediated [Ca2+]i increase was

dependent on extracellular and intracellular ROS generation.
Furthermore, extracellular Ca2+ influx through VGCCs was
critical for UV photocatalysis-mediated [Ca2+]i increase,
while PLC activation was not. They concluded that nanoto-
pography on the Ti surface should be considered an impor-
tant factor that can influence successful dental implantation.

Mucinl (MUC1) is a potentially important target of cancer
therapy, being a glycoprotein that is overexpressed on cell
surface of many types of adenocarcinomas. Several MUC1-
targeted drug delivery systems have been developed and
reported, but mobilizing natural killer cells (NK) to fight
against MUC1-positive tumor has not been attempted. L.
Yu et al. introduced a novel amphipathic nanoparticle for
enhancing the NK cytotoxicity to MUC1-positive cancer
cells. In their study, a novel amphipathic nanoparticle was
constructed by implantingCD16 andMUC1 aptamers onto its
surface.This nanoparticle pulled NK (or other CD16-positive
immune cells) and MUC1-positive cancer cells together in
vitro and significantly enhanced the NK cytotoxicity to
MUC1-positive cancer cells. The authors suggested that NK
cells might be mobilized to target against MUC1-positive
tumor cells.

It has been suggested that the presence of white-spot
lesion is very probable when adjacent surface is affected
by cavitated lesions. C. A. B. Guglielmi et al. evaluated the
potential of different fluoride-releasing restorative materials
in arresting enamel white-spot lesions in approximal contact
with them, in vitro (I) and in situ (II).White-spot lesions were
formed in 120 primary enamel specimens via pH-cycling and
put in contact with cylindrical blocks of six different dental
restorative materials. At the end of both studies, specimens
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were collected for mineral analysis by cross-sectional micro-
hardness. High-viscous glass ionomer cements (HVGICs)
were the most efficient in preventing mineral loss, whereas
other materials presented an intermediate behavior. The
authors concluded that fluoride-releasingmaterials canmod-
erately reduce white-spot lesions progression, and HVGIC
can arrest enamel lesion when in approximal contact.

Conventional scaffold fabricationmethods do not control
the architecture, pore shape, porosity, or interconnectivity of
the scaffold, so it has limited ability to stimulate cell growth
and to generate new tissue. In the review article, J. W. Lee
suggests that three-dimensional (3D) printing technologies
may overcome these disadvantages of traditional fabrication
methods. These technologies use computers to assist in
design and fabrication, so the 3D scaffolds can be fabricated
as designed and standardized. Recent combinations of 3D
nanoprinting technologies with methods from molecular
biology and cell dynamics have suggested new possibilities
for improved tissue regeneration. The author speculated that
3D nanoprinting will become an important tool in tissue
engineering in the near future.

S. Jia et al. evaluated a novel, simple, and convenient
method to enhance hydrophilicity of Ti surfaces with
sodium bicarbonate (NaHCO

3
) solution. Sand-blasted and

acid-etched (SLA) Ti surfaces and machined Ti surfaces
were treated with NaHCO

3
solution. In their study, super-

hydrophilic SLA Ti surfaces were obtained by reversible
deprotonation and ion exchange processes. Increased pro-
tein adsorption on NaHCO

3
-treated specimens was also

observed. They concluded that this NaHCO
3
treatment is a

reliable method for enhancing the hydrophilicity and protein
adsorption of SLA Ti surfaces.

V. Babuska et al. compared the in vitro response of human
fibroblast cell line HFL1 and human osteoblast cell line hFOB
1.19 on nanostructured Ti with different grain size. In their
study, similar cellular behavior was observed on all studied
biomaterials. There were significant differences related to
the initial phase of attachment, but not in proliferation.
Furthermore, the results indicate that osteoblasts grow the
best on material with grain size of 160 nmwith a longitudinal
section in comparison with other examined materials. The
authors concluded that this material could be recommended
for further evaluationwith respect to osseointegration in vivo.

Basic calcium phosphate (BCP) crystals have been asso-
ciated with many diseases due to their activation of signaling
pathways that lead to their mineralization and deposition
in intra-articular and periarticular locations in the bones.
In the study by C. Herdocia-Lluberes et al., hydroxyapatite
(HAp)was placed in a polysaccharide network as a strategy to
minimize the BCP cell activation.Their research consisted of
the evaluation of varying proportions of the polysaccharide
network, cellulose nanocrystals (CNCs), and HAp synthe-
sized via a simple sol gel method. After preparation of the
biocompatible composite, the products were characterized
by various analytical methods. It was found that a nHAp =
CNC ratio presented greater homogeneity in the size and
distribution of the nanoparticles without compromising the
crystalline structure. The osteoblast cell viability assay also
demonstrated that all of the composites promoted greater cell

proliferation. The authors suggested that the nHAp > CNC
proportion with the inclusion of the bone morphogenetic
protein 2 (BMP-2) protein was the best composite.

Tae-Yub Kwon
Daniel S. Oh

Ramaswamy Narayanan
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Basic calcium phosphate (BCP) crystals have been associated with many diseases due to their activation of signaling pathways that
lead to their mineralization and deposition in intra-articular and periarticular locations in the bones. In this study, hydroxyapatite
(HAp) has been placed in a polysaccharide network as a strategy to minimize this deposition. This research consisted of the
evaluation of varying proportions of the polysaccharide network, cellulose nanocrystals (CNCs), and HAp synthesized via a simple
sol-gel method. The resulting biocompatible composites were extensively characterized by means of thermogravimetric analysis
(TGA), powder X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), dynamic light scattering (DLS), zeta
potential, and scanning electron microscopy (SEM). It was found that an nHAp = CNC ratio presented greater homogeneity
in the size and distribution of the nanoparticles without compromising the crystalline structure. Also, incorporation of bone
morphogenetic protein 2 (BMP-2) was performed to evaluate the effects that this interaction would have in the constructs. Finally,
the osteoblast cell (hFOB 1.19) viability assay was executed and it showed that all of the materials promoted greater cell proliferation
while the nHAp > CNC proportion with the inclusion of the BMP-2 protein was the best composite for the purpose of this study.

1. Introduction

Advances in Bone Tissue Engineering (BTE) hold promise
for the development of new functional coatings for bone
regeneration. The integration of novel bionanomaterials that
induce bone regeneration can contribute to the field of BTE
and help settle the incidence of bone disorders and conditions
[1, 2]. BTE has been a field of study of increasing interest
over the past few decades and it focuses on alternative
treatment options that will ideally eliminate issues of current
clinically used treatments with bone implants, such as donor
site morbidity, immune rejection, and pathogen transfer. The
main goal of this field is to create bone grafts that enhance
bone repair and regeneration of damaged tissue, combining

body cells with highly porous scaffold bionanomaterials [2].
Scaffolds are structures that bring support to the bone by
promoting biocompatibility that enriches with nutrients the
existing natural bone; therefore, it must imitate its compo-
sition in the best way possible. Scaffolds must be stress-
shielding, biocompatible, and porous structures that resem-
ble the bone [3, 4]. The most studied material to replace and
regenerate human hard tissue is hydroxyapatite (HAp), an
interesting biomaterial with potential to improve the field of
medicine and dentistry. Hydroxyapatite (Ca

10
(PO
4
)
6
(OH)
2
,

HAp) is chemically and structurally similar to the inorganic
components of bone, enamel, and dentin; it is also bioactive
and supports bone ingrowth and osseointegration. Due
to these unique features HAp has gained recognition and
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importance in the field of BTE. It has also been successfully
used as bone filler, aesthetic restorative, coating of orthopedic
implants, filler of inorganic/polymer composites, and cell-
culture carrier, among others [5].

Overall, the use of basic calcium phosphate (BCP) crys-
tals, such as HAp, has been associated with many diseases
due to their deposition in intra-articular and periarticular
locations site [6]. New pathogenic mechanisms for the
depositionmechanisms of BCPs suggest that the extracellular
inorganic phosphate, inorganic pyrophosphate, and Ca2+
concentrations are critical determinants of mineralization
[7, 8]. It has been found that BCP crystals activate three
major signaling pathways: crystal endocytosis and intracellu-
lar crystal dissolution with subsequent intracellular calcium
increase [9]. Therefore, placing the HAp in a polysaccharide
network might prevent this cell activation. Additionally, the
use of HAp as a coating agent for metallic implants has been
discouraged by many scientists because it is limited to non-
load-bearing applications due to the disproportion between
the different Young modulus of each. This is an undesired
effect because it leads to bone density loss and even fracture or
disconnection of bone from the implant. It is of our interest
that the polysaccharide network could serve as a hardening
intermediate between the bone and the implant [10].

There are many polysaccharides that have been used for
tissue engineering applications such as chitosan and gelatin
[11, 12]. A similarmaterial, cellulose nanocrystals (CNCs), has
been the subject of study in several applications because it is
one of themost abundant biopolymers on earth; it is nontoxic
and has a Young modulus of 167.5 GPa comparable to the
stiffness of titanium, copper, and bronze materials used in
bone implants [13]. CNCs are the ordered crystalline regions
of cellulose microfibers (cellulose molecule chains connected
through hydrogen bonding with approximately 5–50 nm in
diameter) which can be obtained from hydrolysis [14, 15].

Due to all of the above, herein we propose to synthesize
nanohydroxyapatite (nHAp) − nanocellulose (CNC) com-
posites via the sol-gel route in order to develop uniform
molecular-level mixing of the calcium and phosphorus pre-
cursors. This strategy might provide several advantages such
as improving chemical homogeneity of the resultingHAp, low
synthesis temperature, and promotion of controlled growth
of spherical nanoparticles [16, 17]. The sol-gel product is
recognized by the nanometric dimension of the primary par-
ticles that is known to improve the contact reaction and the
stability at the artificial/natural bone interface [16, 18]. In the
present paper we report the synthesis and characterization of
nHApwith the incorporation of CNCs via the sol-gel method
and its characterization using different proportions of the
bionanomaterials for the creation of scaffolds that will con-
tribute to the field of BTE.Through the evaluation of different
proportions of theHAp andCNC it was possible to determine
which proportion promoted a better synthesis of nHAp
nanoparticles in terms of homogeneity and dispersion. We
present the addition of bone morphogenetic protein (BMP-
2) to the synthesized composites as it is an important protein
involved in the development and regeneration of tissue and
cartilage which makes it promising for our purpose [19].

Finally, we present the inclusion of osteoblast cells into the
nanoconstructs with BMP-2 in order to determine the bio-
compatibility of these materials. Nanomaterials have proven
to be noncytotoxic in previous studies [20–22].

2. Materials and Methods

2.1. Materials. Cellulose nanocrystals (CNCs) 11.8% aqueous
solution was purchased from the University ofMaine Process
and Development Center (Orono, USA). Hydroxyapatite
(HAp), ethanol, acetic acid, phosphate buffered solution 1x,
pH = 7.2 (PBS), and bone morphogenetic protein 2 (BMP-
2) were purchased from Sigma-Aldrich. All chemicals and
solvents were used as received without further purification.
Deionized water (18.3 MW, MilliQ Direct 16) was used at all
times.

2.2. Synthesis of Hydroxyapatite Nanoparticles with Cellulose
Nanocrystals (nHAp-CNC) Composites. In order to compare
the effects of polysaccharide to BCD crystals, three com-
posites were prepared with different proportions of HAp
and CNC. The three compounds were prepared, following
the proportions of Hap > CNC, Hap = CNC, and Hap <
CNC. The same ratio of ethanol and acetic acid was used
to produce nanohydroxyapatite (nHAp), following a similar
procedure to that of Monreal Romero et al. [23]. In brief,
1mL of 99% chemically pure grade biopolymer 𝛽-1,4-D-
linked glucose (CNC) at 3.2% wt was placed at 30∘C for 30
minutes and added to the solutions of HApwith 5mL ethanol
and 1.25mL acetic acid for gel formation. The first solution
(nHAp > CNC) was prepared using 0.5 g HAp and 9.17 𝜇L
CNCs (3.2%), the second solution (nHAp = CNC) consisted
of 0.5 g HAp and 458𝜇L CNCs (3.2%), and the third solution
(nHAp < CNC) consisted of 0.01 g HAp and 458𝜇L CNCs
(3.2%); subsequently the solutions were sonicated at 30∘C for
15 minutes. After sonication each gel was placed in a 50mL
tube and centrifuged 3 times at 12,500 rpm for 5 minutes at
30∘C; in-between the procedure, the concentrated gel was
poured off and the precipitate was resuspended twice with
deionized water to eliminate any amount of gel residue. The
resulting pellet was freeze-dried for 24 hours and stored for
further characterization.

2.3. Inclusion of BMP-2 to nHAp. For the inclusion of BMP-2
to the composites, 10 𝜇g of BMP-2 was diluted in 1000 𝜇L of
PBS first. Afterwards, two solutions of 0.01 g of nHAp > CNC
and nHAp =CNCwere prepared in 900 𝜇L of PBS and 100 𝜇L
of the solution containing the BMP-2 was added to each.

2.4. Cell Proliferation and Viability Assay. Human
osteoblast cell line (hFOB 1.19) was purchased from the
American Type Culture Collection (Manassas, VA, USA).
Osteoblast cells were cultured in 1 : 1 mixture of Ham’s F12
Medium/Dulbecco’s Modified Eagle’s Medium (Gibco by
Life Technologies) supplemented with 2.5mM L-glutamine,
10% fetal bovine serum (Gibco by Life Technologies), and
0.3mg/mL G148 (Gibco by Life Technologies) at 34∘C with
5%CO

2
. To assess the cell viability effect ofHAp, CNC,Hap>
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CNC, Hap = CNC, Hap > CNC + BMP-2, and Hap = CNC +
BMP-2 nanoparticles, the MTS CellTiter 96 AQueous
Solution Cell proliferation Assay (Promega) was used. In
brief, cells were plated at 7.5 × 104 cells/mL in 96-well plates
(Falcon) in contact with 5mg/mL of the different nanocon-
structs and incubated for 24 hrs. Then, 20𝜇L of MTS reagent
was added and cells were incubated for 1 hr. Thereafter, the
96-well plates were centrifuged at 1000 rpm for 10min to
avoid any further light scattering from the nanomaterials.
Then, 100 𝜇L of the supernatant was transferred to a new
96-well plate and absorbance was measured at 490 nm using
a Synergy H1 Hybrid Microplate Reader from BioTek. The
results were expressed as percentage (%) of cell viability and
the statistical analysis was performedwithGraphPadPrism6.

2.5. Physical Characterization of nHAp-CNC Composites. In
order to fully characterize the composite material, several
physical characterization techniques were employed in this
study.

2.5.1. Thermogravimetric Analysis (TGA). A Perkin-Elmer
STA 6000 simultaneous thermal analyzer was used to mea-
sure the changes in weight and heat flow as a function of
temperature. Approximately 10mg of each sample was added
to ceramic crucible and heating of 30–750∘C at a ramp of
20∘C/min in air atmosphere at a flow rate of 20mL/min.

2.5.2. X-Ray Diffraction (XRD) Analysis. Powder X-ray
diffraction measurements were conducted over 10 to 90∘
2𝜃 range using a Rigaku SmartLab diffractometer at 40 kV
and 44mA equipped with monochromatic CuK𝛼 (1.54 Å) X-
ray radiation. X-ray diffraction patterns of composites were
recorded in intervals of 20∘C.

2.5.3. Dynamic Light Scattering (DLS) and Z-Potential Analy-
sis. MalvernZetaSizerNano Serieswith 4mW632.8 nm laser
was used to determine the average diameter of composite
suspensions. First, suspensions were sufficiently diluted with
deionized water to avoid agglomeration; then approximately
1mL of suspension was added to a disposable plastic cuvette.
The backscattering mode was used in triplicate for all the
samples and the 𝑍-average (i.e., hydrodynamic radius) and
polydispersity index (PDI) were recorded.

2.5.4. Scanning Electron Microscopy (SEM). Scanning elec-
tron microscopy (SEM) images were recorded using a JEOL
5800LV Scanning Microscope with electron beam energy of
20 kV. The samples were freeze-dried before measurement
and, to avoid charge accumulation, a thin film of gold (15 nm)
was added to the surface.

2.5.5. Infrared Spectroscopy (FTIR). Infrared spectra of
freeze-dried samples were recorded on a Bruker ten-
sor 27 Fourier transform infrared using Attenuated Total
Reflectance (ATR). Sample was placed in a glass slide and
then pressed using a diamond probe. The spectral width
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Figure 1: TGA and DSC analysis of nHAp > CNC (red), nHAp =
CNC (black), and nHAp < CNC (blue), in air atmosphere at 20mL/
min and a ramp of 20∘C/min.

ranged from 400 to 4000 cm−1, with 4 cm−1 resolution and
accumulation of 64 scans.

3. Results and Discussion

3.1. Physical Characterization. The main objective of this
work was to prepare and characterize biocompatible con-
structs for Bone Tissue Engineering and repair. Nevertheless,
it was of interest to extensively characterize the prepared
materials to account for any structural or chemical changes
in the products. In this sense, thermal stability of the
material provides an indication of the interactions between
particles and also about the critical transition temperatures
in the material. In order to determine this, a dual thermal
gravimetric analyzer with differential scanning calorimetry
functions was utilized and results are shown in Figure 1. This
figure shows the weight loss (straight lines) and heat flow
(dotted lines) of the different nHAp-CNC constructs. From
these results, a temperature drop at ca. 300∘Cwas consistently
observed and is ascribed to the thermal decomposition of
the CNC while the nHAp decomposition transition was
not observed as it belongs to a region of approximately
1080∘C, although some mass loss is present. The decompo-
sition of nHAp occurs in three steps: (1) the appearance of
Ca
10
(PO
4
)
6
O
𝑥
(OH)
2−2𝑥

as a transition product for the (2)
dehydroxylation producing oxyapatite Ca

10
(PO
4
)
6
O ending

with (3) decomposition of this oxyapatite and resulting
calcium phosphates [24]. The mass losses belonging to the
first two steps can be observed at around 400∘C and 600∘C,
respectively, for each sample.The nHAp > CNC sample (red)
is the most stable of all, maybe due to the higher proportion
of Hap, followed by the nHAp = CNC (black) with a well-
defined transition belonging to the CNC and nHAP. Lastly,
the nHAp < CNC sample (blue) shows less thermal stability
due to a lower amount of CNC in the sample in comparison
to the nHAp with a higher change in mass loss at 300∘C
belonging to the CNC. Also, in this sample a transition at
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Figure 2: Powder XRD analysis of nHAp > CNC (red), nHAp =
CNC (black), and nHAp < CNC (blue).

ca. 450∘C ascribed to the mass loss from the first step of the
decomposition of nHAp appears to be more significant. This
behavior may be due to the expected stronger interaction
between nHAp and CNC that will ultimately cause heat
dissipation in order to reach the transition product. The
heat flow results also evidence the evaporation of remaining
water in the samples. The transitions ascribed to the water
removal are not very noticeable in the gravimetric results at
ca. 130∘C.These results suggest a correlation between the ratio
of nHAp and the thermal stability. It is noticeable that the
samples with higher hydroxyapatite content provide better
thermal stability as it was expected due to the degradation
temperature of nHAp being much higher than that of CNC.

After observing the variations in thermal stability of the
constructs, it was important to determine if any crystallinity
loss is observed for the prepared materials. In order to assess
this, XRD was carried out and the resulting patterns are
shown in Figure 2. The CNC peaks can be observed between
10∘ and 25∘ with characteristic phases of (110) at 17∘ and
(200) at 26∘; a zoomed version of this area can be observed
in Figure 3 [25, 26]. The nHAp characteristic phases are
observed at 32∘, 39∘, and 49∘ with peaks corresponding to
the phases of (311), (410), and (313), respectively (COD ID
2300273) [26]. As a qualitative observation, the intensity of
the CNC peaks is much lower than those of the nHAp due
to the high crystallinity of nHAp in comparison to CNC,
but this does not mean that the CNC loses crystallinity. As
can be observed, all diffraction patterns showed the same
behavior leading to the conclusion that the crystallinity
of the sample was not compromised after sol-gel reaction
with polysaccharide network. It is important to note that
as the crystallinity of the cellulose decreases, the level of
water absorption and biodegradability increases because with
decreasing crystallinity cellulose fibers getmore disorganized
and hence more susceptible to degradation processes [27].
Because of this, the CNC in the synthesized composite will
not degrade which sustains the initial purpose of using CNC
that can serve as a hardening agent due to its high Young’s
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Figure 3: Powder XRD analysis of CNC phase in nHAp > CNC
(red), nHAp = CNC (black), and nHAp < CNC (blue).
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Figure 4: FTIR analysis of nHAp > CNC (red), nHAp = CNC
(black), and nHAp < CNC (blue).

modulus and reinforcing the strength of the bone. It is also
possible that this polymer network formed by cellulose may
prevent the mineralization of HAp and deposition in the
intra-articular and periarticular locations.

Moreover, even when the crystallinity of the samples was
conserved, it was of our interest to determine any chemical
changes in the surface of the composites after the synthesis.
FTIR was carried out from 400 to 4000 cm−1 (Figure 4) and
the presence of CNC is confirmed by the band at around
3400 cm−1 due toOH-stretching, the band at 1640 cm−1 likely
due to the OH-bending vibration of adsorbed water, and
the band at 2889 cm−1 assigned to C-H aliphatic stretching.
Other noticeable bands from C-O-C (ether) at 1200 cm−1
and CH

2
(alkaline) at 692 cm−1 are also worth noting. It is

important to observe that even though nHAp is an ionic
compound, its anions (PO

4

2−) are present at 1020 cm−1 and
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Figure 5: SEM analyses of nHAp > CNC (a and b), nHAp = CNC (c and d), and nHAp < CNC (e and f).

559 cm−1. The peaks around 2000 cm−1 are attributed to the
presence of CO

2
in the samples, so these were discarded for

the analysis of the spectrum.The effect of proportion is clearly
visible, especially in nHAp < CNC, in the intensity of the
graphs.

It has been noted that the composite size and homogene-
ity of the particles can influence the adherence of tissue to
the host implant. As a strategy to account for the composite
size, DLS analyses were conducted and are shown in Table 1.
First, the size for natural HAp and CNC was determined and
then the analysis of the particle size and distribution for the
composites was carried out. As can be observed for the 𝑍-
average (𝑅

𝐻
) results, most particles fluctuated between 289

and 311 nm.The results showed that the sizes for the nanopar-
ticles were 311 nm for the nHAP>CNC, 289 nm for the nHAp
= CNC, and 307 nm for the nHAp < CNC composites. The

polydispersive index (PDI) for the nHAP > CNC and nHAp
= CNC samples was the lowest with a value of 0.21 which
indicates a good size uniformity of the particles, a factor that
is notablymissing in the nHAp<CNC.The average reduction
of particle size from starting natural HAp with an average
size of 2061 nm is approximately 85.7%, which proves that the
polymer network was a determining factor in this size reduc-
tion; a representation of this interaction can be observed in
Scheme 1. To further verify this, SEM was carried out to
correlate the size and homogeneity of the composites and is
presented in Figure 5. From these images it can be observed
that the nHAp > CNC sample presents a high porosity while
the nHAp = CNC showed a better uniformity in the spher-
ical shape, distribution, and particle size and the nHAp <
CNC showed neither of these. Also, in agreement with DLS,
the sizes of the particles are between 150 and 300 nm with
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Scheme 1: Representation of the interaction between nanohydroxyapatite (nHAp) and cellulose nanocrystals (CNCs) polymer network.

Table 1: DLS analyses for HAp, CNC, and nHAp-CNC at a 1% w/v.

Sample∗ 𝑍-average (nm) PDI
nHAp > CNC (3.2%) 311 ± 7 0.21 ± 0.02
nHAp = CNC (3.2%) 289 ± 3 0.21 ± 0.01
nHAp < CNC (3.2%) 307 ± 5 0.43 ± 0.00
Natural HAp 1965 ± 170 0.29 ± 0.04
CNC 142.3 ± 0.72 0.30 ± .007
∗All samples at H2O (10mg/mL) at pH = 7.07.

few particles whose size is over 300 nm. The presence of
submicron particles is attributed to the aggregation factor
that occurs when the solution is in suspension; nevertheless
the formation of smaller nanoparticles is present. DLS was
also carried out for the BMP-2 protein alone and with its
incorporation to the composites, a representation of this
interaction can be observed in Scheme 2.The BMP-2 size was
found to be 59.97 nm and for the nHAp < CNC and nHAp =
CNC composites with the protein, it was observed that the
size of the nanoparticles remained around 349 nm which is
still in the range of our composites without the protein with
a PDI of 0.24 (Table 2). These results in fact corroborate that
the sol-gel method followed by Monreal Romero et al. is, in
fact, effective for these types of materials [23].

After thorough characterization of the composites, 𝑍-
potential was performed in order to determine the overall
charge of the nHAp > CNC and nHAp = CNC composites
with and without the BMP-2 (Table 3). The analyses were
run in PBS in order to understand how the composites
would behave under physiological conditions. The overall

Table 2: DLS analyses for BMP-2, nHAp > CNC, and nHAp = CNC
composites with protein at 1% w/v.

Sample∗ 𝑍-average (nm) PDI
nHAp > CNC (3.2%) + BMP-2 333.4 ± 11 0.18 ± 0.01
nHAp = CNC (3.2%) + BMP-2 364.6 ± 2 0.30 ± 0.02
BMP-2 59.97 ± 0.9 0.46 ± 0.04
∗All samples in PBS at pH = 7.20.

Table 3: Zeta potential measurements of nHAp >CNC and nHAp =
CNC with BMP-2.

Sample Zeta potential (mV)
Natural HAp −20 ± 2
BMP-2 −11.4 ± 0.7
nHAp > CNC −18 ± 1
nHAp = CNC −11.0 ± 0.6
nHAp > CNC & BMP-2 −17.3 ± 0.6
nHAp = CNC & BMP-2 −20 ± 2
∗All samples at 1mg/mL in PBS solvent at pH = 7.2.

charge of the HAp alone was found to have an average
charge of −19.36mV. The isoelectric point of the BMP-2
is 8.5 and therefore below this value the BMP-2 will be
positively charged [28]. When the 𝑍-potential measurement
was performed with the protein alone, the charge was
−12.8mV, which indicates that there is in fact an interaction
occurring between the protein and composite. A recent study
about thermodynamics studies on the BMP-2 adsorption
onto different hydroxyapatite surfaces conducted by Lu and
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BMP-2
nHAp-CNC composites

Scheme 2: Representation of the interaction between the nHAp/
CNC nanocomposites with the BMP-2.

team has reported that the process of adsorption is by
physisorption where the initial driving force is governed by
an electrostatic interaction between HAp (negatively charged
at pH = 7.2) and BMP-2 (positively charged at pH = 7.2).They
report that this process has a positive Δ𝐻 corresponding to
an endothermic process and negative Δ𝐺 corresponding to
a spontaneous and energetically favored process [29]. The
composites alone had an average charge of−11.4 and−18.1mV
for the nHAp >CNC and nHAp = CNC, respectively, and the
charges with the BMP-2 were lowered to −11.0 and −17.3mV,
respectively. Several studies have already shown that the
incorporation of BMP-2 results in an initial burst release
followed by a stable sustained release of the protein [30].This
slight decrease in the overall charge suggests that there is in
fact an interaction between the composites and the protein
although this does not provide any inquiry over the stability
of the construct.

3.2. Biocompatibility of Nanocomposites with Osteoblast Cells.
In recent years, a great interest has been dedicated to the
development of biocompatible and nontoxic nanoparticles
that can be used in bone implants and biomedical devices. For
instance, studies with carbon nanotubes have been shown to
support the osteoblastic cells grow.However, the hydrophobic
nature of carbon nanotubes requires extensive functionaliza-
tion with hydrophilic conjugates in order to afford its bio-
compatibility [31]. Here in this study we used biocompatible
nanohydroxyapatite/nanocellulose composites. To examine
the effect in cell viability of such nanoconstructs, osteoblasts
cells were exposed to 5mg/mL of nHAp, CNC, nHAp>CNC,
nHAp = CNC, nHAp > CNC + BMP-2, and nHAp = CNC +
BMP-2 nanoparticles for 24 hrs. Then, cell viability was
measured by MTS assay. The results for these experiments
are shown in Figure 6 and it demonstrates that neither of
the compounds compromised the osteoblast cell viability. As
can be noted, the nHAp > CNC + BMP-2 composite had
the highest growth of osteoblast in comparison to the others.
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Figure 6:Cell viability in humanosteoblasts exposed to the different
nanoconstructs. The cells were exposed to 1mg/mL of HAp, CNC,
Hap >CNC,HAP =CNC,Hap >CNC+BMP-2, andHAP =CNC+
BMP-2 nanoconstructs for 24 h and cell viability was determined
with the MTS reduction assay. Values represent mean ± standard
error of the mean (SEM) from three replicates. An asterisk indicates
statistical significance in comparison with the untreated samples
(𝑝 < 0.05).

This result was expected given the fact that one of the reasons
HAp was chosen is because of its high porosity in which the
pore size of these scaffolds as long as it is equal to or bigger
than 20𝜇m will permit the growth of cells [32].

Recent studies have shown that the use of hydroxyapatite-
(HA-) 2,2,6,6-tetramethylpiperidine-1-oxyl- (TEMPO-) oxi-
dized bacterial cellulose- (TOBC-) GEL composites in cal-
varial osteoblasts from Sprague-Dawley rats did not com-
promise the cell viability and promote cell proliferation [33].
Furthermore, other studies have demonstrated that poly-L-
lactide acid (PLLA)/HA/cellulose composites did not affect
the cell viability of rat osteosarcoma cells (URM-106) [34]. In
this study we showed that the use of nHAp >CNCwith BMP-
2, which is an important protein that regulates osteoblast dif-
ferentiation, promotes the growth of human fetal osteoblast
cells (Figure 6). Taken together, these results might suggest
that cellulose nanocomposites with the addition of proteins
that are important for osteoblast growth and differentiation
such as BMP-2 are suitable for biomedical applications in the
field of Bone Tissue Engineering.

4. Conclusion

The proportion of the nHAp = CNC ratio appeared to be
the most suitable ratio for this methodology as it provides
homogeneity of the particle’s size and distribution that was
shown by the DLS and SEM analyses. We conclude that
the CNC did work as expected by the sol-gel method to
include HAp in its network without affecting its degree of
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crystallinity, as shown by the XRD analyses, or the thermal
stability as shown by the TGA. Neither of the properties of
either CNC or HAp changed due to the chemical interaction
between them. The inclusion of BMP-2 does not appear to
have a negative effect on the particle size and the charge
reduction indicates that there is an interaction between the
protein and the composite.The cell proliferation and viability
assays demonstrated that all of our composites promoted an
increased cell growth, but the nHAp > CNC ratio with BMP-
2 had a higher growth percentage than the other composites.
Therefore it appears to be the best nanocomposite for the
fabrication of scaffolds or bioactive layers that can be used
in the Bone Tissue Engineering field.
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The in vitro response of human fibroblast cell line HFL1 and human osteoblast cell line hFOB 1.19 on nanostructured titanium
with different grain sizes has been compared in the present study. Used samples of titanium produced by equal channel angular
(ECA) pressing have grain sizes of 160 nm, 280 nm, and 2400 nm with cross- and longitudinal sections. Similar cellular behaviour
was observed on all studied biomaterials. There were significant differences related to the initial phase of attachment, but not in
proliferation. Furthermore, the results indicate that osteoblasts grow best on material with grain size of 160 nm with a longitudinal
section in comparison with other examined materials. Therefore, this material could be recommended for further evaluation with
respect to osseointegration in vivo.

1. Introduction

Titanium is commonly used for dental as well as orthopaedic
implants due to its properties such as biocompatibility,
nontoxicity, and corrosion resistance. [1–10]. However, com-
mercially pure titanium (cpTi) has excellent biocompatibility
but relatively poor strength, and titanium alloys have superior
strength but they contain potentially toxic or allergic ingre-
dients [11, 12]. Long-term stability of the titanium implants
is related to their wear resistant properties. Loosening or
failure of the implant can be caused by inflammation and
bone resorption induced by the wear debris in the form
of titanium particles derived from the implants entering
into the surrounding tissues [13]. Therefore, it is essential
to improve the biocompatibility and wear resistance of a
titanium implant for its successful long-term survival [14].

An important direction intensively developed in recent
years is the investigation of mechanical properties of nanos-
tructured materials. The formation of nanostructures in
metals leads to higher strength. There is great interest in
the processing of bulk, fully dense nanostructured metals
and alloys. The fabrication of such materials based on severe
plastic deformation (SPD) methods seems very interesting
and useful. The first developments and investigation of
nanostructuredmaterials processed using SPDmethodswere
carried out by Valiev and colleagues more than two decades
ago [15–17]. The method for large plastic deformations and
formation of nanostructures in our study was equal channel
angular (ECA) pressing. The ECA pressing method was
carried out by deformation of massive billets via pure shear.
Its goal is to introduce an intense plastic strain into materials
without changing the cross-section area of billets. Due to
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that, their repeat deformation is possible. The method was
further developed and applied as an SPDmethod for process-
ing structures with submicron and nanometric grain sizes.
Nanostructured titanium produced by SPD processing binds
together the advantages of aforementioned materials, that
is, excellent biocompatibility and extraordinary mechanical
properties [11, 18]. There are not many companies producing
bulk nanotitanium and the cost of this material is very high,
approximately 10 times higher than conventional titanium
[19].

It is known that nanostructuring of material changes its
biological properties compared with material of the same
chemical composition, but the mechanism of this phe-
nomenon has not yet been clarified [20]. The first evidence
of such an effect was provided by Webster et al. in 1999,
who found that osteoblast adhesion and bone formation
significantly increased on nanostructured titanium surface
compared with conventional titanium [21]. Since that time
many in vitro as well as in vivo studies have investigated the
impact of the nanostructured surface on the behaviour of cells
and provide evidence that key biological processes, such as
proliferation, gene expression, and initial protein adsorption
that control such events, can be easily manipulated by mod-
ifying the nanotopography of implants [22–24]. It has also
been proven that cells sense and react to nanotopography,
by exhibiting changes in cell morphology, orientation, and
cytoskeletal organisation [25–27].

An important issue is to improve osseointegration of an
implant to its surrounding natural bone tissue [14, 28]. The
long-term success of a dental implant depends not only on
the integrity of osseointegration but also on the contact with
surrounding soft tissue [29–31]. It is well known that cellular
behaviour, such as adhesion, morphologic change, migra-
tion, functional alteration, and proliferation, is determined
by surface properties such as composition, surface energy,
topography, and roughness [32–35]. Nanotopography of an
implant improves and accelerates osseointegration [19, 36].
Cell lines have been widely investigated as model systems
to explore the influence of nanoscale surface topography on
cellular response [37].

The aim of the present study was to compare nanos-
tructured titanium with different grain size with respect to
biocompatibility using human fibroblast cell lineHFL1 as well
as human osteoblast cell line hFOB 1.19.

2. Material and Methods

2.1. Materials. All the samples were obtained from commer-
cially pure titanium (cpTi) by the ECA pressingmethod from
cpTi grade 2. They have a cylinder shape with a diameter of
4.98–5.05mmand height of 2.93–3.01mm (Figure 1(a)). Used
samples of titanium have grain sizes of 160 nm, 280 nm, and
2400 nm. For each grain size there were two types of sample:
cross-section (−) and longitudinal section (+) (Figures 1(c)
and 1(d), resp.).

Each implant was cleaned and sterilised before usage.The
procedure contains incubation in a trypsin solution (0.25%
(w/v) Trypsin-0,53 nM EDTA solution, PAA Laboratories
GmbH, Austria) (30 minutes, 37∘C), followed by incubation

in an ultrasonic bath (20 minutes, 25∘C) incubation in ace-
tone (20 minutes, 25∘C), and at the end rinse in 70% ethanol
and deionised water. Finally the implants were sterilised by
autoclaving.

2.2. Characterization of Surfaces. All the sample types with
different grain sizes and sections were analysed by scanning
electron microscopy (SEM; JSM 6380, JEOL, Japan). Sec-
ondary electron channel was used for the observation.

The surface roughness of each samplewasmeasured three
times using a mechanical contact profilometer Surtronic 25
(Taylor Hobson, UK). Surface roughness of samples was
quantified by arithmetical mean roughness Ra (defined as
arithmetic average of the absolute values of the profile
height deviations from the mean line) and ten-point mean
roughness Rz (defined as the sum of the average value of
absolute values of the heights of five highest profile peaks
and the depths of five deepest profile valleys measured in
the vertical magnification direction from the mean line). The
surface roughness wasmeasured at a traverse speed of 1mm/s
with a diamond-tipped stylus with 5 𝜇m radius. The average
of the three measurements was recorded as the mean surface
roughness for each specimen.

2.3. Cell Cultures. Both used cell lines were obtained from
ATCC (American type culture collection, Rockville, MD,
USA) and cultured in accordance with ATCC recommenda-
tions. Culture media were refreshed as needed.

Human fetal lung fibroblasts (HFL1, ATCC, and CCL153)
were cultivated in F12K Medium (PAA Laboratories
GmbH, Austria) supplemented with 10% (v/v) fetal bovine
serum (FBS, PAA Laboratories GmbH, Austria), 100U/mL
penicillin and 100mg/mL streptomycin (PAA Laboratories
GmbH, Austria), and 2.5mM L-glutamine (Gibco, Life
Technologies, Paisley, UK) at 37∘C under 5% CO

2
in a

humidified incubator.
A human fetal osteoblast cell line, hFOB 1.19 (ATCC,

CRL11372), established by Harris et al. [38], was grown
in a 1 : 1 mixture of Ham’s F12 Medium and Dulbecco’s
Modified Eagle’s Medium with 2.5mM L-glutamine (without
phenol red) (Gibco, Life Technologies, Paisley, UK) supple-
mented with 10% (v/v) FBS and 0.3mg/mL geneticin (G418,
Serva Electrophoresis GmbH, Heidelberg, Deutschland).
Cells were maintained at 34∘C under 5% CO

2
in a humidified

incubator.

2.4. Cell Viability and Proliferation. Cell proliferation after 48
hours from plating was assessed by MTT viability and prolif-
eration assay (ScienCellTMResearch Laboratories, Carlsbad,
CA, USA) according to the manufacturer’s instruction. This
assay is based on the conversion of pale yellow tetrazolium
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] to purple formazan crystals, which can be solu-
bilised and then spectrophotometrically quantified.

The samples of implants were placed into a 96-well plate
(TPP, St. Louis, MO, USA). Cells harvested with trypsin
solution from Petri dishes were resuspended in culture
medium and seeded at a density of approximately 500,000
cells/mL onto the top of the discs of nanostructured titanium
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Figure 1: Photographs illustrating nanostructured titanium samples. (a) Macroscopic image; (b) details of the surface; (c) SEM images of
longitudinal section; (d) SEM images of transversal cross-section.

in 20𝜇L volume. As positive control, cells grown directly on
the 96-well tissue culture plate were used.

After 48-hour incubation, cells were washed with
phosphate-buffered saline (PBS) and incubated with 10 𝜇L
MTT (25mg/mL) solution at 37∘C. After 4 hours, 100 𝜇L of
MTT solubilisation buffer (equal to the volume of original
culture medium) was added to each well and the insoluble
formazan formed was dissolved by pipetting up and down.
The absorbance wasmeasured at 570 nm (spectrophotometer
Nano Drop 1000, Thermo Fisher Scientific, Waltham, MA,
USA), subtracting the background absorbance determined
at 690 nm.

2.5. Fluorescent Microscopy

2.5.1. Cells Staining. Cultured cells were stained with
CellTracker Green 5-chloromethylfluorescein diacetate
(CMFDA) (Molecular Probes, Inc., Eugene, Oregon, USA)
according to the manufacturer’s instruction. Briefly, cells
were properly washed with PBS and incubated with 4 𝜇M
CMFDA working solution for 30min at 37∘C. Then, the
dye working solution was replaced with fresh, prewarmed
medium and the cells were incubated for another 30 minutes
at 37∘C. Stained cells were analysed using an Olympus IX 70

fluorescent microscope equipped with Cell R system at 40x,
100x, and 400x magnification.

The initial cell attachment and the spreading of the cells
on the substrate with different grain size were examined after
6 h and 24 h, respectively. The area occupied by the cells
was assessed by analysis of gained images by the programme
ImageJ (W. S. Rasband, U. S. National Institutes of Health,
Bethesda, Maryland, USA).

2.5.2. Immunocytochemistry. The samples of implants were
placed into a 24-well plate. Five hundred cells were seeded
onto the top of the discs of nanostructured titanium cells
and incubated for 2 or 48 hours. Fixation was performed
by 3% formaldehyde in PBS for 15min at 37∘C followed by
three rinses with PBS. Permeabilisation was carried out by
incubation with 0.1% triton X-100 solution in PBS for 10min
at room temperature. Blocking with 2% normal goat serum
(Milipore, Billerica, MA, USA) followed for 1 h at 4∘C. Each
sample was double stained. Indirect immunofluorescence
staining was done with a mouse monoclonal antivinculin
antibody HVIN-1 diluted in PBS (1 : 100) and goat 𝛼-mouse
Atto488 conjugated secondary antibody. For actin staining,
Phaloidin-Tetramethylrhodamine B isothiocyanate (TRITC)
was added into the solution of secondary antibody in
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Figure 2: SEM photographs of the sample surfaces with different grain sizes and sections. (a, b, c) SEM images of longitudinal section with
grain sizes of 160, 280, and 2400 nm, respectively; (d, e, f) SEM images of transversal cross-section with grain sizes 160, 280, and 2400 nm,
respectively.

PBS (0.75 Atto488 : 1.5 TRITC : 100 PBS) (Sigma-Aldrich, St.
Louis, MO, USA). Incubation with primary antibody was
overnight. The second incubation was 2 hours at room
temperature in the dark. Samples were analysed using an
Olympus IX 70 fluorescent microscope equipped with a Cell
R system at 40x, 100x, and 400x magnification.

2.6. Statistical Analysis. Microscopic analysis was carried out
two times at a minimum, using two samples per group.
In case of MTT assay, two independent experiments with
quadruplicate measurements were performed. Cell viability
was compared by analysis of variance (ANOVA). If ANOVA
indicated a significant difference (𝑃 < 0.05) statistical
comparisons were computed by two-tailed unpaired 𝑡-test
with the value of significance𝑃 < 0.05. Statistical analysis was
performed using the SigmaPlot 12.5 software (Systat Software
Inc., San Jose, California, USA).

3. Results

3.1. Sample Characterization. Sample characterization was
performed by SEM. Figure 2 shows SEM images of the
titanium sample surfaces.

The surface roughness quantified by arithmetical mean
roughness Ra and ten-point mean roughness Rz of each
sample is shown in Figure 3. Values of Ra were between
0.3 and 0.6 𝜇m and Rz between 1.5 and 3.0 𝜇m. We did not
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Figure 3: The surface roughness expressed by arithmetical mean
roughnessRa and ten-pointmean roughnessRz.The standard errors
were calculated from three independent measurements. Error bars
indicate means ± standard deviations.

find any significant differences in surface roughness (for both
parameters Ra and Rz) among studied materials (𝑃 = 0.1097
and 𝑃 = 0.0623, resp.).
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Figure 4: The area of surface (percentage) of six studied titanium materials with different grain sizes and sections occupied by human
fibroblasts HFL1 at 6 h and 24 h after plating. Results from two distinct experiments on the basis of duplicate determination were combined.
Error bars indicate means ± standard deviations.
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Figure 5: Fluorescence photographs of human fibroblasts HFL1 on tested titaniummaterial (a, b) as well as control (c, d) at 6 h (a, c) and 24 h
(b, d) after plating, 40x magnification.

3.2. Cell Viability and Proliferation

3.2.1. Cell Adherence and Spreading. The initial cell attach-
ment within the first 6 hours was significantly slower on
titanium materials with grain size 2400 (− and +) nm and
280 (− and +) nm, when compared with control (tissue

culture plate) (𝑃 = 0.0043) (Figures 4, 5(a), and 5(c)). The
cells adhered to the surface with 160 (− and+) nm grains
as well as to control plate. The area occupied by fibroblasts
on all studied materials reached very similar values as the
control at 24 hours of cultivation (Figures 4, 5(b), and 5(d)).
We also analysed differences between particular materials.
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The occupied area after 6 hours was significantly higher on
material 160− in contrast to 280− and both types of 2400 (−
and +) (𝑃 < 0.0001; 𝑃 = 0.0170; 𝑃 = 0.0259; resp.).

Microscopic observation revealed that after 6 h, fibrob-
lasts presented a mainly rounded morphology (Figures 5(a)
and 5(c)). After 24 h the cells elongated and presented a
mainly spindle-like structure.On the tissue culture plastic, we
did not see any specific orientation (Figure 5(d)). However,
on material samples the cells were aligned along concentric
grooves (Figures 1(b) and 5(b)).

3.2.2. MTT Assay. The viability of two cell lines (hFOB 1.19,
HFL1) was estimated by MTT assay (Figure 6). The viability
of fibroblasts growing on materials 160−, 280+, and 2400+
was significantly lower than on control plates (𝑃 = 0.026).
The osteoblast viability was lower, when growing on all types
of studied titanium materials with the exception of 160+
material in comparison with the control (𝑃 < 0.0001).

Themedians of viability of the cells (% of positive control)
are shown in Table 1. We found higher viability of osteoblasts
comparing materials 280− with 160+ and 2400+ with 160+
(𝑃 = 0.0162, 𝑃 = 0.0372; resp.). The comparison of other
pairs of materials did not exhibit any significant differences.
On the other hand, material 160+ was a significantly better
substrate for culturing osteoblasts than all other studied
materials (𝑃 = 0.0072).

3.3. Immunocytochemistry. In order to compare morphol-
ogy of the cytoskeleton, fibroblastic cells grown on the six
different titanium materials underwent actin labelling with
TRITC conjugated phalloidin and vinculin labelling with
goat 𝛼-mouse Atto488 conjugated secondary antibody for
mouse monoclonal anti-human vinculin antibody HVIN-1
(Figure 7).

Two hours after seeding, cytoskeleton analysis showed
that cells presented a round shape and were not yet spread
properly on the surfaces. On all tested materials, at this point
in time, focal contacts could be seen as positive spots localised
at the cellular edge.

After 48 h,the cytoskeleton analysis mainly showed cells
with an elongated bipolar morphology. On all tested surfaces,
vinculin-positive focal contacts were present homogenously
on the whole cell surface, with a slightly higher density at
the cell periphery, at the ends of F-actin filaments. These
data denote that the adhesion phase occurred on all tested
materials.

4. Discussion

In our work we examined how grain size of nanostructured
titanium material influences the behaviour of fibroblastic as
well as osteoblastic cells grown on its surface.

The grain size was shown to be an important factor that
influenced not only the strength of material but also its
interactions with cells. Kim et al. proved that the ultrafine
grain titanium prepared by the ECAP method had better
biocompatibility concerning wettability, cell adhesion, and
proliferation of mouse fibroblasts [39]. Our results did not

Table 1: Medians of viability of two cell lines (hFOB 1.19, HFL1)
estimated by MTT assay expressed as % of positive control.

Material Cross-section Longitudinal section
160− 280− 2400− 160+ 280+ 2400+

hFOB 1.19 72.2 62.2 68.5 91.5 62.3 62.3
HFL1 68.1 71.4 77.5 77.8 71.5 73.4
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Figure 6: Comparison of the viability assessed by MTT assay of
human fibroblasts HFL1 and human fetal osteoblast cell line, hFOB
1.19 grown on six studied titanium materials with different grain
sizes. The standard errors were calculated from a combination of
two independent experiments with quadruplicate measurements.
Data expressed as % of positive control. Error bars indicate means ±
standard deviations.

clearly prove that grain size has a distinct impact on viability
or proliferation of used fibroblast model (HFL1). The only
differences we saw were related to the initial phase of attach-
ment, but until 24 hours after seeding, differences almost
disappear. We saw faster cell attachment on material with the
smallest grain size in examination.

The metabolic activity, assessed by MTT test, of the cells
grown on 160−, 280+, and 2400+ titanium was significantly
decreased against control. However, the tested materials did
not differ among each other, which indicated that all tested
materials were cytocompatible.This is in linewith the numer-
ous studies demonstrating the biocompatible character of
titanium as a substrate for cell culturing [40–43].

Theusage of a second cellmodel (hFOB 1.19) revealed that
one of the testedmaterials seems to be as good as control with
respect to metabolic activity of the osteoblasts cultured on its
surface. It was the material with the smallest grain size that
seemed to be consistent with the studies that detected that the
smaller the grain size, the better the viability [44–46]. Other
studied materials were significantly worse than control and
160+. Interestingly, this result was reached only for one of
two materials with one certain grain size. This observation
indicated that two different sections differ in the viability
of cells grown on its surface, which is in agreement with
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(a) (b)

Figure 7: Visualisation of focal adhesion and cytoskeleton of human fibroblasts HFL1 on tested titanium material after 2 h (a) and 48 h (b)
of seeding. Actin filament (red), vinculin (green), 400x magnification.

the study ofHoseini et al., who conclude that crystallographic
texture, rather than grain size, plays a principal role in the
surface biocompatibility [47].

It is well established that the proteins of extracellular
matrix, membrane receptors, and cytoskeletal proteins are
responsible for cell-substrate interactions. That is why we
decided to analyse two important cytoskeletal proteins actin
and vinculin by immunocytochemical staining. Actin is a
critical player in many cellular functions, such as cell motility
and the maintenance of cell shape and polarity [48]. Vinculin
is a cytoplasmic actin-binding protein enriched in focal
adhesions and adherens junctions required for strong cell
adhesion [49]. As early as 2 h after seeding, the cells adhered
and began to spread (Figure 7(a)). The cells displayed well-
spreading morphology with many vinculin spots after 24 h
(Figure 7(b)). This observation proved that the adhesion
phase occurred on all tested materials.

We also intend to examine differences between two used
cell models. Fibroblasts represent soft tissue and osteoblast
hard tissue, and the dental implant needs to be in contact with
both. We did not record significant differences in viability
among testedmaterials plating with fibroblast cells. When we
used osteoblasts as a cell model, we recorded that material
with a grain size 160 nm with longitudinal section seemed to
be as good as a conventional culture plate with respect to cell
viability and proliferation. Therefore, this material could be
recommended for a detailed study of cell behaviour in vitro
as well as in vivo.

5. Conclusions

The aim of this study was to evaluate if any of the six studied
materials is better than others with respect to biocompati-
bility and cell proliferation. Similar cellular behaviour was
observed on all studied biomaterials. There were differences
related to the initial phase of attachment, but not in prolifera-
tion. Furthermore, the results reported in this paper indicate
that osteoblasts grow on material with a grain size of 160 nm
with longitudinal section as well as on a conventional culture
plate, whereas, for other studied materials, we observed

decreased viability. This material could be recommended for
further evaluation with respect to osseointegration in vivo.
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Tissue engineering recovers an original function of tissue by replacing the damaged part with a new tissue or organ regenerated
using various engineering technologies. This technology uses a scaffold to support three-dimensional (3D) tissue formation.
Conventional scaffold fabrication methods do not control the architecture, pore shape, porosity, or interconnectivity of the
scaffold, so it has limited ability to stimulate cell growth and to generate new tissue. 3D printing technologies may overcome
these disadvantages of traditional fabrication methods. These technologies use computers to assist in design and fabrication, so
the 3D scaffolds can be fabricated as designed and standardized. Particularly, because nanofabrication technology based on two-
photon absorption (2PA) and on controlled electrospinning can generate structures with submicron resolution, these methods
have been evaluated in various areas of tissue engineering. Recent combinations of 3D nanoprinting technologies with methods
from molecular biology and cell dynamics have suggested new possibilities for improved tissue regeneration. If the interaction
between cells and scaffold system with biomolecules can be understood and controlled and if an optimal 3D environment for tissue
regeneration can be realized, 3D nanoprinting will become an important tool in tissue engineering.

1. Introduction

Tissue engineering recovers an original function of tissue by
replacing the damaged part with a new tissue or organ that
has been regenerated using various engineering technologies.
Tissue engineering is composed of three essential compo-
nents: cell, biomolecules, and scaffold. Scaffolds supply an
artificial structure that can support three-dimensional (3D)
tissue formation. Cells seeded into the scaffold proliferate and
differentiate, and biomolecules in the culture medium accel-
erate these processes. When the three components are suit-
ably combined, a tissue is regenerated successfully. To achieve
the tissue regeneration, scaffolds should be biocompatible
andmust have adequate pore size, high interconnectivity, and
appropriate mechanical properties. Biodegradability should
also be considered, because scaffolds should preferably be
absorbed by the body, thereby eliminating the need for
surgical removal.

Initially, most scaffolds were fabricated by traditional
methods [1–13] such as gas foaming, freeze-drying,

particulate leaching, phase separation/inversion, and fiber
bonding. However, because those methods do not control
the architecture, pore shape, porosity, or interconnectivity
of the scaffold, they did not adequately stimulate cell growth
and tissue generation.

3D printing technology using computer-aided design
(CAD) and computer-aided manufacturing (CAM) may
overcome these disadvantages. Because these methods use
computer software to design and fabricate the scaffolds, their
internal architectures such as the pore size, pore shape, poros-
ity, and the interconnectivity of the scaffolds can be freely
controlled. In addition, computer-aided 3D printing can pro-
duce reproducible constructs, so it enables standardization
of scaffolds. This standardization eliminates variability of
the inner architecture among scaffolds, so it improves the
repeatability and reliability of experiments. These technolo-
gies can also fabricate customized scaffolds for patients.

Various 3D printing technologies [14–28] including stere-
olithography, deposition modeling, inkjet printing, selective
laser sintering, and electrospinning technology have been
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developed. Those technologies have been widely used in
studies of regeneration of tissues such as bone, cartilage,
ligament, muscle, skin, and neurons and of organs such as
trachea, liver, kidney, and heart. 2PP and electrospinning
can fabricate constructs to submicron precision. Therefore,
this review will provide the present condition of scaffold
fabrication using these 3D printing technologies.

2. 3D Nanoprinting for Tissue Engineering

2.1. Two-Photon Absorption (2PA) Based 3D Printing. Stere-
olithography (SL) was developed independently by Kodama
[35] and Nakai and Marutani [36] in the 1980s. 3D Systems
Inc. sold a commercialized SL system for the first time.
SL uses an ultraviolet (UV) laser beam to irradiate the
surface of a liquid photopolymer, causing it to solidify. Many
scanned UV laser lines are overlapped on the surface to
solidify a specified cross-sectional area; many such cross-
sectional areas are accumulated step by step to form the
desired 3D shape. Microstereolithography (MSTL) uses the
same fabrication mechanism as SL but uses optical com-
ponents to reduce the diameter of the laser beam to a few
micrometers [37]. The laser beam is passed through a beam
expander and focusing lens (Figure 1(a)) and then solidifies
a very small area of the liquid photopolymer surface. MSTL
enables fabrication of 3D freeform structures at micrometer
scales.

Two-photon polymerization (2PP) is a laser-based 3D
printing technique that uses two-photon absorption (2PA)
[38, 39]. 2PA can be used to induce laser-based erosion by
photoreaction of an irradiated material and ablation by an
intense laser. In 2PP, a laser is used to trigger a chemical reac-
tion that causes polymerization of a photosensitive material,
as in SL and MSTL. However, unlike the single-photon poly-
merization process of SL and MSTL, 2PP allowed electron
transitions over excited energy levels for the polymerization
process, when an atom absorbs two photons simultaneously
(∼femtosecond level) (Figure 1(b)). For instance, when a
specific photoinitiator that reacts at wavelength 𝜆 = 400 nm
simultaneously absorbs two photons with 𝜆 = 800 nm, their
energies add up to equal the energy of one photon with
𝜆 = 400 nm and thus initiate the polymerization process.
Photopolymerization that is triggered by nonlinear excitation
happens at the focal point, but other regions are not affected
by the laser energy. This phenomenon has the potential
to reduce solidification resolution to below the diffraction
limit of the applied light. In addition, the movement of
the laser focal point and solidification inside the liquid
photopolymer guarantee the fabrication of a 3D product.
Therefore, 2PP currently has the highest resolution of all 3D
printing techniques.

By combining CAD and CAM, the inner architecture
of the structure can be precisely controlled. As a result of
these features, 2PP offers great potential for the fabrication
of appropriate scaffolds for tissue engineering. In addition,
development of photodegradable polymer has enabled a two-
photon erosion process, and modulation of a two-photon
pulse laser has produced an ablation technique with submi-
cron resolution.

2.1.1. Two-Photon Polymerization Technology for Tissue Engi-
neering. By exploiting the high resolution of 2PP, many re-
searchers have focused on the realization of 3D environments
for cell adhesion and proliferation. Mostly, this research
concentrated on methods to fabricate the 3D scaffold,
which is an essential environment to regenerate damaged
tissue.

Koroleva et al. [40] used a combination of 2PP andmicro-
molding to fabricate 3D fibrin scaffolds with tightly control-
lable pore sizes and interconnections. The authors used 2PP
to fabricate master structures and then used two-step replica-
tion process to regenerate.The fabricated fibrin scaffolds were
highly porous andwell interconnected. Culture of endothelial
cells in the scaffolds resulted in directed lining and spreading
of cells within a replicated pore network, whereas endothelial
cells encapsulated in fibrin gel blocks showed chaotic and
irregular distributions. These results demonstrated that the
combination of 2PP and micromolding technique can supply
complex 3D structures for tissue engineering.

Koroleva et al. [41] used 2PP to produce well-defined
macroscopic scaffolds for engineering of neural tissue. Their
scaffolds can be replicated by soft lithography, so production
speed is relatively fast. Photo-cross-linkable poly(lactic
acid) (PLA) was used to produce scaffolds by 2PP and soft
lithography. PLA 3D scaffolds sustained a high degree (99%)
of Schwann cell purity and provided a suitable substrate to
support Schwann cell adhesion. Most of the Schwann cells
in the scaffolds showed alignment of actin filaments and
formation of focal contacts. These photo-cross-linked PLA
scaffolds successfully support the growth of primary Schwann
cells.

Claeyssens et al. [29] fabricated microstructures using
2PP process and the biodegradable copolymer poly(𝜀-capro-
lactone-co-trimethylenecarbonate)-b-poly(ethylene glycol)-
b-poly(𝜀-caprolactone-co-trimethylene-carbonate) with 4,4-
bis(diethylamino)benzophenone as the photoinitiator. The
minimum line width of structures was 4𝜇m, and the fab-
ricated structure showed a fully interconnected 3D shape
(Figure 2). Initial cytotoxicity was not detected, and cell
proliferation speed was moderate. These proliferation results
demonstrated that this material can be applied to the scaffold
for tissue engineering.

Correa et al. [42] used 2PP to fabricate microstructures
that contained chitosan, which is a biodegradable and bio-
compatible polymer that has applications in blood coagu-
lation, soft tissue, and bone regeneration. Chitosan could pro-
vide microstructures with appealing properties for medical
applications. The chitosan did not react chemically with the
matrix resin and therefore retains its characteristics after the
fabrication process.

Kufelt et al. [43] fabricated the 3D hydrogel microenvi-
ronments with predefined geometry and porosity using 2PP
and chitosan.They explored a new synthesis of water-soluble
photosensitive chitosan and the fabrication of well-defined
microstructures from the generated materials. To modulate
the mechanical and biochemical properties of the material,
chitosan was combined and cross-linked with synthetic
poly(ethylene glycol) diacrylate. For a biological adaption to
the in vivo situation, chitosan was covalently cross-linked
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(figures were reproduced from [29] with permission of ACS Publications).
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with a photosensitive modified vascular endothelial growth
factor (VEGF). Performed in vitro studies revealed that
modified chitosan is biocompatible and VEGF enhanced
CH bioactivity. Furthermore, a 3D chitosan scaffold was
successfully seeded with cells. From the study, the established
chitosan showed a potential for future applications in tissue
engineering.

Cha et al. [44] used 2PP to incorporate micropatterns on
the scaffold.They fabricated 3D scaffoldswithmicropillar and
microridge patterns on each layer and observed the effects
of the patterns on cellular behaviors including adhesion,
proliferation, and osteogenic differentiation. Preosteoblasts
adhered significantly better to scaffolds with micropatterns
than to a scaffold without a pattern. The expression results
of osteogenic markers including ALP and Runx2 showed the
superiority of scaffolds that had micropillar and microridge
patterns. Thus, use of a femtosecond laser to print micropat-
terns on 3D scaffolds may be a useful method to encourage
tissue regeneration.

Marino et al. [45] fabricated a trabecula-like structure,
which was named “Osteoprint” that resembles the typi-
cal microenvironment of trabecular bone cells using two-
photon polymerization process. Starting from microtomog-
raphy images of the trabecular bone, they prepared several
Osteoprints through two-photon polymerization and tested
the behavior of SaOS-2 bone-like cells cultured on their
structures. They found that Osteoprints deeply affect cellular
behavior, determining an exit from the cell cycle and an
enhancement of osteogenic differentiation. And they also
found an upregulation of the genes involved in SaOS-2 cell
maturation and an increase in hydroxyapatite production
and accumulation upon SaOS-2 culture on the Osteoprints.
Their finding showed the new perspectives in “bioinspired”
approaches for tissue engineering and regenerative medicine.

Doraiswamy et al. [46] fabricated three-dimensional
microstructured medical devices by 2PP of Ormocer org-
anic–inorganic hybrid materials. Neuroblast-like cells and
epithelial-like cells showed good viability of fabricated
Ormocer. Microneedle arrays with unique geometries and
Lego-like interlocking tissue engineering scaffoldswere fabri-
cated using 2PP. These results showed that 2PP can create
biomedical microdevices with a larger range of sizes and
shapes than can reactive ion etching, surface/bulk micro-
machining, injection molding, polysilicon micromolding, or
other conventional microfabrication techniques.

In most biological studies, cell movement is a subject
of ongoing study. Especially in cancer biology, the under-
standing of the cell migration is very important to estimate
and forecast cancer metastasis. However, most related studies
have been conducted in standard two-dimensional (2D)
environments such as plastic plates coated with extracellular
matrix, or glass tissue culture plates. Study of realistic cellular
motion and migration requires an effective 3D biomimetic
environment. Use of 2PP to fabricate such an environment
with high resolution has been the subject of several studies.

Otuka et al. [47] used 2PP to fabricate microenvironment
for in situ monitoring of cell growth and movement. They
fabricated a microenvironment that was doped at specific site
with ciprofloxacin (an antibiotic that is used in the treatment

of diseases caused by E. coli) and that included micro-
fences that can trap bacteria. Development of E. coli was
inhibited near sites that were doped with ciprofloxacin,
and the microfence traps increased the density of E. coli
near them. These microenvironments showed potential as a
platform for drug delivery system by promoting or inhibiting
the growth of bacteria.

Zhang et al. [30] used poly(ethylene glycol) diacrylate
(PEDGA) biomaterial to fabricate suspended web struc-
tures that exhibit positive or negative Poisson’s ratio (NPR).
The authors observed cellular responses involved in tuning
Poisson’s ratio in biological scaffolds and developed high-
resolution NPR webs that demonstrated biaxial behavior
during expansion or contraction as one or more cells applied
local forces and moved the structures. The NPR structures
fostered unusual cell division, and cells migrated toward
regions that were stiffer than average (Figure 3). This 2PP
process demonstrated that Poisson’s ratio of photo-cross-
linkable biomaterials can be tuned; this approach has poten-
tial applications in mechanobiology.

Raimondi et al. [48] applied femtosecond laser 2PP to fab-
ricate 3Dmicroscaffolds, or “niches,” using a hybrid organic-
inorganic photoresist. They developed two niche heights, 20
and 80–100 𝜇m, and four lattice pore dimensions (10, 20,
and 30 𝜇m and graded) and they prepared primary rat mes-
enchymal stem cells (MSCs) to study cell viability, migration,
and proliferation in the niches. MSCs preferentially stayed
on/in the structures once they ran into them through random
migration from the surrounding flat surface, invaded those
with a lattice pore dimension greater than 10𝜇m, and adhered
to the internal lattice while the cell nuclei acquired a roundish
morphology. In the niches, the highest MSC density was
found in those areas where proliferation was observed. The
microgeometry inducing the highest cell density was 20 𝜇m
high with graded pores, in which cell invasion was favored
in the central region of large porosity and cell adhesion was
favored in the lateral regions of high scaffold surface density.
Their result showed the crucial role played by the niche 3D
geometry on MSC colonization in culture.

Jeon et al. [49] also used 2PP to fabricate patterns with
various height and high aspect ratios (∼10) and then used
them in studies of cell guidance. They seeded fibroblasts
on orthogonal mesh patterns (8 𝜇m and 4 𝜇m height, 5 𝜇m
and 5.5 𝜇m height, and 5 𝜇m and 6 𝜇m height) and on
parallel line patterns with different heights (1.5, 0.8, and
0.5 𝜇m). The seeded fibroblasts received different contact
strengths depending on the wall height. A threshold of
approximately 1 𝜇m in height influenced cell alignment both
on mesh and on line patterns. This technology may be used
in design ofmicrodevices for controlling cell behavior and for
investigating cell signal transduction.

Drug delivery is administration of pharmaceutical mate-
rials to achieve a therapeutic effect in living creatures. A
drug delivery system (DDS) supplies a predetermined drug
releasing profile which ensures an optimal absorption of the
drug to improve its safety and efficacy. 3D microscale or
nanoscale systems [50–55] made from various biomaterials
may have applications [56–62] in DDSs, and 2PP has been
evaluated as a tool for development of DDSs.
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midbody connection. (i–m)Multiple sites of symmetric as well as asymmetric furrow formation during cell division on the NPRwebs (dotted
white arrows) (figures were reproduced from [30] with permission of John Wiley and Sons).

Chan et al. [63] used 2PP to deposit complex protein
microstructures with submicrometer features and control-
lability. In bovine serum albumin (BSA) protein solution,
the method produced 2D line voxels with lateral fabri-
cation resolution of 200 nm and elliptical 3D spot voxels
with dimensions of 400 nm (lateral) and 1.5 𝜇m (axial). The
authors fabricated BSA-based micropillar arrays and used
them as platforms for cell niche studies. A study using
fibroblasts showed good cell attachment and growth and
good expression of adhesionmolecules without the need for a
matrix coating.This work presented a useful method to engi-
neer protein microstructures with submicrometer topologi-
cal features tomimic the nativematrix niche.These structures
have applications in cell-matrix interaction studies.

Turunen et al. [64] studied using picosecond and femto-
second lasers to induce photo-cross-linking of proteinmicro-
structures. The capability of a picosecond laser (Nd:YAG) to
induce protein crosslinking by a multiphoton excitation was
evaluated by fabricating 2D and 3Dmicrostructures of bovine
serum albumin (BSA), biotinylated bovine serum albumin
(bBSA), and avidin. The authors fabricated sub-micrometer-
scale and micrometer-scale structures from several different
protein compositions and photosensitizers by varying the
average laser power and scanning speed and then compared
the surface topography and resolution of the resulting protein

patterns to those of protein patterns fabricated using a
femtosecond Ti:Sapphire laser. The study demonstrated that
a low-cost Nd:YAG microlaser can be used for direct laser
writing of protein microstructures.

Farsari et al. [65, 66] functionalized the surface of 3D
structures fabricated using three-photon polymerization and
then immobilized photosensitive biotin on the structure
surface. The existence and distribution of biotin were mea-
sured using fluorescence microscopy and a surface acoustic
sensor technique to detect the presence of avidin. The same
research group has studied the immobilization of peptides.
Themethods developed by this group can be used to fabricate
scaffolds for cell growth and tissue engineering.

Gittard et al. [67] fabricated microneedles with antimi-
crobial function for transdermal delivery of protein- and
nucleic acid-based drugs. Existing microneedle-generated
pores may allow microorganisms to penetrate the stratum
corneum layer of the epidermis and infection. Therefore, the
authors used 2PP, micromolding, and pulsed laser deposition
to fabricate microneedles that had antimicrobial functional-
ity. The authors fabricated needles from Ormocer and either
coated them with silver or left them bare. The silver-coated
Ormocer microneedles showed antibacterial properties but
did not inhibit growth of human keratinocytes. This result
showed that use of silver coating is an effective approach for
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creatingmicroneedles that have antimicrobial characteristics.
In a follow-up study, the authors fabricated microneedle
arrays that contain Polyethylene Glycol-Gentamicin Sulfate,
which inhibited growth of Staphylococcus aureus bacteria
[68].

2.1.2. Two-Photon Erosion Technology for Tissue Engineering.
Photodegradation is the alteration of a molecule by infrared,
visible, or ultraviolet radiation. Two-photon excitation using
a pulsed laser induces degradation within hydrogels over
multiple length scales by cleaving components within the
cross-linked biomaterial.Thismethod achieves submicrome-
ter resolution and can erode the focal volume within the bulk
material; these traits have been exploited to develop platforms
for various in vitro studies.

Lee et al. [69] suggested amicropatterning technique that
uses two-photon-induced erosion (2PIE) to control the 3D
arrangement of biomolecules and cells at the micrometer
scale. The authors fabricated a 3D micropattern of cell adhe-
sive ligand (Arg-Gly-Asp-Ser: RGDS) in collagenase-sensi-
tive poly(ethylene glycol-co-peptide) diacrylate hydrogels
to guide cell migration along predefined 3D pathways and
human dermal fibroblasts encapsulated within the micropat-
terned collagenase-sensitive hydrogels were located in the
center of the hydrogel construct. After preparation of the
3D pathway, cells migrated along predefined 3D RGDS path-
ways. Their result showed the possibility of guiding tissue
regeneration by using 3D scaffoldswith highly definedmicro-
scale geometry.

Kloxin et al. [70] synthesized photodegradable poly(eth-
ylene glycol) based hydrogel, which has physical and biolog-
ical properties that can be modulated in the presence of cells
by ultraviolet, visible, and two-photon irradiation. 3D chan-
nels thatwere fabricated using 2PIEwithin a hydrogel allowed
migration of hydrogel-encapsulated cells, and variation of
the gel composition induced chondrogenic differentiation of
encapsulated stem cells. These photodegradable hydrogels
showed promise as in vitro 3D cell culture platforms in which
an interaction between cells andmaterials is elucidated by the
processing information of cells.Thesemethodsmay be useful
in applications such as drug-delivery vehicles and tissue-
engineering systems.

Tibbitt et al. [31] presented a PEG-based hydrogel in
which the geometry and context of the extracellular environ-
ment were controlled by 2PIE (Figure 4). They characterized
the 2PIE process and demonstrated its efficacy in cell culture.
To erode a gel completely, they selected 2PIE parameters in
the presence of cells and then erodedmicroscale structures on
and in the gel to confirm the patterning resolution.They used
2PIE to erode thematerial at the cell-gel interface and remove
cell adhesion sites selectively. Finally, they monitored the
stem cell response by detachment between cells and softmat-
erials.This technique allows users tomanipulate precisely the
context and geometry of a cell’s underlying microenviron-
ment.

2.1.3. Two-Photon Ablation Technology for Tissue Engineering.
Two-photon lithography (2PL) can provide high-resolution
material processing without requiring a chemical developer

or a photomask [71, 72]. Intense pulses of femtosecond laser
can cause nonlinear absorption processes (e.g., multiphoton-
initiated avalanche ionization) that can damage transparent
dielectrics [73]. However, heat exchange is limited during
femtosecond pulsed laser irradiation, so thermal stress and
collateral damage are minimized. Thus this laser can achieve
submicrometer resolution when ablating biomaterials.

Jeon et al. [32] used a two-photon laser to write nanoscale
chemical patterns on thin polymer film. Poly(ethylene glycol)
methacrylate (PEG-MA) layers were prepared on quartz
substrates, and then nonlinear absorbance of pairs of photons
from femtosecond laser was used to ablate the underly-
ing substrate. Single-shot ablation allowed the patterning
of nanoscale features without a damage of the substrate
(Figure 5). The diameter of the laser spot was 0.86 𝜇m at
1/e2 width, and the exposed feature size on the substrate was
∼80 nm in that condition. Fabricated patterns could control
the adhesion and migration of 3T3 fibroblasts, so this study
demonstrated the use of two-photon ablation technology to
realize a microenvironment.

2.2. 3D Printing Based on Controlled Electrospinning. Elec-
trospinning is a versatile 3D printing technique that uses
a biopolymer; the method was first proposed in 1934 [26].
Electrospinning is based on the creation of fibers by ejecting
an electrically charged viscoelastic polymer solution onto a
collector.The travel pathway of the charged polymer solution
is guided by a strong electric field that is generated by a
high voltage between a polymer solution outlet and the
collector guide [27]. By the control of solution conditions
(pH, concentration, and solvent), device conditions (dis-
tance between tip and plate, strength of electric field, and
dimensions of nozzle), and collection methods (plate versus
rotating mandrel and speed of collection), this technique
can produce ultrafine fibers with a wide range of diameters
from several micrometers to a few nanometers. However,
electrospun nanofibers undergo a whipping motion, so an
electrospun product is normally a nonwoven mat of ran-
domly oriented fibers. This characteristic has limited the use
of this method to fabricate patient-customized architectures
for use in tissue regeneration. However, various techniques
to align and position the nanofibers have been developed,
so the electrospinning technology has been utilized in tissue
engineering and regenerative medicine area.

2.2.1. 2D Pattern FabricationUsing Controlled Electrospinning.
Research on the morphology of nanofibrous structures has
mainly focused onnanofiber alignment [33, 74–77].However,
although achieving alignment of the nanofiber was a sig-
nificant breakthrough that allowed deposition of structured
nanofiber mats, the precision of alignment is still limited by
difficulties in controlling the geometric features of the elec-
trospun mats and in introducing geometrical functionalities.
Therefore, newmethods, such as direct nanofiber patterning,
a prepatterned conductive collector, have been studied.

Bellan and Craighead [78] used electric fields to confine
and steer an electrospunpolymer jet for controlled deposition
of functional materials and used an electrode between the
electrospinning tip and grounded sample to suppress the
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Figure 4: Feature formation to control ECM context and geometry. (a) Defined features can be patterned at the surface or within PEGdiPDA
hydrogels by rastering the focal point of a two-photon laser scanning microscope (LSM, Zeiss LSM 710) through specific geometries using
region of interest software. (b) Surface feature formation can be performed on size scales relevant to the cell (∼1 to 100mm) and spatially
confined to desired regions to disrupt adhesion at the front or back side of adhered cells (purple oval and yellow circle) or to disrupt adhesion
at individual filopodia (red triangle). To demonstrate this strategy, feature formation was performed in the absence of cells on the order of
microns (red triangle) to 100mm (purple oval) and was monitored with confocal microscopy (3D renderings of fluorescent confocal stacks
and the corresponding cross sections, green and blue lines). (c) Features were also patterned within the bulk of PEGdiPDA hydrogels to
motivate the utility of this approach for directing encapsulated cells ((c)(i)) to migrate down specific channels ((c)(ii)) or for defining the
geometry of the cell niche ((c)(iii)). 20mm and 30mmwide channels were patterned into PEGdiPDA gels ((c)(ii)) for representative channel
formation, and a 45mm wide square cylinder was patterned into a gel ((c)(iii)) as a representative change to the geometry of the cell niche.
Scale bars represent 20mm, except as noted (figures were reproduced from [31] with permission of Royal Society of Chemistry).

chaotic whippingmode, thereby reducing the diameter of the
characteristic spot. By modifying the electrode setup, they
deposited isolated electrospun fibers in controlled positions
and terminated electrospun fibers quickly. Their results will
allow the increase in the complexity of the geometries that
can be fabricated using electrospun nanofibers.

Dalton et al. [79] used melt electrospinning and demon-
strated that simple nanofibrous patterns with line widths as
small as 500𝜇m can be fabricated by increasing the tip-
to-collector distance and reducing the speed of the plate

collector. Electrospun fibers collected in focused spots were
used in the patterning and drawing of a cell adhesive scaffold.
Aligned electrospun fiber lines of 200–400 𝜇m width could
be applied continuously or discretely onto a slidemounted on
an 𝑥-𝑦 stage. This direct electrospinning writing technique
will provide scaffold-building devices suitable for tissue
engineering applications.

Zhang and Chang [80] used electroconductive collectors
to fabricate poly(lactic acid) (PLA) electrospun mats with
different patterned structures (Figure 6). To control the
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Figure 5: (a) Schematic of laser ablation. Polymer is grown from surface-bound ATRP initiator and ablated by a 100 fs, 400 nm laser pulse.
(b) QCM-Dmeasurement of polymer thickness. A measurement result indicates linear growth of the living radical polymerization, ensuring
the smooth, uniform films necessary for consistent laser ablation. (c) AFM image of 250 nm dot pattern in 20 nm film (scale bar is 1 𝜇m)
(figures were reproduced from [32] with permission of ACS Publications).

patterns and architectures and the parameters that affect the
formation of the patterns of the fibrous materials, the authors
designed an electroconductive template. They demonstrated
that protrusions on collectors are an important feature that
may induce structures in the electrospunmat and that woven
constructs can be fabricated by time-dependent control of
the protrusion arrangement of the collector. These effects of
protrusion arrangement and designed patterns have potential
for use in supplying fibrous mats for biomedical applications.

Kharaziha et al. [81] fabricated elastomeric biodegradable
poly(glycerol sebacate) (PGS):gelatin aligned nanofibrous
scaffolds with various chemical composition, stiffness, and
anisotropy. They incorporated PGS to create nanofibrous
scaffolds that mimic the architecture of the left ventricular
myocardium. They studied attachment, proliferation, align-
ment, and differentiation of neonatal rat cardiac fibroblast
cells. They also studied protein expression and contractile
function of cardiomyocytes on PGS:gelatin scaffolds. An

aligned nanofibrous scaffold with 33wt% PGS enhanced the
cellular alignment of cardiomyocytes and elicited optimal
synchronous contractions of them.These results suggest that
the electrospun PGS:gelatin scaffold with an alignment had
an important influence on the organization, phenotype, and
contraction of cardiac cells and can be used in engineering of
cardiac tissue.

2.2.2. 3D Scaffold Fabrication Using Controlled Electrospin-
ning. Despite numerous benefits of electrospinning tech-
nology, it cannot easily fabricate macroscopically porous
3D nanofibrous scaffolds, due to their entangled fibers and
densely packed membranous structure [82]. Although elec-
trospun scaffolds provide favorable cellular interaction due to
internal architectures, as in native tissue, cellular migration
within 3D electrospun scaffolds has been limited because of
their inherently small pore sizes. Furthermore, the porosity of
these scaffolds cannot be controlled. To solve these problems,
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some new approaches have been developed that control the
electrode position to produce advanced electrospun 3D scaf-
folds.

Lee et al. [83] developed direct-write electrospinning
(DWES) with improved focusing and scanning functionali-
ties to generate nanofibrous mats. The authors demonstrated
that DWES could control the geometry and dimensions of
nanofibrous patterns and mats. Fabricated nanofibrous mats
were used as patterns for cell alignment. 3D nanofibrous scaf-
folds with regular pores were developed by stacking the nano-
fibrous mats into a 3D structure [83, 84]. After preparing the
3D nanofibrous structures, they compared the cellular inter-
actions induced byDWES, conventional electrospinning, and
salt leaching technique. Cell migration to the inner space
was better in the DWES scaffold than in the scaffold pro-
duced using conventional electrospinning. Scaffolds fabri-
cated using DWES will eventually improve cellular migration
into the core and aid in 3D tissue formation.

Teo et al. [33] controlled the motion of the electrospin-
ning jet by use of knife edges to control the electrostatic
field forces. The authors used polycaprolactone (PCL) as a
biodegradable base material and fabricated tubular scaffolds
with diagonally aligned fibers to be collected on a rotating
tube.The tubular scaffold was formedwith uniform thickness
and possessed superior mechanical strength without any line
of weakness. This technique may be used in development of
strong tubular structures as blood vessel scaffolds.

Vaz et al. [85] used sequential multilayering electrospin-
ning (ME)with a rotatingmandrel-type collector to develop a
scaffold that mimics both morphology andmechanical prop-
erties of a blood vessel. A bilayered tubular scaffold was com-
posed of an outer layer composed of well-oriented stiff PLA
fibers and an inner region composed of randomly oriented
pliable PLA/PCL fibers.The degree of fiber orientation in the
two layers was controlled by adjusting the rotation speed of

the collector. Their scaffolds showed 10% elastic strain. They
improved the attachment and proliferation of 3T3 mouse
fibroblasts and human venous myofibroblasts. These results
suggest that electrospun PLA/PCL bilayered tubular scaf-
folds with appropriate characteristics may be useful to guide
regeneration of blood vessels.

Ignatova et al. [86] fabricated biocomponent nanofi-
brous mats by electrospinning mixed solutions of chitosan
(Ch) or quaternized chitosan (Qch) and poly[(L-lactide)-co-
(D,L-lactide)] (PLA). Cross-linked electrospun Ch/PLA and
QCh/PLA mats inhibited growth of the S. aureus and E. coli
more effectively than did solvent-cast film fabricated using
the same materials. The reason for the difference was that
Ch and QCh that were incorporated into electrospun mats
decreased the ability of the bacteria to adhere to them.These
hybrid nanofibrous mats may be useful in wound-healing
applications.

Kim and Park [87] fabricated biodegradable polymeric
nanocylinders by degradation of electrospun nanofibers. To
make nanocylinders, nanofiber aggregates were uniformly
dispersed in aqueous solution by aminolytic degradation
of long electrospun fibers for reassembly of the fibers with
controllable orientation and architecture. From transverse
fragmentation of semicrystalline poly(L-lactic acid) (PLA)
nanofibers, cylindrical and biodegradable nanomaterials
with various aspect ratios were prepared. This approach
showed the fabrication of ECM-mimicking nanofilaments
which could potentially be assembled into highly ordered
structures.

Zhang and Chang [34] suggested a static method to
fabricate 3D fibrous tubes composed of ultrafine electrospun
fibers (Figure 7).They used a 3D collecting template based on
manipulation of electric fields and forces to fabricate 3D
architecture. This technique can fabricate micro- and macro-
tubes with multiple micropatterns, multiple interconnected
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Figure 7: (a) Schematic illustration of collecting process using a cylindrical collector with equally spaced circular protrusions (es,
electrospinning process; pc, patterned collector). (b) A fibrous tube with patterned architectures (scale bar = 5mm). (c) Magnified image
of panel (b) (scale bar = 200𝜇m). (d) Schematic illustration of collectors with two different patterns and relevant fibrous tube (pc, patterned
collector; ft, fibrous tube). (e) A fibrous tube with two different patterns (scale bar = 5mm). (f, g) Magnified images of two different patterns
of panel (e) (scale bar = 200 𝜇m) (figures were reproduced from [34] with permission of ACS Publications).

tubes, and many tubes with the same or different sizes, struc-
ture, shapes, and patterns. The authors investigated para-
meters that can affect the order degree of patterns. This tech-
nique to control the patterned architecture hasmany biomed-
ical and industrial applications.

Aligned nanofibrous scaffolds fabricated using electro-
spinning can affect cell and matrix organization. However,
their widespread application has been impeded by the poor
cell infiltration due to the tight packing of the fibers.
Therefore, Baker et al. [88] suggested tunable composite
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nanofibrous scaffolds with water-soluble sacrificial fibers.
Composites were composed of two fibers: slow-degrading
poly(𝜀-caprolactone) (PCL) and water-soluble poly(ethylene
oxide) (PEO), which is removed to increase the internal
pore size in the fabricated 3D scaffold. PEO was sponta-
neously degraded by hydration, thereby leaving large pores
that facilitated cellular infiltration. Although more than half
of the initial fibers were removed, the remaining scaffold
induced sufficient cell alignment and formation of a highly
organized extracellular matrix at several length scales, and
3D cartilage tissue (>1mm thick) was formed at 12 weeks
after implantation. This technique can be used to support
regeneration of load-bearing fibrous tissues.

3. Summary

This review has described 3D printing technologies with
nanometer resolution for use in tissue engineering. 3D print-
ing technologies have great advantages over traditional scaf-
fold fabrication methods in the control of porosity, pore size,
and interconnectivity. 3Dprintingmethods can fabricate a 3D
scaffold as designed, so they can be used to standardize 3D
scaffolds. Among various 3D printing methods, two-photon
laser-based nanofabrication and controlled electrospinning
have received attention in various areas of tissue engineering
due to their abilities to fabricate structures with high surface-
to-volume ratio and highly interconnected porous architec-
ture at submicrometer resolution. Use of these methods has
yielded precise 3D scaffolds that mimic the organization of
the extracellular matrix, and their characteristics have helped
to study unknown cellular behaviors including adhesion,
proliferation, and differentiation. The scaffolds have been
used in studies of molecular biology and cell dynamics, so
new possibilities for the improvement of tissue regeneration
have been suggested. Future development of 3D nanoscaf-
folds should focus on increasing the precision of scaffold
fabrication systems, on identifying new biomaterials, and on
the role of biomolecules in cell behaviors such as adhesion,
proliferation, and differentiation. Given the concentration
on these topics, 3D nanoprinting technologies will become
important tools in tissue engineering in the near future.High-
resolution 3D biomimetic environments will become useful
substrates in the search formechanisms of vital phenomenon.
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The aim of this study was to investigate a novel and convenient method of chemical treatment to modify the hydrophilicity of
titanium surfaces. Sand-blasted and acid-etched (SLA) titanium surfaces andmachined titanium surfaces were treated with sodium
bicarbonate (NaHCO

3
) solution. The wetting behavior of both kinds of surfaces was measured by water contact angle (WCA) test.

The surfacemicrostructurewas assessedwith scanning electronmicroscopy (SEM) and three-dimensional (3D) opticalmicroscopy.
The elemental compositions of the surfaces were analyzed by X-ray photoelectron spectroscopy (XPS). The protein adsorption
analysis was performed with fibronectin. Results showed that, after 1M NaHCO

3
treatment, the hydrophilicity of both SLA and

machined surfaces was enhanced. No significant microstructural change presented on titanium surfaces after NaHCO
3
treatment.

The deprotonation and ion exchange activities might cause the enhanced hydrophilicity of titanium surfaces.The increased protein
adsorption of NaHCO

3
-treated SLA surfaces might indicate their improved tissue-integration in clinical use.

1. Introduction

Titanium implant is widely used in dentistry because of its
extraordinary biocompatibility and mechanical properties
[1]. The tissue-integration of titanium surface plays a key role
in the long-term clinical success. Different surface treatments
that favor the bioactivity and bioconductivity of titanium
implants have been investigated [2].

The interactions between titanium surface and host cells
can be influenced by the surface characteristics of implants
including topography, chemical properties, surface charge,
and hydrophilicity [3]. The modification of Ti surfaces’
topography is claimed to be influential to protein adsorp-
tion, osteoblast proliferation and differentiation, and tissue-
integration [4].

Sand-blasted and acid-etched (SLA) Ti surface implants
are widely used in clinical dental practice. This kind of
surface is reported to have micro- and nanometer scale
topography created by blasting and acid-etching processes. It
was suggested that the topography of biomaterial surface in
micro- or nanometer scale can promote higher cell-adhesion
strengths [5].

Additionally, surface charge, surface energy, hydrophilic-
ity, and other physicochemical properties of implant surfaces
can also influence tissue-integration. In the last decade,
interest in the hydrophilicity property of titanium surface has
increased in both in vitro [6, 7] and in vivo [7, 8] studies.
Most of these studies stated that hydrophilicity enhanced
cell adhesion, proliferation and differentiation, and bone
mineralization at an early stage [9, 10].

Hence, various techniques were attempted to increase
the hydrophilicity of implant surfaces [11–14]. Nonetheless,
these attempts of different techniques are argued to be either
unpractical with high-standard technical requirements and
rather long processing time or requiring severe chemical
conditions, which, in clinical implantology, might probably
impede the proposed application of the treated specimens.

Recently, a chemical treatment with NaOH has been
reported to significantly improve the hydrophilicity of tita-
nium surfaces [15, 16]. Performed by soaking the Ti discs
or implants in 0.05M NaOH for 30 s at room temperature,
this treatment was reported to support fast and homogenous
protein adsorption and consecutive osseointegration [15, 17].
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Furthermore, it was also stated that enhanced surface energy
by NaOH-induced hydrophilicity is responsible for the pro-
motion of blood components adhesion [15] and cell adhesion
to titanium surfaces [18]. NaOH-treated Ti implants were
demonstrated with stronger osseointegrative potential in
vivo as well [19]. Stadlinger et al. tested NaOH-treated and
untreated implants in the mandible of an in vivo minipig
model. By comparing the removal torque and interfacial
stiffness, surfaces of NaOH-treated implants exhibited a
tendency to promote early peri-implant bone formation [20].

Sodium bicarbonate (NaHCO
3
) solution is widely used

as mouth-rinse in clinic for oral hygiene maintenance [21].
The aim of this study was to develop a mild alkali treatment
method for preparing enhanced hydrophilic Ti implant sur-
faces. The experiment was designed for SLA and machined
Ti implant surfaces to be treated with 1M NaHCO

3
solution.

In this study, detailed physicochemical characterization of
the NaHCO

3
-treated Ti surfaces is presented as key findings.

The influences of surface roughness and surface chemistry
on the hydrophilicity transformations of the specimens were
also evaluated. This evaluation was performed by measuring
changes in the physicochemical properties of the Ti speci-
mens with respect to chemical surface treatment and sur-
face roughness. Fibronectin adsorption ability on NaHCO

3
-

treated SLA Ti surfaces was also investigated by comparing
with untreated SLA Ti surfaces.

2. Materials and Methods
2.1. Specimen Preparation. Two types of Ti discs were
employed as experiment specimens,which were machined
and SLA Ti discs (Wego Jericom Biomaterials Co., Weihai,
China). Both kinds of the discs have a diameter of 15mm
and a thickness of 1mm. Machined Ti discs were made of
commercially pure titanium that conformed with ISO 5832-2
grade 4 by milling process. As stated in the previous study
[22], SLA discs were produced by sand-blasting machined
Ti discs with Al

2
O
3
particles (particle size 250–500 𝜇m) and

then acid-etching the specimens in a boiling mixture of
hydrochloric and sulphuric acid. Both discs were treated in
nitric acid, deionised water, and air in sequence for them to
be cleaned, rinsed, and dried correspondingly. At last, discs
were stored in aluminum foil.

2.2. NaHCO3 Solution Treatment. NaHCO
3
solution treat-

ment was performed at room temperature. The SLA and
machined Ti discs were assigned into three groups accord-
ing to the difference in their chemical states, which were
untreated (i.e., “untreated” group), treated with 1MNaHCO

3

solution (i.e., “NaHCO
3
-treated” group), and treatedwith 1M

NaHCO
3
solution and rinsed with Milli-Q water (Milli-Q

Advantage, Millipore, France) for three times (i.e., “rinsed”
group). Specimens in the untreated group maintain their
original properties for further comparison. All specimens
were then blow-dried in a nitrogen stream shortly before
being measured.

2.3. Surface Hydrophilicity Assessment. The hydrophilic-
ity of SLA and machined Ti discs in the untreated,

NaHCO
3
-treated and rinsed groupwas examined both quan-

titatively and qualitatively by water contact angle (WCA) test,
which is formed by a 10 𝜇L drop of distilled water on the Ti
surfaces.Themeasurement was performed by a contact angle
system (OCA20, Dataphysics, Germany). All of the WCA
data were obtained by ellipse methods. In this measurement
process, specimens from both NaHCO

3
-treated and rinsed

group were further divided into 4 subgroups, each being
soaked in NaHCO

3
solution for 30 s, 1min, 3min, or 5min,

respectively. The average WCAs of the 4 samples in each
subgroup were evaluated and then compared with each other
and the ones in the untreated group. The subgroups were set
up in order to observe the effects of soaking time on wetting
behavior.

2.4. Surface Microstructure Characterization. In order to
observe themicrostructure of SLA andmachined discs and to
analyzewhat influencesNaHCO

3
treatment had onmaterials’

topography change, a scanning electron microscope (SEM)
(S-3000N, Hitachi, Japan) and a three-dimensional (3D)
optical microscope (Contour GT, Bruker, US) were utilized
to analyze the specimens before and after a 3min NaHCO

3

treatment. A period of 3 minutes can be a suitable treatment
time according to the results of the hydrophilicity assessment
experiment (see Section 3.1 for details).

The SEM scanned specimens coated with gold at 15.0 kV
and a magnification of 2000x. Surface roughness data and
3D images of the specimens were acquired by the 3D
optical microscopy. Roughness data were then analyzed with
Vision64 software. Four specimens from each group were
evaluated by observing four random spots on each of them.
The average values of their roughness average (𝑅

𝑎
),maximum

peak height (𝑅
𝑝
), root mean square roughness (𝑅

𝑞
), and

maximum height of the profile (𝑅
𝑡
) were hence calculated.

2.5. Surfaces’ Elemental Composition. An X-ray photoelec-
tron spectroscopy (XPS) (ESCALAB 250 Xi, Thermo Sci-
entific, US) that uses monochromatic AlK

𝛼
radiation was

employed to analyze surface elemental composition of the
SLA specimens in three groups. Survey (wide-scan) spectra
were recorded with a pass energy level of 100 eV and a
resolution of 1.000 eV, while high-resolution (narrow-scan)
spectra were obtained with a pass energy level of 30 eV and a
resolution of 0.050 eV for C1 andO1. In each specimen group,
three discs were tested. According to the methods suggested
byMcCafferty andWightman, peak attribution and selection
of full width at half maximum values were then executed
to fit the high-resolution spectra [23]. All binding energies
were checked in reference to the carbon C-H photopeak at
285.0 eV. High-resolution spectra for C1 and O1 were further
analyzed using XPSPEAK 4.1 software.

2.6. Protein Adsorption. SLA specimens in both untreated
and NaHCO

3
-treated groups participated in this section.The

NaHCO
3
-treated specimens were immersed in the solution

for 3min. The treated specimens were carefully cleaned by a
lint-free cleaning wipe to remove any residual solution and
then blow-dried in a nitrogen stream.
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Table 1: WCAs (∘) after different treatment time for both SLA and machined specimens from three test groups: untreated, NaHCO
3
-treated,

and rinsed (𝑛 = 4, mean ± SD).

Untreated NaHCO
3
-treated Rinsed

30 s 1min 3min 5min 30 s 1min 3min 5min
SLA 129.9 ± 7.1 17.6 ± 4.5 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 63.0 ± 5.9 3.3 ± 4.0 2.0 ± 4.0 0.0 ± 0.0
Machined 86.0 ± 6.7 55.0 ± 11.4 45.3 ± 7.1 37.5 ± 3.4 34.4 ± 12.5 81.4 ± 7.2 59.1 ± 17.7 53.1 ± 19.1 52.9 ± 18.1

(a) (b) (c)

Figure 1: Image of a 10 𝜇L distilled water drop on (a) untreated, (b) NaHCO
3
-treated (3min), and (c) rinsed SLA discs. Untreated SLA disc

(a) was hydrophobic, while NaHCO
3
-treated SLA disc (b) was superhydrophilic as the observed WCA was close to 0. Rinsed SLA disc (c)

maintained superhydrophilicity.

1 𝜇M fibronectin (HiLyte Fluor 488 labeled) solution was
prepared in 20mMNaCl-buffer according to the instructions
fromHiLyte andwas then directly applied in the experiments.
Protein adsorption tests were executed with sandwich assay.
10 𝜇L of the protein solution was incubated between an SLA
disk and a round-shaped microscopy glass cover slip with a
diameter of 12mm for 5min. The process was carried out in
a dark environment with saturated humidity at room tem-
perature. Afterwards, the specimens were rinsed with 20mM
NaCl-buffer for 3 times (5min each time) to remove loosely
bound fibronectin on the SLA surfaces. Finally, specimens
were analyzed using a confocal microscopy (LSM710, Zeiss,
Germany) with an excitation wavelength of 488 nm and a
cut of filter of 505–550 nm for detection. The adsorption
of protein on the specimens was evaluated by measuring
relative fluorescence intensity with the help from ImageJ
(NIH, Bethesda, MD, USA) software.

2.7. Statistical Analysis. All data presented in this study
are expressed as “mean ± standard deviation (SD).” Data
were subjected to an independent samples 𝑡-test or one-way
ANOVAusing SPSS 22.0 software forMac. For analysis in this
paper, significant differences were ones with a 𝑃 < 0.05.

3. Results

3.1. Surface Hydrophilicity Assessment. The effects of surface
energy changes were analyzed by measuring the WCAs
on SLA and machined Ti surfaces. The rinsed group
was arranged to clarify if the increased hydrophilicity of
NaHCO

3
-treated specimens was just temporary because of

the adhesion of Na+ and negative ions (OH−, HCO
3

−, CO
3

2−,
etc.) on the specimen surfaces.

Figure 1 shows the WCAs of SLA surfaces under three
states: untreated, NaHCO

3
-treated for 3min, and rinsed.

According to Figure 1, the WCA of untreated SLA disc was
obtuse. After NaHCO

3
treatment, WCA was nearly 0. This

angle was maintained after the disc being rinsed. Table 1 and
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Figure 2: A plot of WCA (∘) on both SLA and machined specimens
NaHCO

3
-treated at different time points with or without being

rinsed. TheWCAs of both SLA and machined specimens decreased
with increasing treatment time. The WCAs of SLA specimens
showed rapid decline. After 1min, the WCAs of the NaHCO

3
-

treated and rinsed SLA specimens decreased to almost zero. The
WCAs of machined surfaces displayed a relatively small decrement
after NaHCO

3
treatment and a slight increment after being rinsed.

Figure 2 show theWCAs of the SLA andmachined specimens
from three test groups with different chemical states. As
evidenced by Table 1, the WCAs of untreated Ti specimens
increased from 86∘ on the smooth machined surfaces to 130∘
on the SLA specimens. Therefore, untreated SLA specimens
could be classified as hydrophobic. Also, it could be seen that
the WCAs of both SLA and machined specimens decreased
with increasing treatment time.However, while themachined
surfaces had only displayed a relatively small decrement, data
of SLA surfaces showed rapid decline, for a treatment time
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Table 2: WCAs of SLA and machined specimens from three test groups, 0, 10, 30, 60, and 120min of exposure in the air (𝑛 = 4, mean ± SD).

Modification 0min 10min 30min 60min 120min
SLA NaHCO

3
-treated 0.0 ± 0.0 0.0 ± 0.0 22.0 ± 10.6 47.6 ± 9.5 54.4 ± 10.4

SLA rinsed 2.0 ± 4.0 2.9 ± 5.8 15.0 ± 6.8 50.1 ± 9.6 53.0 ± 14.6
Machined NaHCO

3
-treated 37.5 ± 3.4 41.4 ± 3.7 45.7 ± 11.6 56.2 ± 13.3 56.9 ± 9.2

Machined rinsed 53.1 ± 19.1 52.5 ± 12.0 55.9 ± 11.1 56.3 ± 10.7 55.6 ± 18.3

Table 3: Roughness measurements of the untreated and NaHCO
3
-treated machined and SLA surfaces (mean ± SD, 𝑛 = 4, 𝜇m).

Modification Machined SLA
𝑅
𝑎

𝑅
𝑝

𝑅
𝑞

𝑅
𝑡

𝑅
𝑎

𝑅
𝑝

𝑅
𝑞

𝑅
𝑡

Untreated 0.15 ± 0.02 1.37 ± 0.19 0.20 ± 0.02 2.39 ± 0.29 2.04 ± 0.16 9.16 ± 1.33 2.58 ± 0.18 21.91 ± 3.55
NaHCO

3
-treated 0.14 ± 0.02 1.27 ± 0.15 0.19 ± 0.02 2.48 ± 0.26 2.09 ± 0.14 9.96 ± 1.66 2.65 ± 0.16 23.38 ± 3.57

𝑃 values 0.108 0.123 0.258 0.356 0.335 0.145 0.264 0.249
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Figure 3: Plot of WCA (∘) on SLA and machined specimens
from both the NaHCO

3
-treated and rinsed groups after different

time exposed in the air. The value of WCAs increased with longer
exposure time.

more than 1min, and theWCAs of the NaHCO
3
-treated SLA

specimens were recorded to be extremely close to zero. This
change in hydrophilicity uponNaHCO

3
treatment shifted the

SLA specimens from hydrophobic to superhydrophilic. Also,
notice that by comparing the NaHCO

3
-treated and rinsed

groups, it could be argued that the superhydrophilicity of
NaHCO

3
-treated SLA specimens could be fully preserved

after rinsing.
After 3 minutes of NaHCO

3
treatment and rinsing,

the SLA and machined specimens were exposed in the air
for 120min, within which WCAs were measured again at
different time points. Table 2 and Figure 3 show that the
value of WCAs increased with longer exposure time. From
the shown data, it can be concluded that the SLA specimens
can remain superhydrophilic for at least 10min.

3.2. Surface Microstructure Characterization. The SEM
micrograph in Figure 4(a) illustrates the complex micro-
structure of an untreated SLA surface. Sand-blasting and
acid-etching produced cavities and micropits were observed.
Moreover, Figure 4(c) displays the profile of an untreated
machined surface that exhibits less roughness. By comparing
the SEM results of the untreated surfaces (Figures 4(a)
and 4(c)) and the NaHCO

3
-treated surfaces (Figures 4(b)

and 4(d)), it can be seen that both the SLA and machined
Ti surfaces experienced no significant morphological
differences before and after the NaHCO

3
treatment.

The 3D images in Figure 5 and the roughness data in
Table 3 were both output from the 3D optical microscopy.
3D images display no apparent discrepancy between the
untreated and NaHCO

3
-treated surfaces of both SLA and

machined specimens. Similarly, the roughnessmeasurements
of the two surfaces before and after 3minNaHCO

3
treatment

in Table 3 demonstrate a more quantifiable version of this
statement. A comparison can be made by observing Table 3.
Mean 𝑅

𝑎
was 0.15 𝜇m for the untreated machined surfaces

and 0.14 𝜇m for the NaHCO
3
-treated ones, while for the

SLA surfaces mean 𝑅
𝑎
was 2.04𝜇m before the treatment and

2.09 𝜇mafter it.𝑃 values for both surfaces are larger than 0.05.
Therefore, a conclusion can be reached that being treatedwith
NaHCO

3
solution does not produce significant difference in

the roughness of both machined and SLA specimens.

3.3. Surface Elemental Composition Analysis. Utilizing the
XPS software, initially, the survey spectra were analyzed.
Figures 6(a), 6(b), and 6(c) show the survey spectra of
untreated, NaHCO

3
-treated, and rinsed SLA Ti surfaces,

respectively. According to Figure 6(a), the survey spectra of
the untreated SLA specimens consist of titanium (Ti), oxygen
(O), and carbon (C) as main elements. While it is apparent
in Figure 6(b) that, after NaHCO

3
treatment, sodium (Na)

signal was detected as another main element, the other three
main elements, O, C and Ti, all had a change in their sub-
stance amount rate (counts/s). However, Figure 6(c) does not
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(a) (b)

(c) (d)

Figure 4: SEM of an SLA and a machined Ti surface in different chemical states: untreated SLA surface (a), NaHCO
3
-treated SLA surface

(b), untreated machined surface (c), and NaHCO
3
-treated machined surface (d). (a) The microrough structure of an untreated SLA surface

caused by sand-blasting and acid-etching and (b) the microstructure of the smooth surface of a machined Ti disc. By comparing the SEM
results in (a, b) and (c, d), no significant morphological change of SLA and machined Ti surfaces could be observed before and after the
NaHCO

3
treatment.

(a) (b)

(c) (d)

Figure 5: 3D images of an SLA and a machined surface generated by 3D optical microscopy in different chemical states: untreated SLA
surface (a), NaHCO

3
-treated SLA surface (b), untreated machined surface (c), and NaHCO

3
-treated machined surface (d).
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Figure 6: Survey spectra of untreated (a), NaHCO
3
-treated (b), and rinsed (c) SLA specimens. (a) Titanium (Ti), oxygen (O), and carbon (C)

were the main elements of untreated SLA specimens. From (b), sodium (Na) was detected as another main element on the tested specimens
after NaHCO

3
treatment. Compared with (a), (c) does not reflect any significant differences in elemental composition.

Table 4: Relative elemental compositions of untreated, NaHCO
3
-treated, and rinsed SLA specimens, obtained from the survey spectra (%).

Modification C Ti O Na
Untreated 33.2 ± 3.9% 19.4 ± 1.8% 47.2 ± 2.1% n.d.
NaHCO

3
-treated 25.2 ± 1.9% 2.7 ± 2.3% 51.4 ± 1.5% 20.7 ± 3.2%

Rinsed 35.0 ± 5.8% 17.4 ± 3.6% 43.8 ± 3.2% 3.9 ± 1.5%

reflect any significant differences in elemental composition
between data of the untreated and rinsed groups. Based on
the survey spectra, detailed elemental compositions of the
surfaces are derived and recorded in Tables 4, 5, and 6.

Table 4 represents the relative elemental compositions of
three SLA surfaces groups. It was shown that the untreated
group displayed an O/C ratio of 1.42 and a relative C content

Table 5: Relative elemental contributions to the C1s signal for
untreated, NaHCO

3
-treated, and rinsed SLA Ti specimens.

Modification C-C CO CO
2
& CO

3

Untreated 75.4 ± 5.3% 16.4 ± 4.6% 9.1 ± 1.5%
NaHCO

3
-treated 42.5 ± 10.5% 9.5 ± 1.0% 48.0 ± 10.8%

Rinsed 77.5 ± 1.9% 16.7 ± 0.7% 5.9 ± 1.9%
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Table 6: Relative elemental contributions to the O1s signal for untreated, NaHCO
3
-treated, and rinsed SLA Ti specimens.

Modification TiO C-O-C OH CO
𝑥
/H
2
O

Untreated 69.7 ± 5.6% 9.3 ± 3.5% 18.0 ± 1.9% 2.9 ± 0.9%
NaHCO

3
-treated 20.1 ± 8.0% 17.0 ± 7.1% 45.2 ± 7.4% 17.7 ± 2.8%

Rinsed 76.0 ± 7.7% 9.5 ± 8.3% 11.3 ± 3.8% 3.2 ± 1.1%

50𝜇m

(a)

50𝜇m

(b)

Figure 7: Fluorescence micrograph of untreated (a) and NaHCO
3
-treated (b) SLA Ti discs after incubation in a 1 𝜇M fibronectin for 5min

and subsequent washing steps. A larger amount of more uniformly distributed protein is showed in (b).

of 33.2%. After the NaHCO
3
treatment, the proportion of

C content had decreased to 25.2% and the O/C ratio had
increased to 2.04 as the proportion of O content had an
increase of 4%. Data from the rinsed group showed no
statistical difference compared to the ones from the untreated
group.

C1s signals were considered to be contributed by aliphatic
(C-C), ether and alcohol bound (CO), and carboxylate and
carbonate bound (CO

2
and CO

3
) C. After these contributors

were allocated, their contribution to the total C substance
amount was derived and presented in Table 5. On the
untreated SLA specimens, 75.4% of total C content was
contributed by aliphatic, 16.4% by CO bound, and 9.1%
by CO

2
or CO

3
bound C. In contrast, these data had,

respectively, become 42.5% by aliphatic, 9.5% by CO bound,
and 48.0% by CO

2
and CO

3
bound C after the NaHCO

3

treatment, demonstrating decrements in aliphatic, ether, and
alcohol bound C but increments in CO

2
and CO

3
bound C.

Data from the rinsed group and the untreated group again
showed similarity.

On the other hand,O1s signals were provided byTi bound
O2− (TiO), oxygen bound to multiple carbon atoms (C-O-
C), TiO

2−𝑥
bound OH and OH− ions (OH), and also oxygen

atoms multiple-bound to carbon and H
2
O (CO

𝑥
/H
2
O).

Notice that contributions from CO
𝑥
and H

2
Owere unable to

be measured individually. Table 6 shows that 69.7% TiO
2−𝑥

bound, 9.3% CO bound, 18.0% OH bound, and 2.9% CO
𝑥

bound O were detected on the untreated SLA specimens
while after the NaHCO

3
treatment, 20.1% TiO

2−𝑥
bound,

17.0% CO bound, 45.2% OH bound, and 17.7% CO
𝑥
bound

O were recorded. In a word, the contribution from TiO
2−𝑥

bound O was decreasing and, meanwhile, increments were
discovered in the contribution of CO bound, OH bound, and
CO
𝑥
bound O.

3.4. Protein Adsorption. The differences of protein adsorp-
tion betweenuntreated andNaHCO

3
-treated SLATi discs are

showed in Figures 7 and 8. Figure 7 shows the fluorescence
micrograph of the untreated and NaHCO

3
-treated SLA Ti

discs after incubation in a 1 𝜇M fibronectin for 5min and
subsequent washing steps. More protein adsorption was
found inNaHCO

3
-treated SLATi disc compared to untreated

group. Moreover, the protein adsorbed on NaHCO
3
-treated

SLA disc was well-distributed. Fluorescence intensity can
represent the relative amount of proteins adsorbed on Ti
discs. From Figure 8, the fluorescence intensity of NaHCO

3
-

treated SLATi discswas stronger than that of untreated group
(mean fluorescence intensity of 0.122 compared with 0.065,
resp.; 𝑃 = 0.012).

4. Discussion

4.1. Influence of Superhydrophilicity onOsseointegration. Tita-
nium surfaces with WCA above 90∘ are considered as
hydrophobic. On the contrary, WCAs lower than 90∘ cat-
egorize surfaces as hydrophilic, while WCAs too small to
be almost neglected describe surfaces as having a super-
hydrophilic attribute [3]. As stated above, after 3min of
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Figure 8: Average fluorescence intensity (a.u.) of adsorbed
fibronectin on untreated andNaHCO

3
-treated SLA Ti surfaces. Flu-

orescence intensity of NaHCO
3
-treated SLA Ti discs was stronger

than that of untreated group.

NaHCO
3
treatment, the WCAs of SLA discs were nearly 0∘

in this study, which subsequently transformed the material
surface into superhydrophilic state.

Dental implants can be benefited by enhanced hydro-
philic characteristic of surfaces due to better osseointegration
performance. Ti implants with superhydrophilic surfaces
were examined to have superb osseointegrative potential and
raised much attention recently [24]. Early phases of osseoin-
tegration require osteogenic cells to primarily adhere to the
implant surfaces and to further proliferate and differentiate
into mature osteoblasts [25]. Hydrophilic surfaces support
this process by promoting titanium to interact with cells,
biological fluids, and tissues [8, 26]. For instance, cluster for-
mation of osteoblasts as well as the expression of osteogenic
genes can be enhanced by hydrophilic surfaces [17, 25, 27].
Superhydrophilic implants can optimize the osseointegration
even more as they have proved useful to magnifying the
area of bone-to-implant contact and strengthen mechanical
fixation in the early healing processes of at least the first 4
weeks after implantation [8]. In this study, the NaHCO

3
-

treated SLA discs had developed superhydrophilicity and
been able to maintain it for 10min. This characteristic
indicates that, to apply NaHCO

3
treatment to the implants in

clinic, there should be adequate time for clinicians to insert
implants.

4.2. Regime Behind the Development of Superhydrophilic-
ity. Wennerberg and Albrektsson stated that surfaces with
smooth (𝑆

𝑎
< 0.5 𝜇m) and minimal roughness (𝑆

𝑎
0.5–1𝜇m)

showed less strong bone responses than surfaces with higher
roughness.Meanwhile, surfaces withmoderate roughness (𝑆

𝑎

1-2 𝜇m) showed stronger bone responses than surfaces with
high roughness (𝑆

𝑎
> 2𝜇m) in some studies [28]. In the

presented experiment, 𝑅
𝑎
values were calculated for both

SLA and machined surfaces to attempt to discover potential

influences of surface topography on hydrophilicity. The SLA
surfaces showed amean𝑅

𝑎
value of about 2𝜇m,which should

be considered to be moderately rough.
It was claimed that microrough Ti surfaces induce more

advanced initial hydrophobicity compared with Ti surfaces
without microroughness [29]. The same results were dis-
covered in this study. The mean WCAs of untreated SLA
and machined specimens were 130∘ and 86∘. On the other
hand, on microrough titanium implant surfaces, which were
not treated with any alkali, high WCAs are most likely to
be caused by air entrapped in the micropores underneath
the water droplets, according to the Cassie-Baxter regime
[3]. However, for alkali treated microrough Ti specimens,
the wetting behaviors were assumed by Tugulu et al. to be
caused by a film regime [16].The cavities of themicroroughTi
specimens are supposed to be filled with wetting liquid due to
capillary forces.Thus, this film regime is believed to be able to
explain the low WCAs on NaHCO

3
-treated and rinsed SLA

specimens.
Moreover, without any specific storage conditions, a thin

passivation layer of TiO
2−𝑥

is formed on untreated native Ti
surfaces. However, this TiO

2−𝑥
layer is observed to be rapidly

contaminated by the hydrocarbons adsorption from the envi-
ronment, which result in the hydrophobicity of Ti specimens
and the repelling behaviors to water or biological fluids from
tissues. The adsorption of hydrocarbons is considered to be
able to change the osseointegrative potential of Ti implants
[8, 11, 26]. Attempting to prevent this contamination, Rupp et
al. have discovered that storing freshly prepared SLA Ti spec-
imens in sodium chloride solution could significantly reduce
the carbon contents on these superhydrophilic specimens to
as low as 15%, while 35% of carbon was recorded on the
hydrophobic SLA specimens which was stored normally [11].
The findings from these reports agree with the XPS results
shown in this study. The reduction of carbon contents on
NaHCO

3
-treated SLA surfaces may be regarded as a possible

cause to explain the obtained hydrophilicity of NaHCO
3
-

treated SLA Ti surfaces. However, this regime can yet explain
the increased hydrophilicity of the rinsed group specimens
whose carbon contents were at a rather high level with no
difference with the untreated group.

According to high-resolution O1s signal of the NaHCO
3
-

treated Ti specimens, TiO
2−𝑥

bound OH and OH− ions were
significantly increased after the treating process. It can be
reasonably assumed that the existence of NaHCO

3
was the

source of the OH− ions in the solution. Researchers had
claimed the relationship between superhydrophilicity and the
amount of these negative charged ions. For instance, super-
hydrophilicity of NaOH-treated SLA surfaces was indicated
to be led by deprotonation and ion exchange of hydroxyl-
groups on the TiO

2−𝑥
surfaces [16]. Moreover, many studies

demonstrated that the improvement of surface hydrophilicity
was caused by forming of new oxygen-containing groups on
the surface, such as -OH and -OOH, for these groups are
hydrophilic [30]. Therefore, by concluding from comparing
this study with other related literatures while taking the
mild conditions of NaHCO

3
treatment protocol into account,

one might assume that the formation of TiO
2−𝑥

bound OH
and OH− ions on Ti surfaces is one of the major chemical



Journal of Nanomaterials 9

transformations for the presented NaHCO
3
treatment of Ti

specimens. Also, it should be noticed that the results of SEM
and roughness measurement in this study showed that there
was no physical change inmicrostructure of the Ti specimens
after NaHCO

3
treatment.

4.3. Protein Adsorption. Fibronectin was tested in this study.
Generally, fibronectin exists as a protein dimer and it can
be discovered in 2 fundamental forms: soluble (component
of blood plasma and other fluids) and insoluble (component
of the extracellular matrix of various tissues) [31]. As a
major adhesion protein of the extracellular matrix, it binds
to membrane-spanning receptors (i.e., integrin) and to extra-
cellular components [32]. Among many extracellular matrix
proteins, fibronectin is an important protein that can con-
tribute some insight into osteoblast cell differentiation, cell-
cell interactions, and cell-matrix interactions [33]. Therefore,
this protein was chosen to be involved in this study.

An osteoblast adhesion process consists of protein
adsorption, cell interaction with the adsorbed proteins, cell
attachment, and spreading on implant surfaces. This process
plays an essential part of osseointegration [34].

Observing from Figure 8, the fluorescence intensity of
NaHCO

3
-treated specimens was significantly higher than

untreated specimens, indicating that more fibronectin was
adsorbed on hydrophilic NaHCO

3
-treated specimens. This

result agrees with some previous researches, which showed
increased protein adsorption on hydrophilic specimens [35–
37]. Protivı́nský et al. described continuously increasing
fibronectin adsorption on highly hydrophilic surfaces treated
by a high-temperature and high-concentration NaOH solu-
tion [35]. Milleret et al. found NaOH treated SLA Ti surfaces
to partially heparinize whole human blood. Unstructured
and discontinuous fibrinogen aggregates were observed on
untreated group in their study, while a much denser mesh
of fibrin fibers was recorded on NaOH treated group [15].
The initial binding of proteins relies on the physicochemical
features of a surface, such as roughness, surface energy,
and chemical composition [36, 38, 39]. The topographic
features of the surfaces have particular consequences in terms
of hydrophilicity. Before NaHCO

3
treatment, microrough

SLA Ti discs were hydrophobic. According to the Cassie-
Baxter regime [3], the presence of air entrapment in the
micropores on hydrophobic surfaces resists the contact of
the solution which could have a negative effect of the
surface contact area in the rough surfaces, inhibiting protein
adsorption [39]. After NaHCO

3
treatment, superhydrophilic

SLA Ti surfaces were supposed to be filled with protein
solution, which can increase the surface-protein contact
area. Moreover, it is assumed by Rupp et al. that a higher
surface free energy initiates the adsorption of proteins [11].
Supporting this assumption, studies have proved that SLA
Ti specimens stored freshly in sodium chloride solution,
as mentioned above, which exhibits a higher surface free
energy, do significantly increase human plasma fibronectin
adsorption [37]. Therefore, it is reasonable to consider that,
after NaHCO

3
treatment, higher surface free energy of SLA

Ti surfaces also facilitated the adsorption of fibronectin.

However, some previous studies showed that proteins tended
to be adsorbedmore extensively on hydrophobic surfaces [40,
41].This disagreement between the protein adsorption results
from different studies may be caused by the usage of a variety
of proteins with different molecular properties and surfaces
with different topographic features, while it still needs further
research to investigate how protein types, surface roughness,
and wettability affect protein adsorption.

The distribution feature of fibronectin on untreated and
NaHCO

3
-treated surfaces was revealed with a significant dif-

ference in this study. The reasons behind this difference were
also worth discussion. It is claimed that ionic strength of local
environment takes active part in determining fibronectin’s
molecular shape.That is to say, with increased ionic strength,
fibronectin may display a more stretched distribution form
[38]. In this study, the fibronectin spread to a more extended
form on NaHCO

3
discs, which were supposed to possess a

higher ionic strength compared to untreated discs.
The adsorption of proteins on implant surfaces is essential

because it can affect the early biological response of the sur-
roundingmicroenvironment, which has an effect on the heal-
ing process as well as the final clinical outcomes of implants
[42, 43]. Rivera-Chacon et al. proved this point by finding that
increased cell attachment and proliferative capacity occurred
on titanium surfaces with more fibronectin adsorption [44].
It was also evidenced that the alkali-treated implants on acid-
etched surfaces are able to promote secondary stability in
an earlier phases of implant site healing in dog experiments
compared with the untreated implants [45]. Moreover, Held
et al. recorded the results of alkali treated blasted and acid-
etched implants in a series of clinical cases [46]. In their
study, a number of blasted and acid-etched implants were
placed in a group of patients with compromised bone density.
Concluding from these experiments, the implants exhibited
good stability quotient as well as vertical bone volume for at
least 1 year after loading.

4.4. General Discussion on Modification of Ti Surface by
Alkali Treatment. As NaHCO

3
solution is weakly alkaline, Ti

surfaces treated with NaHCO
3
solution are expected to be

able to generate similar effects to ones treated with NaOH
solution. The results of hydrophilicity and physicochemical
changes in this study were similar to those treated with
NaOH solution [16]. However, some reports claimed that
osteogenic differentiation of osteoprogenitor cells could be
affected adversely by excessive alkalinization in the microen-
vironment of tissue-engineered constructs. Monfoulet et al.
measured the range of usable pH values for alkalis with
culture of bone marrow-derived mesenchymal stem cells
(hBMSC). They have observed that there was no cell prolif-
eration at pH 8.85 and there were dead cells at pH 9.37. In
contrast, cell proliferation was uninfluenced by alkaline that
has a pH less than 8.27 [47]. Compared to 0.05MNaOH (pH
12.7), 1M NaHCO

3
solution (pH 8.1) has a pH value closer

to the one of human body fluid (pH 7.35–7.45). In addition,
HCO
3

− is one of the buffer components in blood and body
fluid. NaHCO

3
is considered to be more suitable for this

application because of its relatively weak alkalinity and ease
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of preparation. Thus, the authors proposed an assumption
that NaHCO

3
solution may be a more optimized alternative

to NaOH solution for the application of dental implants. To
examine this hypothesis, future efforts are required.

Further researches should be proposed to firstly evaluate
other characteristics of NaHCO

3
-treated SLA Ti surfaces,

such as blood component adhesion, cell adhesion, osseoin-
tegrative potential, and influences on bone formation. Fur-
ther, as stated above, differences in the biocompatibility of
NaHCO

3
and NaOH solution should be evaluated. Lastly,

the authors believe it is also worth to examine that, apart
from NaOH and NaHCO

3
solution, whether other kinds of

alkaline solution are suitable for being applied in similar Ti
surface treatments.

5. Conclusions

This study describes and evaluates a novel, simple, and con-
venient method to enhance hydrophilicity of Ti surfaces with
NaHCO

3
solution. It was discovered that superhydrophilicity

of SLA Ti surfaces can be obtained by reversible deproto-
nation and ion exchange processes. In addition, increased
protein adsorption on NaHCO

3
-treated specimens was also

observed and evaluated. In conclusion, this NaHCO
3
treat-

ment is a reliable method for enhancing the hydrophilicity
and protein adsorption of SLA Ti surfaces. It was also
proposed that due to the simplicity and biocompatibility
of NaHCO

3
, NaHCO

3
treatment might be considered as a

clinically viable strategy to render superhydrophilicity to Ti
specimens in the site of implantation without requirements
for modifying manufacturing or storage methods of the
implants. The influences on a Ti surface’s cell adhesion, cell
proliferation, differentiation, and so forth after NaHCO

3
-

treated will be addressed in our following studies. Moreover,
the effects of NaHCO

3
treatment on osseointegration should

also be evaluated in future researches.
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Titanium (Ti) possesses excellent properties for use in dental implants but has low osteogenic surface properties that result in
limiting rapid osseointegration.The physiological interaction between the surface of the implant material and bone cells, especially
osteoclasts, is a crucial factor in determining successful osseointegration. However, the details of such an interaction remain elusive.
Here, we demonstrated that nanotopography on the Ti surface is a crucial factor for modulating intracellular signal transduction in
bone marrow-derived macrophages (BMMs). To define this, intracellular Ca2+ and ROS were simultaneously measured in BMMs
that were seeded on polished Ti and TiO

2
nanotubes. We found that UV photocatalysis of TiO

2
immediately elicits intracellular

calcium concentration ([Ca2+]i) increase and intracellular reactive oxygen species concentration ([ROS]i) reduction in cells on
TiO
2
nanotubes. UV photocatalysis-mediated [Ca2+]i increase is dependent on extracellular and intracellular ROS generation.

Furthermore, extracellular Ca2+ influx through voltage-gated calcium channels (VGCCs) is critical for the UV photocatalysis-
mediated [Ca2+]i increase, while phospholipase C (PLC) activation is not required. Considering the physiological roles of Ca2+
signaling in BMMs and osteoclastogenesis, nanotopography on the Ti surface should be considered an important factor that can
influence successful dental implantation.

1. Introduction

Titanium (Ti) and its alloys are well known to be one of
primary metallic biomaterials used in dental and orthopedic
implants requiring load-bearing capacity and feature excel-
lent chemical resistance and considerable strength. However,
due to the strong chemical stability of Ti and Ti alloys
resulting in excellent biocompatibility, they have limited
chemical and biological responses, which can react directly
with bone forming related cells and is required for rapid
osseointegration and strong fixation in the patient [1, 2].
Many researchers have sought to develop various surface
treatment of Ti implant in order to create an excellent
chemical and biological reactivity to the surface of Ti [3–6].

Osseointegration is determined by numerous factors linked
to the host (bone remodeling) and to the implant materials
(surface properties). The former is mainly regulated by cell-
to-cell interactions between osteoblasts, which deposit bone
matrix, and osteoclasts, which resorb bone tissue [7]. In
particular, modified osteoclastogenesis or activities of mature
osteoclasts cause severe bone disorders and result in poor
osseointegration [7]. In the latter case, the surface topography
of the implant plays a critical role in the clinical success of
bone-anchored implants [8]. Surface physicochemical treat-
ments modifying implant surface chemistry and topography
are commonly employed to improve osseointegration of
the implant [9–11]. Many studies about biochemical surface
modification of Ti report enhanced osseointegration of the Ti
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surface, depending on surface roughness, bioactive coating,
and varied mixture methods. Particularly, many researchers
have analyzed that micro surface roughness and morphology
were related to the bone contact, primary stability, and
intermittent load bearing in vitro and in vivo [12–18].

Nanotopography, as well as microstructures, has been of
great interest in the implant field due to the high surface-to-
volume ratio, excellent bone cell behavior, and osseointegra-
tion capabilities [19–21]. In the field of in vitromolecular biol-
ogy, it was reported that cellular behavior and functionality
were affected by the size of topographical environment [22–
25]. Titania (TiO

2
) nanotubes have been widely studied in

the fields of photocatalysis/photoelectrolysis [26–30], water
purification [31, 32], solar cells [33–37], and biomedical
engineering [38–42]. In particular, the surface structure on
vertically aligned TiO

2
nanotubes had an important effect

on improving the in vitro proliferation and mineralization
of osteoblasts [43–45], reducing immune response [46], and
upregulating in vivo osseointegration [20, 43]. In this study,
we demonstrate that altered UV photocatalytic activity by
surface modification of Ti resulted in the transmission of
intracellular signals by mobilizing secondary messengers
such as Ca2+ and ROS in BMMs.

2. Materials and Methods

2.1. Cell Culture and Reagents. Primary bone marrow-
derived macrophages (BMMs) were cultured in alpha-modi-
fied minimum essential medium (𝛼-MEM; Sigma-Aldrich,
MO, USA) supplemented with 10% fetal bovine serum (FBS)
and M-CSF (30 ng/mL). Soluble recombinant mouse recep-
tor activator of nuclear factor kappa-beta ligand (RANKL)
and macrophage colony-stimulating factor (M-CSF) were
purchased from KOMA Biotech (Seoul, Korea). N-Acetyl-L-
cysteine (NAC), U73122, nicardipine, Fura-2-acetoxymeth-
yl ester (Fura-2/AM) and 5-(and-6)-chloromethyl-2,7-
dichlorodihydrofluorescein diacetate, and acetyl ester (CM-
H
2
DCFDA)were purchased fromSigmaAldrich (MO,USA).

2.2. Fabrication of TiO2 Nanotubes. TiO2 nanotubes were
prepared by anodization, as described previously [47]. Briefly,
a machined Ti sheet was electropolished under perchloric
acid (Sigma, MO, USA) solution mixed with butoxy ethylene
glycol (Junsei Co., Japan) and methanol (Sigma, MO, USA)
at −40∘C for 30min. The nanotubes were formed on an
electropolished Ti sheet (Alfa-Aesar; 0.25mm thick, 99.5%)
by using a mixture of 0.5 wt% hydrofluoric acid (EM Science;
48%) and acetic acid (Fisher; 98%, volumetric ratio = 7 : 1)
at 15 V for 30min. A platinum electrode (Alfa-Aesar; 99.9%)
served as the cathode. The specimen was rinsed with deion-
ized water, dried at 80∘C, and heat treated at 500∘C for 2 h to
transform the as-anodized amorphous TiO

2
nanotubes into

the crystalline phase. The specimens (1.27 × 1.27 cm2 area)
used for all experiments were sterilized by autoclaving before
use. An identically sized flat Ti sample was used as a control
after being cleaned with acetone and isopropyl alcohol, dried,
and autoclaved.

2.3. Scanning Electron Microscopy (SEM). Machined, pol-
ished, and fabricated TiO

2
nanotubes were sputter-coated

with very thin gold for examination by scanning electron
microscopy (SEM). The morphology of the TiO

2
nanotubes

was observed using SEM (XL30, FEI Corporation).

2.4. Simultaneous Measurement of [Ca2+]i and [ROS]i.
[Ca2+]i and [ROS]i levels were determined as previously
described by using the Ca2+-sensitive fluorescent dye Fura-
2/AM or the ROS-sensitive fluorescent dye CM-H2DCFDA,
respectively [48]. Briefly, isolated BMMs were seeded on the
designated plate (Ti sheet or cover glass) at approximately
80% confluence (6 × 105 cells/35-mm dish) and cultured in
𝛼MEM medium supplemented with 10% FBS and M-CSF
(30 ng/mL). The following day, cells were loaded with Fura-
2/AM and CM-H2DCFDA for 50min at room temperature.
The plate containing cells was placed in a perfusion chamber
and then connected to a perfusion system. Cells were briefly
washed out with regular HEPES buffer (10mmol/L HEPES,
140mmol/LNaCl, 5mmol/LKCl, 1mmol/LMgCl

2
, 1 mmol/L

CaCl
2
, and 10mmol/L glucose, adjusted to pH 7.4 and

310mOsm). Each of the indicated compounds was diluted in
regular HEPES buffer or Ca2+ free HEPES buffer (10mmol/L
HEPES, 140mmol/L NaCl, 5mmol/L KCl, 1mmol/L MgCl

2
,

1 mmol/L EGTA, and 10mmol/L glucose, adjusted to pH
7.4 and 310mOsm) and perfused for a designated length
of time. Under continuous perfusion with regular HEPES
buffer (37∘C), titaniumplates containingBMMswere sequen-
tially exposed to specific wavelengths of light (340, 380,
and 488 nm), and emitted fluorescence (510 nm) was cap-
tured using a CCD camera. Captured images were digitized
and analyzed using MetaFluor software. [Ca2+]i data were
expressed as ratio of fluorescence intensities (𝐹

340
/𝐹
380

), and
intensity of ROS (𝐹

488
) was normalized and expressed as the

relative value of initial intensity.

2.5. Statistical Analysis. Results were analyzed using Student’s
two-tailed t-test and the data are presented as mean ± SEM
of the stated number of observations obtained from the
indicated number of independent experiments. 𝑃 values less
than 0.05 were considered statistically significant ∗∗𝑃 < 0.01.

3. Results and Discussion

3.1. UV Exposure of TiO2 Nanotubes Mediates [ROS]i Reduc-
tion and [Ca2+]i Increase in BMMs. We previously reported
that modification of the Ti surface, such as by fabrication of
nanotubes, dictates cellular fate [49], and aligned TiO

2
nan-

otubes significantly accelerate the growth of osteoblasts [47].
This is a critical factor in determining osseointegration. In the
process of bone remodeling, the osteoclast is also responsible
for enhancing osseointegration by resorbing bone on the
border between the implant and bone tissue, which triggers
the deposition of bone matrix [50]. This evidence raised a
question as to whether or not topographical modification of
Ti can affect the cellular response of osteoclasts.

Free Ca2+ ions act as secondary messengers that mediate
diverse cellular responses such as differentiation, motility,
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Figure 1: SEM micrographs of self-aligned TiO
2
nanotubes and simultaneous measurement of intracellular Ca2+ and ROS levels. (a) The

self-assembly layers were generated by anodizing Ti sheets (scale bar, 70 nm). Machined and polished Ti sheets were presented as negative
control (scale bar, 100 𝜇m). (b) As control experiment, isolated BMMs were seeded on the cover glass and maintained for 24 h. H

2
O
2
(1mM)

diluted in regular HEPES buffer was acutely treated and [Ca2+]i and [ROS]i levels in the same cell were simultaneously measured. [Ca2+]i and
[ROS]i levels were normalized and presented as a ratio (𝐹

340
/𝐹
380

; black line) and a relative value (𝐹
488

; red line) compared to initial intensity.

and apoptosis [51]. Importantly, our previous report indicates
that stimulation of BMMs (the precursors of osteoclasts)
with RANKL induces ROS generation, which is essential for
differentiation of BMMs in to osteoclasts [48]. Considering
that Ti is immediately oxidized upon exposure to air, forming
titanium dioxide (TiO

2
, titania), and TiO

2
generates ROS

under UV light exposure, characterizing the correlation
between intracellular Ca2+ signaling in BMMs and TiO

2
-

originated ROS is crucial for understanding the interaction
between osteoclasts and implant materials, especially Ti.This
led us to examine how UV photocatalysis of TiO

2
nanotubes

affects intracellular Ca2+ responses in BMMs.
As shown in Figure 1(a), self-aligned TiO

2
nanotubes

were synthesized by anodization. The nanotubes were fab-
ricated with an electropolished Ti sheet in order to remove
unwanted foreign materials deposited on the Ti sheets and to
improve the uniformity of the nanotubes. We subsequently
measured [Ca2+]i and [ROS]i in cells seeded on a cover
glass as a pilot experiment and confirmed whether [Ca2+]i
and [ROS]i levels can be measured in the same cell. Cells
were then exposed to 340 nm, 380 nm, and 488 nm wave-
length lights, in sequence, to measure [Ca2+]i and [ROS]i
levels simultaneously. Each emitted fluorescence signal was
collected at 510 nm and presented as described in Section 2.
H
2
O
2
treatment of macrophage cells is known to elicit an

acute [Ca2+]i increase [52]. As expected, [Ca
2+
]i and [ROS]i

increased in response to H
2
O
2
(Figure 1(b)).

Next, BMMs seeded on polished Ti and TiO
2
nanotubes

were loaded with both fluorescent dyes and [Ca2+]i and
[ROS]i levels were measured simultaneously. Interestingly,
cells on polished Ti showed no change in [Ca2+]i levels and
a small reduction was observed in [ROS]i levels, whereas
cells on TiO

2
nanotubes showed an acute and large [Ca2+]i

increase and significant [ROS]i reduction in response to
UV exposure (Figures 2(a) and 2(b)). To define whether
[Ca2+]i increase in cells on TiO

2
nanotubes results from ROS

generation by the Ti surface, UV-mediated [Ca2+]i increase
was measured in the presence of NAC (10mM). Figures
2(d) and 2(e) clearly show that removal of extracellular and
intracellular ROS abolishes [Ca2+]i increase in cells on TiO

2

nanotubes. This suggests that ROS generated from TiO
2

nanotubes are responsible for UV-mediated [Ca2+]i increase
in cells grown on TiO

2
.

3.2. Nicardipine Significantly Attenuates UV Photocatalysis-
Mediated [Ca2+]i Increase but Does Not Attenuate [ROS]i
Reduction. Considering these results, we next aimed to
determine how UV photocatalysis of TiO

2
nanotubes elic-

its a [Ca2+]i increase in BMMs. We first noted that UV
photocatalysis of TiO

2
unexpectedly reduces [ROS]i even

though UV photocatalysis is known to generate ROS on
the surface of TiO

2
. We also noted that ROS scaveng-

ing by NAC abolished UV photocatalysis-mediated [Ca2+]i
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Figure 2: UV-mediated photocatalysis of TiO
2
nanotubes elicits an increase in the concentration of cytosolic Ca2+ ([Ca2+]i) and a decrease

in the concentration of cytosolic reactive oxygen species ([ROS]i) in BMMs, both of which are abolished by N-acetyl-L-cysteine (NAC)
treatment. (a, b)Under continuous perfusionwithHEPES buffer, cells seeded on the (a) polished Ti and (b) TiO

2
nanotubes were, respectively,

exposed to UV light (wavelength = 340 nm and 380 nm). Following UV exposure, [ROS]i (red line) and [Ca2+]i (black line) levels were
simultaneously measured and presented as described in “Section 2”. (c) The columns show the percentage of [ROS]i decrement compared to
the initial intensity. (d) [Ca2+]i response in cells seeded on TiO

2
nanotubes was measured in the presence of 10mM of NAC. NAC diluted in

regular HEPES buffer was treated for the indicated time and washed out with regular HEPES buffer. (e)The columns show [Ca2+]i increment
(𝐹
340
/𝐹
380

).

increase. Based on these key observations, we assumed that
loss of [ROS]i might changemembrane potential and activate
voltage-gated Ca2+ channels (VGCCs). A previous report
indicates that it is possible that UV photocatalysis of TiO

2

turns Ti into a semiconductor, allowing electrons-transfer
reactions to occur [53]. To confirm this suspicion, we treated
cells with nicardipine, an inhibitor of voltage-gated Ca2+
channels, andmeasured UV photocatalysis-mediated [Ca2+]i
increase and [ROS]i reduction. In Figures 3(a)–3(c), UV
photocatalysis-mediated [Ca2+]i increase was significantly
attenuated by inhibition of VGCCs. However, nicardipine
did not affect [ROS]i. These results support our hypothesis
that UV photocatalysis activates VGCCs and elicits a [Ca2+]i
increase and that [ROS]i reduction byUVphotocatalysismay
be involved in VGCC activation and [Ca2+]i increase. Our
previous study demonstrated that the Cacna1A and Cacna1D
subunits, which are constituents of VGCCs, are the most
highly expressed subunits. Further studies are necessary to
determine how these molecules are involved in the effects
observed after UV photocatalysis of TiO

2
.

3.3. Phospholipase C (PLC) Activity Is Not Involved in UV
Photocatalysis-Mediated [Ca2+]i Increase and [ROS]i Reduc-
tion. ROS are highly reactive and can nonspecifically activate
molecules in the plasmamembrane or inside the cell. Diverse
extracellular stimuli including hormones, neurotransmitters,
and exogenous ROS function through PLC to mobilize Ca2+

from internal Ca2+ stores [54]. To determine whether UV
photocatalysis-mediated [Ca2+]i increase is mediated by PLC
activation, cells on TiO

2
nanotubes were treated with U73122

to inhibit PLCs. When the cells on TiO
2
nanotubes were

exposed toUV in the presence ofU73122 (10𝜇M), [Ca2+]i was
not significantly increased compared to that in cells treated
with HEPES buffer (Figures 4(a) and 4(b)). Moreover, inhi-
bition of PLCs by U73122 did not affect UV photocatalysis-
mediated [ROS]i reduction compared to that observed in
a control treated with HEPES buffer (Figure 4(c)). These
results demonstrate that UV photocatalysis-mediated [Ca2+]i
increase and [ROS]i reduction are not related to PLC acti-
vation. Considering previous results that showed that UV
photocatalysis of TiO

2
mediates [ROS]i reduction and had no
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Figure 3: Nicardipine, an inhibitor of voltage-gated Ca2+ channel, attenuates UV photocatalysis-mediated [Ca2+]i increase but not [ROS]i
reduction. Isolated BMMs were seeded on polished Ti and TiO

2
nanotubes and loaded with Fura-2/AM and CM-H2DCFDA. (a) UV

photocatalysis-mediated [Ca2+]i increase in cells on TiO
2
nanotubes was measured in the presence of nicardipine (10 𝜇M) diluted in HEPES

buffer. (b, c) The columns indicate [Ca2+]i increment and [ROS]i decrement in BMMs.
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Figure 4: U73122, an inhibitor of Phospholipase C, has no effects on UV photocatalysis-mediated [Ca2+]i increase and [ROS]i reduction.
Isolated BMMs were seeded on polished Ti and TiO

2
nanotubes and loaded with Fura-2/AM and CM-H2DCFDA. (a) UV photocatalysis-

mediated [Ca2+]i increase in cells on TiO
2
nanotubes was measured in the presence of U73122 (10𝜇M) diluted in HEPES buffer. (b, c) The

columns indicate [Ca2+]i increment and [ROS]i decrement in BMMs.

effects on PLC activity, we suggest that ROS generated by UV
photocatalysis on TiO

2
have no permeability.

4. Conclusions

In summary, our study demonstrates that UV photo-
catalysis of TiO

2
immediately elicits [Ca2+]i increase and

[ROS]i reduction in cells growing on TiO
2
nanotubes. UV

photocatalysis-mediated [Ca2+]i increase is dependent on
extracellular and intracellular ROS generation. Furthermore,
extracellular Ca2+ influx thorough VGCCs is critical for
UV photocatalysis-mediated [Ca2+]i increase, while PLC
activation is not. Considering the physiological roles of Ca2+
signaling in BMMs and osteoclastogenesis, nanotopography
on the Ti surface should be considered an important factor
that can influence successful dental implantation.
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Previous studies have suggested that the presence of white-spot lesion is very probable when adjacent surface is affected by cavitated
lesions.This study evaluated the potential of different fluoride-releasing restorative materials in arresting enamel white-spot lesions
in approximal surface in contact with them, in vitro (I) and in situ (II). White-spot lesions were formed in 240 primary enamel
specimens via pH-cycling.They were put in contact with cylindrical blocks of 6 materials (𝑛 = 20): composite resin, 2 high-viscous
glass ionomer cements (HVGIC), resin-modified GIC, resin-modified nanoionomer, and polyacid-modified resin. In both studies
I and II, these settings were designed to simulate the contact point between the restoration and simulated approximal lesion. For
study I, they were subjected to a new pH-cycling cariogenic challenge for 7 or 14 days (𝑛 = 10). For study II, a randomized double-
blind in situ design was conducted in two phases (7/14 days) to promote cariogenic challenge. At the end of both studies, specimens
were collected for mineral analysis by cross-sectional microhardness. Higher mineral loss was observed for lesions in contact with
resin (𝑝 < 0.001). HVGICs were the most efficient in preventing mineral loss, whereas other materials presented an intermediate
behavior. It is concluded that fluoride-releasing materials can moderately reduce white-spot lesions progression, and HVGIC can
arrest enamel lesion in approximal surface in contact with them.

1. Introduction

Particularly in pediatric dentistry, glass ionomer cements
(GICs) have raised interest because of properties such as
handling and fluoride release/uptake, conferring it an anti-
cariogenic potential, in addition to its biocompatibility and
thermal expansion coefficient similar to tooth [1]; however,
poormechanical properties of conventional GICsmake them
unsuitable for multiple-surfaces restorations [2].

Nowadays some variations have been proposed to over-
come this issue. After observing that better performance
might be achieved by enhancing the power/liquid ratio and
consequently shortening the period of the acid-base set-
ting reaction, high-viscous GICs (HVGICs) were developed
and have become the material of choice to perform the
Atraumatic Restorative Treatment (ART) [3]. Clinical studies
demonstrated that the HVGIC is equally resistant when
compared with amalgam for occlusal cavities in permanent

teeth [4, 5] and also for occlusoproximal cavities in primary
teeth [6].

Resin-modified glass ionomer cements (RMGICs) and
polyacid-modified resin composites (PMR) have also been
developed in an attempt to improve the wear resistance,
moisture sensitivity, and esthetic characteristic of GIC, main-
taining their fluoride-releasing capacity. Recently, a new
generation of RMGIC containing nanoparticles was launched
with the aim of improving aesthetics properties, as lower
surface wear and staining resistance [7]. However, there is
a lack of studies concerning mechanical properties and the
anticariogenic effects of this material, even though it seems to
present lower surface wear when compared to conventional
and resin-modified GIC [8].

The benefits of using fluoride-releasing restorative mate-
rials to protect the restoration-tooth interface during a
cariogenic challenge have been widely studied and positive
results are usually reported [9]. These findings, together with
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those found in clinical studies [10–12], suggest that fluoride-
releasing restorative materials could possibly extend their
protective or therapeutic effect to the enamel of the tooth
in approximal surface in contact with them. It would be
interesting since approximal surface is considered an area
of high plaque accumulation and the presence of white-spot
lesion is very probable when the adjacent surface is affected
by cavitated lesions [13]. Nevertheless, to the best of our
knowledge, no previous studies have been conducted with
these alternative restorative materials, especially RMGIC
containing nanoparticles and encapsulated HVGIC. It seems
that this last one presented an enhanced fluoride release due
to a predetermined powder/liquid proportion [14], which can
result in a greater benefit to arrest the initial caries lesion in
approximal surface.

Thus, our purpose was to evaluate the potential of
different fluoride-releasing restorative materials in arresting
enamel white-spot lesions in approximal surface in contact
with them, under in vitro and in situ cariogenic challenges.

2. Materials and Methods

2.1. Specimen Preparation and Caries Induction. This study
was approved by the ethical board of the University of São
Paulo (#186/2009) and teeth were obtained from the Human
Tooth Bank of the University. Two hundred and forty blocks
(5 × 5 × 3mm) were obtained from the buccal surface of
primary canines. Teeth were free of apparent enamel defects,
macroscopic cracks, abrasions, and staining, assessed at 2x
magnification with a stereomicroscope (Stereo Discovery
V20, Zeiss, Göttingen, NI, Germany). They were cut using
a double-face diamond disc (KG Sorensen, São Paulo, SP,
Brazil) in a slow-speed handpiece under water irrigation.
After that, all slabs surfaces were cleaned with rotating
brushes/abrasive paste, washed with deionized water, and
maintained in relative humidity. To maintain the convexity
of the surface, no other treatment was performed.

The specimens were made completely impermeable with
two coats of acid-resistant nail varnish, except for an area
of 3 × 2mm on the center of enamel surface. All of them
were submitted to the pH-cycling procedure to create arti-
ficial incipient caries lesions. The demineralizing solution
contained 2.2mM CaCl

2
, 2.2mM NaH

2
PO
4
, and 50mM

acetic acid adjusted to pH 4.6. The remineralizing solution
contained 1.5mM CaCl

2
, 0.9mM NaH

2
PO
4
, and 0.15M KCl

adjusted to pH 7.0. Each specimen was cycled in 2mL for
8 hours in the demineralizing solution and 16 hours in the
remineralizing solution at room temperature and without
agitation, during 10 days. A new solutionwas used every cycle
[15, 16].

2.2. Restorative Material Preparation. Cylindrical samples
(4mm in diameter × 3mm) were prepared using six
restorative materials (composite resin, HVGIC, encapsulated
HVGIC, RMGIC, nanoparticle RMGIC, and PMR) using
a circular matrix according to manufacturers’ instructions
(Table 1). Photoactivated materials were accommodated into

the matrix in one increment and light-cured using a halogen-
based light-curing unit. Self-cured materials were placed in a
single bulk with an insertion spatula, except for encapsulated
HVGIC and PMR because they are capsulated materials and
are delivered by syringe. After curing, they were removed
from matrix by pressure.

All samples were stored in liquid petroleum jelly for a
period of 24 hours [17]. After this period, they were cleaned
with gauze and put in contact with the convex surface of
enamel slab containing white-spot lesion and fixed with
orthodontic band. This setting was designed to simulate the
contact point between an occlusoproximal restoration and
the adjacent tooth (Figure 1).

2.3. In Vitro Cariogenic Challenge. Half of the specimens
(𝑛 = 120) were submitted to an in vitro cariogenic challenge
for 7 (𝑛 = 60) or 14 (𝑛 = 60) days, being immersed
on demineralizing and remineralizing solutions with the
same composition used for caries lesion induction. Each
specimen (enamel + material block) was cycled in 3mL for
8 hours in the demineralizing solution and 16 hours in the
remineralizing solution, which had the pH adjusted for 4.5.

2.4. In Situ Cariogenic Challenge. The other half of the
specimens (𝑛 = 120) were submitted to an in situ cariogenic
challenge conducted in two phases of 7 (𝑛 = 60) or 14 (𝑛 = 60)
days, with a period of 7-day washout between them. For this
purpose, specimens (enamel block + material block) were
inserted in acrylic custom-made palatal devices containing 6
cavities (6× 5× 5mm), 3 on the left and 3 on the right side. To
better fit the chambers, specimens’ dimensions were reduced
to 4 × 4 × 2mm.The chambers were open both to the palatal
and to the buccal surfaces and into each of them one slab was
fixed with wax. A plastic mesh was fixed with acrylic resin
over the chambers, leaving a 1mm space from the specimen
to allow biofilm accumulation and protect it frommechanical
disturbance.

To avoid any possible benefit caused by its positions,
distribution of specimen was randomly determined accord-
ing to a computer-generated randomization list for the first
appliancemounted. For the following appliances, the position
of samples was evenly rotated so that each material occupied
the 6 positions.

Ten volunteers from São Paulo (water fluoride level
0.7mg L−1) were invited to take part in the study based on
the following inclusion and exclusion criteria: age between 20
and 40 years; having at least 20 teeth; absence of active caries
lesions; no use of fixed or removable orthodontic device; no
use of any antibiotics within the 2 months prior to study
beginning. They also had to agree with the study terms and
be willing to abstain from oral hygiene products except those
provided. The study was designed in two phases of 7 (𝑛 =
60) and 14 (𝑛 = 60) days, with a period of 7-day washout
between them. Thus, half of the volunteers initiated by the 7-
days period and the other half initiated by the 14-days period.

Volunteers were instructed to wear their appliance 24
hours per day and during all the experimental period they
brushed their teeth with a fluoridated dentifrice (Colgate
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Table 1: Description of materials tests in the study.

Restorative material Name Composition Insertion and
polymerization method

Nanocomposite
composite resin

Z350 (3M
ESPE, St.
Paul, MN,
USA)

Silane treated ceramic
Silane treated silica
Diurethane dimethacrylate (udma)
Bisphenol a polyethylene glycol diether dimethacrylate
Bisphenol a diglycidyl ether dimethacrylate (bisgma)
Silane treated zirconia
Polyethylene glycol dimethacrylate
Triethylene glycol dimethacrylate (tegdma)
2,6-Di-tert-butyl-p-cresol

2 increments (2mm)/40 s
photoactivation

High-viscous
CIV

Ketac Molar
(3M ESPE, St.
Paul, MN,
USA)

Powder:
Glass powder
Polyacrylic acid
Liquid:
Water
Copolymer of acrylic acid-maleic acid
Tartaric acid

Insertion spatula; finger
press technique with solid
petroleum jelly

Encapsulated
high-viscous
GIC

Riva Self
Cure (SDI,
Bayswater;
VIC,
Australia)

Powder: polyacrylic acid, aluminosilicate glass Liquid:
polyacrylic acid, tartaric acid

Delivery syringe; finger
press technique with solid
petroleum jelly

Resin-modified
GIC

Vitremer (3M
ESPE, St.
Paul, MN,
USA)

Powder:
Silane treated glass
Potassium persulfate
Liquid:
Copolymer of acrylic and itaconic acids
Water
2-Hydroxyethyl methacrylate (hema)
Diphenyliodonium hexafluorophosphate

Insertion spatula; finger
press technique with solid
petroleum jelly

Resin-modified
GIC with nanoparticles

Ketac Nano
(3M ESPE, St.
Paul, MN,
USA)

Silane treated glass
Silane treated zirconia
Polyethylene glycol dimethacrylate (pegdma)
Silane treated silica
2-Hydroxyethyl methacrylate (hema)
Glass powder
Bisphenol a diglycidyl ether dimethacrylate (bisgma)
Triethylene glycol dimethacrylate (tegdma)

2 increments (2mm)/20 s
photoactivation

Polyacid-modified resin

Dyract Extra
(Dentsply,
Konstanz
BW,
Germany)

Ethoxylated bisphenol-A-dimethacrylate, urethane resin,
triethylene glycol dimethacrylate (TEGDMA), and
trimethylolpropane trimethacrylate
(TMPTMA)
and strontium fluoride glass

2 increments (2mm)/20 s
photoactivation

Total 12—1450mg F/g, Colgate-Palmolive, São Paulo, SP,
Brazil). The cariogenic challenge was provided by dripping
one drop of 20% sucrose solution over the mesh onto each
specimen, 8 times per day at predetermined times. Before
reinsertion in the mouth, the appliance was kept on their
plastic recipient for 5min to allow sucrose solution diffusion.
Theuse of dentifricewas performed at least 3 times a day, after
meal-times, and when volunteers were habituated to perform
oral hygiene. The appliances were extraorally brushed only
on the palatal contact surface. When not in the oral cavity
(meals and oral hygiene), the appliances were kept moist in
their plastic recipients.

After the intraoral experimental phase, the appliances
were collected and specimens were removed. The enamel

blocks were separated from the cylindrical material blocks
and then brushed gently with a very soft toothbrush to
remove biofilm.

2.5. Cross-Section Microhardness Analysis (CSMH). Enamel
blocks were longitudinally sectioned with double-face dia-
mond discs (KG Sorensen, Cotia, SP, Brazil) through the
center of window left for caries induction. One half of each
sample was embedded in acrylic resin. The surfaces of the
samples were planned with an automatic grinding/polishing
machine and SiC discs of #400, #600, #1200, and #1400 grit
under runningwater for 60 s and then polishedwith diamond
paste (1 and 0.25 𝜇m). Cross-sectionmicrohardnessmeasure-
ments of the adjacent enamel were taken using a Knoop
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Figure 1: Experimental setting of the simulated approximal caries
lesion in contact with restorative material.
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Figure 2: Diagram of microhardness measurements performed on
each tooth specimen.

indenter attached to amicrohardness tester (ShimadzuMicro
Hardness Tester HMV-2; Shimadzu Corporation, Kyoto,
KYO, Japan). Three rows of 7 indentations each were made,
one in the central region of the dental enamel exposed and
the other two at a 100𝜇m distance to both sides of the central
row using a 25-gram load for 15 seconds. The indentations
were made at 10, 30, 50, 70, 90, 110, and 220𝜇m from the
outer enamel surface (Figure 2). The mean values of the 3
rowsmeasuring points at each distance from the surface were
averaged. To obtain values from sound enamel (baseline), 5
indentations were also performed over the area surrounding
the window left for caries development and the average was
used to represent this value.

2.6. Statistical Analyses. Values from CSMH at the different
distances were used to construct a graphic (CSMH value ver-
sus distance form enamel surface) and the value correspond-
ing to the area below the curve was considered. With regard
to reference values from sound enamel (baseline), the average
among the 5 indentations performed was used to construct
the graph, using the same distances as those performed for
the experimental part. Subtracting the experimental value
from the baseline value, the surface microhardness value
change was obtained and used to perform statically analysis.

Normal distribution of data and equality of variances
were confirmed using Anderson–Darling and Levene tests,
respectively. Subsequently, ANOVA and Tukey’s test were
carried out for statistical comparisons amongst restorative
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Figure 3: Cross-sectional microhardness results for in vitro study.
Different letters show statistically significant differences (𝑝 ≤ 0.05).
0 = composite resin; 1 = HVGIC; 2 = encapsulated HVGIC; 3 =
RMGIC; 4 = nanoparticle RMGIC; 5 = PMR.

materials after in vitro challenge (𝛼 = 5%). For in situ study,
multilevel analysis (volunteer and specimen) was performed
also at a significance level of 5%. All analyses were conducted
using MLwin 2.10 Software (Centro for Multilevel Modeling,
University of Bristol, Bristol, UK).

3. Results

3.1. In Vitro Study. Considering both periods of cariogenic
challenge, specimens in contact with composite resin pre-
sented the highest mineral loss when comparing to all other
materials. For the 7-day period, the HVGIC demonstrated
greater capacity for inhibiting artificial caries lesions adja-
cent to restorations when compared to PMR. For the 14-
day period, the inhibitory capacity of the artificial caries
lesion from HVGIC was also superior when compared to
nanoparticle RMGIC and RMGIC. Results from the in vitro
study are demonstrated in Figure 3.

3.2. In Situ Study. Within the 7-day period of cariogenic
challenge, the HVGICs presented the best performance and
the composite resin the worst performance in protecting the
adjacent caries lesions, whereas the other materials presented
an intermediate behavior. For the 14-day period of cariogenic
challenge, materials presented a similar behavior, except that
nanoparticle RMGIC was as inefficient as composite resin.

Furthermore, the behavior of composite resin was similar
in both methods of cariogenic challenge. There was no
statistically significant difference between the two HVGICs
(HVGIC and encapsulated HVGIC). Results from the in situ
study are shown in Figure 4.

4. Discussion

This study was designed to investigate the effects of different
fluoride-releasing restorative materials in arresting initial
enamel caries lesion in approximal surface in contact with
them, under in vitro and in situ conditions. Thus, only



Journal of Nanomaterials 5

7 days 14 days

a

b
b

c
c

c

a

b

b

c

a c
∗

∗

∗

50000

40000

30000

20000

10000

0

0 1 2 3 4 5 0 1 2 3 4 5

Figure 4: Cross-sectional microhardness results for in situ study.
Different letters show statistically significant differences (𝑝 ≤ 0.05).
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materials indicated to perform occlusoproximal restorations
were used in the study.

In general, the results of the study show that all fluoride-
releasing materials are capable of arresting, in a greater or
lesser extent, the progression of approximal initial caries
lesion in contact with them. HVGICs presented the best per-
formance, whereas othermaterials presented an intermediate
performance between the pure GICs and the composite resin.

According to Wiegand et al. [18], fluoride release charac-
teristics depend on the matrices, fillers, and fluoride content
as well as the setting mechanisms and environmental condi-
tions of the restoratives. However, it is commonly assumed
that materials presenting higher fluoride release levels are
those with poor mechanical properties [19]. In our study,
the best anticariogenic potential verified for HVGIC can be
explained by its chemical nature. An initial high release from
GIC over the first 24 h occurs due to the burst of fluoride
resulting from the glass particles when reacting with the
polyalkenoate acid during the setting reaction [20]. After that,
fluoride is released by both a short-term reaction involving a
rapid dissolution from the outer surface into solution and a
gradual reaction resulting by the sustained diffusion of ions
through the bulk cement.

This finding corroborates a previous study that HVGIC
resulted in a superior capacity to protect incipient lesions
in approximal surface in contact with them when compared
to other materials [21], being that the reservoir property
can turn this even more effective. The permeability of the
materials is a major factor in the mechanism of fluoride
uptake, once they could absorb the ions deep into its bulk.
The more permeable the material, the more likely its ability
to absorb and release fluoride and composites are known to
have relatively low water permeability, whereas the HVGIC
and RMGIC have been shown to have greater sorption values
[22]. It is also suggested that, in general, materials with higher
initial fluoride release have higher recharge capability, even
though original values are hardly reached again [23].

Two HVGICs were included in the study, since one of
them is presented in the conventional powder/liquid form
and the other is disposed in capsules. It has been suggested

that encapsulated GICs can present an enhanced fluoride
release once it has a predetermined powder/liquid proportion
which facilitates handling and avoids operator and environ-
mental induced variability [14], optimizing its performance.
In our study, however, no difference was observed between
the performances of these two types of HVGIC.

On the other hand, RMGIC usually demonstrates a
comparable potential for releasing fluoride as conventional
cements, but they may be affected not only by the formation
of complex fluoride compounds and their interaction with
polyacrylic acid, but also by the type and amount of resin used
for the photochemical reaction [24]. Probably, it can be an
explanation for the similar results verified for both RMGIC
and RMGIC with nanoparticles in the present study, except
for the 14-day period of in situ cariogenic challenge.

In fact, nanoparticle RMGIC seems to be less hydrophilic
than conventional RMGIC [19]. Contrary to RMGIC, the
first phase of setting for PMR is the light-activated polymer-
ization, which means that it behaves initially as composites
resins. In this way, after curing and before the contact with
water, the fluoride is not free but bound in the filler particles,
which are enclosed in the polymerized matrix. After the
succeeding water sorption, the acid-base reaction takes place
but the continuing fluoride release over time seems to be
capable of protecting enamel in contact with these materials
under cariogenic challenge [25].

This new generation of RMGIC, the so-called nanoion-
omers, presents as paste/paste system and is based on bonded
nanofiller technology, aiming to promote an improved wear
resistance. In fact, some studies have demonstrated lower
roughness indices when compared to conventional GIC and
RMGIC [8]; however, poor results have been achieved with
regard to marginal adaptation and staining when compared
to othermaterials such as conventional RMGIC and compos-
ite resin in a clinical trial [26]. Nevertheless, considering its
anticariogenic effect, previous study observed better capacity
to protect enamel around restorations under a cariogenic
challenge than composite resin [27], as observed in this study.

The duration of cariogenic challenge, in general, exerted
little influence over the performance of each material, mainly
for pure GICs. Probably, the fluoride release for these mate-
rials drops moderately 7 days after manipulation. Only for
nanoparticle RMGIC the results were similar to those for
composite resin after 14 days of in situ cariogenic challenge,
which is probably associated with its poor capacity to act as a
fluoride reservoir [19].

Some studies had already investigated the potential of
fluoride-releasing restorativematerials to protect the adjacent
enamel in approximal contact with them; however this effect
is usually tested on sound surfaces [27–29]. We preferred to
test the therapeutic effect of fluoride on incipient caries lesion
once this condition ismost likely to occur clinically, especially
if a cavitated lesion is present on the adjacent tooth [13]. Also,
unlikely to our study, most of them are not performed with
primary teeth, the major indication for fluoride-releasing
restorative material. In this way, the design of our study
as well as the experimental setting seems to be effective
and innovator to test our hypothesis. The enamel specimens
were obtained from the buccal surface of deciduous canines
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and its curved shape was purposely preserved to simulate
adequately the contact point against the cylindrical material
block. Conversely the method chosen to develop the enamel
caries lesions in both studies (in vitro and in situ), pH-
cycling, was previously demonstrated to be suitable when
investigating the role of fluoride in the de-/remineralization
process [30, 31].

Even though most studies have tested the fluoride release
potential of the restorative materials in deionized water
or artificial saliva, the aim of this study was to test it in
similar conditions to those found during the cariogenic
challenge in mouth. It is known that acidic conditions can
potentiate both the fluoride release from restoratives and the
hydroxyapatite incorporation by enamel [19, 32], which may
have favored their performance. However, the pH drop is
also the circumstance in which there is the greatest need
of the protection promoted by fluoride. Studies also usually
demonstrate that fluoride leached from different fluoridated
restorative materials may last for a long period especially
for pure GIC; however, after a higher initial release, it drops
to lower levels. As the aim of this study was to investigate
the therapeutic potential of those materials, the short-term
results (7 or 14 days) are more important than long-term
results. Moreover, the use of in situ design assesses some
characteristics that can influence the benefit to use fluoride-
releasing restorative materials. The absence of other sources
of fluoride from in vitro studies, as fluoridate toothpaste,
can overestimate the effect of fluoride-releasing restorative
materials in arresting initial caries lesion, being the other
sources of fluoride sometimes enough to prevent or to arrest
caries lesions. Moreover, the presence of biofilm and saliva
can also interfere in the effect of these restorative materials.

Many factors must be taken into consideration when
selecting a restorative material for primary dentition, includ-
ing the ease of handling, their physical, chemical, and biolog-
ical properties, and the possible longevity of the restorations.
Although RMGIC, PMR, and composites are generally found
to have a superior longevity when comparing to conventional
GIC, HVGICs have demonstrated similar longevity to amal-
gam when performing occlusal restorations permanently
[4]. According to Qvist et al. [2], restorations involving the
approximal surface are those with the lowest survival rates in
deciduous teeth. It should be emphasized, however, that there
is no evidence for indicating some restorativematerial instead
of others when considering occlusoproximal restorations on
primary teeth [6].

5. Conclusions

Fluoride-releasing materials can moderately reduce white-
spot lesions progression in surface in contact with themwhen
compared to composite resin. However, HVGIC represents
the best choice to arrest initial enamel lesion in approximal
adjacent surfaces.
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Mucin 1 (MUC1) is a potentially important target of cancer therapy, being a glycoprotein that is overexpressed on cell surface
of many types of adenocarcinomas, including breast, ovarian, colon, lung, and prostatic cancers. Several MUC1-targeted drug
delivery systems have been developed and reported, but mobilizing natural killer cells (NK) to fight against MUC1-positive tumor
has not been attempted. In this study, we introduced a novel amphipathic nanoparticle (NP) for enhancing the NK cytotoxicity to
MUC1-positive cancer cells.The amphipathic NP had CD16 andMUC1 aptamers on its surface and was designed to bind with both
the CD16-positive NK cells and the MUC1-positive tumor cells and pull the two types of cells close to each other. The fabricated
amphipathic NP had an average size of 574 nm. The aptamers’ conjugation with the NP was confirmed by DNA hybridization
experiments. Dark-fieldmicroscopy revealed that the amphipathic NP could recruit more NK cells to the vicinity ofMUC1-positive
cancer cells. Additionally, the amphipathic NP significantly enhanced theNK cytotoxicity toMUC1-positive cancer cells (𝑝 < 0.01),
but not that to the MUC1-negative control cells. The results suggest that NK cells may potentially be mobilized to selectively fight
against MUC1-positive cancer cells.

1. Introduction

Traditional cancer therapies include surgery, chemotherapy,
and radiotherapy, but these therapies have their own limita-
tion or drawbacks as in clinical application. Surgery is quite
effective for early treatment of solid tumors, but it is useless
for advanced tumor, nonsolid tumor, and leukemia. As in
chemotherapy, long-term use of chemotherapy drugs will
develop the drug resistance of tumor cells and reduce the effi-
cacy of these drugs. Beyond that, as well as eliminating cancer
cells, the chemotherapy drugs also attack the normal tissue
and immune system of cancer patients, which will result in
drug toxicity [1]. Additionally, general and local radiother-
apy may cause seriously adverse effect, such as osteoradione-
crosis, radiation pneumonitis, and systemic reactions [2].
Besides the above cancer therapies, immunotherapy is a type
of tumor therapy built on the principle of stimulating the

patient’s immune system to attack and eliminate tumor cells
[3]. The currently existing immunotherapies mainly include
cell-based therapies, antibody therapies, and cytokine thera-
pies [4, 5]. Compared with chemotherapy and radiotherapy,
immunotherapy has several advantages, including low toxic-
ity and long-acting in vivo response against tumor cells [6, 7].
Because most grown tumors have immune escape mecha-
nisms, the major challenge facing most immunotherapies is
to induce an effective immune response that is strong and
durable enough to fight against the cancer cells [8]. As a result,
it is necessary to explore new approaches for promoting tar-
geted immune response against cancer cells.

In this study, we developed a novel nanoparticle modified
by CD16 and MUC1 aptamers [9, 10], in order to gather NK
lymphocytes and adenocarcinoma cells together and enhance
the NK reaction against these cancer cells. CD16, namely, Fcy
receptor III, is mainly expressed on the surface of NK cells,
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monocytes, macrophages, and polymorphonuclear cells.
MUC1 mucin, a glycoprotein, is underexpressed on normal
tissue but gets overexpressed on the cell surface of most
adenomas, including colon, breast, ovarian, lung, and pan-
creatic cancers. Therefore, MUC1 protein is considered an
ideal molecular target for immunotherapy [11]. Because the
amphipathicNPhasCD16 andMUC1 aptamers on its surface,
theoretically it can bind with both NK and adenocarcinoma
cells, pulling the two types of cells together. In this study,
the targeting ligands employed are aptamers. As targeting
ligands, aptamer has several advantages compared with anti-
body, including low immunogenicity, low preparation cost,
and easy modification for various applications. Previously
studies have reported aptamer as targeting agent to enhance
drug delivery to MUC1-positive tumors [10] or probes for
lymphoma cells [12].Therefore, we chose aptamers as the tar-
geting ligands tomodify NP in this study.We now report that
the aptamers modified amphipathic NP can pull together NK
andMUC1-positive tumor cells and enhance NK cytotoxicity
to these adenocarcinoma cells.

2. Methods

2.1. Cell Lines and Cultures. Cell lines of A549 (human lung
cancer cell) and MD-MBA-231 (human breast cancer cell)
were obtained from the Cell Resource Center of Chinese
Academy of Medical Sciences (Beijing, China). Peripheral
bloodmononuclear cell (PBMC)used in our experimentswas
gathered through separation of venous blood from healthy
human donors.The blood was firstly diluted with D-Hanks at
equal volume. Lymphocyte separationmedium (TBD,China)
was decanted into the mixture and four layers appeared after
centrifugation of 20min. The second layer was extracted by
pipette andwashed two timeswithD-Hanks to obtain PBMC.
A549 and MD-MBA-231 cells were incubated in DMEM
medium, which was supplemented with 100 u/mL penicillin,
100mg/mL streptomycin, and 10% fetal calf serum (Gibco).
All cells were cultured in 5% CO

2
at 37∘C.

2.2. Construction and Characterization of Amphipathic NP.
A previously identified MUC1 aptamer with the sequence
of 5-biotin-AACCGCCCAAATCCCTAAGAGTCG-
GACTGCAACCTATGCTATCGTTGATGTCTGTCC-
AAGCAACACAGACACACTACACACGCACA-3 was
synthesized (Sangon Biotech, Shanghai, China). A previously
selected CD16 aptamer with the sequence of 5-biotin-
CCATTGCGGGGGTCTATACGTGAGGAAGAAGTGG-3
was also synthesized (Sangon Biotech, Shanghai, China). Five
pmol MUC1 aptamer and 5 pmol CD16 aptamer were added
to 20𝜇L of streptavidin-coated magnetic beads (Promega,
Germany) and fullymixed for 15min.The beads were washed
thrice with 200 𝜇L PBS to remove unbound oligonucleotides.
Tomeasure the size distribution of the amphipathic NP, 10 𝜇L
suspended NP was diluted into 1mL PBS and analyzed with
a dynamic light scattering (DLS) instrument (Zetasizer Nano
ZS90, Malvern Instruments, Malvern, UK). Amphipathic
NP samples were also evaluated by confocal microscopy
(FV1000MPE, Olympus, USA).

2.3. Flow Cytometric Analysis. The binding of the aptamers
to the target cells was evaluated by flow cytometry. FAM-
labeled MUC1 and CD16 aptamers were synthesized (Sangon
Biotech, Shanghai, China). Another aptamer that specifi-
cally binds with human epidermal growth factor receptor-
2 (HER2) was also synthesized to serve as a control. FAM-
labeled MUC1 aptamer was incubated with A549 and MD-
MBA-231 cells for 30min. FAM-labeled HER2 aptamer was
incubated with A549 cells. FAM-labeled CD16 aptamer was
incubated with PBMCs. All the above cells were washed with
200𝜇L PBS for three times and subjected to flow cytometry
analysis (Accuri C6, USA).

To study whether theMUC1 and the CD16 aptamers were
conjugated to the NP via the biotin-streptavidin reaction,
DNAhybridization experiments were performed.MUC1 apt-
amer-modified NP, CD16 aptamer-modified NP, and MUC1-
CD16 aptamers-modified NP were constructed by mixing
streptavidin-coated NPs (Promega, Germany) with MUC1
aptamer, CD16 aptamer, and a mixture of both aptamers (at
1 : 1 molar ratio) for 15min, respectively. Hybridizing DNA
probes complementary to MUC1 or CD16 aptamers were
incubated with the three types of particles for 30min. After
washing for three times with 200𝜇L PBS, the beads were
subjected to flow cytometry analysis. All aptamers were bio-
tinylated and all DNA probes were FAM-labeled.

For assessing the influence of aptamer-modification on
the affinity of NP to target cells, competition blocking assays
were conducted. Twenty thousand A549 cells were incubated
with 40 pmol FAM-labeled MUC1 aptamer. Several items,
including blank NP, MUC1 aptamer-modified NP, and unla-
beled MUC1 aptamer, were separately added to the cells to
compete with the FAM-labeledMUC1 aptamer.Themixtures
were incubated for 30min, washed for three times with
200𝜇L PBS, and subjected to flow cytometry analysis. Sim-
ilar experiments were also conducted for CD16 and HER
aptamers. Briefly, PBMC was incubated with FAM-labeled
CD16 aptamer, while blank NP, CD16 aptamer-modified NP,
and unlabeled CD16 aptamer were separately added to serve
as competitive items. Moreover, HER2 aptamer-modified NP
was also evaluated as a competitor of FAM-labeled MUC1
aptamer for binding with A549 cells.

2.4. Phase-Contrast Microscopy. The spatial relationship bet-
ween live NK and A549 cells was studied with dark-field
phase-contrast microscopy. Two groups of A549 cells were
cultured in 6-well plate overnight and then cocultured with
PBMC for 30min. Amphipathic NP or blank NP were added
to the two groups of cells. After washingwith 1mLPBS thrice,
the cells were evaluated by phase-contrast microscopy.

2.5. In Vitro Cytotoxicity Assays. To evaluate whether the
amphipathic NP would affect the NK reaction against A549
and MD-MBA-231 cells, NK cytotoxicity study was con-
ducted. PBMC and A549 cells were cocultured in 96-well
plates at effector : target ratio (𝐸 :𝑇) of 100 : 1. Cellular mix-
tures were treated separately with various items, including the
amphipathic NP (MUC1-NP-CD16), unmodified NP, a mix-
ture of free CD16 and MUC1 aptamers, and the NP modified
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by HER2 and CD16 aptamers (HER2-NP-CD16) for 10 hours
at 37∘C. The nonadherent lymphocytes were washed off with
200𝜇LPBS for three times.MTS assaywas applied to evaluate
the viability of the A549 cells, according to the standard pro-
tocol as outlined by the manufacturer (Promega, Germany).
Similar experiments were also conducted on MD-MBA-231
cells. The PBMCs and MD-MBA-231 cells were cocultured at
an 𝐸 :𝑇 ratio of 100 : 1 for 10 h at 37∘C with the amphipathic
NP. After washing the cells with 200 𝜇L PBS for three times,
MTS assay was performed to assess the viability of the MD-
MBA-231 cells.

3. Results

3.1. Design of the Amphipathic NP. The primary function
of the amphipathic NP designed in this study was to bring
together the NK and the MUC1-positive tumor cells. To imp-
lement this goal, we fabricated an NP that was modified
with both the CD16 and the MUC1 aptamers. The aptamers
were connected with streptavidin-covered nanoparticle via
the biotin-streptavidin reaction. Because the amphipathicNP
had both CD16 and MUC1 aptamers on its surface, it theo-
retically should combine with both the NK and the MUC1-
positive cancer cells and bring them together. The overall
design of the amphipathic NP was illustrated in Figure 1.

3.2. Verification of the Binding Property of the Aptamers. The
capability of the aptamers to bind with their target cells was
critical for the function of the amphipathic NP. Hence, we
verified the binding properties of the aptamers against the
target cells here in this study. FAM-labeled MUC1-aptamer
was separately incubated with MUC1-positive A549 and
MUC1-negative MD-MBA-231 cells, which were analyzed by
flow cytometry. As shown in Figures 2(a) and 2(b), theMUC1
aptamer bound with the A549 but not the MD-MBA-231
cells, suggesting that the aptamer could recognize theMUC1-
positiveA549 cells.This study also required a control aptamer
that did not bind with MUC1-positive cells, for which we
employed an aptamer that was originally designed to rec-
ognize the HER2 protein. FAM-labeled HER2 aptamer was
incubated with MUC1-positive A549 cells, which was ana-
lyzed by flow cytometry. The results showed that the HER2
aptamer did not bind with the A549 cells (Figure 2(c)), indi-
cating that it might serve as a control aptamer for this study.

The capability of the CD16 aptamer for binding with
immune cells was also evaluated in this study. Because PBMC
was rich in CD16-positive immune cells, here we assessed the
affinity of CD16 aptamer to PBMC, which was commonly
used as the experiment model in NK-related studies [9].
FAM-labeled CD16 aptamer was incubated with PBMC,
which was subsequently analyzed by flow cytometry. As illus-
trated in Figure 2(d), CD16 aptamer generated a strong bind-
ing to PBMC, suggesting that the aptamer could recognize the
CD16-positive immune cells.

3.3. Conjugation of Aptamers with Nanoparticles. In order for
the amphipathic NP to bring together the NK and theMUC1-
positive cells, both the CD16 and the MUC1 aptamers must

MUC1

CD16

MUC1 aptamer
CD16 aptamer
NP

A549 cell

NK cell

Figure 1: Illustration of the general design of the amphipathic NP.
Biotinylated CD16 and MUC1 aptamers were connected with stre-
ptavidin-coated NP via biotin-streptavidin reaction. The proposed
function of the amphipathic NP is to bring the NK to the vicinity of
MUC1-positive cancer cell and induce an anticancer reaction.

be connected to the nanoparticle. To investigate whether the
aptamerswere indeed connected to the particle, DNAhybrid-
ization experiments were conducted. Two types of DNA
probes (CD16 probe andMUC1probe)were designed to com-
plementarily recognize the CD16 and the MUC1 aptamers,
respectively. The probes were separately incubated with NP,
CD16 aptamer-modified NP (CD16-NP), MUC1 aptamer-
modified NP (MUC1-NP), and the amphipathic NP (CD16-
NP-MUC1), which were subjected to flow cytometry. As pre-
sented in Figure 3, CD16 aptamer-modified particles were
positively stained by the CD16 probe, and MUC1-aptamer
modified particles were stained by theMUC1 probe, while the
amphipathic particles were positively stained by both probes.
The results suggested that CD16 and MUC1 aptamers were
indeed functionalized onto the surface of the amphipathic
nanoparticles.

3.4. Morphological Characterization of the Amphipathic NPs.
To investigate whether aptamermodificationwould affect the
morphology and size of the ironNPs, blankNPs and aptamer-
modified NPs were analyzed by confocal microscopy and
dynamic light scattering (DLS) assay. As shown in Figure 4,
confocal microscopy revealed that aptamer-modified NPs
had similar morphology as unmodified NPs. DLS assay
revealed that both the unmodified and the aptamer-modified
NPs had single-peak size distribution.The average size of the
unmodified NPs was 491 nm, whereas that of the aptamer-
modified NPs was 574 nm, presumably because aptamer-
modification increased the nanoparticles’ average diameter as
measured by DLS.
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Figure 2: Evaluation of the binding affinity and specificity of the aptamers. FAM-labeled aptamers were incubated with cells and analyzed by
flow cytometry (red lines). FAM-labeled random DNA (lib) was also incubated with the cells and served as the control (black lines). (a and
b) Binding of MUC1 aptamer with the MUC1-positive A549 lung cancer cells and the MUC1-negative MDA-MB-231 cells, respectively. (c)
Binding of the control HER2 aptamer with A549 cells. (d) Binding of the CD16 aptamer with PBMC.

3.5. Binding of Aptamer-ModifiedNPs to Target Cells. To eval-
uate whether MUC1 aptamer-modified NPs would attach to
MUC1-positive cancer cells, these NPs were used to compete
with freeMUC1 aptamers for binding with A549 cells. Specif-
ically, A549 cells were incubated with FAM-labeled MUC1
aptamers, in the presence or absence of the aptamer-modified
NPs, and subjected to flow cytometry.The results showed that
free aptamer’s binding to target cells significantly decreased
in the presence of aptamer-modified NPs (Figure 5(a)), indi-
cating that these NPs also bound to A549 cells and competed

with free aptamer for the binding sites. Notably, unmodified
NPs failed to generate a competition effect.

To investigate whether CD16 aptamer-modified NPs
would attach to PBMCs, similar competition experiments
were conducted. Specifically, PBMC was incubated with
FAM-labeled CD16 aptamers, in the presence or absence of
the NPs functionalized with CD16 aptamers, and analyzed by
flow cytometry. As shown in Figure 5(b), the binding of CD16
aptamer to PBMC was dramatically reduced in the presence
of the aptamer-modified NPs, suggesting that these NPs
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Figure 3: Continued.
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Figure 3: Evaluation of the conjugation of the aptamers with NP. MUC1 probe and CD16 probe were FAM-labeled DNA segments designed
to hybridize with the MUC1 and the CD16 aptamers, respectively. Unmodified or aptamer-modified NPs were incubated with the probes
and subjected to flow cytometry. Red lines represent signals from the beads treated with FAM-labeled DNA probe. Black lines represent
the background signals from the untreated beads. (a) NP treated with MUC1 probe. (b) NP treated with CD16 probe. (c) CD16-NP treated
with MUC1 probe. (d) CD16-NP treated with CD16 probe. (e) MUC1-NP treated with MUC1 probe. (f) MUC1-NP treated with CD16 probe.
(g) CD16-NP-MUC1 treated with MUC1 probe. (h) CD16-NP-MUC1 treated with CD16 probe.
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Figure 4: Morphological characterization of the amphipathic NP. (a and b) Confocal microscopic images showing the morphology of the
amphipathic NP (a) and the unmodified NP (b). (c and d) DLS assay showing the size distributions of the amphipathic NP (c) and the
unmodified NP (d).
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Figure 5: Evaluation of the binding of aptamer-modified NP to target cells by competition study. Cells were incubated with FAM-labeled
aptamer. Free aptamer, aptamer-modified NP, or blank NP was added to compete for the binding sites on these cells, which were analyzed
by flow cytometry. (a) A549 cells incubated with FAM-labeled MUC1 aptamer (blue line) and competed with MUC1-NP (red line), MUC1
aptamer (green line), or blank NP (purple line). (b) PBMC incubated with FAM-labeled CD16 aptamer (blue line) and competed with CD16-
NP (red line), CD16 aptamer (green line), and blank NP (purple line). (c) A549 cells incubated with FAM-labeled MUC1 aptamer (blue line)
and competed with HER2-NP (red line) and MUC1 aptamer (green line).

bound to PBMC and competed with CD16 aptamers for
the binding sites. Unmodified NPs produced no competition
effect.

The above results showed that NPs modified with MUC1
aptamer could attach to A549 cells. We wondered whether

NPs modified with any DNA (such as a HER2 aptamer)
could also attach to MUC1-positive tumor cells. To address
this issue, NPs modified with a HER2 aptamer were used
to compete with FAM-labeled MUC1 aptamer for binding
with A549 cells (Figure 5(c)). The results showed that HER2
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Figure 6: Effects of amphipathic NP on spatial relationship between NK and A549 cells. Live A549 cells were cocultured with fresh PBMC,
treated with either the unmodified NP (a) or the amphipathic NP (b), washed, and evaluated by dark-field microscopy. Black arrows pointed
to A549 cells, while white arrows pointed to PBMC.

aptamer-modifiedNPs did not reduceMUC1 aptamer’s bind-
ing to A549 cells, indicating that these NPs did not bind with
A549 cells.

3.6. Amphipathic NPs Recruited NK to A549 Cells. The above
results showed that aptamer-modification facilitated the
binding ofNPs toA549 andNKcells, respectively.However, it
was still unknown whether NPmodified with both CD16 and
MUC1 aptamers (the amphipathic NP) could attach to both
kinds of cells and bring them close to each other. To answer
this question, blankNP or the amphipathicNPwas separately
added to a mixture of NK and A549 cells. After unattached
NK cells were removed by wash, the remaining cells were
analyzed by dark-field microscopy. As shown in Figure 6,
after treatment with blank NP, few NK cells remained in the
culture dish, whereas after treatment with amphipathic NP,
much more NK cells were still attached to A549 cells. The
results indicated that the amphipathic NP could recruit more
NK to the vicinity of A549 cells.

3.7. NKCytotoxicity toMUC1-Positive Cancer CellsWas Enha-
nced by Amphipathic NP. The above study indicated that the
amphipathic NP could recruit more NK to MUC1-positive
A549 tumor cells. However, it was unknown whether the NK
reaction to these tumor cells would also be enhanced. To
address this issue, NK cytotoxicity studies were conducted.
A549 cells were cocultured with PBMCs and treated sepa-
rately with blank NP, amphipathic NP (MUC1-NP-CD16), a
mixture of free CD16 and MUC1 aptamers (MUC1 APT +
CD16APT), andNPmodifiedwithCD16 andHER2 aptamers
(HER2-NP-CD16).TheNK cytotoxicity toA549 cells for each
study group was analyzed by MTS assay. As illustrated in
Figure 7(a), the amphipathic NP significantly enhanced NK
cytotoxicity against A549 cancer cells, while blank NP, free
aptamers, or HER2-CD16-NP failed to generate an obvious
effect. The results indicated that pulling together NK and
A549 cells by the amphipathic NP could activate NK to react
against the MUC1-positive cancer cells.

To further investigate whether the NK antitumor reac-
tion induced by the amphipathic NP was targeted towards

theMUC1-positive cancer cells, similar cytotoxicity studywas
also conducted with the MUC1-negative MD-MBA-231 cells.
Specifically, MD-MBA-231 cells were cocultured with PBMC,
treated with amphipathic NP, washed, and analyzed by MTS
assay for viability. As shown in Figure 7(b), the amphipathic
NP failed to enhance the NK reaction against these MUC1-
negative cells. Taken together, the above data indicated that
the NK cytotoxicity enhanced by the amphipathic NP was
targeted towards the MUC1-positive cancer cells, but not the
MUC1-negative control cells.

4. Discussion

Theprimary purpose of this studywas to construct an amphi-
pathic nanoparticle that was modified with CD16 and MUC1
aptamers, which were implanted onto the particle via biotin-
streptavidine reaction (Figure 1).TheMUC1 aptamerwas ver-
ified to bind with the MUC1-positive A549 lung cancer cells,
but not the MUC1-negative MDA-MB-231 cells (Figures 2(a)
and 2(b)). Similarly, the CD16 aptamer was also confirmed
to bind with the PBMC that was rich in CD16-positive NK
cells (Figure 2(d)). DNA hybridization experiments showed
that the aptamers were indeed connected to the nanoparticles
(Figure 3).The average size of the aptamer-modified NPs was
about 574 nm, with a single-peak size distribution (Figure 4).
Competition assays indicated that aptamer-modified NPs
could bind with both the MUC1-positive cancer cells and
CD16-positive immune cells (Figure 5). Moreover, a signifi-
cantly increased number of NKs were observed to attach to
the MUC1-positive cancer cells in the presence of amphi-
pathic NPs (Figure 6), suggesting that the nanostructure
could pull the NK close to the target cancer cells. In addition,
this nanoparticle significantly enhanced the NK’s antitumor
immune cytotoxicity to the MUC1-positive A549 cancer cells
(Figure 7(a)), but not that to the MUC1-negative MD-MBA-
231 control cells (Figure 7(b)), indicating that a targeted NK
reaction against the MUC1-positive tumor cells was promo-
ted by the amphipathic NPs.

MUC1 is an important molecular target for cancer treat-
ment. It is underexpressed in normal tissue [13] but over-
expressed in majority of adenocarcinomas, including lung,
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Figure 7: Modulation of the NK cytotoxicity to cancer cells by amphipathic NP.The cancer cells were cocultured with PBMC in the presence
of various treatments and analyzed for viability. (a) MUC1-positive A549 cells treated with blank NP, the amphipathic NP (MUC1-NP-CD16),
a mixture of free CD16 and MUC1 aptamers, and NP modified with HER2 and CD16 aptamers (HER2-NP-CD16). (b) MUC1-negative MD-
MBA-231 cells treated with the amphipathic NP. The NK cytotoxicity was evaluated by a standard MTS assay per manufacturer’s protocol
(mean ± SD, 𝑛 = 8). The star indicates a statistically significant difference (𝑝 < 0.01).

liver, breast [14], ovarian, colon, pancreatic, prostate can-
cers, and multiple myeloma [15–17]. The overexpression of
MUC1 mucin may be associated with cancer progression and
metastasis of many malignancies [18–20]. Because MUC1 is
overexpressed in many types of adenocarcinoma and under-
expressed in normal cells, it is considered as an ideal molec-
ular target for cancer therapy. As a result, several attempts
for development of MUC1-targeted cancer therapy have been
reported, including targeted drug delivery to MUC1-positive
tumor cells with aptamer-guided vehicles [21], tumor vac-
cine based on MUC1 protein for inducing anticancer T
cell response [5], and MUC1-targeted photodynamic cancer
therapy with photosensitizer carried byMUC1 aptamers [22].
So far, however, there is no report in the literature ondirecting
NK cells to MUC1-positive tumor cells for enhancement of
the NK reaction against these cancer cells. In this study, we
built an aptamer-based amphipathic nanoparticle that could
recruit NK cells to MUC1-positive cancer cells. We found
that the nanoparticle could induce a targeted NK cytotoxicity
to MUC1-positive tumor cells. The results suggested that, in
addition to anticancer drugs, T lymphocytes, or photody-
namic energy, NK cells might also be recruited to develop a
novel targeted therapy against MUC1-positive tumors.

The mechanism by which the amphipathic NP promotes
the NK reaction to MUC1-positive cancer cells is unclear at
present. We suspect that the enhanced NK cytotoxicity to
tumor cells may be related to increased interaction between
the two types of cells. Our data indicate that the amphipathic
NP can recruit NK to the vicinity of MUC1-positive tumor
cells (Figure 6). This will probably increase the chance of
interaction between the NK and the target cancer cells, and,
through some unknown molecular mechanisms, activate the
NK to initiate an anticancer reaction. Similarly, a previously

study also reported that recruiting NK cells to the neighbor-
hood of HGF-R positive tumor cells could enhance the NK
reaction against these cancer cells [9]. However, the detailed
molecular mechanisms of the NK activation for increased
anticancer response remain to be unveiled. In any case, this
study found that pulling together NK and MUC1-positive
tumor cells could enhance the NK reaction against the A549
adenocarcinoma cells. This finding may lead to the develop-
ment of novel targeted therapy againstMUC1-positive tumors
through recruitment of NK cells for anticancer reaction.
Nevertheless, it should be noted that the current study is just
an early exploration of recruiting NK to fight against MUC1-
expressing cancer cells. In order to further develop and
implement the strategy, extensive future research is still war-
ranted, including studies on development of nuclease-resis-
tant aptamers, selection of optimal nanoparticles, exploration
of proper methods to connect the aptamers with the nanos-
tructure, and evaluation of in vivo therapeutic efficacy with
animal studies.

In summary, a novel amphipathic nanoparticle was con-
structed by implanting CD16 and MUC1 aptamers onto its
surface.This nanoparticle pulled NK (or other CD16-positive
immune cells) and MUC1-positive cancer cells together in
vitro and significantly enhanced the NK cytotoxicity to
MUC1-positive cancer cells. The results suggest that NK cells
may be mobilized to target against MUC1-positive tumor
cells.
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